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Abstract

The oxygen ion conductivities of Sm doped ceria and Gd doped ceria are the highest for a
rare-earth doped cerium oxide, which can be applied in solid oxide fuel cells (SOFC), high-
temperature electrolysis with solid oxide electrolysis cells (SOEC), and high-temperature batter-
ies. At the same time, zirconium oxide is a common impurity that has been shown to reduce the
ionic conductivity in this type of doped ceria material. Doping with zirconia does not create ad-
ditional oxygen vacancies and the conductivity is only influenced by the additional interactions
between the Zr ions and either the rare-earth dopants or the oxygen vacancies. In this work, ceria
co-doped with Sm-Zr and Gd-Zr is investigated using impedance spectroscopy experiments as
well as density functional theory calculations and Kinetic Monte Carlo simulations. Co-doping
Sm-doped and Gd-doped ceria with Zr decreases the conductivity significantly in experiments
and simulations. The strong influence on the conductivity is due to the effective trapping of the
oxygen vacancies by the zirconium ions.
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1. Introduction
Solid solutions of ceria (CeO2) and rare-earth oxides (RE2O3) are known for their high oxygen ion conductivity.

As a result, rare-earth doped ceria can be used as electrolyte in solid oxide fuel cells, electrolyzer cells, and high-
temperature batteries.[1] The high ionic conductivity can be attributed to the creation of oxygen vacancies V∙∙

O by
doping, as shown in Eq. 1 in Kröger-Vink notation.[2]

RE2O3 ←←←←←←←←←←←←←←←←←→ 2RE
′

Ce + 3O×
O + V∙∙

O (1)

Defect interactions cause increased migration barriers for oxygen vacancy jumps around dopants (blocking). Blocking
appears at configurations where the two adjacent Ce cations along themigration pathway of the oxygen (migration edge,
Fig. 1) are partly or fully substituted by large rare-earth dopants.[3, 4, 5] Additionally, the association between dopants
and oxygen vacancies increases migration barriers for oxygen jumps away from dopants (trapping) and decreases
migration barriers for oxygen jumps towards dopants.[3, 4]

Sm andGd doped ceria show the highest ionic conductivities in experiments.[6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22] In our previous work, we investigated the influence of blocking and trapping on the ionic conductivity
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Figure 1: Possible migration edge con�gurations in samarium doped ceria. Ce-Ce edge (left), Ce-Sm edge (middle) and
Sm-Sm edge (right). Cerium ions (green), samarium ions (blue), oxygen ions (red spheres) and oxygen vacancies (red
boxes).[4] - Reproduced by permission of the PCCP Owner Societies

using Kinetic Monte Carlo (KMC) simulations with a migration energy model based on density functional theory
(DFT) calculations.[3] We could show that Sm and Gd dopants have the best combination between weak blocking and
weak trapping, and our simulation results were in good agreement with experimental data. In a further step, we extended
our simulation model to co-doping with zirconium for the case of Y doped ceria.[23] In applications, Zr doping is used
to increase the performance in the production of solar fuels as well as in catalytic processes such as in automotive three-
way catalysts due to the increased oxygen storage capacity (OSC).[24, 25, 26, 27, 28] However, in these applications,
much higher Zr contents are used to improve the reducibility of ceria materials rather than their ionic conductivity
behavior. Additionally, Zr is a common impurity in ceria due to impure raw materials or cation diffusion from adjacent
phases in solid electrochemical cells, explaining the importance of the investigation of co-doped ceria.[29, 30, 31]
Doping ceria with zirconia is of particular interest since zirconium has the same valence as the host cation ceria.
Therefore, doping with zirconia does not create additional oxygen vacancies and the conductivity is only influenced by
the additional association or blocking of the oxygen vacancies as discussed in theoretical literature.[32, 33, 34, 35] Our
simulations,[23] as well as previous experimental studies in Y doped ceria,[30] show that doping with Zr decreases
the conductivity.

In this work, we investigate the influence of Zr co-doping on the ionic conductivity in Sm and Gd doped ceria
(e.g., Ce1– x– yZrySmxO2–x∕2) by experimental and computational methods. Simulations are based on DFT and KMC
methods exploiting our previously described approach.[3, 23] For this purpose, we predict ionic conductivities using
Kinetic Monte Carlo (KMC) simulations with a migration energy model based on density functional theory (DFT)
calculations. Experiments are performed on polycrystalline samples and quasi single crystalline samples (agglomerates
of large grains) using impedance spectroscopy.

The paper is organized as follows: In section 2, details concerning the prepared samples and the experimental
setup are described. In section 3, details of the calculations are given. In section 4, we present our experimental and
theoretical results for the ionic conductivity in co-doped ceria. In section 5, we give a short summary.

2. Experimental details
Single crystals with the compositions Ce0.889Zr0.006Gd0.105O1.9475 and

Ce0.887Zr0.043Sm0.070O1.965 were synthesized by skull-melting.[36] Powders of the binary oxides were carefully mixed
in the respective ratios (ZrO2 99.91% purity, Surface Net, Rheine, Germany, Sm2O3, Gd2O3 and CeO2 99.9% purity,
Chempur, Karlsruhe, Germany, ignition material: Zr 99.6% purity, Haines &Maassen, Bonn, Germany). Skull-melting
is a quasi crucible-free high frequency (HF) process in which the material is kept in a water-cooled crucible. The melt
is surrounded by a thin ceramic layer of unmolten material protecting it from impurities. Chemical compositions
were determined via wavelength-dispersive X-ray spectroscopy (WDS) with an electron beam micro probe (Cameca
Camebax Microbeam, Gennevilliers, France). During skull-melting, an agglomerate of single crystals with very large
grain sizes (about 500 �m) is grown. X-ray diffraction was performed to identify the crystallographic phases. For this
purpose, the agglomerates of single crystals were ground in a mortar and the powders were investigated using a “PAN-
alytical X’Pert PRO MPD” diffractometer equipped with a “PIXcel” detector using nickel-filtered Cu-K� radiation.
Additional investigations were performed on a “Rigaku SmartLab 3 kW” system equipped with a Johansson-type Ge
monochromator using Cu-K�1 radiation. A 2� range between at least 20◦ and 80◦ and a step size of 0.05◦ was applied
(see supporting information). The agglomerates of single crystals were also checked by Laue backscattering (tungsten
radiation, photosensitive image plates, STOE & Cie GmbH, Darmstadt, Germany) and Inductively coupled plasma
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optical emission spectroscopy (OPTIMA 4300 DV, Perkin-Elmer).[36] Polycrystalline samples were prepared accord-
ing to an earlier work[37] by dissolving cerium (III) nitrate hexahydrate (99.9%, Chempur), rare-earth nitrate hydrate
(RE(NO3)z ⋅ xH2O, 99.9%, with z = 3 for Sm: Sigma-Aldrich, Gd: Strem Chemicals or z = 4 for Zr: Alfa Aesar) and
citric acid (VWR International, 2.5 equivalents) in water. The water content in the nitrate hydrates was determined and
verified by dehydration and gravimetric analysis. The sol-gel transformation occurred during the mixing for several
hours at 50 ◦C. At 350 ◦C, the produced foam was dried for three hours and subsequently calcined for four hours at
1000 ◦C. The calcined powder was dry milled in a planetary mill, uniaxially pressed to disks (10 mm in diameter
and 2 mm thick) and sintered in air at 1400 ◦C for 24 hours. The composition was successfully verified using X-
ray diffraction (Theta-Theta diffractometer, STOE, Darmstadt, Germany) and Rietveld refinement, energy-dispersive
X-ray spectroscopy measurements (Oxford INCA, Oxford Instruments, Abingdon, UK), wavelength-dispersive X-ray
spectroscopy measurements (Jeol JXA-8530F, JEOL USA Inc., Peabody USA).[38, 3] Significant efforts have been
performed to minimize the error (about 0.2 atom-%) of the determined stoichiometry, which is significant for the Zr
content in the Ce0.889Zr0.006Gd0.105O1.9475 composition. Density measurements of the polycrystalline samples accord-
ing to the Archimedes method gave high densities around 95% of the theoretical value. Scanning electron microscope
measurements (LEO 1450VP, Carl Zeiss, Oberkochen, Germany) of samples etched in 32 % HCl at room temperature
for five minutes show that grain sizes are about 1 �m for the polycrystalline doped ceria, for an example see supporting
information.

For impedance measurements, electrodes made of platinum paste were used and connected with platinum wire.
The conductivity experiments were performed in air and at temperatures between room temperature and 700◦C after
an equilibration time of 3 hours. Impedance spectroscopy measurements were realized using a two-point geometry
(Solartron 1260) with frequencies between 107 and 7 ⋅10−2 Hz. In the impedance spectra, the bulk and grain boundary
semicircles were identified according to literature.[39] The depressed bulk semicircles in the complex impedance plot
were analyzed using an equivalent circuit composed of an RQ-element with the constant phase element Q. The ionic
conductivity was calculated according to � = d

AR with the sample thickness d and the area A yielding the bulk
conductivity �bulk and the macroscopic grain boundary conductivity �gb. The error of the ionic conductivity is about
2%.

3. Computational details
Quantum mechanical calculations were executed according to earlier works[4, 29, 40, 3, 41, 37] using the Vi-

enna Ab initio Simulation Package (VASP)[42, 43] calculating geometric parameters and energies at zero temperature.
All ab initio calculations were performed within the scope of the density functional theory (DFT) using the Gener-
alized Gradient Approximation (GGA) according to Perdew, Burke and Ernzerhof (PBE)[44, 45] and the projector
augmented-wave method (PAW).[46] An energy cut-off of 500 eV was chosen for the plane waves. Supercells con-
sisting of 8 unit cells (a multiplication of 2 × 2 × 2 unit cells in each dimension) and 27 unit cells (3 × 3 × 3) were
employed. Monkhorst-Pack k-point meshes of 2× 2×2 and 1× 1×1 were applied, respectively. The 5s25p66s25d14f1
electrons of the cerium atoms were treated as valence electrons. Similarly, the 5s25p66s25d1 electrons of the samarium
atoms, the 5p66s25d1 electrons of the gadolinium atoms, and the 2s22p4 electrons of the oxygen atoms were treated
as valence electrons. To account for the localization of strongly correlated f-electrons, a Hubbard U parameter was
introduced by the rotational invariant approach.[47] The repulsion parameter of U = 5 eV for the 4f-orbitals of cerium
was chosen according to literature.[48, 49, 50, 25, 51, 52, 53, 54, 55] The total number of electrons in the cell was
adjusted for all defective cells to reproduce the actual charge state of the defects, e.g.

(

Ce108O215
)2+ for a 3 × 3 × 3

supercell containing one oxygen vacancy. Charged cells are calculated assuming a neutralizing background charge,
which is a valid approach as shown in literature.[56, 57, 58, 59]

The convergence parameters for electronic and ionic relaxation were set to at least 10−5 eV and 10−2 eV/Å, re-
spectively, to guarantee a sufficient accuracy of the calculated forces. A lattice constant of 5.49 Å was calculated for
defect-free ceria using the Birch-Murnaghan equation of state. This parameter is larger than the experimental lat-
tice parameter due to the chosen set of parameters,[60, 61, 62, 40] and applied for all calculations as performed in
literature.[63, 64, 65] The lattice parameter for Ce0.9Zr0.1O2 (5.456 Å) is given by the calculated lattice parameters
of CeO2 (5.49 Å) and ZrO2 (5.15 Å) according to Vegard’s law.[23] The internal atomic positions in the cell were
relaxed (changed to minimize the energy of the cell) without changing the lattice parameter for all calculations. The
transition states and the minimum energy pathways were investigated using the nudged elastic band (NEB)[66, 67, 68]
and climbing image NEB methods[69]. The ionic configuration for the saddle point configuration (‘image’) was inter-
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polated from the initial and final state of the migration process. Tests with more than one intermediate image between
the initial and final configuration of the migration showed no differences in the migration energies. Association and
migration energies strongly depend on the finite supercell size due to the interactions of the defects with their image
in other cells and, therefore, the dipole interaction is corrected according to Makov and Payne.[70]

For the migration energy model, migration energies for the migration edge (Fig. 1) are combined with pair inter-
actions to predict the barrier for every possible ionic configuration including multiple dopants and oxygen vacancies
around the jumping oxygen vacancy. The simulated ionic conductivities for Sm and Gd doped ceria are in agreement
with experiments.[3]

For co-doped ceria, migration energies depend not only on the individual migration edges (e.g., Ce-Ce, Ce-Sm,
Sm-Sm, Ce-Zr and Zr-Zr) and association energies but also on mixed migration edge energies (Sm-Zr). Only few sim-
ulations of co-doped ceria were performed in literature before.[71] Thus, we are confident that our proposed migration
energy model is a significant improvement of earlier works.[23]

Ionic conductivities were simulated by means of the Kinetic Monte Carlo simulations using the in-house code
iCon.[72] In literature, the oxygen ion conductivity in ceria was calculated using analytical models[73, 74] and Kinetic
Monte Carlo (KMC) simulations,[75, 76, 77, 78, 79, 71, 55, 80, 4, 81] which we significantly improved in our earlier
works.[4, 3, 23] A 14 × 14 × 14 supercell with 32928 ions (Ce, RE, O) and vacancies, periodic boundary conditions
and a random cation distribution were used. An electric field strength equal to 0.1 2kBT

ql with the oxygen ion charge q
and the jump distance l was used, which had no influence on the thermodynamic equilibrium according to an earlier
work.[4, 82] An attempt frequency of 3.2 ⋅ 1012 Hz for the oxygen vacancy jump was chosen in agreement with our
earlier work.[23, 29] Simulations were performed with 150 MCSP for compositions without zirconium doping and
up to 2 ⋅ 104 for zirconium co-doped compositions. The reason for the higher MCSP in the latter case is the strong
trapping of the vacancies by the zirconium dopants. Prior to the evaluation of the conductivity, the anion sub-lattice was
equilibrated with 10% of the steps. All simulations were repeated ten times with different random cation distributions.

4. Results and discussion
4.1. Experiments

Impedance spectroscopy measurements reveal three semicircles, which can be attributed to the bulk , with a ca-
pacitance of about 5 ⋅ 10−11 F, the grain boundary, with a capacitance of about 5 ⋅ 10−9 F, and the electrode with an
even larger capacitance according to literature.[39, 83, 14] Bulk, grain boundary and electrode semicircles of Sm-Zr
and Gd-Zr doped ceria can only be observed in a limited temperature range due to the limited frequency range. For the
agglomerate of single crystals, the semicircle for the grain boundary is strongly diminished due to the small number
of grain boundaries (see supporting information).

Figure 2 shows the ionic conductivity for the bulk �bulk of Sm-Zr doped ceria. The curves show a slight curvature
as described in literature.[84, 9, 10, 18, 85, 6, 86, 13] Doping with Zr decreases the conductivity significantly and
increases the activation enthalpy. The change of the Sm dopant fraction is below 1% which can explain less than 30%̇
change in conductivity,[3] As the measured conductivities decrease by more than 95%, co-doping with Zr is the main
reason for the decreased conductivities. It is apparent that the bulk ionic conductivity of the polycrystalline sample and
the quasi single crystal with similar composition are not the same. On the one hand, this could be due to unidentified
deviations in the compositions as small changes of the Zr content have a large impact on the ionic conductivity as
discussed above. On the other hand, this could be due to uncertainties in the decomposition of the semicircles. Since
the influence of grain boundaries is minimized in the case of the quasi singe crystals, we consider these as a reference.

For the polycrystalline samples, the macroscopic grain boundary conductivity �gb is significantly lower than the
bulk conductivity in accordance with literature. The grain boundary conductivity (Fig. 3) also decreases with Zr while
the activation enthalpy increases. An exception is the single crystal agglomerate, which has an exceptionally high
macroscopic grain boundary conductivity compared to the polycrystalline samples with similar composition. In the
literature such microstructural variations are taken into account by calculating the specific or microscopic grain bound-
ary conductivity[87, 88] using the serial brick layer model.[89, 90] While the macroscopic grain boundary conduc-
tivity �gb is independent of the sample dimensions according to �gb = d

ARgb
with the sample thickness d and the

area A, the microscopic grain boundary conductivity is micro-structure-independent according to �gb, mic = �
D

d
ARgb

with the grain boundary thickness � and the grain size D. In literature, it is often assumed that the dielectric con-
stant of the grain boundaries is approximately equal to that in the bulk and the ratio �∕D = Cbulk∕Cgb is calcu-
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Figure 2: Ionic conductivity for the bulk of Sm doped and Sm-Zr doped ceria according to impedance experiments. Both,
polycrystalline samples and an agglomerate of single crystals are investigated. Doping with Zr decreases the conductivity.

lated using the capacities of the bulk and grain boundary. In this work, the differences in grain size D are far greater
than any differences in the grain boundary thickness �. As a result, the microscopic grain boundary conductivity ra-
tio �gb, mic

(

Ce0.887Zr0.043Sm0.070O1.965
)

∕�gb, mic
(

Ce0.93Sm0.07O1.965
)

is two orders of magnitudes smaller than the
macroscopic grain boundary conductivity ratio �gb

(

Ce0.887Zr0.043Sm0.070O1.965
)

∕�gb
(

Ce0.93Sm0.07O1.965
)

. This eas-
ily explains the high macroscopic grain boundary conductivity of Ce0.887Zr0.043Sm0.070O1.965 in Fig. 3. The micro-
scopic grain boundary conductivities of Ce0.887Zr0.043Sm0.070O1.965 are similar to those of Ce0.88Zr0.05Sm0.07O1.965.

The total conductivity (Eq. 2) is again very similar to the grain boundary conductivity and deviates only at high
temperatures. Due to the influence of the bulk contribution, the activation enthalpies are slightly lower as well.

�total =
�bulk ⋅ �gb
�bulk + �gb

. (2)

Ionic conductivities for the bulk, grain boundary and total ionic conductivity of Gd-Zr doped ceria are shown in
Fig. 4. Compared to Sm-Zr co-doped ceria, co-doping with Zr decreases the conductivity of Gd doped ceria more
pronounced.

In conclusion, the ionic conductivity decreases with increasing Zr fraction according to impedance experiments in
this work and literature.[30] Therefore, Zr impurities, have to be minimized for applications demanding a high ionic
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Figure 3: Macroscopic grain boundary (left) and total (right) conductivity of Sm-Zr doped ceria according to impedance
experiments. Both, polycrystalline samples and an agglomerate of single crystals are investigated.

conductivity. The decrease is more pronounced in Gd than in Sm co-doped ceria.

4.2. Kinetic Monte Carlo Simulations
In the Kinetic Monte Carlo simulations an energy model from an earlier publication was applied including pair

interactions of defects and migration edge energies.[23, 3] The applied pair energies and edge energies are shown in
Fig. 5. As the Zr4+ ion is considerably smaller than the Ce4+ ion, doping with zirconium leads to a decrease of the
lattice parameter. This decrease of the lattice parameter results in a stronger interaction between defects and an increase
of the migration barriers.[23, 91] To include this effect, energies were calculated for various lattice parameters (see
supporting information) and the energy model was parametrized depending on the Zr fraction as described in our
earlier publication.[23]

The simulated conductivities as given in Fig. 6 show the same trends as the experimental data. Sm-doping leads to
a higher conductivity than Gd-doping while co-doping with zirconium decreases the conductivity in both cases. The
change in conductivity from Ce0.9Gd0.1O1.95 to Ce0.889Zr0.006Gd0.105O1.9475 in the simulations is less pronounced than
in the experiment. This is presumably due to deviations in the experimentally obtained stoichiometry on the one hand
and limitations of the energy model used in the simulations on the other hand.

In summary, the doping with zirconium has three effects:[23] 1. The migration barrier is reduced when Zr ions are
located at the migration edge. 2. The vacancies are strongly trapped by Zr ions. 3. Increasing the zirconium content
increases defect interactions and all migration barriers through the decrease of the lattice parameter. The dominating
effect here is the trapping of the vacancies at the zirconium ions that effectively lowers the average vacancymobility.[23]

5. Conclusion
The oxygen ion conductivity of co-doped Sm-Zr and Gd-Zr ceria were investigated. Doping ceria with Zr decreases

the conductivity significantly. The decrease is more pronounced in Gd than in Sm co-doped ceria. Comparison between
polycrystalline samples and agglomerates of single crystals show an increase in the macroscopic grain boundary con-
ductivity with increasing grain size.

The Kinetic Monte Carlo simulations show the same trend for the decrease of the ionic conductivity due to Zr dop-
ing. However, in this case the effect on Sm-doped ceria is more pronounced. The strong influence on the conductivity
is due to the effective trapping of the oxygen vacancies by the zirconium ions. The Kinetic Monte Carlo simulations
are qualitatively in agreement with the experiments. Moreover, the comparison of experimental samples shows that
accurate separation of bulk and grain boundary semicircles in polycrystalline samples as well as determination of exact
stoichiometry remains a difficult task and can influence the results significantly.
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Figure 4: Ionic conductivity for the bulk, grain boundary and total domain of Gd-Zr doped ceria according to impedance
experiments. Both, polycrystalline samples and an agglomerate of single crystals are investigated.
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