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Elucidation of the Transport Properties of Calcium-Doped
High Entropy Rare Earth Aluminates for Solid Oxide Fuel
Cell Applications

Mohana V. Kante, L. Ajai R. Lakshmi Nilayam, Horst Hahn, Subramshu S. Bhattacharya,
Matthias T. Elm,* Leonardo Velasco,* and Miriam Botros*

Solid oxide fuel cells (SOFCs) are paving the way to clean energy conversion,
relying on efficient oxygen-ion conductors with high ionic conductivity
coupled with a negligible electronic contribution. Doped rare earth aluminates
are promising candidates for SOFC electrolytes due to their high ionic
conductivity. However, they often suffer from p-type electronic conductivity at
operating temperatures above 500 °C under oxidizing conditions caused by
the incorporation of oxygen into the lattice. High entropy materials are a new
class of materials conceptualized to be stable at higher temperatures due to
their high configurational entropy. Introducing this concept to rare earth
aluminates can be a promising approach to stabilize the lattice by shifting the
stoichiometric point of the oxides to higher oxygen activities, and thereby,
reducing the p-type electronic conductivity in the relevant oxygen partial
pressure range. In this study, the high entropy oxide (Gd,La,Nd,Pr,Sm)AlO3 is
synthesized and doped with Ca. The Ca-doped (Gd,La,Nd,Pr,Sm)AlO3

compounds exhibit a higher ionic conductivity than most of the
corresponding Ca-doped rare earth aluminates accompanied by a reduction of
the p-type electronic conductivity contribution typically observed under
oxidizing conditions. In light of these findings, this study introduces high
entropy aluminates as a promising candidate for SOFC electrolytes.
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1. Introduction

Designing efficient electrolytes is crucial
for the development of high-performing
solid oxide fuel cells (SOFCs). Efficient
electrolytes need to retain a high oxy-
gen ion conductivity combined with neg-
ligible electronic conductivities at differ-
ent operating temperatures, as well as
in a wide oxygen partial pressure range
varying from oxidizing conditions at the
cathode (1 bar to 10−5 bar of p(O2)) to
highly reducing conditions at the anode
(10−10 to 10−18 bar of p(O2)).[1] Using un-
stable electrolytes with a non-negligible
electronic conductivity results in ohmic
losses reducing the performance of the
fuel cell.[1] Perovskite-structured ReMO3
(Re: rare earth elements, M: Al, Ga, In,
Sc) are promising candidates as electrolytes
in SOFC applications.[2] Although ReMO3
are insulators, doping with alkali earth
metals or any stable 2+ cation results in
the formation of oxygen vacancies, and
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thus, in a sufficiently high oxygen ion conductivity.
La1−xSrxGa1−yMgyO3−(x+y)/2 is the most commonly used
perovskite-structured ReMO3 for applications as electrolytes
in SOFCs.[3] However, Ga is often substituted by Al to reduce
the costs of the compounds and doped rare earth alumi-
nates have been investigated as a cheaper alternative for
La1−xSrxGa1−yMgyO3−(x+y)/2. Several studies on doped rare earth
aluminates suggest a dominant p-type conductivity under ox-
idizing conditions and a stable ionic conductivity at reducing
conditions.[2,4–8] The dominant p-type conductivity in rare earth
aluminates at high oxygen activity arises from the interaction
between the crystal and the atmosphere. At high oxygen partial
pressure, oxygen fills the oxygen vacancies and electron holes
are created to ensure charge neutrality. This oxidation reaction
is given in Kröger–Vink notation by

1
2

O2 + V∙∙
O ↔ Ox

O + 2h∙ (1)

where V∙∙
O, Ox

O, and h• denote the oxygen vacancy with a relative
charge of +2, the oxygen ion on the oxygen lattice site, and the
electron hole, respectively.

High-entropy materials are single-phase multicomponent ma-
terials with high configurational entropy (ΔSmix). Conceptually,
high entropy materials are assumed to have higher structural
stability at high temperatures as the Gibbs free energy for for-
mation ΔG = ΔH − TΔS is reduced due to a high configura-
tional entropy (ΔSmix). This increases the overall entropy, which
counterbalances the formation enthalpy. The high entropy con-
cept was initially introduced in 2004 for alloys relevant to high-
temperature applications.[9] Since then, a significant number
of compositions of high entropy alloys have been studied con-
firming their improved structural stability and applicability at
higher temperatures.[10–12] In 2015, the high entropy concept
was introduced for oxides[13] followed by various investigations
of their dielectric,[14] thermal,[15] electrochemical,[16] catalytic,[17]

magnetic,[18] mechanical,[19] or ionic transport properties.[20] The
studies were conducted for several compounds with a variety
of different crystal structures, like Rocksalt,[13,19] fluorite,[20–22]

perovskite,[15,23,24] spinel,[25–27] layered,[28] or pyrochlore[29] struc-
ture, to name a few. According to several reports, the thermal
stability of several oxides could be improved by utilizing the
high entropy concept including perovskite-type high entropy
oxides.[13,24,31–33] Also doped high entropy rare earth aluminates
might benefit from the increase of configurational entropy in or-
der to thermally stabilize the crystals by pushing the oxidation
reaction (Equation (1)) to the educt side, and thereby, decreas-
ing the electronic conductivity in the system even under oxidat-
ing conditions and high operating temperatures (500–700 °C).
In the present study, we introduced the high configurational en-
tropy concept for rare earth aluminates as electrolytes for SOFCs.
The samples are doped with Ca to increase the oxygen ion con-
ductivity by generating oxygen vacancies V∙∙

O. Using Kröger–Vink
notation, the doping can be described by

CaO
ReAlO3
→ Ca

′

Re + AlxAl +
5
2

O×
O + 1

2
V∙∙

O (2)

with Ca
′

Re being a Ca2+ ion on a Re3+ lattice site with a relative
charge of −1. The corresponding powders were synthesized us-

Figure 1. X-ray diffraction patterns of sintered pellets of
(Gd,La,Nd,Pr,Sm)1−xCaxAlO3 (x = 0, 0.05, 0.1, 0.15, 0.2) with As-
terix denoting the reflections of the secondary phase.

ing the Pechini process and consolidated into pellets via con-
ventional sintering. X-ray diffraction (XRD), scanning electron
microscopy (SEM), UV–vis spectroscopy, Raman spectroscopy,
and transmission electron microscope (TEM) were conducted
to characterize the high entropy oxides. The electrochemical
properties were analyzed via electrochemical impedance spec-
troscopy (EIS) at different temperatures (300–700 °C) and for
varying oxygen partial pressure (1 bar to 5 mbar). For compar-
ison, also the Ca-doped single component rare earth aluminates
(Nd0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3
and La0.9Ca0.1AlO3) were synthesized and characterized to
elucidate the impact of increased configurational entropy
on the transport properties of the Ca-doped high entropy
aluminate.

2. Results and Discussion

2.1. Structural Characterization

Figure 1a shows the XRD patterns of the sintered (Gd,La,
Nd,Pr,Sm)1−xCaxAlO3 pellets. (Gd,La,Nd,Pr,Sm)AlO3, (Gd,La,
Nd,Pr,Sm)0.95Ca0.05AlO3, and (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 ex-
hibit a single phase with orthorhombic structure (space
group of Pbnm) as further confirmed by Rietveld refinements
presented in Figure S1, Supporting Information. For the (Gd,La,
Nd,Pr,Sm)0.85Ca0.15AlO3 and (Gd,La,Nd,Pr,Sm)0.8Ca0.2AlO3 pel-
lets, signatures of a minor secondary phase are observed. To iden-
tify the distortion from the ideal structure of a perovskite ABO3,
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Table 1. Summary from Rietveld refinement, Williamson Hall plots, and relative density calculated from the Archimedes principle for
(Gd,La,Nd,Pr,Sm)1−xCaxAlO3 pellets.

Composition Tolerance factor Crystallographic space group Lattice parameter [Å] Crystallite size [nm] Relative density [%]

(Gd,La,Nd,Pr,Sm)AlO3 0.968 Pbnm a = 5.29
b = 5.32
c = 7.49

303 94

(Gd,La,Nd,Pr,Sm)0.95Ca0.05AlO3 0.970 Pbnm a = 5.29
b = 5.32
c = 7.49

323 96

(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 0.972 Pbnm a = 5.29
b = 5.31
c = 7.49

303 96

(Gd,La,Nd,Pr,Sm)0.85Ca0.15AlO3 0.974 Pbnm
unknown (<5%)

a = 5.29
b = 5.31
c = 7.50

308 92

(Gd,La,Nd,Pr,Sm)0.8Ca0.2AlO3 0.976 Pbnm
unknown (<5%)

a = 5.30
b = 5.31
c = 7.51

277 96

we calculated the Goldschmidt tolerance factor t of the prepared
pellets[30]

t =
rA + rO√
2
(
rB + rO

) (3)

where rA is the effective A-site cationic radii, rO is ionic radii
of oxygen, and rB is ionic radii of the cation on B-site. For an
ideal cubic perovskite holds t = 1. If t < 1, the crystals exhibit
an orthorhombic or rhombohedral structure. The calculated
tolerance factors of the different (Gd,La,Nd,Pr,Sm)1−xCaxAlO3
pellets with varying x are listed in Table 1. The ionic radii are
taken from the ionic radii database of the Atomistic Simulation
Group of the Materials Department of Imperial College.[31,32] All
prepared systems show a tolerance factor of less than 1, suggest-
ing an orthorhombic structure. The ionic radius of the Ca ion
is similar to that of rare earth cations. Thus, only small changes
in the lattice parameters are observed with increasing Ca con-
tent. The relative densities of the (Gd,La,Nd,Pr,Sm)1−xCaxAlO3
pellets determined using Archimedes principle are also listed
in Table 1. The XRD patterns of the Ca-doped single com-
ponent rare earth oxides (Gd0.9Ca0.1AlO3, La0.9Ca0.1AlO3,
Nd0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, and Sm0.9Ca0.1AlO3) can be
seen in the Figure S2, Supporting Information. All Ca-doped
single-component systems exhibit a single-phase orthorhombic
structure synonymous with that of the high entropy aluminates.
The structure and relative densities of the Ca-doped single
component oxides are also shown in Table S1, Supporting
Information.

2.2. Microstructural and Chemical Characterization

Representative SEM micrographs showing inside the pores
found at the surface of the pellets are displayed in Figure 2. The
SEM micrographs show highly densified pellets and large grains
with diameters in the micrometer range, that is, significant grain
growth occurs during the long sintering time at high tempera-

tures. All Ca-doped samples exhibit a comparable grain size. Only
for the undoped counterpart, the grain size is slightly larger. SEM
low magnification images of the polished surfaces can be found
in Figure S3, Supporting Information.

Along with the microstructural characterization, we studied
the chemical composition of the pellets using energy-dispersive
X-ray spectroscopy (EDX). The percentage of cations on the A-
site is shown in Figure 3. For all compositions, we observe
that the pellets have near-stoichiometric values of Gd, La, Nd,
Pr, Sm, and Ca. Only the amounts of La and Pr are slightly
higher or lower, respectively, compared to the stoichiometric
value.

Transmission electron microscopy (TEM) was conducted on
the powder sample of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 (Figure 4a).
The selected area electron diffraction (SAED) pattern shown in
Figure 4b further confirms the crystallinity of the sample. Ele-
mental maps from EDX spectra presented in Figure 4d–i reveal
that the elements are distributed homogeneously with no visi-
ble segregation on the nanoscale. The corresponding elemental
quantification of the maps can be seen in Figure S4, Supporting
Information.

2.3. Raman Spectroscopy

Figure 5 shows the Raman spectra of the (Gd,La,Nd,Pr,
Sm)1−xCaxAlO3 pellets prepared. The Raman band of the un-
doped compound at around 241 cm−1 corresponds to the internal
vibration Ag mode vibration of ReO9 dodecahedra.[33,34] Adding
Ca into (Gd,La,Nd,Pr,Sm)AlO3 results in new bands appearing at
around 514, 608, and 687 cm−1, which are attributed to the B1g,
B2g, and B3g vibrational modes of the BO6 octahedra in the CaBO3
system.[35,36] The appearance of additional Raman bands further
confirms the successful incorporation of Ca into the crystal struc-
ture. No major change in the position of the Raman modes is ob-
served with the addition of Ca. As the Raman spectrum of mate-
rial reflects the crystal symmetry of the material, it is evident that
all (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 pellets exhibit the same crystal
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Figure 2. SEM micrographs showing inside the pores encountered at the surface of (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 with a) x = 0, b) x = 0.05, c) x = 0.1,
d) x = 0.15, and e) x = 0.2.

symmetry in agreement with the XRD data shown in Figure 1
and Table 1.

2.4. UV–Vis Spectroscopy

The optical band gap of the pellets was determined from the ab-
sorbance 𝛼 measured by UV–Vis spectroscopy. The correspond-
ing spectra are shown in Figure S5, Supporting Information. De-
termining the optical band gap can provide valuable informa-
tion about the oxidation state of Pr in the rare earth oxides. Pr
is well known to exhibit multivalency (+3, +4) depending on the
system and experimental conditions. A change in the oxidation
state of Pr changes the optical band gap of Pr containing rare
earth oxides.[37–39] Consequently, the band gaps of rare earth alu-
minates provide insights into the electronic states of Pr ion. Di-
rect band gaps are considered for rare earth aluminates according

to various reports.[40–43] Thus, (𝛼h𝜈)
1
2 is plotted versus the pho-

ton energy h𝜈 (Tauc plot) as shown in Figure 6a. The incorpo-
ration of Ca into (Gd,La,Nd,Pr,Sm)AlO3 results in a strong shift
of the absorbance edge to lower energies, while the absorbance
at higher energies shows two maxima at about 4 and 5.2 eV in-
dependent of the doping content. The optical band gaps of the
(Gd,La,Nd,Pr,Sm)1−xCaxAlO3 pellets are determined from the ex-
trapolation of the absorbance edge to zero using a linear fit. As
shown in Figure 6b, the optical band gap drastically decreases
with the addition of Ca to (Gd,La,Nd,Pr,Sm)AlO3. The lowest
band gap is observed for x = 0.05, which increases again with in-
creasing Ca content. The strong decrease of the optical band gap
indicates a change in the Pr oxidation state, that is, the doping
with Ca does not necessarily create oxygen vacancies according
to Equation (2). If Pr is present in the compound, the Ca incor-
poration can also be compensated by the formation of a hole

CaO
ReAlO3
→ Ca

′

Re + AlxAl +
5
2

O×
O + h∙ (4)

which, then, localizes on the Pr site forming a small polaron, that
is, the Pr oxidation state changes from +III to +IV

Prx
Pr + h∙ → Pr∙Pr (5)

where Prx
Pr and Pr∙Pr denotes the Pr3+ and Pr4+ ion, respectively.

The change of the Pr oxidation state has a significant impact on
the optical absorption in oxides.[37–39] As shown by Szubka et al.
for LaAlO3,[44] the occupied O 2p states and the unoccupied La
5d states form the valence and the conduction band, respectively,
while the occupied 4f and 4s states of Pr3+ are located inside
the band gap. A comparable situation is found for Pr-doped ce-
ria, where the oxygen 2p states and the empty cerium d states
form the valence and conduction band.[45] The occupied Pr3+ and
Ce3+ states are located inside the band gap and significantly af-
fect the optical properties.[45–47] Thus, it is reasonable to assume
that also the 4f states of the Pr+3 are involved in the formation of
the conduction band in the case of (Gd,La,Nd,Pr,Sm)AlO3. Con-
sequently, the optical absorption in (Gd,La,Nd,Pr,Sm)AlO3 arises
from the excitation of electrons from the occupied Pr3+ states
located inside the band gap into the empty conduction band as
schematically depicted in Figure 6c. If Pr4+ is formed according
to reaction R4, empty Pr4+ states are present inside the band gap
and optical absorption from the valence band to the Pr4+ states
can already occur at lower excitation energies. At higher energies,
excitation from the Pr3+ states to the conduction band still occurs,
which is reflected by the comparable absorbance of all samples
for h𝜈 ≥ 4 eV.

2.5. Electrochemical Measurements

The electrical properties of the (Gd,La,Nd,Pr,Sm)1−xCaxAlO3
pellets were characterized using EIS, which was performed
at different temperatures and under varying oxygen partial
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Figure 3. Percentage of cations on A site (± 0.2%) of (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 determined using SEM-EDX.

pressure (−2.5<
∼

log
(
p
(
O2

)
∕bar

)
<
∼

). The Nyquist plots show-

ing the impedance spectra of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3
measured at 350 and 600 °C in the ambient atmosphere
(log (p(O2)/bar) = − 0.7) is displayed in Figure 7. The Nyquist
representation of the spectra changes from three full semicircles
at 350 °C (a) to an arc with a small high-frequency semicircle
at 600 °C. The three semicircles at 350 °C can be attributed to
contributions from the grains (high-frequency range), the grain
boundaries (intermediate frequency range), and the electrode
(low-frequency range). Each contribution is described by an RQ
element, where R is the resistance of the transport process and
Q is a constant phase element (CPE) accounting for the non-
ideal capacitive response. The impedance is fitted by an equiv-
alent circuit consisting of the three RQ elements connected in
series as shown in the inset of Figure 7. With increasing tem-

perature, the characteristic frequencies of the different processes
shift to higher frequency values due to a decrease in the resis-
tance (𝜏 = 2𝜋

𝜔
= RC) and, thus, only the grain boundaries and

the electrode are visible in the impedance spectrum at 600 °C.
Consequently, only two RQ elements are considered in the corre-
sponding equivalent circuit at higher temperatures (Figure 7b).
The CPE and resistance values obtained from the fit are listed in
Table S2, Supporting Information. From the parameters of the
CPE elements, the capacitance of the processes can be calculated.
The obtained capacitance values are characteristic of the corre-
sponding transport processes, confirming the suitability of the
equivalent circuit.[48,49]

As grain and grain boundary contribution can only be sepa-
rated at low temperatures, only the total resistance, that is, the
sum of grain and grain boundary resistance, can be obtained in

Small 2024, 2309735 © 2024 The Authors. Small published by Wiley-VCH GmbH2309735 (5 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202309735 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [17/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. a) High-angle annular dark-field transmission electron micrograph and b) selected area electron diffraction of a (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3
particle. c–i) Element maps for Gd, Al, Nd, Sm, Ca, Pr, La of the corresponding particle. EDX data had been treated with Gaussian blur to improve the
quality of the data. The corresponding quantification can be seen in Figure S4, Supporting Information.

the whole temperature range investigated. From the total resis-
tance, the conductivity of the pellets is calculated

𝜎 = 1
R

l
A

(6)

where l and A denote the thickness and the cross-sectional
area, respectively, of the pellets. Figure 8a shows the
temperature-dependence of the total conductivity (grain
and grain boundary contribution) of the differently doped
(Gd,La,Nd,Pr,Sm)1−xCaxAlO3 pellets in an Arrhenius repre-
sentation. The conductivity of (Gd,La,Nd,Pr,Sm)AlO3 shows a
non-linear temperature dependence in the Arrhenius represen-
tation with a change in slope at around 627 and 827 °C, which
is probably due to a phase transition from the orthorhombic
to a rhombohedral structure.[50–52] In contrast, the Ca-doped
counterparts exhibit an almost linear temperature dependence,
which allows the determination of the activation energies EA of
the Ca-doped pellets

𝜎tot (T) =
𝜎0

T
exp

(
−

EA

kBT

)
(7)

The obtained EA values range from ≈0.89 to 1.01 eV and are
shown in Figure 8. However, a closer look reveals a kink in the
slope of the conductivity ≈500 °C. This indicates a change in the
dominant transport mechanism.[2,5] More importantly, the total
conductivity increases by nearly four orders of magnitude due
to Ca-doping as the introduction of Ca on rare earth cation sites
increases the number of oxygen vacancies V∙∙

O due to charge neu-
trality reasons, and thus, increases the oxygen ion conductivity of
the material as described in Equation (8). Although the ionic con-
ductivity is expected to be directly related to the concentration of
oxygen vacancies, that is

𝜎ion (T) = 2e𝜇ion (T)
[
V∙∙

O

]
(8)

it is nearly independent of the Ca content in the
(Gd,La,Nd,Pr,Sm)1−xCaxAlO3 samples and even slightly de-
creases for high Ca content as shown in Figure 8b. This is
due to a decrease in ion mobility μion at high doping concen-
trations caused by defect interactions and/or the formation
of defect associates, for example, oxygen vacancies trapped at
the Ca dopants.[1,4,52–55] Typically, a maximum in oxygen ion
conductivity is achieved for doping concentrations between 5%
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Figure 5. Raman spectra of (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 with x = 0, 0.05,
0.1, 0.15, and 0.2.

and 10% in agreement with the results observed in this study.
Figure 8c shows the oxygen-partial pressure dependence of the
total conductivity in the range from 0.005 to 1 bar at different
temperatures. A constant conductivity is observed at 400 and
500 °C confirming a dominant ionic conductivity due to the
Ca-doping as expected according to Equation (8). However, the
conductivity increases with increasing p(O2) in the high partial
pressure range for temperatures above 500 °C, which reveals
an additional p-type electron conductivity contribution as often
observed for various aluminate oxides.[2,4,5] The presence of a
mixed ionic-electronic conductivity behavior at temperatures
above 500 °C can also be related to the change in activation
energy as discussed above.

2.6. Comparison with Doped Single Component Rare Earth
Aluminates

The conductivity behavior of the high entropy aluminate
(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 is compared with the indi-
vidual Ca-doped single component rare earth aluminates
(La0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3,
and Gd0.9Ca0.1AlO3), which are synthesized with the same
synthesis route. The temperature dependence and the p(O2)-
dependence of the conductivities are presented in Figure 9. The
Pr0.9Ca0.1AlO3 sample exhibits a significantly higher conductivity
than the HEO (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3. The conductivities
of all other Ca-doped single-component rare earth aluminates
are lower, in particular at low temperatures, and vary as follows:
𝜎LaCaAlO3

> 𝜎NdCaAlO3
> 𝜎SmCaAlO3

> 𝜎GdCaAlO3
as seen in Figure 9.

The magnitude of the conductivities follows a similar trend
as the ionic radii of the rare earth cation with rLa > rNd > rSm
> rGd. Thus, the results show that a decrease in the ionic ra-
dius of the rare earth cation, that is, the decrease of the Gold-
schmidt tolerance factor, increases the distortion in the lattice,
which blocks the pathway of the oxygen ions. Consequently, the
conductivity also decreases with decreasing radius of the rare
earth cation in the Ca-doped rare earth aluminates. The obstruc-
tion of oxygen ion diffusion and decrease in conductivity due to
different cation sizes has been well explored in various oxygen ion
conductors.[1–3,56] As for the HEO, the temperature-dependence
of the total conductivity of all aluminates in Arrhenius represen-
tation exhibits a kink at 500 °C suggesting a transition in nature
of the conductivity above 500 °C (Figure 9). In order to clarify
the underlying transport mechanism, the p(O2)-dependence of
the conductivity is investigated in the range of oxidizing atmo-
spheres (1 bar to 5 mbar). As shown in Figure 10a–f, all sam-
ples exhibit an increase in conductivity with increasing p(O2) at
temperatures above 500 °C. Similar trends are well reported in
literature.[2,4,6–8,57,58]

The p(O2)-dependence of the conductivity can be derived con-
sidering the oxidation reaction (Equation (1)). The corresponding
equilibrium constant is given by

Kox =
[
V∙∙

O

]
p
(
O2

) 1
2[

Ox
o

]
[h∙]2

(9)

Due to the Ca-doping, the vacancy concentration in the sam-
ples can be assumed to be constant, that is, 2 [V∙∙

O] = [Ca
′

Re]
(Brouwer approximation). For the p(O2)-dependence of the hole
concentration and thus, the p-type electronic conductivity contri-
bution due to small polarons, follows Equation (10)[2]

𝜎pol ∝ [h∙] =

√√√√ [
V∙∙

O

][
Ox

o

]
Kox

p
(
O2

) 1
4 (10)

A comparison reveals that the increase of the conductivity
for La0.9Ca0.1AlO3 (Figure 10a), Nd0.9Ca0.1AlO3 (Figure 10b),
Pr0.9Ca0.1AlO3 (Figure 10e) follows the expected p(O2)

1
4 -

dependence revealing a dominant p-type conductivity con-
tribution. For the other samples, the p(O2)

1
4 -dependence is

less pronounced. Also with decreasing temperature, the hole
conductivity decreases and the conductivities remain unchanged
with varying p(O2) except for Pr0.9Ca0.1AlO3. In particular, the
Gd0.9Ca0.1AlO3 (Figure 10d) sample exhibit an almost constant
conductivity over the whole partial pressure range at 400 °C.
This indicates that the ionic conductivity contribution dominates
at this temperature and low oxygen partial pressure, that is, all
samples except for Pr0.9Ca0.1AlO3 exhibit a mixed ionic electronic
conductivity. In addition, the results reveal that the high total
conductivity of Pr0.9Ca0.1AlO3 arises solely from a high p-type
electronic conductivity contribution.

Due to the high Pr content in the sample, the incorporation
of Ca is partly compensated by the formation of holes form-
ing small polarons as described in Equations (3) and (4). In
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Figure 6. a) Tauc plot of the absorbance of the (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 pellets derived from the UV–vis spectra shown in Figure S3, Supporting
Information. b) Direct band gap of pellets of (Gd,La,Nd,Pr,Sm)1−xCaxAlO3. c) Simple depiction of valence orbitals of rare earth oxides.

Figure 7. Nyquist plots, corresponding equivalent circuit of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 at a) 350 °C and b) 600 °C. The fit to the impedance data
using the equivalent circuit is shown as a solid line.

Small 2024, 2309735 © 2024 The Authors. Small published by Wiley-VCH GmbH2309735 (8 of 15)
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Figure 8. a) Arrhenius plots of (Gd,La,Nd,Pr,Sm)1−xCaxAlO3 (x = 0, 0.05, 0.1, 0.15, 0.2), b) variation of conductivity with change in Ca content at different
temperatures. c) Change in conductivity of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 with partial pressure of oxygen from 0.005 to 1 bar. Fits of the conductivity
using Equations (12), (13), and (16) are shown as solid lines.

addition, it is well reported that Pr easily changes its oxidation
state in the p(O2) range investigated.[39,59,60] The presence of a rel-
atively higher Pr4+ content in Pr0.9Ca0.1AlO3 is also confirmed by
electron energy loss spectroscopy (EELS) (Figure 11a). Pr exhibits
two energy loss peaks (M5 and M4) around 920 and 960 eV, which
arise from transitions from the 4f to the 3d orbitals. The inten-
sity ratio between the M5 and M4 peaks (IM5/IM4) is a suitable
value to compare the oxidation states of Pr.[61,62] The higher the
IM5/IM4 ratio, the lower is the Pr4+ concentration.[62] The IM5/IM4
values obtained confirm that Pr+4 is the minority charge carrier,
that is, hole transport dominates in the samples. They also reveal
that the Pr+4 concentration is higher in Pr0.9Ca0.1AlO3 than in
the HEO-(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3. The higher Pr content in
Pr0.9Ca0.1AlO3 also affects the mobility μpol of the small polarons,
which strongly depend on the available Pr3+ lattice sites. The p-

type electronic conductivity 𝜎pol due to small polarons is given
by[59,63]

𝜎pol = e [h∙] 𝜇pol = e
[
PrRe

]
x4+

Pr

(
1 − x4+

Pr

) 𝜇0
pol

T

× exp
(
−
ΔHmig

kBT

)
p
(
O2

) 1
4

=
𝜎pol,0

T
exp

(
−

EA

kBT

)
p
(
O2

) 1
4 (11)

where e is the elementary charge, μpol is the polaron mobil-
ity, 𝜎pol,0 is the polaron conductivity pre-factor, EA = ΔHmig is
the migration enthalpy for the hopping process, and [h•] is the

Small 2024, 2309735 © 2024 The Authors. Small published by Wiley-VCH GmbH2309735 (9 of 15)
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Figure 9. Comparison of Arrhenius plots of (Gd,La,Nd,Pr,
Sm)0.9Ca0.1AlO3 (HEO) with doped single component aluminates
(La0.9Ca0.1AlO3 (La), Pr0.9Ca0.1AlO3 (Pr), Nd0.9Ca0.1AlO3 (Nd),
Sm0.9Ca0.1AlO3 (Sm), Gd0.9Ca0.1AlO3 (Gd)). The symbols are the
experimental data along with solid lines which are fits derived from
Equations (12), (13), and (16).

concentration of holes, which can hop as small polarons through
the lattice. The latter is strongly dependent on the probability of
finding a pathway for the polaron to hop from Pr+4 to an adja-
cent Pr+3, which is reflected by the expression [PrRe] x4+

Pr (1 − x4+
Pr )

with [PrRe] being the concentration of Pr ions in the compound.
Figure 11b shows a typical orthorhombic perovskite. The unit cell
of the orthorhombic structure can be divided into two small cubes
with A-sites at the center, B-sites at the corners, and 8 oxygen-ions
at the edge centers. The number of A-sites adjacent to an A-site
is given by the 6 planes of the A-site centered cube in Figure 11b.
In Pr0.9Ca0.1AlO3, a Pr ion is surrounded by at least 6 Pr ions and
the number of Pr+4 in the adjacent 6 ions can be estimated to
be around 1–2 assuming 10% Pr+4. This provides at least one
possible pathway for small polaron propagation from Pr4+ to
Pr3+. However, in (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3, the number of
Pr ions surrounding an adjacent Pr ion reduces from 6 to only
1. Consequently, the possibility of finding a Pr+4 adjacent to Pr+3

becomes much lower, which restricts the mobility of the small
polarons. The increased number of possible hopping sites com-
bined with a higher concentration of small polarons (Pr4+) ex-
plains the significantly higher total conductivity of Pr0.9Ca0.1AlO3.

As the Pr0.9Ca0.1AlO3 sample shows no ionic plateau, that is,
no mixed ionic-electronic conductivity, it is not further explored
in this study. However, a detailed analysis of the temperature- and

oxygen partial pressure-dependence of the total conductivity of all
other compounds allows the estimation of the p-type electronic
and ionic contribution to the total conductivity. The total conduc-
tivity is given as the sum of both contributions

𝜎tot

(
T, p

(
O2

))
= 𝜎ion (T) + 𝜎pol

(
T, p

(
O2

))
(12)

Following Equation (8), the temperature-dependence of the
ionic conductivity can be written as

𝜎ion (T) = 2e
[
V∙∙

O

] 𝜇0
ion

T
exp

(
−
ΔHion

kBT

)
=

𝜎ion,0

T
exp

(
−

Eion
A

kBT

)
(13)

where Δ Hion = Eion
A denotes the migration enthalpy for the oxy-

gen ions. The p-type electronic conductivity due to polarons dom-
inates in the high p(O2)-range, where a kink in the temperature-
dependence of the total conductivity is observed. Thus, two dif-
ferent transport processes with different activation energies con-
tribute to 𝜎pol at low and high temperatures, respectively. The
kink in the temperature dependence might be due to the pres-
ence of grain boundaries in the samples (cf. Figure 2). It is well
reported that grain boundaries in oxides are characterized by a
space-charge region,[65–67] which may affect the activation energy
for the hopping process of the polarons. It is also possible that
the kink arises from holes, which are trapped at dopants or im-
purities forming associates[68] such as

Ca
′

Re + h∙ ↔
(

Ca
′

Reh∙
)x

(14)

The different activation energy at low temperatures, then,
comprises the binding energy of the associate. A comparable
situation is found, for example, in yttria-stabilized zirconia or
La1−xSrxGa1−yMgyO3−(x+y)/2, where oxygen vacancies are trapped
at the dopants.[69–71] However, in both cases the resistances of the
two transport processes add up and, thus, the p-type conductivity
is described by[72]

𝜎pol

(
T, p

(
O2

))
=

(
1
𝜎LT

pol

+ 1
𝜎HT

pol

)−1

=
𝜎LT

pol𝜎
HT
pol

𝜎LT
pol + 𝜎HT

pol

(15)

The temperature- and p(O2)-dependence of each polaronic pro-
cess can also be described by Equation (11). Thus, for the p-type
conductivity follows

𝜎pol

(
T, p

(
O2

))
=

𝜎LT
pol,0

𝜎HT
pol,0

T

⎛⎜⎜⎜⎝
exp

(
− ELT

A +EHT
A

kBT

)
𝜎LT

pol,0
exp

(
− ELT

A

kBT

)
+ 𝜎HT

pol,0
exp

(
− EHT

A

kBT

)⎞⎟⎟⎟⎠ p
(
O2

) 1
4 (16)

with 𝜎LT
pol, 𝜎

HT
pol and ELT

A , EHT
A being the polaron conductivity pre-

factor and the activation energy of the low- and high-temperature
transport process, respectively. By combining Equations (12),
(13), and (16), the total conductivity of each sample can be fit-
ted in the whole temperature and p(O2)-range investigated. For
the fitting it is assumed that the three conductivity pre-factors
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Figure 10. Dependence of conductivities at different p(O2) of a) La0.9Ca0.1AlO3, b) Nd0.9Ca0.1AlO3, c) Sm0.9Ca0.1AlO3, d) Gd0.9Ca0.1AlO3, e)
Pr0.9Ca0.1AlO3, and f) (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 at different temperatures 400, 500, 600, and 700 °C. In the graph, symbols are the experimen-
tal data and solid lines are the fits obtained using Equations (12), (13), and (16).

Small 2024, 2309735 © 2024 The Authors. Small published by Wiley-VCH GmbH2309735 (11 of 15)
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Figure 11. a) EELS data and IM5/IM4 values of powders of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3. The IM5/IM4 values were derived from the
integrated intensity of respective edges over a 5-eV range using a double-step background model (double arc tangent method). The EELS is deconvoluted
using the Fourier ratio method. Both procedures were performed using the Digital Micrograph software also known as Gatan Microscopy Suite.[64] b)
Lattice of an orthorhombic perovskite structure where R = La, Sm, Pr, Gd, Nd, and Ca.

(𝜎ion,0, 𝜎LT
pol, 𝜎

HT
pol ) of all samples exhibit a comparable value in-

dependent of the composition of the rare earth metals. This is
reasonable as the conductivity pre-factor is mainly determined
by the concentration of mobile charge carriers, which is fixed
by the Ca-doping (cf. Equations (2) and (10)). In addition, all
samples exhibit the same crystal structure, that is, differences
in the mobility pre-factor can be neglected in the first approxi-

mation. The ionic and polaron conductivity pre-factors obtained
from the fitting are listed in Table S3, Supporting Information.
The fits obtained are shown in Figures 8c, 9, and 10 as solid
lines, while Figure S6, Supporting information, shows the differ-
ent contributions of the three transport processes to the total con-
ductivity of La0.9Ca0.1AlO3. The activation energies obtained from
the fitting procedure are compared in Figure 12. The activation

Figure 12. Comparison of the activation energy of the a) low-temperature and b) high-temperature electronic transport process with the activation energy
of the ions plotted versus the tolerance factor (t) of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 -HEO, La0.9Ca0.1AlO3 – La, Nd0.9Ca0.1AlO3 – Nd, Sm0.9Ca0.1AlO3 –
Sm, Gd0.9Ca0.1AlO3 – Gd.
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 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202309735 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [17/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

energies of the low-temperature polaronic transport process, ELT
A ,

are higher than the activation energies Eion
A for oxygen vacancy

migration (Figure 12a). This is consistent with the dominant
ionic conductivity below 500 °C. However, at temperatures above
500 °C, the activation energies of the high-temperature pola-
ronic transport process, EHT

A , are lower than Eion
A , which explains

the p-type electronic conductivity at higher temperatures. Only
the HEO (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 exhibits a EHT

A , which is
higher than the activation energies Eion

A for oxygen ion migra-
tion, which explains the more dominant ionic conduction above
500 °C. On closer inspection, EHT

A of the HEO represents an
average of the EHT

A of the corresponding rare earth aluminates.
In addition, Figure 12 clearly shows that the activation energies
of the doped single-component rare earth aluminates increase
with decreasing tolerance factor, that is, the distortion of the lat-
tice restricts the motion of the oxygen ions. This correlation be-
tween lattice distortion and mobility is very well explored in the
literature.[1–3,56] However, the high entropy oxide does not follow
this trend showing the lowest activation energy Eion

A , although the
tolerance factor is smaller than for the La0.9Ca0.1AlO3 sample.
This is consistent with the results of Hayashi et al., who found
an optimal tolerance factor for high oxygen ion conductivity of
t = 0.96 for ABO3-based perovskites[73] and explains, why the
HEO shows the highest ionic conductivity of all perovskites in-
vestigated. The approach of exploring the compositional space
of high entropy materials successfully led to a unique compo-
sition with the lowest Eion

A due to an optimum tolerance factor
(0.96) accompanied with a relatively high EHT

A owing to the syn-
ergy among the constituent rare earth elements. Furthermore,
the conductivity of the HEO is compared to the conductivity of
yttria-stabilized zirconia, which is the state-of-the-art electrolyte
material for SOFCs. For this purpose, Y0.08Zr0.92O2 (YSZ) pellets
are consolidated and sintered from commercially available pow-
ders of Y0.08Zr0.92O2 (Nelco). The SEM micrograph of the YSZ
pellets can be seen in Figure S7, Supporting Information. The
grain sizes of the YSZ and HEO are comparable. As a result, the
contribution of grain boundary to the conductivity can be reason-
ably compared. As shown in Figure 13, the ionic conductivity of
the HEO is slightly lower than that of YSZ at higher tempera-
tures and comparable in the investigated low-temperature range.
Thus, the results show that HEO are promising candidates as
solid electrolytes for SOFC applications, in particular, as the ionic
conductivity may be further enhanced by simultaneous doping of
the A- and the B-site.[2,74]

3. Conclusion

High entropy materials are well known for their high-
temperature stability and are potential candidates for high-
temperature applications. In this work, the high entropy alumi-
nate (Gd,La,Nd,Pr,Sm)AlO3 is successfully synthesized and Ca
is used as a dopant to enable oxygen ion conductivity in the
compound making it a potential candidate as an electrolyte for
SOFCs. Structural characterization using XRD and Raman con-
firms a phase pure orthorhombic perovskite structure (Pbnm)
is observed and maintained upon Ca-doping up to 10%, while
for a Ca content of 15% and 20% a secondary phase appears.
Chemical characterization from EDX via TEM and SEM confirms
the chemical stoichiometry and homogenous distribution of ele-

Figure 13. Arrhenius plot comparing the ionic conductivities of HEO and
yttria-stabilized zirconia.

ments in the powder form. EELS and UV–Vis suggest the pres-
ence of small amounts of Pr+4 along with Pr+3. Temperature- and
oxygen partial pressure-dependent EIS measurements reveal an
increased ionic conductivity compared to the Ca-doped rare earth
aluminates La0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, and
Gd0.9Ca0.1AlO3, which is caused by a reduced ionic activation en-
ergy due to a restriction of the lattice distortion. Additionally, the
activation energy for small polaron migration is relatively higher
than the ionic activation energy, which suppresses the parasitic
p-type electronic conductivity of the HEO under oxidizing condi-
tions. Thus, the high entropy approach is successfully applied to
rare earth aluminates for applications as electrolytes in SOFCs.
The results demonstrate the suitability of the high entropy ap-
proach for designing advanced materials with enhanced thermal
stability and tailored electrical properties for high-temperature
applications.

4. Experimental Section
The high entropy aluminates (Ga0.2La0.2Nd0.2Pr0.2Sm0.2)1−xCaxAlO3
with x = 0, 0.05, 0.1, 0.15, and 0.2 and Re0.9Ca0.1AlO3 (Re =
Gd,La,Nd,Pr,Sm) powders were synthesized using a Pechini process.
Gd(NO3)3.6H2O (Alfa Aesar, 99.9%), La(NO3)3.6H2O (Thermo Sci-
entific, 99.9%), Nd(NO3)3.6H2O (Alfa Aesar, 99.9%), Pr(NO3)3.6H2O
(Thermo Scientific,99.9%), Sm(NO3)3.6H2O (Sigma-Aldrich, 99.9%),
Ca(NO3)2.4H2O (Fluka Analystical, > 99%), and Al(NO3)3.9H2O (VWR,
> 99%) were mixed in water along with citric acid (Sigma Aldrich,> 99.5%,
chelating agent) and ethylene glycol (Alfa Aesar, 99%, polymerizing agent).
The ratio between metal ions, citric acid, and ethylene glycol was kept
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constant at 1:1:2. The resulting solution was stirred at 140 °C for 1 h, dried
at 300 °C, and then annealed at 1250 °C for 2 h to obtain the oxide pow-
ders. Subsequently, the powders were pressed into pellets at a pressure of
500 MPa and heat-treated at 1500 °C for 12 h resulting in densification.

The relative density (%) of the pellets was measured according to the
Archimedes principle. XRD was conducted with a Bruker D8 advance Cu X-
ray powder diffractometer equipped with a super speed detector. The XRD
scans were measured over a 2𝜃 range of 10–90° with a step size of 0.02°

and a scan time of 3 and 5 s per step. Rietveld refinement was done using
the FullProf software suite. The data were fitted using a Thompson-Cox-
Hastings pseudo-Voigt axial divergence asymmetry peak model. Instru-
mental parameters, lattice parameters, atomic positions, and peak widths
were fitted during the refinement. The instrumental parameters were de-
rived from the XRD of standard LaB6 and the Williamson Hall method was
used to calculate the crystallite size. SEM was conducted in a Gemini Leo
1530 scanning electron microscope. SEM imaging was performed at an
operating voltage and working distance of 5 kV and 5 mm, respectively.
EDX was conducted inside the SEM with an X-MaxN Oxford instruments
X-ray detector. EDX was performed at an operating voltage and distance of
20 kV and 8.5 mm, respectively. TEM, scanning transmission electron mi-
croscopy (STEM) micrographs, SAED patterns, EDX, and EELS data were
acquired using a double aberration-corrected state-of-the art ThermoFis-
cher Themis Z HR-(S)TEM equipped with a Super-X energy dispersive X-
ray detector and a Gatan GIF Continuum 970 HighRes + K3 IS camera
(operated at 300 kV). Raman spectra were collected using a Reinshaw in-
via confocal microscope with a green laser (532 nm) at 100×magnification
for 30 s and 10 accumulations. UV–Vis spectroscopy was conducted in an
Agilent Cary 60 device with a remote fiber optic accessory. The scan was
performed from 1100 to 200 nm with a speed of 600 nm min−1 in Re-
flectance mode. The absorbance was derived from the reflectance using
the Kubelka–Munk function. Band gaps were determined from a Tauc plot
analysis. For the electrochemical characterization, EIS silver paste was ap-
plied on both sides of the pellet and fired at 750 °C for 2 h to ensure good
electrical contacts. The measurements were performed using a Bio-Logic
VSP potentiostat. The temperature ranged from 350 to 700 °C. EIS mea-
surements at different oxygen partial pressures were conducted by creat-
ing a vacuum with a Leopold Trivac vacuum pump and feeding in oxygen
until the desired partial pressure was reached. The measurements were
performed in a frequency range between 1 and 100 MHz with an ampli-
tude of 500 mV.
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