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ARTICLE INFO ABSTRACT

Keywords: We report on essential properties of materials in the series Lag sBag 5C01.xFexO3.s as positrodes for proton ceramic
Mixed conductor electrochemical cells (PCECs). The unit cell and thermochemical expansion coefficient (TCEC) of these cubic
Conductivity o perovskites decrease with iron content x, the TCEC of Lag sBag sFeOs.5 going as low as 11-10°° 1/K. The materials
E;Z}rrosznchrotron radiation behave as LaMOs3 perovskites with small band gaps and Ba acting as acceptors compensated by electron holes and
p-type oxygen vacancies. The electrical properties are dominated by p-type conduction with high large polaron mo-
Hydration bilities for the Co-rich compositions at low temperatures, shifting towards small polaron mobilities with

increasing Fe content. X-ray absorption spectroscopy (XAS) shows that Co is in a high spin state and takes on the
main part of the cation oxidation state changes, and that hole states are in orbitals overlapping with the O 2p
states, confirming the large polaronic behaviour, while holes on Fe are more localised at the cation. Hydration is
more pronounced in inert atmospheres, as hydration of oxygen vacancies is easier than hydrogenation and in-
creases with Fe content, in line with the commonly accepted finding that delocalization of holes disfavours
protonation. Fe-rich compositions benefit from lower TCEC and higher hydration and hence expected proton
permeability, at the cost of lower electronic conductivity. The surfaces are hydrophobic irrespective of Fe
content, suggesting weak chemisorption of the underlaying water layer, possibly giving relatively many available
surface sites for oxygen adsorption, but limited surface proton conductance — both of importance to positrodes for
operando PCECs.

1. Introduction appear important in a many of them and also surface protonics can

enhance the performance of many catalysts[12]. Works by Zohourian

Mixed protonic-electronic conductivity is essential in positrodes for
Proton Ceramic Fuel Cells (PCFCs)[1] and Steam Electrolysers (PCSEs)
[2]. Leading materials are perovskite cobaltites and ferrites exhibiting
also oxide ion conduction (through oxygen vacancies)[1,3-5]. Co-
baltites and ferrites exhibit catalytic activity for the oxygen evolution
reaction[6], water splitting[7], ammonia synthesis[8], methane
reforming[9], water purification by decomposition of organic pollutants
[10], diesel soot combustion and other exhaust processing in the auto-
motive industry[11]. The concentration and transport of protons (H")
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et al. [1]. and Raimondi et al. [13]. report considerable hydration of
doped barium and strontium ferrites with proton concentrations peaking
at 10 mol% for Bag gsLag.gsFeg.gZng 203.5.

In our recent works[4,14,15], we analysed the dissolution of pro-
tonic defects and the electronic properties of barium lanthanide (Ln)
cobaltite perovskites. These materials can crystallize either in simple
cubic perovskite structure with general formula Lng sBag 5C00s3.5, or in
the so-called double perovskite structure with formula BaLnCos0¢.s. In
the former, Ln and Ba are randomly distributed on the A-site, with Ba%*
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acting as an acceptor substituent for the host Ln>*, hence we adopt the
formula Lng sBag 5C003.5 as more appropriate than the commonly used
Bag sLng sCo03.5. In the double perovskites, Ba and Ln are ordered in
alternating layers along the c axis resulting in the doubling of the unit
cell, and BaLnCo20¢.5. Our survey[4] and other literature[16] on water
uptake in these compounds show that members where Ln is La or Gd or a
mixture of those are prone to dissolve protons. On the other hand, there
is a correlation that more basic cations on the B-site of mixed conducting
perovskites increase the proton solubility[1,13]. Therefore, one may
expect that substitution of Co with the more basic Fe will increase the
proton concentration in barium lanthanide cobaltites. Furthermore, a
recent study of ours indicates that protons dissolve in LagsB-
a9.5Cop.sFep 5035 and significantly affect its electronic conductivity
[17]. This substantiates the importance of studying the properties of a
mixed conductor in a system where the Co to Fe ratio on the B-site of the
perovskite structure is changed. An additional advantage of exchanging
Co with Fe is lowering the high thermal and chemical expansion of the
cobaltites, which may limit their applicability due to thermal mismatch
with other components of the devices[18]. On the other hand, both
ferrites and cobaltites are good mixed oxide ionic and electronic con-
ductors[19-25] with high catalytic activity, and hence the Fe substitu-
tion should maintain these properties while improving the solubility and
minority conduction of protons.

This work presents an extensive study of the relation between the
iron content and the structural and electrical properties of Lag sBag 5Co1.-
xFexOs.5, with emphasis on the thermodynamics of hydration and
oxidation, electronic structure, their relationship with the conductivity,
and thermal and chemical expansion.

2. Experimental

Lag 5Bag 5Co1.xFexOs5 (x = 0.0, 0.25, 0.5, 0.75, 1.0) were synthe-
sized with solid state reaction, starting with La;03 (99.99 % Alfa Aesar,
preheated at 900 °C for 5 h), BaCO3 (99.9 % Sigma Aldrich), Co304 (99.9
% Sigma Aldrich) and Fe203 (99.9 % Sigma Aldrich). The stoichiometric
amounts of powders were hand mixed and ground in an agate mortar
with isopropyl alcohol as a medium, pelletized and annealed during the
two-stage process at 1100 °C and 1200 °C for 48 h in an ambient air
atmosphere with intermediate regrinding. In order to obtain LagsB-
apsFeOss an additional ball milling (20 h at 450 rpm) was applied
before the first annealing and the temperature of the first step was
increased to 1200 °C. The nomenclature used for the sample description
is presented in Table 1.

The structural characterization was performed by X-ray diffraction
(XRD) using an X'Pert Phillips diffractometer with Cu Ko radiation
(1.541 A). The diffraction patterns were analysed by Rietveld refine-
ment using GSAS-II[26] software.

The initial oxygen content of the synthesized oxides was determined
by iodometric titration. 15-20 mg of each sample and a surplus of po-
tassium iodide (ca. 0.2 g) were put in a three-neck flask and flushed with
nitrogen. When the air was removed, 15 ml of 2 M HCI was added to
dissolve the specimen. The iodine ions were titrated with starch as an
indicator under an inert atmosphere with 0.01 M sodium thiosulphate
aqueous solution using a 10 ml microburette (+£0.05 ml). The oxygen
content calculated from this study was used as an initial point of analysis
of the oxidation process by thermogravimetry (TG).

Table 1

The nomenclature used for sample description.
Composition Label
Lag sBag.sC003.5 LBC
Lag sBag 5C0p.75F€0.2503-5 LBCF25
Lag 5Bao.5Coo.5Fe0.503.5 LBCF50
Lag sBag.5Coo.25F€0.7503-5 LBCF75
Lag sBag sFeO3.5 LBF
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Thermogravimetry (TG) was performed to study oxygen content
using a Netzsch Tarsus 401 thermobalance. We analysed the tempera-
ture evolution of oxygen nonstoichiometry isobarically in a synthetic air
atmosphere in the temperature range RT-900 °C, with a temperature
ramp rate of 2 °/min during both cooling and heating.

The thermochemical expansion coefficient was analysed using a
Netzsch DIL 402 PC/4 dilatometer. For dilatometry and electrical con-
ductivity studies the powders were pressed into a rectangular sample
(25%5 x 4) mm under 1.8 GPa pressure and sintered at 1150 °C for 24 h
with 2 °C/min heating and cooling rates. Relative density of as prepared
pellets exceeded 90 % for all of the investigated materials. For dila-
tometry, the bars were shortened to about 15 mm. The relative length
change was measured as a function of temperature during the cooling of
the samples from 1000 °C to room temperature in dry synthetic air.

Electrical conductivity measurements were conducted by standard
four-point DC technique on the sintered rectangular bars using silver
wire and paste for contacting. The measurements were carried out in a
temperature range from 800 to 100 °C by cooling down (1 °C/min) in
constant atmospheres. Several O,-containing atmospheres were tested
(pO2 =1, 0.21, 0.05, 0.1, 0.01, 0.001) in addition to nominally Os-free
Ar. A constant current was supplied by a programmable current source
(Keithley 2601) and the voltage drop was measured by a multimeter
(Keithley 3706). Once the highest temperature (800 °C) was reached, the
samples were left to stabilize for 2 h in order to ensure the high-
temperature redox state corresponding to the specific pOs.

X-ray absorption spectroscopy measurements were performed in
fluorescent mode at the Solaris National Synchrotron Radiation Centre
in Krakéw, Poland. A dedicated PEEM/XAS bending magnet beamline
was utilized to measure Re-My 5, Co-Ly 3, Fe-Ly 3, and O-K edges. Pow-
ders of samples were mounted on carbon tape and placed on the Omi-
cron plates for measurements.

Hydration studies were performed using a Netzsch Jupiter® 449 F1
thermal analyser. The as-prepared powders were heated to 800 °C (5
°/min) and held at this temperature for 5 h under dry air. After drying,
the samples were cooled to 300 °C in dry gas (5 °/min). After 2 h of
stabilization, the dry purge gas was switched to the humidified gas
(pH20 = 0.023 atm), then after additional 2 h, the purge gas was
switched back to the dry gas. The experiment was performed under two
different pO, conditions: either synthetic air or nitrogen. At lower pOs
slow equilibration with oxygen at 300 °C affected the baseline of the
hydration studies. Therefore, an additional mathematical correction of
the baseline was done. The details of the data processing and the data
before and after correction are given in SIL

An Autosorb IQ apparatus was used to measure both H,O and Ny
adsorption isotherms. Samples were degassed at 300 °C for 3 h in vac-
uum prior to each measurement. N, adsorption isotherms were used to
determine specific surface area. They were measured at 77 K with the
relative pressure (p/po) changed from 0.05 to 0.9. Based on the obtained
data, specific surface area was calculated using the BET linear equation.
The correlation coefficient of the linear regression was not <0.99. The
water adsorption measurements were performed at RT in the relative
pressure range (p/po) from 0.05 to 0.9.

3. Results and discussion
3.1. Structural analysis

As indicated by the XRD patterns shown in Fig. 1a all Lag sBag5Co1.
xFexOs5, (x = 0.0, 0.25, 0.5, 0.75, 1.0) were single phase cubic perov-
skites (space group Pm3m). An exemplary Rietveld refinement profile of
Lag sBag 5C0g 25Feq.7503.5, is shown in Fig. 1b. (For more refinements see
the supplementary information S1-S4.) The results of the refinements
are given in the SI Table 1. Unit cell parameters were obtained from the
refinement, and as shown in Fig. 1c, the unit cell parameter a increases
nonlinearly with the iron concentration. To create an “upward”
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Fig. 1. Characterisation of compounds cooled down at 3 °C/min from synthesis in ambient air: XRD patterns for compounds with different iron content (a),
representative diffraction pattern with Rietveld refinement profile (b), the dependence of lattice parameter on iron content (c).

deviation from linearity the substitution must be accompanied with an
additional increase of B-site cation radius. This could be caused by the
reduction of the average oxidation state and/or increase the spin state of
the B-site cations as both of these effects cause an increase in the ionic
radius. A similar nonlinearity has been observed in different perovskite
ferrites[27].

3.2. Oxygen content and oxidation state: Iodometric titration and TG

The thermal evolution of the oxidation state measured by TG in
synthetic air is presented in Fig. 2a, with the averaged oxidation state
from iodometric titration taken as initial value at room temperature. The
oxygen content remains unaffected with increasing temperature up to
roughly 300 °C, expectedly reflecting a combination of saturation and
frozen-in oxygen content and lack of equilibrium. At higher tempera-
tures the oxygen is released from the oxide and we may assume equi-
librium with the atmosphere. Based on literature data, the diffusion
constant for oxygen in perovskite cobaltites and ferrites is 10 cm?/s or
higher at temperatures 600-700 °C [28,29], justifying equilibrium with
the grain sizes and times of the temperature steps in this study. The
resulting van ’t Hoff plots for all compounds are shown in Fig. 2b and
above 600 °C display linear behaviours indicating equilibrium. Large
variation of the slope and intercepts suggest that both enthalpies and
pre-exponentials vary considerably with iron content.

The materials investigated here are cubic perovskites and hence
LaCoO3 and LaFeOs and their solid solutions must be taken as the
reference compositions, with Co®t (3d®) and Fe®** (3d°) ions as the
ground level unexcited states. The main defects will be the acceptor

substituent Ba{a, oxygen vacancies vy, and electronic defects, namely

electron holes representing Co*t and Fe*t states (M;)) and electrons
representing Co?" and Fe?" states (M;,,). We will in the following hence

apply the defect chemical approach provided by Malyshkin et al. [30].
for Lag sBag 5C003.5, and the electroneutrality condition is then

2(vs] + [My] = [Bal,] + M), )
The equilibrium between the three variable defects can be described
in terms of two reactions. The oxidation reaction can be written

1
5029 +V, + 2My, = OF + 2M,, )

2

where Oj is a lattice oxide ion and Oz(g) an oxygen gas molecule. The
equilibrium coefficient is

o (1]
Ko - NW)/ ~ o252 ) exp (2. ®

. (Ppio ) R RT

The disproportionation of the transition metal cation may be written

oM, = M, + M,,, )
with equilibrium coefficient
[MM] [Mﬁa] ASY, —AHY,
Koo =g = exp((S8 Jeup (). ®
(73] R RT

Our equilibrium oxidation states and oxygen contents show that the
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Fig. 2. Oxygen nonstoichiometry (3-8) and averaged B-site oxidation state in synthetic air as a function of temperature upon cooling (a) and van 't Hoff plots of the

concentration of oxygen vacancies (b).

oxidation reaction is in balance and that both electron holes and oxygen
vacancies hence are significant positive defects. Moreover, the lack of
levelling out at the oxidation state of 3 shows that the disproportion-
ation is favourable and that electrons are also significant. Hence, the
defect model and electroneutrality condition cannot be resolved into
any simple limiting case, and we may not assign apparently straight lines
in van ‘t Hoff plots to single thermodynamic parameters but have to
solve the full set of equations. Malyshkin et al. [30]. derived an
analytical expression of pO; as a function of temperature and oxygen
content. Based on fits of the stoichiometry in LagsBagsCoOss as a
function of pOy at 1000, 1050, and 1100 °C they found that AS?, =
—35.4 + 1.8 J/molK and AH?, = —50.9 £ 2.1 kJ/mol and assuming
ASY ~ 0 that AHY, = 30.1 £ 0.5 kJ/mol. They further provided several
literature references to earlier studies of the same material showing
oxygen stoichiometries 3- in the air at room temperature in the range
2.9-3.0 and at 900 °C between 2.75 and 2.80. The numerical solution of
the parameters by Malyshkin et al [30]. referred to above for Lag sB-
a9.5C003.5 qualitatively yields the non-stoichiometries we observe. Our
non-stoichiometry data are not sufficiently extensive to fit thermody-
namic parameters for our compounds.

3.3. Thermochemical expansion

Thermochemical expansion was studied in the air by dilatometry.
Considering that all studied materials are thermally reduced above 300
°C one must consider the elongation as a combination of thermal and
chemical expansion. Fig. 3a is a combined graph where the relative
elongation as a function of temperature is overlaid on the oxygen con-
tent change under the same conditions. LBCF50 was chosen as a repre-
sentative of the series — the other plots can be found in SI part 6. At low
temperatures the thermal expansion is linear, which corresponds to a
constant oxygen content below 300 °C. Above this temperature the
expansion increases as the oxygen is released and therefore the elon-
gation is of a thermochemical nature[4]. Thus, all compounds have a

total ThermoChemical Expansion Coefficient (TCEC) significantly
higher at high than at low temperatures. The values of the TCECs at low
and elevated temperatures are plotted as a function of x in Fig. 3b. What
is the most important from the application point of view is that in both
low and high temperature ranges the expansion coefficient decreases
with increasing iron content, especially for the low temperature part
where o is reaching the value 11e107% K~!. Such thermal expansion
coefficients should be compatible with BZCY electrolyte materials for
which it is reported in the range of 7-11e10 ° K1 [18].

Further analysis can be done to evaluate how chemical expansion
contributes to the total expansion. Knowing the approximate tempera-
ture at which the reduction starts, the thermal and chemical expansion
can be separated. At low temperatures the oxygen stoichiometry of the
material remains constant (frozen in) and the expansion is purely ther-
mal. Assuming that the thermal expansion coefficient («) is approxi-
mately constant in the whole studied temperature range, the chemical
expansion related to a change in oxygen stoichiometry may be evaluated
as a difference between the total expansion and the thermal one. A
similar approach has been applied in other studies[14,18]. The relative
elongation, with the subtracted thermal expansion component, plotted
as a function of oxygen nonstoichiometry 8, is shown in Fig. 3c. The
chemical expansion coefficient of reduction feq resulting from thermal
reduction is determined by the relation[18]:

_ 1 dlchem - lO
/}red =5 : I Q)

where dlchem is the change in length due to chemical expansion only
(thermal component is subtracted), [ is the initial length of the sample.
The values of « and f are given in Table 2.

3.4. Electrical conductivity

Fig. 4 presents the electrical conductivity as a function of pO for all
sample compositions at 400, 600, and 800 °C. Such isotherms give direct
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Fig. 3. Temperature dependence of oxygen content (3-8) and relative length change of LBCF50 (a), total thermochemical expansion coefficient (TCEC) at low and
high temperature (b), relative length change of LBCF50, with subtracted thermal expansion, as a function of oxygen nonstoichiometry (c).

Table 2
Thermochemical, thermal, and chemical expansion coefficients of reduction of
LBCFs.

Compound TCEC.300 -c (107 K™1)* a (1070 K1)* Pred

LBC 32.7(3) 18.3(3) 0.037(8)
LBCF25 31.7(2) 18.5(2) 0.033(7)
LBCF50 29.8(2) 16.8(2) 0.048(4)
LBCF75 27.6(2) 14.9(2) 0.054(5)
LBF 25.7(2) 10.9(3) 0.059(5)

" TCEC_300 -¢ = a since in this temperature regime TCEC consists only of the
thermal part.

information about the variations in the concentration of charge carriers.
The high conductivity in these acceptor-substituted materials as well as
the consistent increase in conductivity with pOs shows that the charge
carriers can be considered to be electron holes, in line with a positive
Seebeck coefficient found for BaGdgglag2C020¢5 [5], a compound
closely related to LBC.

We see directly that the conductivity decreases with increasing Fe
content x, reflecting as we shall see mainly the decreasing mobility of
electron holes. The isotherms at the lowest temperature (400 °C) level
out at high pO,, showing that the material approaches full oxidation,
where the concentration of holes equals that of Ba acceptors, i.e., 0.5 per
formula unit, and the oxygen deficiency § is close to zero. At lower pO,

the conductivity drops, reflecting a decrease in the hole concentration
and increasing oxygen deficiency 5. As we go to higher temperatures
(600 and 800 °C), we see a decreasing tendency of oxidation, as ex-
pected from the thermodynamics of Reaction (2). This tendency appears
stronger with increasing Fe content. Under the limiting case solution to
Eq. (3) meaning that oxygen vacancies have become dominating and
compensating the acceptors while holes are the minority, the slope
should approach Y, reflecting a pOY’# dependence. This is by and large
obeyed, but the Fe-rich samples show a tendency at low pO, and tem-
perature to take on higher slopes. We suspect that this may reflect the
ordering of the structure due to high oxygen vacancy concentrations.

Fig. 5 shows temperature dependencies of the conductivities of
selected samples under oxidising or reducing conditions (data for all
samples are available in the SI, cf. Figures S13-19). In interpreting these,
the conductivity of holes is the product of charge, concentration, and
charge mobility according to

6 = Fuc = Fulh']cq = Fu[My,|cm )

where [h'] and [M;,] represent the molar ratio concentration of holes and
polarons and cy, is the molar concentration (molar density) of the LaMO3
perovskite. In a very first approximation, the charge mobility u reflects
the harmonic (inverse) sum of the inverse charge mobilities representing
different ways to trap (small polaron, large polaron) or scatter (phonon,
impurity) the hole:
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Here, we have included the term (1 —[M,,]) for small polarons as the
probability to find a neighbouring M3* or M** to jump to, but omitted
similar terms for the other mechanisms. The conductivities under oxi-
dising conditions — especially of the Co-rich samples — are relatively
independent of temperature. Here, the concentration of charge carrying
electron holes is close to constant and the plots yield information about
charge mobility. Arrhenius plots of Ins or In(¢T) vs 1/T to extract acti-
vation energies would in these cases give negative, negligible, or (in the
case of In(6T) vs 1/T plots) slightly positive values only reflecting the T
in the In(6T) expression. This means that migration is not an activated
small polaron process with deep self-traps, but a large polaron process
with shallow self-traps or an itinerant process with impurity or lattice
phonon scattering. Fig. 5a) compares log(o) vs log(T) and log(s) vs 1/T
for all samples in oxidising conditions (air, pO; = 0.21 atm). For LBC, the
plot shows a 6 = goT~'/? dependency at low temperatures, reflecting
under these conditions the charge mobility of holes, in agreement with
the expectancy of large polaron transport [31]. Inserting this into Eq. (7)
with ¢y = 0.028 mol/cm® and [M,,] = [Ba{a] = 0.5, we obtain u, =
up T2 with uf = 18,000 em?K/2/sV for the large polaron charge
mobility of holes in LBC.

At higher temperatures, the conductivity takes on a steeper decrease,
as expected for lattice phonon scattering, nominally with a uy, =

ughT%/ 2 dependence of charge mobility in LBC in air. As temperature

increases further, the slope gets more negative, suggesting that the
concentration of carriers decreases significantly due to the onset of
reduction, in line with the pO5 dependence for this sample at the highest
temperatures. At the lowest partial pressures of oxygen, where the
conductivity takes on a pO%* dependence, and at the lowest tempera-
tures of 400 °C and below, the conductivity takes on an Arrhenius
behaviour with enthalpies of 47 kJ/mol for LBC (cf. Fig. 5c and 5d). This
should reflect the enthalpy of small polaron migration and half the
enthalpy of oxidation, which is —50.9 kJ/mol, yielding an enthalpy of
small polaron migration of as much as 73.5 kJ/mol for LBC.

Alternatively, the sample may not be able to take up equilibrium amount
of oxygen during cooling in the atmospheres with the lowest oxygen
contents (10’4 and 5 x 107> atm), so that the activation enthalpy of
conductivity reflects solely the small polaron hopping enthalpy.

With increasing Fe content we see in more cases an increase of
conductivity with the temperature dep at low temperatures under oxi-
dising conditions, attributable to more localised holes and that the
activation enthalpy of the small polaron mobility overtakes the loss of
electron holes with increasing temperature. At the lowest oxygen ac-
tivities, distinct activation energies around 30 kJ/mol are observed,
reflecting a minimum of the small polaron hopping enthalpy. At the
highest temperatures, the conductivities of the Fe-rich samples decrease,
as the loss of holes due to reduction overcomes the increasing small
polaron mobility.

3.5. Electronic structure

X-ray absorption spectroscopy of the O K edge and L 3 edges was
studied to reveal the electronic structure of the transition metals as well
as the nature of chemical bonding between the transition metal and
oxygen. Since all compounds are nearly fully oxidized we limit the
analysis to octahedral coordination where six oxide ions surround the B-
site cation in the perovskite structure. In such a case the orbital energies
split into two ez orbitals with higher and three t ¢ orbitals with lower
energy. The metal cations can have two or three different electron
configurations at these tz ¢ and eg orbitals for each oxidation state. For
instance, a metal cation with a 3d® configuration such as Co>* or Fe?*
can have High Spin (HS) tggegz, Intermediate Spin (IS) t‘ggel, or Low Spin
(LS) t5 e states. Empty states at ty ¢ levels, typical for higher spin con-
figurations, are usually considered as electron holes in the literature [32,
33].

Fig. 6a shows the X-ray absorption spectra of the O K edge. The first
peak, labelled as A, results from the transition from O 1 s core energy
level to the hybridized orbital consisting of a 3d level of transition metal
and the O 2p level. This transition is of particular interest in cobaltites
since it gives information on the occupancies of 3d t; ¢ and eg and O 2p
ligand states. The magnification of the 526-532 eV energy range with
the first derivative of normalized absorption is presented in Fig. 6b. The
intensity of the first peak, reflecting t2;-O 2p overlap, is the highest,
which represents the highest concentration of the unoccupied t; ¢ states,
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Fig. 5. Conductivity data plotted for selected samples using various models: a) log(s) as a function of log(T) and as a function of 1/T for the different samples in air,

1
b) log(s) as a function of log(T) and as a function of 1/T for Lag sBag sC003.5 in various pO, conditions (the dashed lines in a) and b) are simulated curves of 6T 2 or

3
oxT~2 dependencies as guide for the eyes, only), c) log(c) as a function of 1/T plotted for data gathered at pO, = 5 x 107> atm (the solid lines indicate the ranges in
which the activation energies are calculated from In(¢T) vs 1/T), and d) activation energies obtained at low T representing enthalpy of mobility of small polarons

plotted as a function of pOs,.

which in turn represents, on average, the highest spin state. The shift
towards higher energies in the position of the pre-peak (Fig. 6c¢)
observed with increasing iron content reflects the decrease of covalency
in the bond between the transition metal and the oxygen [34]. O K
pre-edge spectra reflect the unoccupied p-projected density of states
(DOS) of the cations, thus the spectral weight gives information on the

density of unoccupied states. The spectral weight of this peak decreases
significantly with increasing iron content, which means that the con-
centration of holes delocalized from the B-site cation to the oxide ions
decreases. This corresponds well with the analysis of the electrical
properties: as Fe content increases the conductivity decreases due to
more localized holes and lowered hole concentration. The higher energy
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Fig. 6. X-ray absorption spectroscopy of LagsBag s5C0;.xFexO35. O K XANES of BLCFs (a), X-ray absorption spectra of oxygen K-edge pre-peak structure and 1st
derivative of normalized absorption of oxygen K-edge pre-peak structure (b), the A peak position as a function of iron content (c), X-ray Absorption Spectroscopy
spectra of Co Ly 3 and Ba M, 5 edges (d), X-ray Absorption Near Edge Structure spectra of Co L3 edge (e), X-ray absorption spectra of Fe L 3 edges with calculated
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ranges, in Fig. 6 denoted as C and D, give information on Ba 5d and
transition metal 4sp unoccupied states[35], however, they do not pro-
vide key information on materials properties. The presence of a B peak
may indicate surface contamination[35].

The oxidation state and spin state of cobalt and iron may also be
investigated on transition metal L, 3 edges as presented in Fig. 6e and 6f

for Co and Fe, respectively. The L 3 spectra of transition metals arise
from transitions from an initial configuration 2p™d" to the final
configuration 2p™*d™"!, which is controlled by the selection rules AL =
+1, AS = 0. The spin-orbit interaction of the core hole with the valence
electrons results in two multiplet structures[35] . The maximum of Co L3
spectra (Fig. 6¢) is observed above 780 eV while that of Co®" is known to
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be below 780 eV [35,36], which indicates that a significant part of Co is
at the +4 oxidation state. With increasing Fe content the maximum shift
towards higher energies indicating increase of the Co** contribution.
The low energy shoulder of Co L3 indicates the high spin of cobalt.

The Fe Ly 3 spectra (Fig. 6f) do not change much with the iron con-
tent, suggesting that the Fe>*/Fe** ratio remains essentially unaltered.
The broadening of the reflections in relation to the Fe3* spectrum in-
dicates the presence of a mixture of Fe>* and Fe**. Despite the negligible
differences in the peak location, its spectral weight indicates the dif-
ferences in a spin state which can be quantified with the branching ratio.
This parameter, calculated from peak integrated intensities according to
the ratio ﬁ, describes the fractional probability for transitions from
L3 level, and is presented for the Fe Ly 3 peaks in Fig. 6. The branching
ratio is close to unity which indicates high spin configurations[35].
Moreover, the ratio is similar for all compounds and virtually unchanged
for BLCF50 and BLCF75. This suggests that Fe spin states do not change
with varying Fe content either and most of the changes are due to
changes in the Co states.

To sum up, with increasing Fe content the holes become more
localized on the B-site explaining the change from large polaron trans-
port in LBC to small polaron hopping in LBCFs and LBF. The Fe oxidation
state is mixed 3+ and 4+ and primarily high spin for all samples. The Co
oxidation state slightly increases to 4+ upon Fe substitution, which may
partially explain the deviation from Vegard’s law in Fig. 1. It is not clear
how the spin state of Co is affected by the substitution, but it is mostly
the HS configuration.

3.6. Bulk protonation

To analyse the hydration thermodynamics the mass change was
recorded with a thermobalance at a constant temperature of 300 °C
upon switching from dry (py20 < 107° atm) to wet (Pu20 ~ 0.01 atm)
conditions. The experiment was conducted both in oxidizing (synthetic
air, pOy = 0.2 atm) and inert conditions (nitrogen, pOy = 107% atm).
Mass increase after exposure to humidified atmosphere indicates hy-
dration (uptake of Hy0 as 2H™ and 027), hydrogenation (uptake of H'
and e”) or hydroxidation (uptake of OH™ and h™). An increase in mass
was observed in all the investigated compositions under both air and
inert atmosphere, see Fig. 7a and 7b, respectively, varying with atmo-
spheres and sample iron content. Regardless of the actual reaction
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driving the water uptake, protonic concentrations were estimated
assuming a hydration reaction for all conditions and the values are
shown in Fig. 7c. The values are not representing the actual proton
concentration, but merely serve as an indicator of the order of magni-
tude of protonic defect concentration that can be expected in such
compounds.

In air, the mass increase during hydration of LBC is slow, as observed
before for various barium lanthanide cobaltites[4]. It does not reach
equilibrium after 2 h at 300 °C and appears not to be reversible. By
increasing the substitution of Co by Fe, the total mass gain first de-
creases, reaching a minimum for LBCF25 and then increasing all the way
to LBF. Furthermore, a faster and partly reversible process adds
increasingly from 75 % Fe on, so that Fe-rich samples display a dual
mass increase: one slow and irreversible superimposed on a fast and
partly reversible, the latter typical of hydration or hydrogenation re-
actions for many oxides[1,4,25,27]. Under nitrogen atmosphere
(Fig. 7b), the samples exhibit similar dual-time constant and fully or
partly irreversible features as in air, but mass gains are in all cases
higher. The tendency of Fe-rich materials to be more hydrating under
both oxidising and inert atmosphere is clear.

On this basis, we divide the mass increase into two processes: The
slow one is fairly independent of Fe content and is believed to reflect
oxidation (or hydroxidation) accompanied by slow partial rearrange-
ment of cations and the local structure. The fast process is regular hy-
dration or hydrogenation, which is counteracted by holes delocalised to
oxide ions (ligand holes): Co-rich compositions have more delocalised
holes (large polarons) and oxide ions are not available for protonation
(except after rearrangement of local structure). Fe-rich compositions
have localised holes (small polarons) that leave oxide ions more avail-
able for protonation. Inert atmospheres lead to more oxygen vacancies
to hydrate and fewer holes, rationalising the higher mass increase in wet
Ny than in wet air. No doubt, the high hydration or hydrogenation of the
Fe-rich compounds interacts with the possibility for local restructuring
and consequent oxidation, making the mass uptake appear irreversible.

Our conclusions are coherent with results from Zohourian et al. [1].
who showed that B-site Zn doping of barium and/or strontium ferrites
enhances hydration and the explanation was that Zn reduces delocal-
ization of holes from B-site cations to oxide ions. In further studies,
Raimondi et al. [13]. employed various reduction and doping strategies
to enhance proton concentration and used X-ray spectroscopy to analyse
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Fig. 7. Water uptake at 300 °C of Lag sBag 5Co; xFeyO3 s measured in air (a) and nitrogen (b) as well as estimated concentration of protonic defects (c).


http://mostwiedzy.pl

A\ MOST

S.L. Wachowski et al.

how these strategies affect electronic states. The major conclusion was
that the more localized holes are on B-site cations the better for hy-
dration. All in all, large polaronic ligand holes increase the electronic
conductivity, but at the expense of proton concentration and protonic
conductivity.

3.7. Surface hydration

The flux of protons between the electrolyte and catalytic surface sites
on the electrode may also go by dissociated water on the surface[37] . To
evaluate the affinity of the surface to water and protons, a room tem-
perature study of water sorption was performed, and the results for
specimen with low and high iron content are depicted in Fig. 8a and b,
respectively. One can see that the isotherm types are different for these
two groups. All samples exhibit a type V isotherm, which has been
observed for water adsorption on hydrophobic micro- and mesoporous
adsorbents in the past [38]. However, caution should be made on
characterizing materials as hydrophobic solely on this basis as it does
not always have to be the case. In the case of LBCF50 and LBCF75
S-shaped isotherms were observed and the steep adsorption step at high
relative humidity (p/pg) which suggests surface heterogeneity and
confined geometry effects [39]. Iron-rich samples revealed higher water
adsorption, which at first sight can be assigned to the larger specific
surface of these samples measured by the BET method (Table S2). Fig. 8¢
summarizes the total water adsorption capacity as the mass of water per
unit surface area of the specimen and represents the maximum amount
of water that can be stored at the surface. There is no obvious trend, but
generally the capacity increases with the Fe content. The o parameter
(Fig. 8d) is expressed as a chemical activity of water vapour (in this case
the relative pressure) at which half of the total water capacity is reached.
It is a normalized parameter (0 < a < 1) expressing the hydrophobicity
of a surface and reflects the properties of the first layers of water [40].
The results show that the surfaces of our materials are slightly hydro-
phobic independent of the iron content. Thus, the adsorbed water,
especially the chemisorbed water which can exist even at high tem-
peratures, should not be correlated to the results observed in thermog-
ravimetric water uptake measurement. This means that the
thermogravimetry at 300 °C truly represents bulk processes only. This is
coherent with our previous study where the effect of surface water was
also negligible in water uptake experiments for cobaltites[4].

4. Conclusions

All investigated compounds across the series Lag sBag 5C01.xFexO3.s
(x = 0-1) are cubic perovskites with unit cell parameters decreasing
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with increasing iron content x. The thermal expansion has a chemical
component from oxygen loss by reduction at high temperatures. Both
thermal and chemical expansion coefficients decrease with iron content,
and the thermochemical expansion coefficient (TCEC) of BLF is as low as
11-10° 1/K, approaching typical values of electrolytes used in electro-
chemical devices. In terms of defects, the materials behave as semi-
conducting LaMOs perovskites with small band gaps and 50 % Ba
substitution acting as acceptors compensated by electron holes and ox-
ygen vacancies depending on T and pO,. The electrical properties are
dominated by p-type electron hole conduction with high large polaron
mobilities for the Co-rich compositions at low temperatures, tending
towards lower small polaron mobilities with increasing Fe content.
Conductivities decreasing with increasing temperature or decreasing
pOs, reflect the decreasing concentration of charge carriers as electron
holes are replaced by oxygen vacancies by reduction. XAS results show
that Co is in a high spin state, takes on the main part of the cation
oxidation state changes, and have hole states in orbitals overlapping
with the O 2p ligand states, which gives large polaronic behaviour,
while the hole on Fe is more localised at the cation as a small and less
mobile polarons. Hydration is more pronounced in inert than in oxi-
dising atmospheres, as oxygen vacancies are easier to hydrate than
electron holes, and it increases with Fe content, in line with the general
finding that holes overlapping to the oxide ions repel protons. All in all,
Fe-rich compositions benefit from lower TCEC and higher hydration and
hence expected proton permeability, at the cost of lower electronic
conductivity. The materials exhibit slightly hydrophobic surfaces at
room temperature irrespective of Fe content, suggesting weak chemi-
sorption of the first water layer that we may need for proton transport at
the higher temperatures of positrodes for proton ceramics — a matter that
warrants further investigation.
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