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ABSTRACT: Triple-conducting oxides with mobile protons, oxygen vacan- Which composition yields a good §'A
cies, and holes are key functional materials for protonic ceramic fuel/ triple conducting perovskite? S
electrolysis cells. We comprehensively investigate the Ba(Zr,Y,Fe)O;_s °

perovskite solid solution series ranging from electrolyte to electrode-type %

materials depending on iron content. From thermogravimetry and impedance e J

spectroscopy, the proton and oxygen vacancy concentrations as well as %o AmTAr e e

electronic and ionic conductivities are determined. X-ray spectroscopy (Fe K- %

edge XANES, O K-edge Raman scattering, Fe, Zr, Y K-edge EXAFS) elucidates
the finer features of the electronic structure and local distortions. A low Fe
content of <10% strongly decreases the degree of hydration, while comparably 1 . | I
high Fe concentrations of >70% are required to obtain an electronic ©36 1 20 30~ 0 70 & 100
conductivity sufficient for an electrode material. The transport of ionic and Fe fraction in Ba(ZrFe,Y)0s / mol %
electronic carriers is interrelated in a complex way and is closely linked to

details of the electronic structure (strength of Fe—O hybridization) and geometrical distortions (Fe—O—Fe and Fe—O-(Zr)Y)
buckling). As a result, an optimum combination of proton concentration and electronic conductivity is not obtained in the middle of
the solid solution series but rather found for Fe-rich materials with 20—30% doping with oversized, redox-inactive cations. A similar
behavior is also expected for related solid solutions between a large-band gap electrolyte and small-band gap redox-active perovskites.

1. INTRODUCTION PCFC/PCEC oxygen electrode materials are perovskites with
a high Ba content on the A-site and one or more redox-active
transition metal ions on the B-site. More complex structures
are also investigated; see, for example,15 and refs therein. These

Hydrogen technologies such as fuel and electrolysis cells are
expected to play a prominent role in the transition to a

defossilized energy supply. Protonic ceramic fuel/electrolysis ] ) o >
cells (PCFC/PCEC) are particularly promising for intermedi- materials typically show p-type conductivity and contain

ate-temperature applications due to their advantages over their oxygen vacancies VQ (OF .empty 0 .1nterst1t1al sites) 1r.1to
parent solid oxide fuel/electrolysis cells (SOFC/SOEC). which .water can dlssoc1atlvelly b'e incorporated, forming
These include a lower operating temperature (400—600 °C), P roFomc_ defexct§ OH (hydro_x1de- lon on a regular oxygen
higher fuel utilization in the fuel cell mode, direct production lattice site; O is a regular oxide ion) according to eq 1:
:rfl (;lrzlrez?i ::?f::tsﬁs(li?'hYdrogen in the electrolysis cell mode, H,0 + Vi, + O = 20H, )
PCFC/PCEC uses a proton-conducting ceramic electrolyte
typically based on the BaZrO; perovskite. This is doped with
acceptors such as Y>" and/or Yb** on the perovskite B-site to
induce oxygen vacancies which can be hydrated to form
protonic carriers. The composition may be further modified by
partial substitution of Zr*" with Ce*" to improve sintering

This is the same reaction that forms protonic carriers in
electrolytes, but the latter show a higher degree of hydration
(the fraction of available V{, filled with protons).'”***> Solid
solutions between large band gap and small band gap barium-
based perovskites have been investigated for fundamental

. 26,27

properties and proton conductivity (14—16 and refs therein). interest, and attempts have been made to develop
The performance of protonic ceramic cells is largely limited by

the kinetics of oxygen reduction or water oxidation, that is, the Received:  June 20, 2023 M=
reactions involving breakage or formation of the O=0 double Revised:  October 13, 2023 %

bond. To accelerate the kinetics, the catalytically active zone Accepted:  October 13, 2023

should extend beyond the three-phase-boundary using a Published: October 31, 2023

“triple-conducting” electrode material capable of transporting

. 17-24 .
protons, oxygen vacancies, and electron holes. Typical
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Table 1. Sample Compositions, Abbreviations, Synthetic Route, Sintering Condition, and Pellet Lattice Parameters”

sample stoichiometry synthesis route sintering condition lattice parameters/A
FO BaZro Y0105 MO 1600 °C X 6 h 422
Fo1 BaZrygYo 12Fe0 01055 MO 1600 °C X 6 h 421
FO3 BaZrg4sYo 12Fe00305_5 MO 1600 °C X 6 h 421
FO6* BaZrg g Yo 12Fe00605s MO 1600 °C X 6 h 421
F10% BaZt,Yo15Feq1005-s MO 1500 °C X 16 h 421
F20 BaZrg sYo 12Fe02005s MO 1500 °C X 16 h 4.19
F30* BaZry ssYo 12Fe03003_s MO 1500 °C X 16 h 419
F50 BaZrg 35Yo 12Fe05005_5 w 1450 °C X 16 h 416
F70* BaZry15Yo 12Fe0 70055 A 1450 °C X 16 h 4.14
F80 BaZr 0sYo 12Fe080035 w 1450 °C X 8 h 412
BLE BagosLagesFeOs_s w 1200 °C X 8 h 4.00

“MO, mixed oxide synthesis; W, wet synthesis. Samples indicated with * underwent oxidation and reduction treatments for X-ray spectroscopy; see

Table S1.

electrolytes into triple-conducting PCFC cathode materi-
28-3
als.

In the present work we investigate the solid solution series
BaZrygs_.Fe.Y1,05_5 (0 < x < 0.8) that ranges from
electrolyte-type materials for low iron content to electrode-
type materials for larger x. The Y addition is chosen to ensure a
sufficient V) concentration also for samples with a low Fe
content. For comparison, we also include BaygsLagosFeO;_s (
5 mol % of La is necessary to keep the cubic structure®").
Thermogravimetry (TG) and electrochemical impedance
spectroscopy (EIS) show that the hydration thermodynamics
and the electrical conductivity strongly depend on the iron
content, and already a small amount of iron (~10 mol %)
drastically changes the material properties. A comprehensive
study of the local and electronic structures using X-ray
spectroscopy helps to understand the modification in the
hydration and conductivity behavior when going from an
electrolyte to an electrode material.

2. MATERIALS AND METHODS

2.1. Powders and Pellet Preparation. Sample compositions,
abbreviations, treatments, and lattice parameters are given in Table 1.
Zr-rich sam;)le powders were prepared by solid mixed oxide
synthesis,”">** while Fe-rich sample powders were obtained from
aqueous nitrate solutions using citric acid and ethylenediaminetetr-
acetic acid complexing agents.>>*> In both cases, the last step is
calcination in air at 1100 °C (mixed oxide synthesis) or 1000 °C (wet
synthesis) for 8 h. Since the sintering occurred at high temperatures
(mostly 1450—1600 °C, Table 1), the different powder synthesis
methods are not expected to affect the final pellet properties. This is
supported by the fact that neither lattice parameters (Figure S1) nor
proton uptake or electronic and V{ conductivity (Figure 11) show
any steplike changes between F30 and F50.

For TG and electrical conductivity experiments, the powders were
sintered into pellets with relative densities above 92%. About 2 g of
powder was compacted in a 11 mm diameter rubber mold applying an
isostatic pressure of 20 kN for 1—2 min. The green pellets were
sintered in air using the conditions in Table 1. Phase purity of the
samples was checked by XRD (Cu Ka, Bragg—Brentano geometry,
PANalytical Empyrean). All investigated samples have a cubic
perovskite structure (space group Pm3m). The fitted lattice
parameters from Rietveld refinement (Table 1) follow Vegard’s law
(Figure S1) indicating that BaZr,gs_Fe,Y,1,05_5 is a solid solution.

2.2. TG. Proton uptake and oxygen nonstoichiometry were
measured using an STA 449C (Netzsch, Germany) instrument with
a total gas flow of 60 mL min~". The exhaust was monitored with a
quadrupole mass spectrometer (QMS 200 F1, Balzers Prisma,
Germany). For TG, the sintered pellets were crushed and sieved
into two fractions:*® (i) 100—250 pm particle size for hydration (low
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surface area to avoid water surface adsorption, allowing one to
kinetically freeze-in the oxygen exchange during the hydration steps).
(i) <100 pm for oxygen stoichiometry (smaller particles to shorten
the equilibration time for the slow oxygenation reaction described by
eq 2).

1 . . A
S0, + Vo= 05+ 2h @

This reaction describes the incorporation of oxygen into lattice
oxygen vacancies, leading to the formation of electron holes (h’)
which are more or less shared between the transition metal and
adjacent oxygen ions.'”*>***> The absolute oxygen stoichiometry is
fixed using the fact that at high T and low pO,, iron in the BZYF
samples approaches the 3+ oxidation state as in related ferrate
perovskites.*®

For hydration, 1-2 g of crushed particles were quenched from
700 °C in dry N, to freeze the oxygenation reaction (eq 2). In this
way, all iron remain Fe*, thus maximizing [Vb]zo and obtaining the
proton concentration predominantly from the hydration reaction (eq
1). After quenching, isothermal measurements were run at 250—700
°C. The water partial pressure pH,O was adjusted by feeding dry N,
gas into a water evaporator at 5, 12, and 18 °C and, if necessary,
mixing with dry N,. Stepwise changes of pH,O from dry to maximum
humidity (pH,O = 16.7 mbar) and back confirm the reversibility of
the hydration. In isothermal experiments, buoyancy effects are
negligible. FO and FO3 are measured in the dynamic mode (cooling
from 750 °C with 1.5-0.5 K min™") in wet N, (pH,O = 16.7 mbar),
given their high hygroscopicity, which makes it difficult to return to
the completely dehydrated state at lower temperatures.

For the oxygen stoichiometry measurements, about 500 mg of
sample was measured in dry oxidizing conditions (0.085%, 2.5%,
83.3% O,), while the temperature was decreased from 900 to 300 °C
with cooling rates of 0.2 to 2.0 K min™". The buoyancy correction was
performed by using data from a crucible filled with an appropriate
amount of inert alumina.

2.3. X-ray Spectroscopy. Samples with fixed oxygen stoichiom-
etry were prepared in order to investigate the behavior as a function of
iron formal oxidation state. The choice of the treatment conditions is
based on previous experiments.***® The reduction of samples (Fe
mainly in 3+ formal oxidation state) was carried out in the TG
furnace with 1.5% of H, at 700 °C for 4—S h. The oxidation (Fe
mainly 4+) was carried out in an autoclave at 600 bar of pure O,,
while the temperature was decreased from 550 to 250 °C within 72 h.
The success of the treatment is already visible by the color of the
powders, which turn brownish after the reduction and black after
oxidation (see Figures S3—4). The exact stoichiometry of oxidized
samples was checked with TGA either by heating to 900 °C in N, or
to 700 °C in 1.5% H,, and in both cases, a plateau corresponding to
the iron being 3+ could be observed; the samples reached at least 96%
of their nominal oxygen stoichiometry.

https://doi.org/10.1021/acs.chemmater.3c01538
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2.3.1. X-ray Absorption Spectroscopy. For transmission measure-
ments, the amount of powders required for an edge jump >0.1
absorption length for the respective element was calculated using
XAFS mass.”” For fluorescence measurements, the amount of powder
was calculated to be 10'°7'® atoms of the desired element per cm” of
the sample pellet. The weighted amount was premixed in a mortar
with the minimum amount of cellulose (nanocrystalline cellulose,
Sigma-Aldrich) to obtain a self-standing pellet (ca. 100 mg in total).
The mixture was milled in a small volume ball miller (Pulverisette 23,
Fritsch, Germany) for 10—1S5 min and uniaxially pressed into pellets
with 3 kN (2 S mm pellets) or 10 kN (2 13 mm pellets) for 5 min.
The X-ray absorption spectroscopy (XAS) spectra were collected at
BM23-ESRF (European Synchrotron Radiation Facility, Grenoble,
France)*® at 80 or 10 K. The data were collected at the Fe K-edge
(7.1 keV), Y K-edge (17.0 keV), and Zr K-edge (17.9 keV). Most
measurements were done in transmission, except for FO6 and F10,
where the Fe K-edge was measured in fluorescence. The details of the
data treatment and analysis can be found in the Supporting
Information.

2.3.2. X-ray Raman Scattering. Sample powders were sealed in
glass capillaries. All O K-edge (520—590 eV) data were collected at
ID20 at ESRF. The details of the data collection and treatment can be
found in the Supporting Information and are similar to the ones used
in ref 35. For the simulations, the starting structures here are BaZrO;
(BZ) for the samples below 70 mol % of iron, and BaFeOj (BF) for
F70. Also here, we applied the semiempirical parameters screening and
dilatorb to account for the different interactions between the
transition metal (TM) d and O 2p orbitals (smaller screening =
stronger electronic correlation between scattering atom and its
environment, typically related to larger hybridization and correspond-
ingly lower oxide ion basicity) and for eventually increased orbital
overlap (higher dilatorb = larger hybridization because of the bigger
atomic orbital overlap).

2.4. Conductivity Measurements. Electrical conductivity was
measured by EIS using an Alpha-A high-resolution impedance
analyzer (Novocontrol, Germany) in the frequency range of typically
105—107* Hz (down to 1073 Hz for ionic conductivity) with a typical
0.02 V amplitude. The electron hole and oxygen vacancy
conductivities were measured for F10, F20, F30, F50, F70, and BLF
at 700—350 °C. Usually, the Nyquist plots show one semicircle
analyzed using a single R-CPE equivalent circuit. In the case of
electronic conductivity, especially in high pO,, just a single resistance
appeared.

2.4.1. Electronic Conductivity 6., The electronic conductivity
was measured by AC impedance spectroscopy in the two-point mode
on bars cut from sample pellets, contacted at the end with Ag-paste
and Pt-wires as in ref 39. For the majority of samples, it was not
required to correct for the resistance of the cables; for F80 and BLSF,
the cable resistance reached about 10% of the overall resistance and
was subtracted. The impedance spectra were free of any low-
frequency semicircle originating from a contact resistance between the
sample and the electrode. The samples were equilibrated in dry 100%
0,.

2.4.2. lonic Conductivity of Oxygen Vacancies oy. Measuring

ionic conductivities in this type of sample is challenging because the
high electron hole mobility and concentration dominate the
conductivity. Nevertheless, the oxygen vacancy conductivity can be
obtained by measuring the samples in dry conditions over an
extended pO, range, which is achievable by integrating an oxygen
pump (Huber Scientific, Austria) in the setup. This allows us to
measure EIS in the pO, region 107'°—107>° bar, where the ionic
plateau is expected. Fe will completely be in the 3+ oxidation state,
and oy;, is independent of pO, because [V(,] is fixed. More details are

reported in the Supporting Information. The samples used for oy, are

pellets with 2400 nm of sputtered Pt (Edwards Auto306, UK) on the
large edges for keeping the equilibration time reasonable, and they are
spring-loaded between two Pt-foil contacts. In the same setup, bar-
shaped samples are also measured in 100, 10, 1, 0.1, and 0.01% O,

(yielding 6601’1) *
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3. RESULTS AND DISCUSSION

3.1. Hydration and Oxygen Nonstoichiometry.
3.1.1. Proton Uptake. The hydration behavior measured by
TG is shown in Figure 1. The proton concentration

Y
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Figure 1. (a) Proton concentration and (b) degree of hydration of
BaZrgs_.Fe, Y, 1,055 as a function of iron content in the B-site; T =
300 °C, and pH,O = 16.7 mbar. The BLF data are taken from ref 20.
The absolute error bars in (a) are ca. 0.1%, and the corresponding
relative errors in the degree of hydration in (b) are 1—15% and thus
within the symbol size.

(Figure 1a) decreases strongly by introducing up to 20 mol
% of Fe. For further increasing iron content, the proton uptake
increases again to approximately 4 mol % for Fe >50 mol %.

The end member BLF deviates from this trend. This is
attributed to its lower oxygen ion basicity caused by hi§her
Fe—O bond covalency (less/no local distortions®”*")
compared with the other samples with dopants on the B-site.
The increase in the proton concentration for F50 and F70
appears surprising at first glance, considering that one would
expect highly covalent Fe—O bonds there. However, X-ray
spectroscopy discussed below demonstrates that the F70 local
structure is more distorted than F30 and F10, which decreases
the Fe — O hole transfer and thus preserves the oxide ion
basicity.'***

A trend similar to that for the proton concentration is found
for the degree of hydration (Figure 1b). It decreases from
almost complete hydration for FO3 by 1 order of magnitude
already for 10 mol % of iron. This strikingly demonstrates the
strongly different hydration behavior of cathode and electrolyte
materials, while many BaFeO;_s-based cathode materials
exhibit higher [V{] than typical Ba(Zr,Ce,Y)O;_, electrolytes
(Figures 2 and S8). With the room temperature and water
partial pressure of pH,0O = 20 mbar, complete hydration is not
achieved, in contrast to electrolytes."* A strong decrease of
proton uptake upon substitution with several mol % Co has
also been observed for BaZr,z_ Scy,C0,0, 5"

These strong variations in the hydration behavior also show
up in the AHypy and ASjq values of typical cathode and
electrolyte materials, as summarized in Figure 2. AHj 4 and
ASp 4, for the present materials are calculated from the van’t
Hoft plots reported in Figures S5—7 and are summarized in
Table S2. While a systematic theory of hydration thermody-
namics is not available so far, one can hypothesize that it is
related to various effects, such as effects from the local
geometric and electronic structure. Compared to Ba(Zr,Y)O,_,
electrolytes, the AHj, 4 values are systematically less negative
for electrode materials and ASy 4, values more negative; both
disfavor the hydration. Ba(Ce,Y)O,_, electrolytes show more
negative entropies compared to electrode materials, but this is
ascribed to the lower orthorhombic symmetry of its crystal
structure.' "'

https://doi.org/10.1021/acs.chemmater.3c01538
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Figure 2. Plot of AHy g, vs ASp 4, of various materials: (Ba,Sr)FeO;_s
(BSF), Ba(Fe,Y,Zn)O,_s (BFZn), Ba(Zr,Y)O,_s5 (BZY),
Ba(Ce,Y)O;_s (BCY), and Ba(Zr,Y,Fe)O;_s (BZFY, blue points).
BCY and BZY data from ref 14, and BSF and BFZn from ref 20. The
transition between electrolyte and electrode behaviors is highlighted
in the blue shade.

Figure 2 illustrates for the BZYF solid solution how the low-
iron compositions (<10 mol %, highlighted by blue shade)
smoothly fill the gap between electrolyte and electrode
material behaviors. AS . largely remains in the range of
—80 to —100 J mol™" K ! typical for BaZrOj; electrolytes, but

in less negative AGjy. When more iron is introduced, the
materials more and more approach the typical behavior of
other cathode materials. From F20 to F70, the hydration
enthalpy becomes more negative again (more and more Zr*" is
replaced by the less charged Fe®"), but in parallel, ASpyq, also
becomes more negative, such that the overall AGy,, remains
positive at about +30 kJ mol™".

Density functional theory (DFT) calculations of proton and
hydroxide affinity for a large range of oxides showed that
materials with a smaller ionization potential exhibit a larger
proton affinity and overall have more negative hydration
enthalpies.”” This relation may appear surprising because the
hydration reaction (eq 1) is amphoteric as it comprises the
protonation of an oxide ion as well as the incorporation of
hydroxide into V. However, the calculations in ref 42 also
show that the proton affinity varies more strongly from
material to material and outweighs the opposite trend of the
hydroxide affinity. Thus, the hydration enthalpy correlates with
the proton affinity, which can be regarded as a measure of the
basicity in the considered oxides. This is in line with the
phenomenological observation that oxides with higher
basicities such as electrolyte-type materials often have a more
negative AHj 4. The effect of local distortions on the basicity
of oxide ions is discussed in more detail in Section 3.2. The
reason for the more negative ASj 4 in electrode materials
compared to electrolytes requires a detailed analysis of the

AH, 4, increases from —80 to —31 kJ mol™" which then results phonons, which are sensitive to local and overall symmetry
102
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Figure 3. (a, b) Exemplary oxygen stoichiometry 3 — & and Van’t Hoff plots for F30. The indicated borders for complete Fe** and Fe** formation
are calculated from the electroneutrality condition. The AHY, and ASY, values are reported for each pO,. (c, d) Standard enthalpy and entropy of
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reduction, and their changes upon hydration. This is currently
under investigation but beyond the scope of the present
publication.

The trends in hydration thermodynamics observed here for
substitution of increasing amounts of Fe into Ba(Zr,Y)O,_, are
expected to hold also for related materials such as barium
cerate electrolytes and also for substitution with neighboring
redox-active transition metals (Co, Ni) as they also form highly
covalent TM—O bonds.

3.1.2. Oxygen Stoichiometry. Figure 3ab reports an
exemplary oxygen stoichiometry plot for F30 (other samples
reported in Figure S8). Most van’t Hoff plots depart from
linearity, in particular at low T and high pO,, indicating a
deviation from ideal dilute behavior. Such nonidealities have
been observed for K, of other redox-active perovskites and
have been attributed to hole—hole interactions.*>**

The hole—hole interaction is attributed to the fact that holes
are not strictly localized on the transition metal but are more
or less delocalized to adjacent oxygen ions and correspondingly
has a larger range of influence.”” The partial hole transfer to O
is also supported by DFT calculations for BaFeO; showing that
the states beneath the Fermi level have predominant O
character.””*> When hole—hole interactions are perceptible in
oxygen stoichiometry measurements, the corresponding hole
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transfer to O is expected to affect also the hydration behavior,
that is, to decrease the proton uptake. This trend is indeed
seen in the present samples such as F20 and F30 which show
strongest nonidealities in K, and in parallel a comparably low
proton uptake.

The trend of AHy, and AS;, with Fe content is depicted in
Figure 3c,d. The oxidation enthalpy becomes more negative
with an increase in the iron amount. This can be related to the
decreasing lattice parameter, which makes the size of the BOg
octahedron more suitable for the presence of (formal) Fe**
ions and/or oxide ions with partial hole transfer, which are
smaller than Fe3* and/or O?~ ions without transferred holes.

3.2. X-ray Spectroscopy. 3.2.1. Iron XANES. The Fe K-
edge XANES spectrum gives information about the average
coordination and effective oxidation state of iron. Figure 4a
shows the spectra for all of the measured compositions. The
edge positions of all BZFY samples are located in the rather
narrow range of 7124.0—7124.8 eV. For comparison, we also
include SrFeO, g and SrFeO;. Also, SrFeO; may partially have
hole transfer to O (“ligand hole” instead of complete Fe*").
However, the fact that SrFeO; shows the largest edge shift
between reduced and oxidized samples (oxidized SrFeO; at
significantly higher energy of 7126.5 eV) indicates that StFeO,
has much less ligand hole character than BaFeQ;, that is, iron
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for F10 can be found in Figure S17.

is closer to Fe*". The comparably high edge energy for SrFeO,
has been explained in ref 34 as stemming from the lower
overall basicity of SrFeQy;; therefore, the ability of O to accept
holes is also smaller than for BaFeOs.

For the BZFY samples, the similarity of the edge position
between the reduced and oxidized samples (Figure 4b, Table
S4) indicates that the effective Fe valence of the latter is still
rather close to that of the reduced materials. The lower
effective oxidation state is attributed to the partial electron hole
transfer from Fe** to the adjacent oxide ion”******" that is
confirmed also in the O K-edge spectra discussed below. As
demonstrated in refs 34,35, this effect decreases the basicity of
the oxide ion, hindering the hydration.

In Figure 4b, the edge shift between oxidized and reduced
BZFY samples is larger for F30, F70, and BLF (but still much
less than for SrFeO;) compared to the compositions with a low
Fe content. This might be related to the fact that iron-poor
materials still exhibit the large lattice parameter of
BaZry Y 1,094 which favors Fe cations in the lower
oxidation state. The fact that the effective Fe oxidation state
in oxidized F30 and F70 is higher than in FO6 and F10 is not in
contradiction with the slightly increasing degree of hydration
in Figure 1b. The hole delocalization to O is just one of several
effects influencing hydration; also lattice parameter, symmetry
lowering and energetically inequivalent protonation sites,
cation radii mismatch, basicity of dopants, and so forth may
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all affect hydration.””* Finally, it is important to note that the
proton uptake is measured on samples quenched from 700 °C
in N, to preserve a high [V{] (all iron formally Fe**), that is,
the hole concentration is negligible under these conditions.
3.2.2. Oxygen X-ray Raman scattering. The K-edge spectra
of reduced and oxidized samples measured in the X-ray Raman
scattering (XRS) mode are reported in Figure S. As expected,
for a low Fe content, the spectrum of oxidized F06 is quite
similar to that of the undoped BaZrOj, reference (F0). For low
Fe content FO3—F10, the spectra of the reduced samples are
also very similar to those of the oxidized F06; only the splitting
between the peaks at ®533 and =538 eV is slightly less
pronounced. These peaks are assigned to (Zr/Y)d orbitals
intermixed with the Osp (533 €V) and hybridized orbitals with
mainly the Op-TMd character (538 €V). This assignment is
based on the projected density of states reported in Figure S11.
For F30, significant differences appear between the reduced
and oxidized samples and also to lower-Fe materials. In
reduced F30, the intensity ratio of the double peak is modified
such that the components at 533 and 538 eV appear with
comparable intensity. For oxidized F30, a pre-edge feature at
~527 eV develops, which is assigned to Fe3d—02p hybridized
orbitals and characteristic for the presence of holes in O states.
These changes become even more pronounced for oxidized
F70, where the pre-edge peak is very prominent, and the
component at 533 eV has almost completely vanished. This
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spectrum is rather similar to the ones reported in ref 35 for
other Zn and Y-doped barium ferrates.

We simulated the O K-edge spectra with the same
methodology used in ref 35 applying two semiempirical
parameters screening and dilatorb to account for dopant effects
on the interaction between TMs d and O 2p orbitals and for
eventually increased orbital overlap. The effect of applying
different screening values is illustrated in Figure S12, and it
strongly changes the intensity ratio of the 533 and 538 eV
components. The simulated spectra are superimposed in
Figure S as dark blue lines. BaZrO; (F0) is used as reference
for both oxidized and reduced samples, and it can be simulated
with a good match to experimental data with a screening value
of 0.4 and dilatorb of 0.1 (dilatorb = 0.1 is the appropriate value
for all spectra). For the oxidized samples, the screening values
decrease with increasing iron content from FO to F30,
indicating a gradual increase in covalency. This is also
supported by the appearance of the pre-edge peak. The
absence of the pre-edge in FO60x is most probably due to the
too low iron content, but the fact that a lower screening value
than that for FO has to be applied indicates increased covalency
in the system. The increased covalency of Fe—O bonds will
also affect the electronic conductivity, as discussed in Section
3.3. The reduced samples (Figure Sb) can be simulated using
the same screening values as obtained for FO for FO3 and F06,
while screening = 0.3 is used for F10 and F30. The higher
screening values applied to simulate the reduced samples
compared to their oxidized counterparts confirm the lower
covalency in these samples, as expected for materials
containing iron only in the formal 3+ oxidation state.

3.2.3. EXAFS. The Fourier-transformed EXAFS data of all
samples are shown in Figure 6, while detailed fittings and
results are reported in the Supporting Information (Tables
S5—6 and Figures S13—19). The most important structural
effects are however clearly visible already in the raw
experimental data: in FO6 (i.e., when iron acts as a dopant in
Ba(Zr,Y)O;_,), structural changes between oxidized and
reduced are minimal on all edges. At intermediate composition
(F30), the iron local environment shows larger variation with
[V{] (i.e., between oxidized and reduced state) than the Y and
Zr edges. For F30 and F70, the first-shell Fe—O peak is lower
for reduced compared to oxidized samples, consistent with a
decrease in the Fe—O coordination number. This effect is
more evident at higher Fe content, while Y—O and Zr—O
remain unperturbed; this implies a clustering of the oxygen
vacancies around iron, as concluded also in ref 35 for doped
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BaFeO,_s. At a high Fe content (F70), drastic changes due to
the high V{ content affect the whole lattice, also influencing
Zr-M and Y-M third-shell distances. In particular, the lower
intensity around 3—4 A is fitted with the appearance buckling
in the Fe—O-—Fe as well as Fe—0-(Zr,Y) and
(Zr,Y)—O—(Zr,Y) connections (similar features are observed
for differently doped BaFeO,_s in ref 34).

The buckling of M—O—M connections (i.e., local octahedra
tilting) is quantified from the difference of the direct M—M
distance to the sum of the two M—O distances; for a perfectly
linear M—O—M arrangement, this difference vanishes. Non-
zero values imply M—O—M buckling, which leads to a lower
intensity of the third shell peak. A M—O—M buckling angle
<180° has been correlated with increased oxygen ion basicity
caused by the decreased TM3d—O2p hybridization in several
publications.””****. In Figure 7, we follow the same approach
as in ref 34, but the picture is much more complex, given the
simultaneous presence of three different B-site cations.
Nevertheless, some trends can still clearly be identified. For
the Fe—O—M arrangements, Figure 7a shows that increasing
iron content decreases buckling of the Fe—O—Fe bonds and,
to a smaller degree also, of Fe—O—Zr bonds for both oxidized
and reduced samples. The decrease of Fe—O—Fe buckling by
increasing the iron content can be explained from the fact that
Fe is the native element in a BaFeO,_; matrix (cf. BLSF
data®®), while for low-Fe materials, it is an undersized dopant
in the BaZr;gsY(,0,0, matrix. The decreased Fe—O-—Fe
buckling for increased iron content correlates very well with
the higher electronic conductivity; this will be discussed in
more detail in Section 3.3.

In contrast to Fe—O—Fe, the buckling of Fe—O—Y increases
with increasing iron concentration (similarly for oxidized as
well as reduced samples). This can be understood from the fact
that the lattice parameter of Fe-rich materials is decreased,
which makes Y** an even more oversized dopant. The
pronounced Fe—O—Y buckling in Fe-rich compositions is
expected to favor the proton uptake (cf. refs 20,22,34).
Specifically, F70 (and F80 with similar distortions expected)
has a significantly higher proton uptake compared to BLSF
(Figure 1) in which such Fe—O—Y buckling is absent. Also,
Y—O—-Y connections involving two oversized dopants are
strongly buckled for all Fe contents (Figure 7b). Opposite to
Fe—O-—Fe, the distortion in the Zr—O—-Zr and Zr—O-Y
bonds increases for high iron content since in a BaFeO;_;
matrix, both Zr* and Y** are oversized dopants (Figure 7b).
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As a very rough measure of overall distortion, one can add
the contributions from the individual atom pairs. For the
reduced samples (which correspond to the TG measurement
conditions), this yields the largest total distance difference
(1.35 A) for F70 compared to F30 and F10 (0.86 A) and F06
(1.00 A). This agrees nicely with the trend in hydration
(Figure 2) that F10—F30 samples exhibit the minimum of
proton uptake and degree of hydration and indicates that the
large amount of local distortions is one of the key parameters
for the comparably high proton uptake of F70.

3.3. Electrical Conductivity. 3.3.1. Electronic Conduc-
tivity in Dry 100% O,. The p-type electronic conductivity at
400 °C is reported as a function of iron content in Figure 8.
From the oxygen stoichiometry and electroneutrality con-
dition, the total hole concentration is calculated taking
[h] = [Fe*] = 1 — 2[V{]. The obtained effective hole
mobility (Figure 8b) is mainly responsible for the increase in
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Oy and the relative changes of hole concentration are smaller.
Figure 8a shows a sharp rise in electronic conductivity by more
than S orders of magnitude. The proximity of this increase to
the nominal percolation threshold (critical concentration
p. = 02488 for an ideal cubic model*®) might suggest a
percolation-type phenomenon for the electronic transport.
Such an attribution should be regarded with some caution; in
ref 27, the term percolation region is used. In fact the increase
starts just above a Fe fraction of 0.1, and several effects are
expected to influence such an increase of 6., for example, the
degree of localization/delocalization of the carrier and the
distribution of counter charges relative to dopants. In the
present materials, holes strongly interact with Fe. For low Fe
content, a detrapping from these centers is required for long-
range transport. This can be avoided for sufficiently close Fe
neighbors, leading to a percolation-type o,,, increase with the
Fe content.
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It is well-known that for barium ferrates, the p-type
conductivity occurs via small polaron hopping along the
TM—0 network.***°™*® Thus, a correlation of the con-
ductivity with variation of the iron concentration is highly
expected. In the simplest model, the presence of oxygen
vacancies is neglected, which interrupt the conduction network
and thus also act as an obstacle (see e.g., hole mobility as a
function of [V] for StFeQ, ;"' and (La,Sr)FeO; ;). Also
M—O—M buckling will decrease the hole mobility.”*™>° The
present samples are measured in a dry oxidizing atmosphere
where [V{] is moderate (Figure S8), but on a qualitative level,
the data are described reasonably well.

In the simplest approximation, three types of transfers are
possible for the holes. For low iron content, the isolated Fe acts
as trapping centers, that is, the holes need to be detrapped
before they can migrate over longer distances along ZrOg
octahedra (the detrapping energy is estimated to 0.8—1.2 eV
for BaZr,_,Fe,0;_5°"°" cf. also ~1.2 eV for
SrTil_xFexO3_558). For intermediate iron concentrations,
hole hopping occurs through a framework of mixed ZrOg
and FeOg octahedra, where some trapping effects are still
present. For iron amounts exceeding the percolation region,
the holes move largely through connected FeOg octahedra
(free of trapping events), and correspondingly the hole
mobility increases steeply as shown in Figure 8b. The fact
that the increase occurs already directly above an Fe fraction of
0.1 indicates that facile hole transfer is not strictly limited to
direct Fe—O—Fe contacts. This is in line with the larger range
of influence that the hole acquires by being partially
delocalized from the Fe to O states. DFT calculations find
that the band gap is close to vanishing for x = 0.125 when Fe in
BaZr,_,Fe,O; is arranged such that linear Fe—O—Zr—O—Fe
paths exist.””

For comparison, Figure 8a also shows the change of
electronic conductivity in the BaZr,_,Fe O;_; solid solution
without Y addition (data from ref 27). There are two
characteristic differences: (i) for low Fe and thus low V§
concentration, the conductivity is lower than for BZYF. This
can be attributed to the fact that the increased [V{] upon Y**
doping leads to an increased hole concentration from the
oxygenation reaction of eq 2, cf. the hole formation in
BaZr,_,Y,0;_,.”" (ii) The conductivity increase around p, is
less steep in BZYF than in BZF. This is most probably related
to a higher amount of local distortions in BZYF related to the
oversized Y*' dopants. A comparable increase of electronic
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conductivity with transition metal content is also found for the
BaZr,_,Co0,0,_; solid solution.*’

3.3.2. Electrical Conductivity Using the Oxygen Pump.
Figure 9a,b reports the conductivities in dry condition as a
function of pO, for F30 and F70, and other sample
compositions are shown in Figure S22. In accordance with
the expected Brouwer diagrams,®* one recognizes three
different regimes of pO, dependence. Electron holes are the
dominant charge carriers for 1 < pO, < 107> bar, conduction
electrons for pO, lower than approximately 10™'® bar (the n-
type branch is only slightly visible in F30, more pronounced
for F70). In the intermediate pO, range, the conductivity is
approximately independent of pO, and can be attributed to
oxygen vacancies. Figure 9¢ summarizes the V; conductivities
as a function of iron content. Starting from literature data for
Fe-free materials (which exhibit some scatter), the values
decrease upon introducing iron up to F30 and then increase
again. Figure 9d demonstrates that this variation mainly
originates from the change in effective V; mobility.

For low iron content, the decrease in mobility can be
attributed to trapping of V close to iron cations, in agreement
with the EXAFS results that indicate a preferred location of Vi
at Fe. As long as the trapping regions do not form an
overlapping path, an increased concentration of trap centers
decreases the effective mobility. For higher iron contents,
clustering of Vi, around Fe still prevails, but for more than 30
mol % iron, the trapping regions can form a path for V§
migration without the need of detrapping (this may be
regarded as a percolation effect for ionic carriers). Correspond-
ingly, the effective V{; mobility increases. The V{; migration
activation energies are summarized in Figure S23.

In addition, the Fe—O bond covalency may also play a role.
As discussed in Sections 3.2 and 3.3, with increasing Fe
content more Fe3d-O2p orbital hybridization is present, which
could decrease the effective ion radius of O (transfer of
electron density from O to Fe, to some degree expected even
for reduced samples). Such a decreased oxide ion radius would
facilitate the oxygen ion migration, cf. the concept of passing
through the “critical triangle” of the B-site and two A-site
cations.®® On the other hand, the decreasing lattice parameter
for Fe-rich materials would narrow the available space for the
oxide ion jump. However, the discussion of V{5 mobilities for
various perovskites in ref 66 shows the highest mobilities in
materials with high B—O bond covalency such as titanates and
redox-active perovskites. DFT calculations for oxide ion
migration in Ba;_,Sr,Co,_,Fe O;_; perovskites demonstrated
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that transient electron transfer from O to a highly redox-active
B-cation in the transition state further lowers the migration
barrier.”’

Measurements in the oxygen pump can also be conducted in
a humidified atmosphere. For F10 and F20, this yields a higher
conductivity than in dry conditions (Figures 10 and S22), the
difference being caused by the appearance of proton
conductivity. This approach works well as long as the
difference is sufficiently large, but for Fe-rich materials, the
difference vanishes. The activation energies for proton
conductivity in F10 and F20 are comparable to that of the
BaZroY,,0;_, electrolyte, but the absolute values of proton
conductivity are significantly lower, owing to the decreased
proton concentration.

3.4. Combined Discussion. The proton uptake of
perovskite materials depends on several factors such as V§
concentration and geometric as well as the electronic structure,
which are investigated here along the BaZrygs Y, ,Fe,O;5 s
solid solution series. This combined discussion now summa-
rizes the most important relations. The hydration measure-
ments show a steep decrease of proton uptake already for low
Fe content. The transition from a well-hydrating electrolyte-
type material to a low-hydrating mixed conductor is largely
completed already for 10 mol % Fe, as evidenced by the
changes in AHy4 and ASp . This transition is not directly
determined by a threshold of electronic transference number
but rather related to the modification of the properties of the
oxide ions. Fe XANES and O XRS measurements indicate a
strong covalency on the Fe—O bonds, which decreases the
basicity of the oxide ions and thus also the favorability of the
hydration reaction. Since one Fe affects six adjacent and maybe
even more distant oxygens, a low Fe concentration already has
a strong effect on the overall proton uptake. The hydration
thermodynamics is hi%hly sensitive to the electronic structure
of the oxygen ions,” as expressed for example by the
ionization potential.

For BaZrygs Y, ,Fe,O;_s5 samples containing more than
30 mol % of iron, the proton concentration increases again to
some degree driven by the increased V; concentration. Also,
AHjy, 4 becomes more negative which can be attributed to the
replacement of Zr** with Fe** and the increased M—O—M
buckling as evidenced by the EXAFS results. The importance
of the buckling which helps to preserve a high basicity of the
oxide ions is also clearly demonstrated by the comparison of
the proton uptake of F70 and F80 (4.1—4.2%, Figure 1) which
is more than twice higher than that of BLSF (1.8%) with only
minor buckling (Figure 7a). For perovskites, it is well-known
that the extent of O2p-TM3d orbital interaction decreases
strongly when the TM-O-TM connection deviates from
linearity (e.g. refs 68—70), and thus also the amount of hole
transfer from the Fe to O. Oxygen K-edge spectra of Zr,Y,Zn
doped barium ferrates in Figure Sa and refs 34,35 show a
modified shape of the pre-edge features compared to BLSF
which also indicates a decreased hole transfer to O. This
explains the pronounced effect of dopant-induced local
distortions on the hydration.

The p-type electronic conductivity in oxidizing conditions
increases steeply above 10 mol % Fe. The partial hole
delocalization from Fe to O, as evidenced in particular by O
XRS, increases the holes’ range of influence and broadens the
percolation-type transition of o,,,. However, only for high Fe

reach a

content >70 mol %, the absolute values of o,
magnitude acceptable for an electrode material (>1 S/cm).
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The ionic conductivity from V{; shows a moderate decrease
from low to intermediate Fe contents, which is attributed to
trapping of V{, at still separated Fe centers (this is supported
by the EXAFS results). For Fe contents >30 mol %, the V{,
conductivity increases as a consequence of two effects. At
higher Fe content, the trapping zones begin to overlap, and V{5
can migrate without need for detrapping. Furthermore, the
increasing Fe—O covalency is expected to lower the Vj
migration barriers.

Unfortunately, with the methods applied here, the proton
conductivity could not be resolved for Fe-rich samples. While
systematic investigations of proton mobilities in triple-
conducting perovskites are not available yet, estimations
from chemical diffusion experiments indicate that it is not
drastically lower than that in Ba(Zr,Y)O,_, electrolytes."’
Thus, as a first approximation, we assume that the proton
conductivity of Fe-rich materials roughly follows the trend of
proton concentration.

A synopsis of the relevant materials’ properties in the
BaZrjgg Yo 1,Fe, O3 5 solid solution series is shown in Figure
11. It illustrates that—instead of combining the advantages of

3 = v 3
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Figure 11. Summary of proton uptake and electronic and oxygen ion
conductivities as a function of iron content (conditions as in Figures
1,8, and 9c). The yellow shade highlights the region where a good

oxygen electrode material should be located.

electrolyte-type and redox-active perovskites—the materials at
low to intermediate Fe contents of 6—30 mol % rather suffer
from the simultaneous presence of already decreased proton
concentration while not yet developing good electronic
conductivity. A good compromise is found for
BaZrygs . Yo1,Fe O3 s with high Fe content, where the
presence of a high Vi concentration and distortions caused
by the oversized Y dopant ensure a still acceptable proton
concentration. A similar behavior is expected for other
perovskite solid solution series with a gradually increasing
redox-active transition metal content in an electrolyte-type
host.

4. CONCLUSIONS

Materials from the BaZrg4s_, Y, ,Fe,O5_s solid solution series
ranging from electrolyte-type Fe-poor compositions to Fe-rich
electrode-type materials were comprehensively investigated.
Proton uptake and electronic conductivity exhibit opposite
trends with the iron content. The insights obtained from XAS
relate the decrease of proton uptake to the high degree of
Fe—O covalency, which decreases the basicity of the oxide
ions. Local lattice distortions evidenced by EXAFS spectros-
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copy decrease O to Fe electron transfer which favors
protonation but also lowers the increase of o, with increasing
Fe content. As a consequence of the counteracting trends, Fe-
poor BaZr g .Y, 1,Fe,O;_5 materials do not present a feasible
combination of transport properties for the electrode materials
in protonic ceramic cells. Rather, Fe-rich members with ca.
20 mol % substitution on the Fe site by redox-inactive
oversized dopants are recommended. Furthermore, substitu-
tion with moderate amounts of Co or other late transition
metals might be favorable in view of an expected higher
electronic conductivity and catalytic activity.
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