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A B S T R A C T

Due to their unique structural and electronic properties, acceptor-doped ceria and zirconia materials with the 
general formula A3+

2 B4+
2 O7 are promising candidates for electronic and energy applications. Using La2Ce2O7 as a 

benchmark, this study investigates the relationship between structural motifs and electronic behavior of cerates 
and zirconates containing Pr as an (additional) redox-active species. Structural analysis was performed using X- 
ray diffraction and Raman spectroscopy revealing disordered fluorites for Pr2Ce2O7 and La2Ce2O7 with an 
increasingly ordered structure for LaPrCeZrO7 and Pr2Zr2O7 having a pyrochlore structure. Using a micro-contact 
Hebb-Wagner method alongside electrochemical impedance spectroscopy (EIS) in various atmospheres provided 
precise information about the partial electronic, proton, and oxygen ion conductivities. The results reveal clear 
correlations between structural features and transport properties with materials containing Ce and Pr showing 
markedly increased electrical conductivity. Pr₂Zr₂O₇ exhibits the highest proton transference number among 
comparable materials below 500 ◦C, underlining its potential for low- to intermediate-temperature proton-con
ducting applications.

1. Introduction

Acceptor-doped ceria and zirconia have attracted attention due to 
their versatile structural characteristics and tunable electronic and ionic 
properties, making them promising candidates for a wide range of ap
plications, including energy conversion, sensors, and electronic devices. 
[1–6] With ongoing advancements in materials science, these materials 
are playing an increasingly important role in developing 
next-generation systems for sustainable energy storage and conversion. 
Previous studies have shown that doped cerates and zirconates-based 
ceramics have high ionic conductivity at temperatures above 800 ◦C, 
which could open the door for application of ion conductors with the 
general formula A3+

2 B4+
2 O7. [7–9]

In recent years, research has focused on La2Ce2O7 electrolytes that 
exhibit both proton and oxide-ion conductivity, particularly with regard 
to their use in fuel cells, electrolyzer cells, and ammonia synthesis. 
[9–11] Their complex structures allow for the incorporation of 
redox-active elements, which can strongly influence both electronic and 

ion transport. [12] Attention has expanded to include 
praseodymium-containing analogues, in which lanthanum is partially or 
fully replaced by praseodymium. These compounds, such as Pr₂Ce₂O₇ 
and Pr₂Zr₂O₇, crystallize in fluorite- or pyrochlore-type structures. [13]

Of the various dopants investigated, praseodymium is noteworthy as 
it can exist in Pr³ ⁺ and Pr⁴⁺ oxidation states within Ce–Zr solid solutions, 
even under oxidizing conditions at high temperatures. This mixed- 
valence state improves important properties such as material reduc
ibility, mobile oxygen vacancy concentration, and oxygen storage ca
pacity, all of which are essential for optimal electrochemical 
performance. [14–16]

Furthermore, the proportion of Pr³⁺ ions increases as the zirconium 
content rises. This behavior is caused by differences in ionic radii and 
bond lengths. The shorter Zr⁴⁺–O²⁻ bonds can accommodate and stabilize 
the larger Pr³⁺–O²⁻ bonds within the crystal lattice. Consequently, the 
incorporation of Zr⁴⁺ promotes a more flexible oxygen sublattice, 
thereby enhancing defect formation and redox activity. These structural 
adjustments influence the distribution of praseodymium (Pr) oxidation 
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states and affect the concentration and mobility of oxygen vacancies. 
Both are critical for ionic conductivity and overall electrochemical 
performance. Therefore, adjusting the Pr/Zr ratio is a practical method 
for optimizing the structural and transport properties of these mixed 
oxides. [17–19]

Although Pr-based materials exhibit promising electrochemical 
properties, the pyrochlore family is comparatively understudied, espe
cially with regard to the structure-property relationships that govern 
ionic transport. [20,21]

The present work examines Pr-containing fluorite- and pyrochlore- 
type compounds to advance our fundamental understanding of these 
materials and their technological potential. However, the relationship 
between specific structural motifs and resulting electronic, protonic, and 
oxide-ion transport mechanisms remains unclear. Additionally, sys
tematic electrochemical impedance spectroscopy (EIS) studies on these 
materials are scarce, leaving key aspects of their ionic transport behavior 
unresolved.

In this study, the interplay between structural motifs and transport 
properties in fluoride and pyrochlore structures is investigated. X-ray 
diffraction and Raman spectroscopy for structural characterization are 
combined with work function and band gap measurements, as well as 
partial electrical conductivity and electrochemical impedance spec
troscopy (EIS) to disentangle the contributions of electronic, protonic, 
and oxygen ion conductivity. Understanding these correlations allows 
not only a more complete picture of the fundamental conduction 
mechanisms in pyrochlores but also provides guidance for tailoring their 
properties through targeted compositional and structural modifications. 
Ultimately, this approach seeks to bridge the gap between microscopic 
structural features and macroscopic transport behavior, offering strate
gies for the rational design of functional materials for next-generation 
energy and electronic applications.

2. Materials and methods/ experimental

2.1. Sample preparation

The synthesis of Pr2Ce2O7, La2Ce2O7, LaPrCeZrO7, and Pr2Zr2O7 was 
accomplished through the Pechini process. [22] The initial materials 
required for the synthesis are listed in Table 1 of the Supporting 
Information (S.I.). The metal nitrates required for the sol-gel process 
were diluted in deionized water within a flask, followed by thorough 
stirring until complete dissolution was achieved. Citric acid mono
hydrate (ncitric acid monohydrate = 2•ncations) was added under stirring and 
heating to 50 ◦C as a chelating agent for complexation. Following a 
one-hour waiting period, propane-1,3-diol (ndiol= 4•ncations) was added 
for the polycondensation process. After 30 min stirring at 80 ◦C, the 
solution was gelled at 140 ◦C for 1 h, afterwards at 100 ◦C for 16 h and 
followed by calcination at 400 ◦C for 2 h and 600 ◦C for 1 h with a 
heating/cooling rate of 5 K min− 1. The calcinated compounds were 
ground in a mortar and then pressed into 8-mm-diameter pellets at 
20 kN for 3 min. The pellets were sintered at 1400 ◦C for 10 h with a 
heating/cooling rate of 5 K min− 1. All samples had a density exceeding 
95%.

2.2. XRD

For powder X-ray diffraction (XRD) analysis, the pellets were first 
ground in an agate mortar. Diffraction patterns were recorded on a D8 
Advance diffractometer (Bruker Corporation, USA) using nickel-filtered 
Cu Kα radiation over a 2Θ range of 10–90◦. Measurements were per
formed in Bragg–Brentano geometry with a one-dimensional LynxEye 
position-sensitive detector operated in continuous scanning mode.

2.3. Raman spectroscopy

Raman measurements were acquired with a Horiba Scientific 

confocal Raman microscope (LabRAM HR evolution, air-cooled CCD 
detector). Prior to the measurement, the system was calibrated using the 
silicon Raman band at 520.7 cm⁻¹. The pellets were excited by a green 
laser with a wavelength of 532 nm. The output power of the green laser 
at the sample was 34.0 mW, which was adjusted by a 25% filter to 
8.5 mW. The beam was focused using a 50 × long-working distance 
objective (Carl Zeiss Microscopy, 9.2 mm, numerical aperture 0.5). 
Raman spectra were collected over seven integrations, each with a 
duration of 20 s. LabSpec6.7.1.1 (Horiba Scientific) was utilized to 
manage the microscope, collect the spectra, and evaluate the data.

2.4. Kelvin probe force microscopy

Kelvin Probe Force Microscopy (KPFM) measurements were per
formed under ambient conditions at room temperature using a Cypher 
ES (Asylum Research/Oxford Instruments, UK). Conductive Pt/Ir-coated 
cantilevers (PPP-NCSTPt, Nanosensors, Switzerland) were employed for 
the measurements. Surface topography and Volta potential maps were 
recorded simultaneously. The pellet samples were analyzed without any 
additional surface modifications. Image processing was performed using 
Mountains SPIP Starter 8.0 software (DigitalSurf, France).

2.5. Impedance spectroscopy

Electrical impedance spectroscopy (EIS) measurements were con
ducted under ambient air conditions using an AutoLab IMP potentiostat 
with the NOVA 2.1.6 software (Deutsche Metrohm GmbH & Co. KG) in 
an ROK 70/250/12 oven (ThermoConcept GmbH, Germany).

Impedance spectra under dry and humid argon atmosphere were 
measured using an Alpha-A frequency analyzer (Novocontrol Technol
ogies, Germany), POT/GAL 15 V 10 A interface (Novocontrol Technol
ogies, Germany), and a custom-made sample cell by Huber Scientific, 
Austria. To dry the argon (99.996 vol%, Westfalen) it was passed over 
silica gel (orange) and molecular sieve (3 Å). To humidify the argon it 
was first passed through deionized water and afterwards through a 
saturated solution of Ca(NO3)2 • 4H2O at room temperature. This yiel
ded a relative humidity of ~52% and is described as humid Ar. To 
establish a consistent atmosphere, the sample cell was purged with the 
respective gas(-mixture) for 1 h prior to starting measurement with a 
flow rate of 25–30 mL/min. The same flow rate was maintained 
throughout the measurement. The impedance spectra were measured 
from 200 ◦C to 850 ◦C. Each temperature was equilibrated for at least 1 h 
before the impedance spectra were measured. The frequency range was 
1 MHz to 50 MHz and an excitation amplitude 0.04 V was used. Prior to 
the measurement, the samples were subjected to a polishing and sput
tering process with a thin Au layer using a Quorum150T ES plus 
(Quorum Technologies Limited Company, UK) in order to ensure 
optimal electrode sample contact. The data were analyzed with the 
software Relaxis 3.0.23.

2.6. Hebb-Wagner type measurement

Microcontact (Hebb–Wagner-type) measurements were performed 
to determine the electronic partial conductivity of the samples under 
ambient air using an AutoLab IMP potentiostat controlled by NOVA 
2.1.6 software (Metrohm GmbH & Co. KG, Germany) in an ROK 70/ 
250/12 oven (ThermoConcept GmbH, Germany). The pellets were 
contacted on one side with a platinum sheet and additional fixed with 
platinum paste (fuelcellmaterials, USA) as counter electrode, and on the 
other side with a platinum microcontact as working electrode. The 
microcontact was encapsuled with a glass paste IP211 (Heraeus 
Deutschland GmbH & Co.KG, Germany) and subsequently annealed at 
950 ◦C for 15 min. Measurements were taken from 850 ◦C to 300 ◦C with 
a two-hour equilibration period prior to applying voltage. The voltage 
was in the range of − 0.03 V to − 0.6 V in 0.03 V steps. For each data 
point the voltage was held for 20 min and the mean value of the last 
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5 min, the steady state current, were taken.
All electronic conductivity values were corrected for microcontact 

diameter. This was determined by measuring the contact imprint on the 
glass encapsulation using light microscopy (RNDlab, Switzerland) after 
the Hebb-Wagner experiment ended.

2.7. Reflection spectroscopy

An Edinburgh Instruments FS920 spectrometer equipped with a 
Teflon-coated integrating sphere was used to record the reflection 
spectra. A Xe900 arc lamp from Edinburgh Instruments, equipped with a 
450 W rating and a R928 detector (Hamamatsu, Japan), was utilized for 
the measurement. The detector was operated at a temperature of − 20 ◦C 
using a Peltier cooling system. The electromagnetic waves are directed 
through the spectrometer by means of a lens optic. Initial measurements 
were obtained in the wavelength range from 250 nm to 500 nm, with a 
step size of 1.0 nm, and subsequently from 480 nm to 800 nm, 
employing a 455 nm filter and a step size of 1.0 nm. The measurement 
procedure was replicated three times. Both spectra were combined at 
490 nm. Barium sulfate (BaSO4; 99.99%; Sigma-Aldrich) was utilized as 
a white reflection standard.

3. Results and discussion

Structural characterization was done by XRD and Raman measure
ments as can be seen in Fig. 1. All lattice parameters are listed in Table 2
in the S.I. The XRD pattern of Pr₂Ce₂O₇ reveals a clear, single-phase 
fluorite (Fm3m) structure with a lattice parameter of 5.441 Å. Among 
all the compounds, La₂Ce₂O₇ exhibits the largest lattice parameter 
(5.612 Å) due to the large radius of La. La2Ce2O7 exhibits reflections that 
are indicative of the fluorite structure. The present literature has 

discussed contrary observations regarding whether La₂Ce₂O₇ is a fluorite 
or a pyrochlore [23–27] and has been described as defective fluorite 
with local pyrochlore attributes as we previously showed in ref. [28]. 
The Raman measurements show that the fluorite structure of Pr₂Ce₂O₇ is 
more ordered than that of La₂Ce₂O₇. However, the intensity of the 
590 cm⁻¹ band increases due to greater lattice desertion as the number of 
oxygen vacancies rises. With LaPrCeZrO7 the amount and intensity of 
pyrochlore reflections increase compared to La2Ce2O7, but still shows an 
overall fluorite structure. Pr2Zr2O7 is a clear pyrochlore (Fd3m) as can be 
observed by XRD and Raman measurements in Fig. 1. [29,30] In the 
Raman spectrum of Pr2Zr2O7 four bands are visible which are consid
ered as the pyrochlore fingerprints. There are two F2g bands at around 
380 cm− 1 and 505 cm− 1 and the Eg and F2g mode at around 295 cm− 1 

relate to the typical O-Zr-O bending vibrations. The A1g mode at around 
580 cm− 1 is assigned to the ZrO6 bending vibrations. [31,32]

As the structure of the fluorite is approached, the two F2g bands 
merge into a single band, and the primary band, situated at approxi
mately 300 cm− 1, disappears. Concurrently, a band associated with 
oxygen vacancies emerges. The LaPrCeZrO7 Raman spectrum displays a 
broad band, suggesting the presence of disorder in the lattice and a 
mixture of both fluorite and pyrochlore, as previously indicated by the 
XRD analysis. La₂Ce₂O₇ exhibits the characterist F2g band at approxi
mately 450 cm⁻¹ for cubic cerates. This band shift is typical of heavily 
doped ceria, shifting 15 cm⁻¹ from the 465 cm⁻¹ band of undoped ceria 
towards lower frequencies and becoming asymmetric. [33,34] Addi
tionally, a band at around 590 cm⁻¹ is observed, which is attributable to 
the incorporation of La³⁺ into the lattice. This process leads to the for
mation of oxygen vacancies (O1), a consequence of charge equalization 
that occurs during doping with elements possessing a lower charge. [26,
35] The band at 260 cm⁻¹ corresponds to the formation of an additional 
oxygen vacancy, while the band at 350 cm⁻¹ is regarded as a phase of the 

Fig. 1. a) XRD powder diffraction pattern of Pr2Ce2O7, La2Ce2O7, LaPrCeZrO7 and Pr2Zr2O7. * marks the pyrochlore reflections, which a clearly visible in Pr2Zr2O7 
and partly in LaPrCeZrO7 and La2Ce2O7. b) Raman spectra of Pr2Ce2O7, La2Ce2O7, LaPrCeZrO7 and Pr2Zr2O7 with their respective band description. c) The schematic 
arrow indicates the pathway from fluorite to pyrochlore, contingent upon the cation radii ratio, as supported by the XRD and Raman results.
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C-type structure. The bands below 200 cm⁻¹ result from vibrations 
associated with tetrahedral metal complexes that contain oxygen va
cancies (VO). [26,36,37]

The results of the structural characterization provide the foundation 
for further analysis. In the following, the electronic properties are 
analyzed in relation to the identified structural features, with particular 
emphasis on the elements exhibiting redox activity, to provide a more 
comprehensive understanding of the material.

The work functions of all compounds were determined from KPFM 
measurements of the Volta surface potential (contact potential differ
ence) relative to the conductive AFM tip. As the work function is defined 
as the energy difference between the vacuum level and the Fermi level, it 
provides information on the position of the Fermi level, and, therefore 
about the electronic structure and energy level of the material. [38] A 
schematic energy level diagram illustrating the KPFM measurement 
principle is shown in Fig. 2d). All KPFM measurements were conducted 
under ambient air conditions. In such conditions, the surface adsorption 
of water and oxygen has the capacity to modify the local work function. 
Consequently, the reported contact potential differences (CPD) repre
sent the equilibrium state between the ceramic surface and the sur
rounding atmosphere. [39,40] The mean potential from over 50 grains 
of three distinct pellets was calculated to determine the work function. 
La₂Ce₂O₇ exhibits the highest work function, with a value of 5.88 
± 0.09 eV. This is followed by Pr₂Ce₂O₇, with a value of 5.55 ± 0.06 eV, 
and LaPrCeZrO₇, with a value of 5.40 ± 0.02 eV. Pr2Zr2O7 exhibits the 
lowest work function, with a value of 5.18 ± 0.03 eV (Fig. 2a).

The optical band gap was determined from the reflection spectra 
upon using a Tauc analysis assuming a directly allowed transition. In 
highly doped ceramics, the high charge carrier concentration can shift 
the Fermi level, slightly modifying the band structure in a phenomenon 

known as the Burstein–Moss shift. [41] Nevertheless, the fundamental 
band geometry remains that direct transitions are permitted. Therefore, 
electrons can move from the valence band to the conduction band 
without altering their crystal momentum. This results in the character
istic absorption features of direct transitions. [42–44] Pr₂Ce₂O₇ exhibits 
an optical band gap of (2.00 ± 0.05) eV, which is the lowest value re
ported for this class of compounds. This comparatively narrow band gap 
can be attributed to the presence of multiple redox-active elements 
(Pr³⁺/Pr⁴⁺ and Ce³⁺/Ce⁴⁺), which introduce additional electronic states 
and enhance orbital hybridization, thereby reducing the energy sepa
ration between the valence and conduction bands. The present finding is 
supported by extant literature but with a different synthesis method for 
the compound. [42,45] La₂Ce₂O₇ demonstrates a band gap of 3.18 
± 0.04 eV, which is considerably smaller than that of pure CeO₂ and 
analogous to the value reported by Khademinia et al. who also employed 
a distinct synthesis method and obtained a value of 3.1 eV. [46,47] 
LaPrCeZrO7 shows a value of 2.56 ± 0.15 eV while Pr₂Zr₂O₇ exhibits a 
band gap of 4.20 ± 0.08 eV, which is notably large. Xu et al. calculated 
the band structure under PBE + SOC for Pr2Zr2O7 with an insulating 
band gap of 3.66 eV. [48] Here has to be noted that the optical band gap 
is ~200–400 meV higher than electronic band gap energy as it includes 
the exciton binding energy. [49]

The presence of structural disorder and point defects, such as oxygen 
vacancies, can also result in the introduction of additional electronic 
states within the band gap which then leads to the broadening and 
lessening of the absorption edge. [50] Consequently, the presence of a 
shallow absorption edge is sign of defects, disorder, or intermediate 
electronic states, reflecting a lower degree of structural perfection. Fif
ere et al. showed that UV-Vis diffuse reflectance measurements, com
bined with Urbach energy analysis—which quantifies the degree of 

Fig. 2. a) Work function (Φ) data of Pr2Ce2O7, La2Ce2O7, LaPrCeZrO7 and Pr2Zr2O7 from KPFM measurements (black squares) and optical band gap energies (Eg) 
from the Tauc plot (red circles). b) Exemplary KPFM image of La2Ce2O7 with grain boundaries showing lower surface potential than the bulk. c) Tauc plot for all 
compounds. d) Schematic energy level diagram illustrating the work functions (black) and Fermi level (red) alignment of the conductive AFM tip and the sample, as 
well as the resulting Volta surface potential (blue) measured by KPFM.
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sub-bandgap absorption due to defects—can reveal the presence of ox
ygen vacancies and structural disorder in CeO₂ nanoparticles, with 
higher Ce³⁺ content correlating with increased disorder. [51] Moreover, 
as shown in Fig. 2c), La₂Ce₂O₇ exhibits a steeper absorption edge and a 
more pronounced linear region in the Tauc plot. This is in line with a 
lower Urbach energy and reduced electronic disorder. In contrast, 
Pr₂Ce₂O₇ shows a flatter Tauc slope, which shows enhanced sub-band 
gap tail states. These states arise from an increased concentration of 
oxygen vacancies and mixed-valence cations. Raman analysis further 
supports this trend by revealing more asymmetric vibrational modes for 
Pr₂Ce₂O₇, reflecting the material's higher degree of oxygen vacancies 
(O1).

The room-temperature band gap values provide information on the 
intrinsic electronic structure of the materials, while the Hebb–Wagner 
measurements provide access to the defect-mediated electronic trans
port properties under elevated-temperature conditions, thereby com
plementing the electronic structure analysis. [52,53] The following data 
show the average electronic conductivity of all compounds as a function 
of oxygen partial pressure.

In Fig. 3a), the oxygen partial pressure dependence of the electronic 
partial conductivity for Pr2Ce2O7 is illustrated. A pronounced pO2 
dependence is observed, particularly at temperatures above 650 ◦C, 
indicating a strong contribution of redox-active charge carriers under 
these conditions. The presence of Pr as a second redox-active cation in 

Pr2Ce2O7 results in the highest electronic partial conductivity observed 
among the compounds investigated at 800 ◦C. Below 650 ◦C the elec
tronic partial conductivity decreases many orders of magnitude which 
can be explained as the thermally activated small-polaron hopping 
mechanism is no longer efficient. This phenomenon can result in 
comparatively low electronic conductivity at lower temperatures, 
despite the smaller band gap and work function of Pr2Ce2O7. Pr and Ce 
provide redox-active centers, but this does not directly imply efficient 
electronic conductivity. Cheng et al. discussed the electronic configu
rations associated with Pr/Ce in [54] where Pr doped ceria (below 10 at 
%) forms discrete acceptor levels (Pr 4f). [55] However, considerable 
electronic conductivity cannot be generated by these states as the Pr 4f 
states are closer to the O2p valence edge than the Ce 4f conduction band. 
The corresponding electronic states remain localized, unless sufficient 
thermal activation leads to excited O2p states and their localization into 
the Pr 4f states. [54,56] The effect is amplified when 50% Pr-doped ceria 
is used. While the electronic transport decreases upon cooling, the ionic 
transport can be less affected due a stable vacancy network. In addition, 
a structural phase transition may also contribute this effect by changing 
the local cation environment. La2Ce2O7 (Fig. 3b) demonstrates a quali
tatively analogous response, showing a continuous dependence on ox
ygen partial pressure across the entire range of temperatures 
investigated. In contrast to Pr2Ce2O7, no abrupt change between indi
vidual temperature steps is observed, suggesting a more gradual 

Fig. 3. Average electronic conductivity of the respective samples as a function of oxygen partial pressure and temperature.
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evolution of the dominant charge carriers with temperature and oxygen 
chemical potential. A Raman study at various temperatures in ref. [57] 
revealed that La₂Ce₂O₇ does not undergo a phase transition within this 
temperature range, and that the subcrystalline phase structure remains 
unchanged which explains why there is no large gap in the curve be
tween these temperatures.

In ceria-based fluorites, the pO₂ dependence of ionic conductivity is 
often interpreted using idealized Brouwer diagrams. At sufficiently low 
oxygen partial pressures, when intrinsic reduction dominates, the va
cancy concentration is expected to depend on pO₂. Between the extrinsic 
plateau and the intrinsic reduction regime, the idealized Brouwer dia
gram (Fig. 4a) with 1% acceptor-doped cerium oxide predicts a transi
tion region in which competing charge compensation mechanisms result 
in a pO2 dependence with a slope of − 1/4.

However, experimental data showed a − 1/6 slope in ceria-based 
materials (Fig. 3a,b), including Pr-doped ceria and heavily A-site- 
substituted defect-fluorite systems, such as La₂Ce₂O₇. This slope is often 
observed at relatively high pO₂ values, and in some cases, even close to 
air saturation, as seen by Pr₂Ce₂O₇. [14]

To support the interpretation of the experimental data, we simulated 
Brouwer diagrams based on assumptions for a cerium oxide system with 
a fluorite structure and different amounts of trivalent, redox inactive 
acceptor dopant (full documentation in ref. [58]), enabling a direct 
comparison with La₂Ce₂O₇. Acceptor doping of cerium oxide has a pro
nounced impact on both the slopes of the different contributions to the 
total conductivity and the oxygen partial pressure range showing a 
stable ionic conductivity, as illustrated in Fig. 4b). Comparing the 
simulated Brouwer diagram with the Hebb–Wagner measurements of 
La₂Ce₂O₇ at 800 ◦C (Fig. 3b) reveals that the minimum of the measured 
partial electronic conductivity (pO2 ≈ − 3 bar) aligns well with the 
simulated intersection of n-type to p-type conduction in Fig. 4b) (black 
and red line).

The key to understanding lies in distinguishing between the total 
defect population and the transport-relevant defect population. Brouwer 
diagrams describe thermodynamic equilibrium concentrations of all 
defects, while the measured conductivity depends predominantly on 
mobile oxygen vacancies. In addition to acceptor doping, the creation of 
vacancies can also be achieved through the use of redox-active elements 
within the compound.

Under conditions of decreasing oxygen partial pressure, the process 
of reduction from the small fraction of Ce4+ to Ce3+ occurs, with the 
escape of oxygen from the structure in order to maintain electro
neutrality [59]: 

2 CeX
Ce + OX

O ↔ 2 Ce´Ce + V••
O +

1
2

O2 (1) 

By using Pr as an additional redox-active doping agent and with 
small amounts of Pr4+, the same reaction takes place [14]: 

2 PrX
Ce + OX

O ↔ 2 Pr´Ce + V••
O +

1
2

O2 (2) 

These newly formed vacancies dominate ionic transport, even at 
relatively low concentrations. Under these conditions the oxygen va
cancy concentration is described as fixed: 

[Pr´Ce] ≈ 2 [V••
O ] (3) 

which leads to the power law dependence of the oxygen vacancy con
centration on pO2 with a − 1/6 slope [60]: 

[
V••

O
]
=

1
2
[eʹ]∝P− 1/6

O2
(4) 

For Pr2Ce2O7 and La2Ce2O7, this behavior shows that the reduction 
of Ce⁴⁺ to Ce³ ⁺ creates additional oxygen vacancies relevant for trans
port. In Pr2Ce2O7, the shift of the minimum of the electronic conduc
tivity (transition from n-type to p-type conductivity) is visible at even 
higher pO2 values compared to La2Ce2O7 due to the additional redox 
activity of Pr. Redox-active dopants on the A-side shift the reduction to 
higher pO2 values and make the − 1/6 behavior accessible even in a 
more oxidizing atmospheres, but do not change the fundamental slope 
itself. The − 1/4 range would be expected for both cases in an idealized 
Brouwer diagram, but is strongly compressed or not accessible experi
mentally, since the transport-dominant vacancies are formed early on by 
reduction. This phenomenon can be attributed to the comparatively low 
stability of the Ce–O bond [61,62], which results in a close coupling 
between reduction and oxygen vacancy formation. The observed − 1/6 
slope shows then the intrinsic reduction chemistry of the ceria host 
lattice, and is independent of the specific acceptor species under heavy 
acceptor doping conditions, where many oxygen vacancies are already 
present, which points out that the − 1/4 slope is a signature of 
transport-active extrinsic vacancies, whereas the − 1/6 slope reflects 
intrinsic, reduction-driven vacancy transport.

In LaPrCeZrO7, the presence of multiple conductivity minima be
tween 800 ◦C and 600 ◦C suggests the occurrence of competing transport 
mechanisms or alterations in the predominant defect species. At tem
peratures below 500 ◦C, the electronic partial conductivity falls below 
the limit of quantification. The comparatively low electronic conduc
tivity of LaPrCeZrO₇ may be related to its structural characteristics, as 
the composition is located close to the pyrochlore–fluorite stability 
boundary. Local structural disorder or short-range ordering effects 
arising from this structural proximity may impede effective charge 
transport and contribute to the suppressed conductivity. [63]

Pr2Zr2O7 exhibits nearly oxygen partial pressure–independent con
ductivity, which is in line with prior reports concerning zirconate-based 
compounds. [64,65] This behavior reflects a comparatively stable defect 
chemistry, with negligible changes in the electronic carrier 

Fig. 4. a) Brouwer diagrams simulated with [58] of a) 1% acceptor-doped cerium oxide and b) 50% acceptor-doped cerium oxide at 800 ◦C.
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concentration over the investigated pO2 range. Although Pr is redox 
active and has an influence on ceria-based compounds, for Pr2Zr2O7, the 
reduction of Pr is strongly suppressed energetically due to the high 
stability of the Zr–O bond and the isolation of Pr. [66,67] Therefore, 
changes in pO₂ only lead to local valence changes in cations without 
pronounced formation of additional oxygen vacancies which results in 
the fixed concentration of transport-relevant vacancies by structure and 
doping and remains independent of pO₂. [68]

However, a fixed oxygen vacancy concentration does not imply low 
ionic conductivity, but rather stable transport properties independent of 
oxygen partial pressure. Zirconate-based materials can show high and 
stable conductivities for oxygen ions and protons over a broad oxygen 
partial pressure range due to structurally determined vacancy concen
tration and sufficient defect mobility (see also Fig. 4). [69] EIS mea
surements of total conductivity allow a direct comparison of the 
transport performance of ceria- and zirconate-based systems, showing 
that high conductivities can result from both redox-driven and struc
turally fixed defect chemistry.

In addition to the electronic conductivity, the total conductivities of 
all compounds are investigated with impedance spectroscopy under 
three different atmospheres: (a) air, (b) Ar + 50% humidity, and (c) Ar. 

In Fig. 5 each compound is shown with all respective conductivity 
measurements in one graph. Among the analyzed materials, Pr₂Ce₂O₇ 
exhibits the highest total conductivity in all atmospheres. It should be 
noted that a positive imaginary part was observed in the impedance 
spectra of Pr₂Ce₂O₇ up to 500 ◦C, indicative of inductive behavior which 
can be explained by redox kinetics of mobile point defects, rather than 
experimental artifacts (see also SI Figure 9). [70] Pr2Zr2O7 does not 
show this behavior since the presence of Zr effectively isolates the Pr³ ⁺ 
ions and thus suppresses the redox activity within the lattice. This limits 
the extent of coupled redox processes between A and B cations, thereby 
reducing the chemical inductance. [48]

La₂Ce₂O₇ shows high total conductivity at 800 ◦C in all atmospheres 
but decreases more rapidly with decreasing temperature compared to 
the other compounds. LaPrCeZrO₇ maintains relatively high total con
ductivities across the measured temperature range, indicating effective 
electronic and ionic transport in this mixed composition. Pr₂Zr₂O₇ 
maintains relatively high total conductivity at elevated temperatures 
under Ar due to thermal activation, but decreases below 500 ◦C, in 
contrast to measurements under air or humid atmospheres, where the 
conductivity remains markedly higher. This conductivity drop, which 
was also observable in the partial electronic conductivity measurements 

Fig. 5. Impedance spectra of Pr2Ce2O7, La2Ce2O7, LaPrCeZrO7, and Pr2Zr2O7 under air, Ar, and humid Ar alongside the partial electronic conductivity.
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around 500 ◦C, has likewise been reported in the literature and most 
likely attributed to the reduction of Pr⁴⁺ to Pr³⁺. [71,72] As the tem
perature decreases, the Pr⁴⁺/Pr³⁺ equilibrium shifts towards Pr³⁺, 
reducing the number of mixed-valence hopping sites available for 
electronic transport.

The higher total conductivities of LaPrCeZrO₇ compared to Pr₂Zr₂O₇ 
may originate from the coexistence of two different redox-active cations, 
Pr³⁺ and Ce⁴⁺. While electronic transport in Pr₂Zr₂O₇ primarily relies on 
Pr³⁺/Pr⁴⁺ small-polaron hopping, the additional Ce³⁺/Ce⁴⁺ redox couple 
provides complementary mixed-valence hopping pathways. The pres
ence of both redox couples is expected to increase the connectivity with 
a more continuous network of redox-active centers for small-polaron 
transport, reducing dependence on a single hopping mechanism and 
enhancing electronic transport and total conductivity. Moreover, LaPr
CeZrO₇ exhibits a higher conductivity under humid Ar than under dry Ar 
at temperatures below 500 ◦C, whereas both atmospheres show nearly 
identical conductivities above 500 ◦C. As the temperature decreases 
further, the conductivity curves converge again at around 200 ◦C, which 
is in line with a reduced proton mobility at lower temperatures. [73] 
This behavior suggests that the additional conductivity under humid 
conditions is limited to the intermediate temperature range (300–500 
◦C) and is most likely associated with proton conduction.

For La2Ce2O7, there are only minor differences between air, Ar, and 
humid Ar. In our work, demonstrated that under Ar atmosphere (both 
wet and dry under high temperatures) the conductivity is lower 
compared to the total conductivity measured under air as fewer oxygen 
ions are present and the ionic conductivity decreases. Moreover, under 
an Ar atmosphere oxygen from interstitial sites can escape the structure 
and lead to Ce3+ formation which can enhance electronic conductivity, 
but does not compensate for the decrease in ionic conductivity of 
La2Ce2O7. The electronic conductivity measured with Hebb-Wagner is 
still the lowest overall. By comparing the partial electronic conductivity 
with the total conductivity measured under air, the electronic conduc
tivity is about one order of magnitude lower, which shows that the ionic 
conductivity is still the main factor in the overall conductivity. Besikiotis 
et al. also reported an independence of pO2 of the total conductivity of 
La2Ce2O7, with the conductivity primarily consisting of an ionic 
contribution. [74] The minor variations observed among the atmo
spheres reflect small disparities in defect concentrations and redox 
states, rather than a fundamental shift in the conduction mechanism. At 
temperatures below 300 ◦C, the conductivity measured under humid Ar 
shows a slight increase, indicating that proton conduction may 
contribute in this temperature range. A similar enhancement of proton 
conduction was reported for La₂Ce₂O₇ with a well-defined fluorite 
structure, suggesting that a highly ordered crystal structure without 
additional defects or pyrochlore-related features in the microstructure is 
favorable for proton transport mechanisms. [75] It has been shown by 
Sun et al. that the activation energy is generally lower under wet con
ditions than under dry conditions, decreasing by 0.3 eV from around 
1.2 eV to 0.9 eV with achieving 6.68 • 10–5 and 4.98 • 10–7 S cm–1 in wet 
air at 550 and 250 ◦C, respectively. [75] In this work, in wet Ar 5.85 •
10–6 and 7.27• 10–9 S cm–1 were measured. The activation energy for 
La2Ce2O7 in dry and wet Ar in the 200 – 400 ◦C temperature range is 
lower with 0.64 eV, but does not change from dry to wet conditions. It 
has to be noted that this study used 50% humidity as wet Ar, whereas the 
literature often uses only 2–3% H2O. Moreover, it is possible that a 
hydration throughout the bulk is hindered by proton conduction path
ways being partially blocked by partial pyrochlore-like ordering of the 
structure.

For Pr₂Ce₂O₇, the total conductivity under air is lower than under Ar 
and humid Ar across the measured temperature range with the highest 
conductivity measured under Ar with the lowest activation energies 
with (0.30 ± 0.02) eV at 500 – 850 ◦C and (0.31 ± 0.01) eV at 200 – 400 
◦C (Table 1), which is even lower compared to the activation energies 
measured under wet Ar. The lower total conductivity of Pr₂Ce₂O₇ under 
air compared to Ar and humid Ar can further be assigned to the high 

oxygen partial pressure, which reduces the concentration of oxygen 
vacancies and shifts the Ce³⁺/Ce⁴⁺ and Pr³⁺/Pr⁴⁺ redox equilibrium with 
mostly Pr3+ present, thereby limiting both ionic and electronic trans
port. Although the nominal stoichiometry corresponds to a Pr³⁺/Ce⁴⁺ 
system, the actual electronic structure is not purely Pr³⁺-based: the Ce⁴⁺- 
rich environment stabilizes a small but functionally crucial fraction of 
Pr⁴⁺, establishing a Pr³⁺/Pr⁴⁺ redox equilibrium in the lattice. This mixed- 
valence state enables a pronounced contribution from electronic con
duction at temperatures below roughly 500 ◦C, via small-polaron hop
ping between Pr³⁺ and Pr⁴⁺ sites. [76,77] When the material is exposed to 
a humid atmosphere, water vapor acts as a reducing agent and shifts the 
redox equilibrium towards Pr³⁺ by reducing Pr⁴⁺. At the same time, H₂O 
is incorporated into the lattice by forming hydroxyl groups, which bind 
to intrinsic oxygen vacancies via [28]: 

H2O+ V••
O + OX

O ↔ 2 OH•
O (5) 

These two processes—(i) the suppression of electronic conductivity 
due to depletion of Pr⁴⁺ sites and (ii) the blocking of oxygen-ion transport 
by OH- formation—lead to increased resistances below 500 ◦C in humid 
conditions compared to dry Ar. Even a small shift in the Pr³⁺/Pr⁴⁺ ratio 
has a disproportionately large impact on the total conductivity. Above 
approximately 500–600 ◦C, however, hydroxyl groups become ther
mally unstable and desorb, and the Pr redox equilibrium is increasingly 
governed by temperature and the oxygen sublattice rather than by H₂O. 
[18] As a result, the influence of humidity on the Pr oxidation state 
becomes negligible, and the conductivity becomes dominated by 
intrinsic oxygen-ion transport, which is largely insensitive to ambient 
humidity. Additional contributions may arise from surface adsorption 
effects and subtle shifts in the local redox balance. [78]

In acceptor-doped zirconates, the partial electronic conductivities 
derived from Hebb–Wagner measurements may exhibit values that 
exceed the total conductivity determined through EIS at temperatures 
above 700 ◦C. This can be assigned to the potential violation of 
Hebb–Wagner assumptions under high-temperature direct current (DC) 
conditions. Zirconates often show low electronic conductivity and a low 
redox buffering capacity. At high temperatures, an applied DC field can 
therefore induce local chemical potential gradients and field-driven 
reduction near the electrodes, leading to a locally enhanced electronic 
conductivity that is not representative of the bulk which is strongly 
discussed by in the literature [79–81]. Hebb–Wagner measurements 
probe this locally perturbed state, whereas EIS continues to measure the 
volume-averaged, near-equilibrium conductivity. Below 700 ◦C, defect 
mobility and electrode reaction kinetics in zirconates are strongly 

Table 1 
Activation energies of all compounds with their temperature range for partial 
electronic conductivity, total conductivity measured under air, under Ar, and 
under humid Ar.

EA (part. eletr.) / 
eV 
(temp. range / 
◦C)

EA (under air) / 
eV 
(temp. range / 
◦C)

EA (under Ar) / 
eV 
(temp. range / 
◦C)

EA (under humid 

Ar) / eV 
(temp. range / 
◦C)

Pr2Ce2O7 1.24 ± 0.09 
(500 – 650) 
3.82 ± 0.44 
(700 – 800)

1.00 ± 0.07 
(300 – 500) 
0.35 ± 0.02 
(600 – 750)

0.31 ± 0.01 
(200 – 400) 
0.30 ± 0.02 
(500 – 850)

0.46 ± 0.01 
(200 – 500) 
0.37 ± 0.03 
(600 – 850)

La2Ce2O7 1.27 ± 0.01 
(400 – 800)

1.20 ± 0.05 
(300 – 850)

0.64 ± 0.01 
(200 – 350) 
1.05 ± 0.01 
(350 – 850)

0.64 ± 0.03 
(200 – 450) 
1.16 ± 0.01 
(450 – 850)

LaPrCeZrO7 2.10 ± 0.06 
(650 – 850)

0.60 ± 0.02 
(250 – 850)

0.64 ± 0.01 
(200 – 500) 
0.45 ± 0.01 
(550 – 850)

0.75 ± 0.01 
(200 – 450) 
0.46 ± 0.01 
(550 – 850)

Pr2Zr2O7 0.99 ± 0.05 
(700 – 850)

0.53 ± 0.02 
(350 – 850)

1.58 ± 0.07 
(300 – 450) 
0.65 ± 0.01 
(450 – 850)

0.76 ± 0.01 
(200 – 400) 
0.63 ± 0.02 
(500 – 850)
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reduced, the material remains chemically homogeneous, and the 
Hebb–Wagner assumptions are fulfilled again. Further analysis of the 
ionic transport properties reveals that Pr₂Zr₂O₇ demonstrates the most 
pronounced increase in conductivity under humid Ar conditions, 
accompanied by the highest proton transference number with tH+ =
σhumid Ar − σAr

σhumid Ar
≈ 0.98 at 300 ◦C in this temperature range among all com

pounds. This behavior can be attributed to the uptake of water, which 
enables proton conduction via mobile hydroxyl species. [82] The 
redox-inactive Zr⁴⁺ cations limit electronic transport, making the pro
tonic contribution more pronounced. Furthermore, the compound ex
hibits a well-defined pyrochlore structure without any detectable 
secondary phases, as confirmed by structural characterization, which 
likely supports efficient proton transport through the structure and 
along grain boundaries. At temperatures above 500 ◦C, dehydration 
occurs, leading to a loss of mobile protons, and the conductivity of both 
systems is dominated by intrinsic oxygen-ion transport and the con
ductivities under dry and humid conditions converge. Overall, the re
sults demonstrate how the interplay of structure and cation chemistry 
governs the transport properties, with proton conduction being partic
ularly pronounced in Zr-containing pyrochlores under humid condi
tions, facilitated by their stable pyrochlore structure.

4. Conclusions and outlook

Overall, our investigation provides a comprehensive understanding 
of how structural motifs influence electronic, protonic, and oxygen ion 
conductivity in compounds evolved from the fluorite phase, ranging 
from disordered phases to well-defined pyrochlore structures. By 
analyzing work function, band gap, and partial transport characteristics, 
we identify clear correlations between specific structural motifs and 
charge transport properties, underscoring the crucial role of redox- 
active elements. Hebb–Wagner polarization measurements revealed 
pronounced composition-, temperature-, and oxygen partial pressur
e–dependent electronic transport in the investigated pyrochlores. Ce- 
based compositions exhibit a strong pO₂ dependence of the electronic 
partial conductivity, which is in good accordance to simulations. 
Hebb–Wagner measurements of the partial electronic conductivity in 
ceria-based materials exhibit a − 1/6 slope near the conductivity mini
mum. The − 1/4 regime expected from the Brouwer diagram is strongly 
compressed or not experimentally accessible, since reduction-induced 
oxygen vacancies become transport-dominant at comparatively high 
pO₂. Moreover, the nature of the acceptor-doped A-site cation does not 
directly cause the occurrence of the − 1/6 slope, it rather shifts the 
equilibrium position, with Pr stabilizing it at higher oxygen partial 
pressures. In contrast, zirconate-based pyrochlores exhibit an electronic 
conductivity that is nearly independent of oxygen partial pressure, 
consistent with a more stable defect chemistry. EIS measurements per
formed under air, Ar, and humidified Ar atmospheres revealed pro
nounced proton conduction in Pr₂Zr₂O₇ at temperatures below 500 ◦C, 
with proton transport contributing almost exclusively to the total con
ductivity. In contrast, Pr₂Ce₂O₇ exhibited a decrease in conductivity 
under humidified Ar which goes back to water uptake at oxygen vacancy 
sites and effectively blocks conduction pathways and promotes the 
reduction of Pr⁴⁺ to Pr³⁺. As a result, the concentration of oxygen va
cancies is reduced, and the Ce³⁺/Ce⁴⁺ and Pr³⁺/Pr⁴⁺ redox equilibria shift 
toward predominantly Pr³⁺, thereby limiting both ionic and electronic 
transport. Moreover, it was found that compounds with well-defined 
crystal structures and low disorder show higher conductivity. In 
particular, the pyrochlore phase, which intrinsically accommodates 
oxygen vacancies within its ordered structure, showed enhanced trans
port properties for protons compared to more disordered or defect-rich 
materials. Taken together, the results offer valuable guidance for the 
rational design of pyrochlore materials with tailored properties for en
ergy conversion and electronic applications.
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[49] S. Krämer, J. Hopster, A. Windmüller, R.-A. Eichel, M. Grünebaum, T. Jüstel, 
M. Winter, K. Neuhaus, Teaching an old dog new tricks: Ti-doped ZnFe2 O4 as 
active material in zinc ion batteries – a proof of concept, Energy Adv. 3 (2024) 
2175–2185, https://doi.org/10.1039/D4YA00134F.

[50] J. Ouyang, Y. Peng, W. Zhou, X. Liang, G. Wang, Q. Zhang, B. Yuan, The Role of 
Oxygen Vacancies in Phase Transition and the Optical Absorption Properties 
within Nanocrystalline ZrO2, Nanomaterials 14 (2024) 967, https://doi.org/ 
10.3390/nano14110967.

[51] N. Fifere, A. Airinei, M. Dobromir, L. Sacarescu, S.I. Dunca, Revealing the effect of 
synthesis conditions on the structural, optical, and antibacterial properties of 
cerium oxide nanoparticles, Nanomaterials 11 (2021) 2596, https://doi.org/ 
10.3390/nano11102596.

[52] M.H. Hebb, Electrical conductivity of silver sulfide, J. Chem. Phys. 20 (1952) 
185–190, https://doi.org/10.1063/1.1700165.

[53] C. Wagner, Galvanische Zellen mit festen Elektrolyten mit gemischter 
Stromleitung, Z. Für Elektrochem. Berichte Bunsenges, F. üR. Phys. Chem. 60 
(1956) 4–7, https://doi.org/10.1002/bbpc.19560600104.

[54] S. Cheng, C. Chatzichristodoulou, M. Søgaard, A. Kaiser, P.V. Hendriksen, Ionic/ 
Electronic Conductivity, Thermal/Chemical Expansion and Oxygen Permeation in 
Pr and Gd Co-Doped Ceria Prx Gd0.1 Ce0.9-x O1.95-δ, J. Electrochem. Soc. 164 (2017) 
F1354–F1367, https://doi.org/10.1149/2.0531713jes.

[55] S.R. Bishop, T.S. Stefanik, H.L. Tuller, Defects and transport in Pr x Ce 1− x O2− δ: 
Composition trends, J. Mater. Res. 27 (2012) 2009–2016, https://doi.org/ 
10.1557/jmr.2012.130.
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