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bstitution on phase composition
and proton uptake of self-generated
Ba(Ce,Fe)O3�d–Ba(Fe,Ce)O3�d composites†

Christian Berger, ab Edith Bucher, b Rotraut Merkle, *a Christina Nader, b

Judith Lammer, c Werner Grogger,c Joachim Maier a and Werner Sitte*b

Self-generated composites from the series BaCe1�(x+z)FexYzO3�dwith z¼ 0.2 for 0.1# x# 0.6 and z¼ 0 for

Ce : Fe¼ 1 were obtained by one-pot synthesis. The composites consist of proton and electron conducting

phases and are interesting as electrode materials for protonic ceramic fuel and electrolyser cells. X-ray

diffraction with quantitative phase analysis and scanning electron microscopy with energy-dispersive

X-ray spectroscopy showed that the materials consist of Fe-rich phases and a Ce-rich perovskite phase,

which are present in the corresponding proportion depending on the precursor composition (Ce–Fe

ratio). Substitution with Y leads to a narrowing of the miscibility gap compared to BaCe1�xFexO3�d

composites, thus favouring transformation of the composites into single cubic phases at temperatures

above 1000 �C. Further, Y influences the mutual solubility of Fe3+/4+ and Ce4+ in the Ce-rich and Fe-rich

phase, respectively, as shown elemental mapping via scanning transmission electron microscopy. As only

a small proportion of the Y dissolves in the electrolyte-type phase, the increased proton uptake resulting

from the incorporation of Y in the Ce-rich phase is limited. Strategies to overcome this limitation by

substitution with ions with similar ionic radii, but different basicity, are discussed.
1. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy con-
tained in various fuels such as hydrogen, methane and other
hydrocarbons, into electrical energy. The conversion takes place
with high efficiency and without emission of NOx.1,2 State-of-
the-art SOFCs use oxygen ionic conductors (as electrolytes)
and mixed oxygen ionic–electronic conductors (as cathodes).1–3

In order to obtain sufficiently fast ionic transport, cells based on
these materials require relatively high operating temperatures
of 700–1000 �C, which causes materials compatibility and
degradation issues. With regard to operating temperature and
efficiency, protonic ceramic fuel cells (PCFCs) are an interesting
alternative to SOFCs.4–6 PCFCs use proton-conducting oxides,
offering the advantages of sufficiently fast ionic transport at
relatively low temperatures (300–600 �C) and signicantly
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smaller activation energies than oxygen ion conductors.7

However, as the operating temperature of the cell decreases, the
electrochemical performance does as well, due to the reduced
catalytic activity of the air electrode. Mixed oxygen ionic–elec-
tronic conductors, especially Co-containing perovskites such as
BaCo0.7Fe0.22Y0.08O3�d,8 Ba0.5Sr0.5Co0.8Fe0.2O3�d

9 and
La0.6Sr0.4Co0.2Fe0.8O3�d,10 have been investigated as possible air
electrodes in order to improve the catalytic activity at lower
temperatures. However, these materials suffer from a compa-
rably low proton uptake. An important goal therefore is to
improve the proton uptake and conductivity of potential PCFC
cathode materials such that the active zone for oxygen reduc-
tion is expanded beyond the gas/electrolyte/cathode triple
phase boundary.11,12

Different strategies for further optimisation of PCFC cathodes
were investigated e.g. by using composites of proton-conducting
and hole-conducting materials.13,14 With regard to fabrication of
composite cathodes, some disadvantages are associated with
conventional mixing of the two phases, such as retention of
inhomogeneities and small active areas between the phases
(large grain sizes).15,16 Alternatively, using one-pot self-assembly
methods allows one to obtain two homogeneously distributed
nanocrystalline phases with complementary functionalities
during calcination.17–23 Cheng et al. used Fe substituted BaCeO3

as a model substance for their proof-of-concept study because of
its good proton uptake capacity.24 BaCe0.5Fe0.5O3�d, which was
used as a precursor, decomposes into a Ce-rich
This journal is © The Royal Society of Chemistry 2022
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(BaCe0.85Fe0.15O3�d) and a Fe-rich (BaCe0.15Fe0.85O3�d) thermo-
dynamically stable phase. A membrane fabricated from the dual-
phase composite thus obtained showed hydrogen permeation
ux superior to a membrane obtained by conventional mixing
and procession of the two single-phase compounds.24

In the present study substitution of BaCe0.5Fe0.5O3�d with Y
is investigated with the aim of increasing the oxygen vacancy
concentration and the basicity of thematerials, thereby enhancing
the proton uptake capacity. Self-generated nanocomposites
obtained from BaCe0.5Fe0.5O3�d and BaCe1�(x+0.2)FexY0.2O3�d

(0.1 # x # 0.6) precursors are characterised with respect to
fundamental material properties in order to gain further
insights into phase composition and -distribution, as well as
proton uptake capacity. Therefore, the obtained trends in
proton uptake are correlated with ionic radii and basicity of
various B-site substituents (Y, Yb, Sm, Gd) to suggest promising
compositions for further studies.
2. Results and discussion
2.1 Phase analysis, lattice parameters and phase formation

X-ray powder diffraction (XRD) patterns of the composites
obtained from the precursors BaCe0.5Fe0.5O3�d and
BaCe1�(x+0.2)FexY0.2O3�d (0.1 # x # 0.6) calcined at 1000 �C are
shown in Fig. 1a. All these samples exhibit reections of two
different perovskite phases. A quantitative analysis of the rela-
tive amounts of the two phases was performed for all investi-
gated composites (Table S1 in the ESI†). While one of these
phase is always cubic (Pm�3m (SG#221), see magnied (011) peak
in Fig. 1b), the other perovskite phase belongs to the ortho-
rhombic GdFeO3 structure (Pmcn (SG#62), magnied (002) peak
in Fig. 1b) for the Y-free material. For Y-containing samples it
acquires a trigonal structure (R�3c (SG#167), magnied (110)
peak in Fig. 1b).

In addition to the change in the space group, the positions of
the reections attributed to the cubic phase, shi towards
smaller diffraction angles with decreasing Fe content (Fig. 1b).
The positions of the reections ascribed to the orthorhombic/
Fig. 1 (a) XRD patterns of composites obtained from calcined precurs
respectively. (b) The detailed image from the XRD plots on the left (fo
reflection in the orthorhombic BaCe0.5Fe0.5O3�d composite and (110) in
phase, (011) reflection in both cases, approaches the reflections of the C

This journal is © The Royal Society of Chemistry 2022
trigonal phases are almost independent of the Ce–Fe ratio.
Similar trends are observed as a function of the lattice param-
eters on the Fe content (Fig. 2a). According to energy-dispersive
X-ray spectroscopy (EDXS) (see Chapter 2.2), the cubic phase is
rich in Fe and the orthorhombic/trigonal phase is rich in Ce.
Following Vegard's law,25 the lattice parameters of the cubic
Fe-rich phases (Table S2†) decrease linearly with increasing Fe
content of the precursor (Fig. 2a, including also BaFeO3

26 and
BaFe0.8Y0.2O3).27 For easy comparison, for the Ce-rich phases the
pseudo-cubic lattice parameters were calculated (Tables S3 and
S4†). Unlike the lattice parameters of the Fe-rich phases, the
lattice parameters of the Ce-rich phases show no signicant
dependence on the Ce content of the precursor, and closely
match BaCeO3 and BaCe0.8Y0.2O3

28 literature data.
The signicant differences between the radii of the B-site

ions of the ABO3 perovskite – Ce and Fe – may be considered
the main driving force for the separation of the precursor into
the cubic and the orthorhombic/trigonal phases. The ionic radii
(Ce3+ ¼ 1.15 Å, Ce4+ ¼ 1.01 Å, Fe3+ ¼ 0.785 Å, Fe4+ ¼ 0.725 Å and
Y3+ ¼ 0.9 Å) were taken from Shannon's table of ionic radii29

under consideration of valence and coordination number (VI
for all above mentioned ions).

With the help of spark plasma sintering (SPS), the precursor
powders can be compacted to dense ceramic pellets at compa-
rably low temperature. This allows us to follow the lattice
parameters and phase distribution as a function of sintering
temperature (Fig. S1†). Two-phase composites are obtained at
lower temperatures, while for all Y-containing samples single-
phase compounds are formed at elevated temperatures. The
upper critical mixing temperature depends on the Ce–Fe ratio in
the precursor. From these data a tentative phase diagram
showing the miscibility gap of BaCe1�(x+0.2)FexY0.2O3�d was ob-
tained (Fig. 2b). Cheng et al. studied the Y-free precursor
BaCe0.5Fe0.5O3�d

24 which forms single phases with Fe-rich
(below Ce-concentrations of 15%, BaCe0.15Fe0.85O3�d) and
Ce-rich compositions (below Fe concentrations of 15%,
BaCe0.85Fe0.15O3�d). The Y-free composites remain as two sepa-
rate phases until the maximum sintering temperature of 1400 �C
ors of BaCe0.5Fe0.5O3�d and BaCe1�(x+0.2)FexY0.2O3�d (0.1 # x # 0.6),
r a selected diffraction angle range) shows an almost constant (002)
the trigonal Y-substituted composites. The contribution of the cubic
e-rich phase with reduced Fe content.

J. Mater. Chem. A, 2022, 10, 2474–2482 | 2475
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Fig. 2 (a) Lattice parameters of the cubic Fe-rich phase and pseudo-cubic lattice parameter of the trigonal Ce-rich phase as functions of the Fe
and Ce content in the annealed precursor powder. The open symbols correspond to lattice parameters of BaCeO3 and BaCe0.8Y0.2O3,28

BaFeO3
26 and BaFe0.8Y0.2O3.27 (b) The phase diagram shows the miscibility gaps of the Y-containing samples and the Y-free samples,

respectively. The mutual solubility of Ce in BaFeO3 and vice versa was determined to be 15% (BaCe0.15Fe0.85O3�d and BaCe0.85Fe0.15O3�d).24

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

10
:2

6:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
is reached (Fig. 2b and S1;† 1450 �C leads to partial melting).
Therefore, it can be concluded that Y-substitution signicantly
decreases the upper critical mixing temperature in the
Ba(Ce,Fe)O3�d system. In the case of the Y-substituted
compounds, the miscibility gap extends further to the Ce-rich
(Fe-poor) side of the phase diagram than in the case of the
Y-free compounds. A composite is formed from the precursor
BaCe0.7Fe0.1Y0.2O3�d (10% Fe on the B-site) at T < 900 �C, whereas
the corresponding Y-free compounds with Fe concentrations
below of 15% are single-phase. The addition of Y also affects the
maximum applicable sintering temperature for the composites.
Two-phase composites from BaCe1�(x+0.2)FexY0.2O3�d precursors
within the limits 0.2 # x # 0.5 may be obtained up to relatively
high temperatures of T # 1350 �C, Fig. 2b. For precursor
compositions with either relatively low Fe content (BaCe0.7Fe0.1-
Y0.2O3�d) or relatively high Fe content (BaCe0.2Fe0.6Y0.2O3�d), two-
phase composites will only be obtained up to signicantly lower
sintering temperatures of T # 900 �C and T # 1050 �C, respec-
tively, Fig. 2b. Comparing the lattice parameters of the Fe-rich
phases of composite powders (using the actual local Fe concen-
tration from Table 1) with those of the single-phase sintered SPS
pellets, a linear trend depending on Fe concentration was evident
(Fig. S2†).
2.2 Microstructure and elemental distribution

Scanning electron microscopy (SEM)-EDXS were carried out on
freshly polished samples to obtain the cation stoichiometry of
Table 1 B-site composition of the Ce- and Fe-rich phases of BaCe1�(x+

area scans (see also Fig. S4–S6)

Precursor Ce-rich phase

BaCe0.5Fe0.5O3�d
a Fe0.15Ce0.85

BaCe0.2Fe0.6Y0.2O3�d Fe0.08� 0.01Ce0.85�0.02

BaCe0.4Fe0.4Y0.2O3�d Fe0.10� 0.01Ce0.82�0.03

BaCe0.6Fe0.2Y0.2O3�d Fe0.12�0.02Ce0.72�0.03

a Data for BaCe0.5Fe0.5O3�d was taken from Cheng et al.24

2476 | J. Mater. Chem. A, 2022, 10, 2474–2482
the precursor phases (Table S5†). Additionally, the average grain
sizes of the two-phase composites BaCe0.2Fe0.6Y0.2O3�d,
BaCe0.4Fe0.4Y0.2O3�d and BaCe0.6Fe0.2Y0.2O3�d precursors were
estimated. For this purpose, a sintered pellet was broken and
the fracture surface was analysed by using SEM with an in-lens
secondary electron detector.

The grain size distribution of self-generated composites was
determined by using the image analysis soware ImageJ.30 The
exact determination of grain sizes over a representative sample
range is difficult because the samples with low Ce content show
a certain porosity (BaCe0.2Fe0.6Y0.2O3�d and BaCe0.4Fe0.4Y0.2O3�d)
and small precipitates on the grains (BaCe0.2Fe0.6Y0.2O3�d)
(Fig. 3). The morphology of the sample with the highest Ce
content differs most clearly due to the increased sintering
temperature (1200 �C) compared to the Fe-rich samples
(approx. 1000 �C). If one also includes the information fromhigh-
angle annular dark-eld (HAADF) STEM images (Fig. 4) for
BaCe0.2Fe0.6Y0.2O3�d, a strong variation in grain size especially for
the Ce rich phase (bright spots in the HAADF image) is recog-
nized. In addition to the surfacemorphology images, EDXSmaps
of the B-site cations were recorded. These show an apparently
homogeneous distribution of the cations along the image section
of Fig. S3† due to the limitation in the resolution of the SEM-
EDXS measurements. No individual grains could be analysed,
instead a superposition of the measurement information of
several grains was obtained, which is caused by the large inter-
action volume generated by the electron beam in SEM-EDXS.
z)FexYzO3�d composites obtained from STEM-EDXS point spectra and

Fe-rich phase

Fe0.85Ce0.15
Y0.07�0.01 Fe0.64�0.03Ce0.15�0.02Y0.22�0.01

Y0.09�0.02 Fe0.53�0.01Ce0.22�0.01Y0.25�0.02

Y0.16�0.01 Fe0.39�0.03Ce0.32�0.04Y0.29�0.01

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 SEM images of BaCe0.2Fe0.6Y0.2O3�d, BaCe0.4Fe0.4Y0.2O3�d and BaCe0.6Fe0.2Y0.2O3�d composite ceramics (SPS sintering, Table S6†)
recorded along fracture planes with an in-lens secondary electron detector.
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Scanning transmission electron microscopy (STEM)-EDXS
was carried out to determine the cation stoichiometry and
distribution within the individual phases in the composites
with high lateral resolution. Fig. 4 shows STEM-images
images (using a HAADF detector) of two-phase composites ob-
tained from BaCe0.2Fe0.6Y0.2O3�d, BaCe0.4Fe0.4Y0.2O3�d and
BaCe0.6Fe0.2Y0.2O3�d precursors and the respective cation
distributions. The grain sizes of the individual phases are in the
sub-micrometer range. The reduced grain growth, compared to
the Y-free composite,24 is probably mainly due to the use of SPS
as a sintering method (fast densication in short time at
moderate temperature). In the composite formed from the
BaCe0.6Fe0.2Y0.2O3�d precursor, small amounts of the impurity
phase Y2O3 are observed (bright spots in the Y-map). However,
since the Y2O3 impurity phase was not detected in the XRD
measurements, the fraction of this phase is rather small and
therefore not signicant for the investigated material
properties.

The mutual solubility of Fe3+/4+ and Ce4+ ions, as well as the
distribution of Y in the two phases, was investigated by STEM-
EDXS (Table 1). More than 70 single spectra and 10 area scans
each were measured within grains of the different phases of the
composites in order to describe the cation composition statis-
tically well (Fig. S4–S6†). Data from STEM-EDXS indicate that Y
incorporation is more favourable in the Fe-rich phase than in
the Ce-rich phase (as seen in Fig. S7†). The addition of Y leads to
a decreased Fe and increased Ce content in the Fe-rich phase
(see Fig. S8a†) compared to the Fe-rich phase of the Y-free
composite. Regarding the Ce-rich phase, the Ce and Fe
contents of the composites containing Y are similar (see
Fig. S8b†) to those of the Y-free composite. The Ce-rich phase in
the BaCe1�xFexY0.2O3�d composites remains within the single-
phase region indicated in Fig. 2b. However, for the Fe-rich
phase higher Ce contents are found compared to Fig. 2b. This
is probably related to the increased Y concentrations, which
expand the lattice of the ferrate perovskite and thus facilitate Ce
incorporation. The composition of the Fe-rich phase depends
on the overall cation composition (cf. also variation of the lattice
parameters in Fig. 2a), in particular for BaCe0.6Fe0.2Y0.2O3�d

rather high Y and Ce contents appear in the Fe-rich phase. In
Chapter 2.3, the reasons for the element distribution between
the perovskite phases are discussed.
This journal is © The Royal Society of Chemistry 2022
2.3 Trends in water uptake

The water uptake of perovskites is primarily represented by the
acid–base reaction (R1) (hydration reaction).27

H2Oþ V
��

O þOx
O#2 OH

�

O Khydrat ¼
�
OH

�

O

�2

pH2O
�
V

��

O

� �
3� �

V
��

O

��

(R1)

Two protonic defects OH�
O are formed by dissociative incor-

poration of water into an oxygen vacancy V��
O. With perovskites

containing redox active transition metal ions (with mixed
valence, e.g. Fe3+/4+) at the B-site, the oxygen exchange reaction
(redox reaction) must also be considered ((R2)).

1

2
O2 þ V

��

O þ 2Fe�Fe#O�
O þ 2Fe

�

Fe Kox ¼
�
O�

O

� �
Fe

�

Fe

�2

ffiffiffiffiffiffiffiffi
pO2

p �
V

��

O

��
Fe�Fe

�2

(R2)

In Fe-rich perovskites, the dominant electronic charge
carriers under oxidising conditions (high pO2) are p-type defects
(electron holes; hc), which are transferred between the iron ions
Fe�Fe (Fe

3+) and Fe�
Fe (Fe

4+). The combination of oxygenation and
hydration reaction ((R1) and (R2)) yields proton uptake by
a redox reaction (“hydrogenation”):31–33

H2Oþ 2O�
O þ 2h

�
#2OH

�

O þ 1

2
O2 Khydrog ¼

�
OH

�

O

�2 ffiffiffiffiffiffiffiffi
pO2

p

pH2O
�
O�

O

�2½h� �2
(R3)

From (R3) it is evident that high concentrations of protonic
defects ðOH�

OÞ and high electron hole concentrations show
opposite tendencies. High concentrations of both OH�

O and hc
in a single-phase material are therefore difficult to achieve.
Depending on the experimental conditions, either reaction
(R1) or (R2) may predominate. The hydration reaction is
preferred when the sample fulls the criterion 2 ½V��

O�. ½Fe�
Fe�.

To measure the proton uptake exclusively in the regime of
predominant hydration, the samples need to be quenched
to suppress the redox reaction (see Experimental chapter 3.3).27

The proton concentration was obtained from the change in
J. Mater. Chem. A, 2022, 10, 2474–2482 | 2477
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Fig. 4 STEM-HAADF images with EDXS elemental maps for selected cations of composite ceramics obtained from precursors of BaCe0.2-
Fe0.6Y0.2O3�d (left column), BaCe0.4Fe0.4Y0.2O3�d (in the middle) and BaCe0.6Fe0.2Y0.2O3�d (right column) by spark plasma sintering (conditions
given in Table S6†). The bright grains in the Y maps are occasional Y-rich precipitates.
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sample mass aer pH2O steps at constant T, under the
assumption that (R1) predominates (which is ensured by
the experimental conditions used). However, the distribution
2478 | J. Mater. Chem. A, 2022, 10, 2474–2482
of the water uptake between the two phases in the composite
is not easily accessible (thus no DH0

hydrat, DS0hydrat can
be extracted).
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta07208k


Fig. 5 (a) Proton concentrations of two-phase composites with frozen-in oxygen stoichiometry in 17 mbar pH2O (samples were quenched from
700 �C in N2) as a function of temperature. (b) Comparison of the proton concentration of two-phase composites (samples sintered at
temperatures below the upper critical mixing temperature; closed symbols and full lines) and the corresponding single phases (samples sintered
at temperatures above the upper critical mixing temperature; open symbols and dashed line). The lines are guidelines to the eye.

Fig. 6 Proton concentration of composites obtained from precursors
of BaCe0.5Fe0.5O3�d (open symbol) and BaCe1�(x+0.2)FexY0.2O3�d (0.2
# x# 0.6) (closed symbols) as a function of Fe content for T¼ 500 �C.
The line connecting the circles is a guide to the eye.
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Fig. 5a shows the proton concentration of selected compos-
ites. As the temperature decreases from 700 �C to 400 �C, the
proton concentration within a composite increases moderately.
Two important trends can be noted: (i) the addition of Y
increases the proton uptake of all composites investigated, and
(ii) with increased Ce content in the composite, proton uptake
increases. The reason for the decreasing slope of the proton
uptake curve for BaCe0.6Fe0.2Y0.2O3�d from 450 �C to 400 �C is
not clear yet.

Fig. 5b compares the proton uptake for selected Ce–Fe ratios
of the two-phase composites (closed symbols) and the corre-
sponding single phases (obtained by sintering the composites at
elevated temperatures where complete miscibility occurs). The
temperatures for achieving single-phase samples can be recog-
nized in Fig. S1.† For a given Ce–Fe ratio, the proton concentra-
tion of the two-phase composite and the single-phase material is
relatively similar. This could be due to the preferential solubility
of Y in the Fe-rich phases of the composites and the corre-
spondingly lower Y concentrations in the Ce-rich phases (see
Table 1). Lower Y concentrations in the Ce-rich phases reduce the
concentration of oxygen vacancies as well as the basicity,27 both
effects being negative for proton uptake. It has already been
shown experimentally that the water uptake of electrolytes7 and
mixed-conducting perovskites27 depends on the basicity of the
respective materials. Recent DFT calculations support this state-
ment and show that the proton affinity varies more strongly with
material composition than with hydroxide affinity. Thus, the
proton affinity dominates the trend of hydration enthalpy, and
the proton affinity correlates with the basicity of the material.34

Fig. 6 shows the proton concentration as a function of Fe
content at 500 �C. The increase in proton uptake is evident in
comparison of the Y-containing composites (closed symbols) with
the Y-free composite (open symbol). The proton concentration
decreases signicantly with increasing Fe content in the precursor,
reaching a plateau for x $ 0.4 in BaCe1�(x+0.2)FexY0.2O3�d.
A possible explanation for this trend might be a reduced basicity
of the material (Fe3+ is more acidic than Ce4+, see also Fig. 7).
The decrease in the relative amount of the Ce-rich phase (i.e. the
dominant proton-conducting phase in the composites) with
This journal is © The Royal Society of Chemistry 2022
increasing Fe content in the precursor could also contribute to
the decrease in ½OH�

O�. Both effects would restrict the proton
conduction in Ce-rich percolating paths in the composite.
When redox active transition metals are added to the B-site of
the perovskite, the proton uptake decreases. This was demon-
strated e.g. for (La,Sr)(Sc,Fe)O3,35 and has also been shown for
Ba(Zr0.88�xFexY0.12)O3.12 This effect is attributed to the higher
covalence of Fe–O bonds (electron density is drawn from oxygen
to iron and thus the basicity of the oxygen is reduced).36

In comparison with single-phase proton-conducting ferrates/
cobaltates (Ba0:85La0:15FeO3�d ½OH�

O� ¼ 0:1 mol%, Ba0:50Sr0:5
FeO3�d ½OH�

O� ¼ 0:2 mol% and Ba0:5Sr0:5Co0:8Fe0:2O3�d

½OH�
O� ¼ 0:1 mol%;37 all at T ¼ 500 �C and pH2O ¼ 17 mbar), the

proton uptake of the self-generated BaCe1�(x+0.2)FexY0.2O3�d

composites is considerably higher (0.6–1.4 mol% at T ¼ 500 �C
and pH2O ¼ 17 mbar). A better understanding of the cation
distribution within the two phases of the self-generated compos-
ites could lead to a further optimization of the proton uptake by
tailored compositional variations.

Substitution with Y3+ increases the oxygen vacancy concen-
tration and the basicity in both Ce- and Fe-rich phases. If Y is
J. Mater. Chem. A, 2022, 10, 2474–2482 | 2479
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Fig. 7 (a) Proton concentration at 500 �C of composites obtained from precursors of BaCe0.4Fe0.4B0.2O3�d (B¼ Yb, Y, Gd or Sm) as a function of
the ionic radius29 of B. (b) Proton concentration at 500 �C of composites obtained from precursors of BaCe0.4Fe0.4B0.2O3�d (B¼ Yb, Y, Gd or Sm)
as a function of the basicity39 of the binary oxides of B.
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dissolved preferentially in the Fe-rich phase, only a small frac-
tion of the Y will occur in the Ce-rich phase (which is the phase
with the higher degree of hydration) and thus the proton uptake
of the composite is only slightly improved (see Fig. 5 and 6). It is
known from single-phase perovskite materials such as
BaFe0.8Y0.2O3�d and Ba0.95La0.05Fe0.8Zn0.2O3�d

27 that partial
substitution of Fe by oversized, redox-inactive cations such as
Y3+, Zn2+ signicantly increases the proton uptake of these
phases. However, in absolute numbers the increase in proton
uptake by Y substitution in the Fe-rich phase is only moderate,
and cannot overcompensate the decrease of proton uptake by
decreased Y levels in the Ce-rich phase of the present
composites (the detailed variation of proton uptake in
single-phase perovskite materials with Ce, Fe and Y concen-
trations will be published separately). Thus, in the present
BaCe1�(x+0.2)FexY0.2O3�d composites the proton uptake is less
than estimated from a mixture of BaCe0.8Y0.2O2.9 and
BaFe0.8Y0.2O3�d. On the other hand, the partial dissolution of Fe
in the cerate and Ce in the ferrate phase tunes both phases
towards becoming triple conductors and thus has the potential
to widen the active region for oxygen reduction in a composite
PCFC cathode beyond the actual three phase boundary.

In the following, the inuence of the ionic radius and the
basicity on the proton uptake is discussed for Y and other
substituents in BaCe0.4Fe0.4B0.2O3�d composites (B ¼ Y, Yb, Sm,
Gd) (Fig. 7). The key for the proton uptake is the distribution of
the acceptor between the Ce-rich and the Fe-rich phase. The
mismatch in the ionic radii of Y3+ (0.9 Å) and Ce4+ (0.87 Å) can
lead to strain in the Ce-rich phase, although the size effect is
more severe for Y in the Fe-rich phase. Intermixing of the
cations, including dissolution of part of the Y3+ in the Fe-rich
phase, may be a means to reduce this strain,38 but leads to
a decrease in the proton uptake. Ytterbium was explored as
an alternative substituent ion for the Ba(Ce,Fe)O3�d series
to counteract strain-induced cation intermixing, since Yb3+

(0.868 Å) has almost the same ionic radius as Ce4+. However,
this approach did not result in any signicant increase in
proton uptake, see Fig. 7a. Subsequently, two substituents with
relatively large ionic radii, Gd3+ (0.94 Å) and Sm3+ (0.96 Å) were
tried, but again no signicant change in proton uptake was
2480 | J. Mater. Chem. A, 2022, 10, 2474–2482
observed. Thus, it appears that the ionic radius of the substit-
uent ion plays a subordinate role for the distribution of the
acceptor, and therefore for the proton uptake of the composite.
Another driving force for the formation of the self-generated
composites is the balance in basicity of the two phases due to
the solubility of Ce in the Fe-rich phase and vice versa and the Y
distribution.39 The acceptor distribution is governed by an acid–
base reaction, whereby the larger (more basic) ion experience
a stronger driving force for the incorporation into the Fe-rich
phase. As evident from Fig. 7b, the substituent ions studied
have a relatively high basicity compared to the less basic Fe.
Thus, it may be favourable for Y, Yb, Sm, Gd to dissolve in the
Fe-rich phase in the sense of an acid–base reaction. Conse-
quently, a more acidic three-valent ion, which should also have
a similar ionic radius to Ce4+, may have a higher affinity to
dissolving in the Ce-rich phase of Ba(Ce,Fe)O3�d based
composites, and thus improve the proton uptake. Systematic
studies of the structure–property relations of composites
substituted in this way will be the subject of future work.
3. Experimental
3.1 Synthesis

Nanocomposite powders were obtained for BaCe1�(x+z)FexYzO3�d

with z ¼ 0.2 for 0.1 # x # 0.6 and z ¼ 0 for Ce : Fe ¼ 1, using
a sol–gel method (“one-pot” synthesis) followed by thermal
treatment. Stoichiometric amounts of the corresponding metal-
nitrates (Ba(NO3)2, Ce(NO3)3$6H2O, Y(NO3)2$6H2O and
Fe(NO3)3$9H2O) (all from Sigma Aldrich, analytical grade
quality) were mixed with distilled H2O in a stainless steel vessel.
Anhydrous citric acid and EDTA (one mole each per cation) were
added aer the metal-nitrates were completely dissolved. Then,
a 25% aqueous NH3 solution was added until pH ¼ 8 was
reached and a clear dark blue solution was obtained. The
temperature was continuously increased to remove water and
form a gel. Self-ignition and combustion of the dried gel
occurred at approximately 500 �C. The raw ash was crushed in an
agate mortar and calcined at 1000 �C for 10 h (5 K min�1 ramps
for heating and cooling) in air. During this process, the
precursor decomposed into a mixture of two crystalline phases,
This journal is © The Royal Society of Chemistry 2022
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as conrmed aer calcination by XRD. For all further measure-
ments, the powders were dry ground in a zirconia ball mill and
sintered in a graphite mold using a SPS uniaxial hot-press (FCT
Systems GmbH, Germany). Parameters and densities from the
SPS process are shown in ESI Table S6.† Long-term annealing
experiments on the sintered pellets were performed to further
explore the stability of the self-generated composites (see Fig. S9
in the ESI†).

3.2 Microstructural characterisation

XRD analysis of the calcined powders was performed with
a BRUKER-AXS D8 Advance ECO diffractometer using a Cu Ka
radiation source (l¼ 1.5406 Å) operated at 40 kV and 25mA. The
diffractogram was recorded at room temperature with a scanning
rate of 0.01� s�1 with 2 s acquisition time per step. Lattice
parameters of the room temperature phases were obtained from
tting the peak positions to either a cubic unit cell (space group
Pm�3m) for one phase, and an orthorhombic unit cell (space group
Pmcn for the Y-free sample) or a trigonal unit cell (space group
R3�c for the Y-containing samples) for the other phase. Whole
diffraction pattern prole tting using LeBail analysis was per-
formed by using the commercial soware TOPAS.40–42

Inductively coupled plasma optical emission spectrometry
(ICP-OES, SPECTRO CIROS from SPECTRO Analytical Instru-
ments GmbH) was used to determine the average cation
composition of BCFY samples. For the analyses specic sample
amounts were dissolved in hydrochloric acid. The obtained
cation compositions are given in Tables S7 and S8.†

Spatial cation distributions and local cation compositions
were determined by EDXS in a scanning electron microscope
(Zeiss Merlin) operated at 10 kV equipped with an Oxford
Instruments Ultim Extreme detector. For the applied electron
energy, penetration depths of 1–5 mm are expected.

Sample preparation for STEM investigations was carried out
with a focused ion beam (FIB) microscope FEI NOVA 200
NanoLab. The TEM lamellae were cut out of the polished
surfaces of SPS densied pellets. STEM investigations were
performed with an FEI TITAN3 G2 60–300 at 300 kV accelerating
voltage. The microscope is equipped with a Cs-probe corrector
and a Super-X detector by FEI. STEM images were recorded with
a HAADF detector. The soware packages GMS 3 (Gatan) and
Velox 2 (Thermo Fisher Scientic) were used to acquire HAADF
images and EDXS spectrum images. STEM-EDXSmeasurements
were performed on grains, which were not aligned along major
zone axes with respect to the electron beam in order to avoid
channelling effects during the measurement.43

3.3 Thermogravimetry

Thermogravimetry (STA449C Jupiter, Netzsch, Germany) was
carried out with approximately 0.5–1 g of sample (sintered pellet
crushed to particles) in an alumina crucible with an N2 ow of
60mlmin�1. In order to implement humid conditions the water
partial pressure (pH2O) was adjusted by bubbling the gas
through a thermostated water evaporator (the ow of 10
ml min�1 “protective gas” through the balance compartment of
the STA449 was always kept dry). For isothermal pH2O changes,
This journal is © The Royal Society of Chemistry 2022
the measured buoyancy effects were negligible. In order to
“freeze” the oxygen exchange reaction, the particles were
quenched from 700 �C in dry N2 so that all Fe is present as Fe3+

and then cooled rapidly (20 Kmin�1) to the desired temperature
at which the proton uptake is to be determined. An appropriate
particle size is essential for the suppression of the surface
controlled reaction of oxygen incorporation. The optimal
particle size (here: 100–250 mm) is a compromise between
reduced surface reaction (low pO2 and low T) and a reasonable
time (10–100 min) for the kinetically more facile water uptake
reaction to reach equilibrium (see Fig. S10†). This method
avoids complications from hole-proton defect interactions and
the long equilibration times at low temperatures as described in
Zohourian et al.27
4. Summary and conclusions

Self-generated BaCe1�(x+z)FexYzO3�d composites (z ¼ 0.2 for 0.1#

x # 0.6 and z ¼ 0 for Ce : Fe ¼ 1) were synthesized and charac-
terized with respect to their chemical composition, phase stability
and water uptake. A miscibility gap with an upper critical mixing
temperature of �1350 �C leads to the formation of two-phase
composites of all investigated precursor compositions contain-
ing Y. The composites show variable phase ratios of the cubic Fe-
rich and the trigonal Ce-rich phase, with the cubic phase domi-
nating at higher temperatures. By exposure to temperatures
above the upper critical mixing temperature, single-phase
perovskites are formed, with the cation stoichiometry corre-
sponding to that of the precursor. Scanning transmission elec-
tron microscopy and scanning electron microscopy with energy-
dispersive X-ray spectroscopy showed some mutual dissolution
of Fe and Ce in the respective other phase, and that Y dissolves
preferentially in the Fe-rich phase of the composites. The proton
concentration in the Ce-rich phase of the composites is signi-
cantly lowered by the Fe incorporation. In addition, the lower
degree of Y substitution in the Ce-rich phase decreases proton
uptake, resulting in similar proton concentrations in single-phase
and composite materials with identical overall cation composi-
tion. Knowledge of the local cation concentration of the indi-
vidual phases is particularly important in the present case, since
it affects properties like phase formation and water uptake.
Finally, reasons for the preferred distribution of Y in the Fe-rich
phase were discussed. A possible explanation is the tendency of
the coexisting phases to balance their respective basicity.
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