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BaFeOj3_;s-derived perovskites are promising cathodes for intermediate temperature solid oxide fuel cells. The
activity of these perovskites depends on the number of oxygen vacancies in their lattice, which can be tuned by
cationic substitution. Our first-principle calculations show that Ag is a promising substitute for the Fe site,
resulting in a reduced oxygen vacancy formation energy compared with the pristine BaFeO3_;. Ag has limited
solubility in perovskites, and its introduction generates an Ag metal secondary phase, which influences the
cathode performances. In this work, we investigate the matter, using a Bag gLag 1 Fe;_Ag,O3_; series of materials
as a case study. Acknowledging the limited solubility of Ag in Bag gLag 1 Fe;_xAg, Os_s, we aim to distinguish the
effects of Ag substitution from those of the Ag secondary phase. We observed that Ag substitution increases the
number of oxygen vacancies, confirming our calculations, and facilitates the oxygen incorporation. However, Ag
substitution lowers the number of holes, in this way reducing the electronic p-type conductivity. On the other
hand, Ag metal positively affects the electronic conductivity and helps the redistribution of the electronic charge
at the cathode-electrolyte interface.

1. Introduction

Solid oxide fuel cells (SOFCs) are promising energy conversion de-
vices that may help to reduce global pollution and tackle global warming,
two of the most significant challenges of this century.! SOFCs show
higher efficiency than other fuel cell technologies: they are fuel flexible,
and less affected by fuel impurities.? Conventional SOFCs require high
temperatures, typically in the range between 800 and 1000 °C, to cata-
lyze the oxygen reduction reaction (ORR) occurring at the cathode. These
high temperatures cause long start-up times, require complex heat
management systems, and narrow the range of materials that can be used
for interconnects and current collectors. Conventional cathodes need
high temperatures because their active reaction area is small, and

consists of the intersection of cathode, electrolyte, and gas phases.® The
use of mixed ionic electronic conductor (MIEC) cathodes solves this issue
by extending the active area to the whole cathode-gas interface. If
effective MIECs are used, the operating temperatures can be reduced to
the 500-800 °C range.” The most common MIEC cathodes are oxygen
deficient perovskites with an ABOs s formula, where the A site is an
alkaline earth or lanthanide, and the B site a transition metal. Their ac-
tivity is closely linked to the presence of oxygen vacancies in the lattice.
Among the ABOs.; perovskites, cubic BaFeOs;_; (BFO), was found to
reach surprisingly high catalytic activity.® The cubic phase was stabilized
by several groups, including ours, by La substitution.®'° To understand
the mechanisms underpinning BFO’s activity and stability, cationic
substitution in the Fe site has also been studied. For example, it was
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Fig. 1. (a) Relaxed structures of BagFegO4, BagFe;Ag1 024, and BayAg;FegOs4; (b) defect formation energy Eyp, for Ag substitution in the A and B sites of BagFegOox4
and oxygen vacancy formation energies E,,.. (c) Relaxed oxygen vacant structures in which the vacancy is located near Ag (V1) and far from Ag (V2), respectively.

observed that Co substitution improves the performance, as in
Bag 5Sro.5C00.sFep203_5, because of the high redox activity of Co®t/4+ 11
Other studies instead showed performance improvements by straining
the BFO lattice with the substitution of larger ions (i.e. Ce‘”, Zr4+, and
In®") in the Fe site.'>'° Lattice strain weakens the Fe—O bond, enhancing
the formation of oxygen vacancies. Substituting BFO with a redox-active
element that can also strain the lattice because of its size may result in
improved activity. To achieve this, ""Ag"/>* substitution in the VIFe3*/4*
site (where VI is the coordination number of the cation) could be an
interesting case study, since it is a redox-active element with a larger
ionic radius (between 0.75 A and 1.15 Am) than the one of Fe in BFO
(0.60 A®). Among Ag-doped materials, promising results were observed
by Zhang et al,”” who studied Ag substitution in
Sro.95A8( 05C00.9Nbo 103_5. Then, Lim et al.'® and Kucharczyk et al.’?
observed that LaMnOs_s; and LaFeOs;_; have limited solubility for Ag
substitution in the A site and generate secondary Ag-rich phases. From
the work of Guo et al.>’ we see that such secondary phases positively
contribute to the catalysis. Finally, Zhu et al.>! and Kim et al.?? used Ag
substitution to exsolve active Ag metal nanoparticles as an aid to the ORR
catalysis. To sum up, Ag is a large, active element which can potentially
dope the A site of SrCoOs_s-derived perovskites. B site doping is also a
promising strategy. In particular, Ag substitution in the Fe site of BFO has
never been explored before. Highly Ag-doped materials reportedly
generate Ag-rich secondary phases, suggesting a limited Ag solubility,
and such secondary phases further improve the cathode performance. In
carrying out such an investigation and understanding how these mate-
rials operate, it is important to differentiate the roles of the substitution
and secondary phase in the catalysis. Firstly, we examined Ag substitu-
tion in the A and B sites of the perovskite lattice by calculating the defect
formation energy. Secondly, we evaluated the impact of the Ag substi-
tutional defect on the oxygen vacancy formation energy. The preliminary

calculations revealed a lower defect formation energy for Ag substitution
in the Fe site of BFO compared to that in the Ba site. Therefore, our
subsequent study focused on the Fe site and on the influence of Ag on the
Fe-O bond. We then synthesized BagglagiFeOs_5 (BLF),
BaggLag1FeposAgy 05035 (BLFA-5), and BaggLagiFepoAgy;03 5
(BLFA-10), introducing La to ensure BFO’s cubic phase stabilization and
to balance the total charge.®® To distinguish the role of Ag substitution
from that of the Ag metal secondary phase, the perovskites were
compared with another composite material, named BLF + A, obtained by
thermo-mechanically enriching BLF with Ag metal particles as described
in the experimental section. The results of the investigation indicated
that Ag substitution increases the number of oxygen vacancies in the bulk
material, thus enhancing the activity of the cathode. On the other hand,
the Ag metal secondary phase increases the electronic conductivity of the
perovskite.

2. Methods
2.1. Computational study

We conducted the first principle calculations using spin-polarized
density functional theory (DFT) with the Vienna ab initio simulation
package (VASP).2>?* The simulations used the projector augmented
waves method with the Perdew-Burke-Ernzerhof (PAW-PBE)
exchange-correlation functional,” under the generalized gradient
approximation (GGA) scheme®® and DFT + U formalism.?” The valence
electrons for each element were Ba (5s25p®6s2), Fe (3p®3d’4s!),

Ag (4d'°5s!) and O (2s24p*). The Hubbard-U value was set at 4 €V to
take into account the localization of the.Fe 3d***° We modeled BFO as a
ferromagnetic compound consistent with the literature.?® The energy
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Fig. 2. Bader charge of (a) Ba, (b) Fe, (c) O, and (d) Ag in BagFegO24.,, Ba;Ag1FegOs4.,, and BagFe;Ag024.,, respectively. (e) Comparison of the density of states in

B33F63024, BagFe7Ag1024 and Ba7Ag1FeSOZ4.

cutoff was set as 520 eV, and the Brillouin zone was sampled using the 6
x 6 x 6 k-points under Monkhorst-Pack algorithm. Both the lattice pa-
rameters and the positions of the atoms were allowed to change until the
energy and force converged within 1075 eV and 0.02 eV/f\, respectively.
We constructed 2 x 2 x 2 supercells to model the materials, using the
compositions BagFegOgz4_n(n = 0, 1), Ba;Ag;FegOz4_n(n = 0, 1), and
BagFe;Ag,024_n(n = 0,1). For the O vacancy, we considered all possible
arrangements relative to the position of the substituted Ag cation. The
energies needed to form an Ag substitutional defect were computed as
follows:

Egip-a =Epar — Epr + fp, — Hag (1a)

Esv-8 =Epra — Epr + Hpe — Hag (1b)
where Egy, o and Egy, p refer to Ag substitution in the A and B sites,
respectively; Epp, Epar, and Eppa are the formation energies of the
BagFegO24, BayAg,FegOy4, and BagFe;Ag, 024 supercells respectively;
Hgas Hre> and p,, are the chemical potentials of Ba (—1.92 eV), Fe (-8.46
eV), and Ag (—2.83 eV) respectively.>! The vacancy formation energy,
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Fig. 3. (a) Projected crystal orbital overlap populations of the Ag-doped oxygen vacant structures: (a) BagFegOa3, (b) BagFe;Ag1023 V1 and (c) BagFe;Ag1024 V2. (d)

tg factor in BaFe; ,Ag,O3.5, influence of VIAgJr and VIAg”substitntion in the V'Fe

Evac,”® was calculated using the following formula:

Eyoe =Egt — E; + Ho, /2 + Aho/z (2)

where E; and Eg4e¢ are the energies of the original supercell and the
supercell with one oxygen vacancy, respectively; Ahg is the Oy over-
binding correction term (1.36 eV®?); and Ho, is the chemical potential of
a O, molecule (—9.86 eV). The analysis was completed by calculating the
Bader charge and the projected density of states (pDOS). Finally, the
projected crystal orbital overlap population (pCOOP) of the single bonds
was extracted from the plane-wave based DFT by combining the VASP
package with the local orbital basis suite towards electronic-structure
reconstruction (LOBSTER) package.gs’36

2.2. Material synthesis

We prepared the BLF, BLFA-5, and BLFA-10 materials using a sol-gel
complexing process. Ethylenediamine-tetraacetic acid (EDTA) and citric
acid (CA) were used as chelating agents.’’>*® Firstly, stoichiometric
amounts of the nitrates Ba(NO3), (Sigma Aldrich, > 99%), La(NOs),
(Sigma Aldrich, > 99.9%), Fe(NOs), - 9H,0 (Sigma Aldrich, > 98%), and
AgNO,(Sigma-Aldrich, > 99.0%) were dissolved in deionized water.
Then, EDTA and CA were added as chelating agents, following a molar
ratio of 1:1:2, respectively. Ammonia was added to adjust the pH level of

3+/4+

site.

the solution to 6. The solution was then heated on a hot plate at 120 °C
and stirred at 120 rpm until the water completely evaporated. The
remaining gel was pre-calcined at 250 °C for 6 h and calcined at 1000 °C
for 12 h in a high-temperature furnace, using a ramping rate of 10
°C/min. Finally, half of the BLF prepared was ball-milled with Ag,0 at a
molar ratio of 20:1 for 4 h, generating the composite material BLF + A.

2.3. Physical characterizations

We examined the phases of the synthesized materials by X-ray
diffraction (XRD) and high-temperature XRD (HT-XRD), using an
Empyrean XRD diffractometer (Malvern PANanalytical) with filtered Cu
K-alpha radiation (1 = 1.5406 A, 40 kV, 40 mA) in the range from 26 =
10° to 90°. The HT-XRD measurements were conducted between room
temperature (RT) and 900 °C, with increments of 100 °C. The XRD pat-
terns were fitted using Rietveld refinement (PDF#14-0180). The
composition of the bulk was examined by X-ray fluorescence (XRF), using
the element analyzer JEOL JSX-3201Z. We also studied the surface of the
materials with the X-ray photoelectron spectroscopy (XPS), using a
Kratos Axis Ultra DLD with an Al monochromatic X-ray source. The
scanning range covered to evaluate the composition of the surface was
from 0 eV to 1400 eV with increments of 1 eV. The oxidation state of Ag
was studied in the 360 eV and 380 eV range where the increments were
set at 0.1 eV. Similar settings were used for Fe within 700 eV and 740 eV.
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Fig. 4. (a) Room temperature XRD patterns of BLF, BLFA-5, BLFA-10, BLF + A. Reference peak positions and secondary phases are also shown. HT-XRD patterns from

room temperature to 900 °C for (b) BLF, (c) BLFA-5, and (d) BLFA-10.

Table 1

Structure, lattice parameter, and secondary phases for each stoichiometry,
calculated from the XRD spectra at room temperature.

Material Structure  Lattice Secondary phases
parameter
A&

Bag gLag.1FeO3 5 Pm3m 4.00 BaFe,04

Bag oLao.1Fe0.05A80.0s03.s  Pm3m 4.00 N/A

Bag gLao.1Fe0.0Ag0.103.5 Pm3m 3.99 Ag metal

Bag gLag 1FeOs.5 + Ago.1 Pm3m 4.00 BaFe;04, Ag metal

From the XPS data, we also determined the concentrations of Ba and La
on the surface relative to the bulk by using the surface concentration
indexes (SCIp, and SClg,.1,), defined as follows:

SCly, = [Basurf]/[Babulk] -1 (3a)

[Bagus] + [Lag]

SClgyry = Looout] T Lt}
Barta [Bapui] + [Lapui]

(3b)

where [Bayyf] and [Lag,f] are the molar concentrations of Ba and La on
the surface measured by XPS, [Bapy] and [Lapyk| are the molar concen-
trations of Ba and La in the bulk as measured by XRF.

The bulk oxygen non-stoichiometry was measured by iodometric
titration. In this process, 0.05 g of the perovskite were dissolved in a
solution of deionized water with 6 M HCl and then mixed with 1.5 g of KI.
I, was therefore generated by the following reactions

A 42T - Agh +1, (4a)

-2
YTIZ. (4b)

Fe't 4+ (y—2)I" - Fe’™ +
I, was removed by the introduction of a known amount of Na;S;0s,
using starch as an indicator, in the following reaction:

Iz + 2Na25203 — 2Nal + N32S406 (5)

From the amount of Na,S,0; used to complete the reaction, we
calculated the average oxidation number in the B site and the corre-
sponding oxygen non-stoichiometry &.

2.4. Electrochemical impedance spectroscopy

We conducted a series of impedance tests on the electrolyte-
supported symmetrical cells. The electrolyte consisted of a disk pre-
pared using 0.3 g of 20% Sm-doped ceria powder (Fuelcellsmaterials,
SDC20-M). We first pressed the SDC20-M powder into pellets (area = 1.1
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Table 2
Thermal expansion coefficients, derived from HT-XRD.

Material Temperature Range TEC (°C™1)

Bag.oLag 1FeOs.5 20-100 °C 1.88 x 10°°
100-200 °C 5.29 x 107°
200-300 °C 113 x 107
300-400 °C 1.89 x 10°°
400-500 °C 2.28 x 107°
500-600 °C 1.44 x 107°
600-700 °C 1.64 x 1075
700-800 °C 2.37 x 107°
800-900 °C 3.24 x 1075

Bag.oLag 1Fe.05A80.0503.5 20-100 °C 1.88 x 107°
100-200 °C 5.90 x 107°
200-300 °C 1.25 x 1074
300-400 °C 1.08 x 107>
400-500 °C 3.77 x 107°
500-600 °C 2.83 x 107°
600-700 °C 1.02 x 107°
700-800 °C 3.89 x 107°
800-900 °C 3.72 x 107°

Bag.oLao 1Fep.0Ag0.103.5 20-100 °C 1.72 x 1075
100-200 °C 4.70 x 107°
200-300 °C 1.22 x 1074
300-400 °C 312 x107°
400-500 °C 2.01 x 107°
500-600 °C 1.20 x 107°
600-700 °C 1.29 x 107°
700-800 °C 1.66 x 107>
800-900 °C 2.70 x 107°

Table 3
Cationic compositions, measured in the bulk by XRF and on the surface by XPS.

Element  Nominal XRF composition XPS composition (near-

composition (%) (bulk) surface)
(%) (%)

Bag oLag.1FeO3.5

Ba 45.00 42.12 42.75

La 5.00 3.07 14.82

Fe 50.00 54.82 42.43

Ag - - -

Bag oLag.1Fe0.05A80.0503-5

Ba 45.00 43.30 46.66

La 5.00 2.97 7.25

Fe 47.50 52.15 45.03

Ag 2.50 1.80 1.05

Bag.gLao.1Fe0.0Ag0.103.5

Ba 45.00 43.66 62.07

La 5.00 3.15 10.72

Fe 45.00 49.81 25.67

Ag 5.00 3.80 1.53

cm?; thickness = 0.3 mm), which we subsequently sintered at 1400 °C.
The electrolytes were then coated with the cathode slurries. To prepare
the slurries, we ball-milled 1.0 g of the corresponding cathode material
(BLFA-0, BLFA-5, BLFA10, and BLF + A) with isopropanol (10 mL),
ethylene glycol (2 mL), and glycerol (0.6 mL) for 4 h. Then, the slurries
were ultra-sonicated for 1 h and spray-coated on both sides of the elec-
trolyte. The obtained symmetric cells were sintered at 1000 °C for 2 h to
remove organic residuals and ensure adhesion between the two mate-
rials. After the EIS tests, the thickness of the cathode (>10 pm) was
measured by SEM. Finally, a thin layer of current collector made of Ag
paste (DAD-87, Shanghai Research Institute of Synthetic Resins) was
painted on both sides of the cells and cured at 180 °C for 1 h. The EIS data
was collected using a VSP potentiostat (BioLogic) in the frequency range
from 20 kHz to 100 mHz and a spacing of 15 points per decade. The tests
were conducted by positioning the cell inside a testing chamber where
both the temperature, T, and the gas atmosphere, consisting of a mixture

Materials Reports: Energy 1 (2021) 100018

of dry Ny and Oy (purity > 99.996%), were controlled. The oxygen
partial pressure (pO3) was set to 21%, whereas the temperature was
initially raised to 700 °C and then decreased to 500 °C with decrements
of 50 °C. At each temperature step, the impedance spectra were recorded
at five different pO, (21%, 40%, 60%, 80%, 100%). From the EIS data,
we calculated the area-specific resistance (ASR) from the polarization
resistance® and the area of the cathode. We also fit the same EIS data
using an equivalent circuit model (ECM) consisting in an inductance L, an
Ohmic resistance Roo, and two ZARCs elements in series. Then, based on
the elements in the ECM, we computed an analog of the distribution of
relaxation times (DRT)***? to assess how the system’s timescales depend
on temperature and the oxygen partial pressure.

2.5. Setup for conductivity measurements

The electrical conductivity (EC) and the electrical conductivity
relaxation (ECR) were measured on cuboid pellets with dimensions of 20
mm x 6 mm x 3 mm. The cuboids were prepared by isostatically pressing
the BLF, BLFA-5, BLFA-10, and BLF + A powders at 300 bar into pellets,
which were then sintered at 1000 °C. In both EC and ECR tests, the pellets
were connected to the VSP potentiostat by four silver wires in a four-
probe configuration. The tests were carried out in the same testing
chamber used for the EIS. The EC was measured at pO; = 21%. The
temperature of the furnace was initially set at 700 °C and then lowered to
300 °C, with decrements of 10 °C. At each temperature, we recorded the
conductivity over time, 6 = ¢(T, t) until its value was stabilized. The ECR
tests were carried out on the same type of samples. During the ECR test
the temperature of the chamber was kept constant and the pO, changed.
The ECR response was investigated at temperatures ranging from 500 °C
to 700 °C, with increments of 50 °C. While recording the conductivity
o(t) at every time step t, the sample was kept at the initial conditions of
pO2 = 50% until completely relaxed. Then, the pO; of the chamber was
suddenly dropped to 21%, triggering a relaxation towards a new equi-
librium.** Since the oxygen content in the perovskite influences the
electronic conductivity, we used the conductivity transient between the
initial and the final states to investigate the ORR kinetics. We first
normalized o(t) to a value 6, between 0 and 1 such that

o(t) —o;

0.(1) = (6)

Oy — Oj
where o(t) is the conductivity at the time step t, o; is the conductivity of
the relaxed sample at the initial conditions and o, is the conductivity at
the final state. We then fitted ,(t) with the ECRTOOLS package,**
obtaining the ORR constants of surface reaction (kepem) and chemical
diffusivity (Denem) in their respective confidence intervals.*>

3. Results and discussion
3.1. Computational study

As a first step, we computed the defect formation energy in both the A
and B sites. To do that, Ag cations were substituted into both Ba and Fe
sites of BagFegOaz4_,, forming Ba;Ag,FegOq4_n, and BagFe;Ag;024-p,
respectively. Then, the obtained structures were relaxed (Fig. 1a). The
defect formation energies (see Fig. 1b) show that Eg,_p1.85 eV) is lower
than Egy,_a(7.50 eV), suggesting that Ag is most likely to be substituted in
the B site of BFO. We also notice that the Ey, (Fig. 1b) calculated for both
Ba;Ag;FegO24_, and BagFe;Ag,024_, are lower than the Ey of
BagFegO24_p, suggesting that the presence of Ag enhances the formation
of oxygen vacancies. Particularly, in the supercells with an oxygen va-
cancy close to Ag (V1), Ey,. is lower than in the cells with an oxygen
vacancy far from Ag (V2), see Fig. 1b and c. This indicates that oxygen
vacancies are prone to locate near the Ag cation. Bader charge was
calculated to study the influence of Ag doping on the electronic structure.
Although Ag doping does not produce relevant changes to the charge of
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Fig. 5. Surface concentration indexes of (a) Ba and (b) Ba + La on the surface of BLF, BLFA-5, and BLFA-10 as defined in Section 2.3.
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Table 4

Oxygen deficiency 6 for each material, measured by iodometric titration. Fe
average oxidation number measured in the bulk by iodometric titration. Fe
average oxidation number measured on the surface by XPS fit.

Material I} Oxidation state of Fe
Titration XPS
Bag oLao.1Fe03.5 0.37 3.15 3.24
Bag gLao.1Fe0.05A80.0503-5 0.42 3.07 3.20
Bag gLag.1Feo.0Ag0.103.5 0.47 2.95 3.09

Ba (see Fig. 2a), we observed that it lowers the Fe charge instead, espe-
cially in BagFe;Ag; O24_, (see Fig. 2b). This suggests a reduction of the
number of available holes, which are responsible for the electronic
conductivity (p-type). Hence, we may expect the electronic conductivity
to decrease. In addition, the introduction of Ag causes less negative Bader
charge of O, corresponding to a higher tendency to form oxygen va-
cancies, see Fig. 2c. It is also observed that the Bader charge of O in the
oxygen-vacant materials is more negative, as a consequence of charge
redistribution in a lower number of oxygen atoms. Finally, in Fig. 2d, we
can see that the Bader charge of Ag is much higher when Ag is doped into
the B-site compared to the A-site, suggesting a different oxidation state,
i.e. Ag" in the A-site and Ag>" in the B-site. This is because Ag-O bond is
longer in A-site substituted BFO than B-site substituted BFO, and orbital
interactions between Ag and O in the A-site is accordingly weaker than
that in the B-site. As a result, the energy rise of d orbitals of Ag in the A-
site is smaller than that of Ag in the B-site upon the interactions between
Ag and O. Hence, Ag at the B-site would easily release electrons to
become Ag>", while Ag in the A-site can still stay in a lower valence. The
study of the projected density of states (pDOS), see Fig. 2e and Fig. S1,
did not provide sufficient insights on the electronic structure of the
material. Therefore, a more specific study of the pCOOP of each bond was
carried out, observing the effects of Ag introduction and oxygen vacancy
introduction on Fe-O and Ag-O bond orbitals (Fig. 3). Comparing the
spin-down spectra of the bonds in BagFegO,3, BagFe;Ag; 023(V1), and
BagFe;Ag,023(V2), we can see that Ag-O partially occupies the anti-
bonding orbitals. This is supposed to decrease the bond order of the Ag-O
bond, thus its bond strength. Ag’s presence generates antibonding or-
bitals in Fe-O too, leading to a weaker Fe-O bond. We conclude that
Ag-O bond is weak and Ag introduction weakens Fe-O bonds in the
structure, boosting the formation of oxygen vacancies. In addition, the
pCOOP of Ag-O located opposite the oxygen vacancy (Fig. 3b, in red)
exhibits notable antibonding features, making very likely the formation
of another oxygen vacancy in that same position. The above observations
suggest that Ag atoms may behave as a pathway for oxygen vacancy
transfer through BagFe;Ag, O,3. Finally, we calculated the Goldschmidt
tolerance factor tg = (ra +10)/v2(rs +7o) of BaFe;_,Ag,03_s5, where ra
is the average of ionic radii in A site, rp is the average of ionic radii in B
site, and ro is the radius of oxygen. The ionic radii depend on the coor-
dination and oxidation numbers of the element, i.e., [X'Ba®*]1 = 1.61 A, r
[Vo*" 1 =1.4A, r[V'Ag*] = 1.15 A, r[V!Ag®*] = 0.75 A.'° In addition, r[
VIpe3+/4+ 1 = 0.60 /0\, was from the work of Kida et al.® on BFO. Ag
introduction improves the cubic phase stability by lowering t; (see
Fig. 3d), but it is not enough to stabilize it at room temperature. There-
fore, as anticipated in the introduction, the cubic phase was ensured by
La substitution in the A site.

3.2. Structure

The XRD patterns, reported in Fig. 4a, show that the cubic phase
Pm3m is reached by the four types of materials. In the BLF, we detected a
small BaFe,O4 impurity, which was also identified as an impurity by
Dong et al.” We also detected the presence of the Ag metal in both
BLFA-10 and BLF + A, see reflection at 38.2°.* Such a peak is
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consistently visible in the XRD patterns in the works of other groups on
Ag substituted cubic perovskites, such as La;_,Ag,MnOs (x > 0.1) and
La;_,Ag,FeOs (x > 0.05)’s ones.'®!° The presence of Ag metal indicates
that Ag’s solubility in BLF is limited. We did not detect any Ag,0 or AgO
secondary phases, as they are known to turn into Ag metal at tempera-
tures above 195 °C. The space group and dimensions of perovskite’s
primitive cell are reported in Table 1 together with the secondary phases
detected. HT-XRD analysis (Fig. 4) shows that the Pm3m phase is stable in
the whole intermediate temperature range (500-800 °C). A sharp in-
crease in the lattice parameter can also be observed above 300 °C
(Fig. S3). Such an increase is due to both thermal dilation and the for-
mation of oxygen vacancies,'? leading to average thermal expansion
coefficients (TECs) of 3.48 x 107> K%, 3.67 x 107° K%, and 3.40 x
107° K}, for BLF, BLFA-5, and BLFA-10, respectively (Table 2).

3.3. Surface study

Table 3 shows the compositions of the perovskite bulk (measured by
XRF) and surface (measured by XPS), see also Fig. S4. The two compo-
sitions allow the computation of the indices (Fig. 5) defined by (3). We
can notice that, while SCIg, and SCIp,,1. are negligible in BLFA-5, they
become severe in BLFA-10. Analyzing the XPS of Ag (Fig. 6) in BLFA-5,
we observe a peak at a binding energy close to the ones of Ag® and
Ag?, in 368.3 eV and 368.6 eV, respectively.*® Since their binding en-
ergies are too close to be distinguished, it is not possible to estimate how
much Ag entered the perovskite and how it leads to the secondary phase.
On the other hand, we also detected the presence of Ag>* in BLFA-10,
consisting of about 25% of the total amount of Ag in the spectrum.
Ag®" is distinguishable from the other two since its binding energy peaks
at 366.8 eV.?” This is interesting since BLFA-10 substitutes the highest
amount of Fe3™/4* and suggests that Ag>" may be present due to charge
compensation. Comparing the XPSs in the scan range of Fe (Fig. 6d), we
can observe the incremental right shift of the Fe 2p peaks for BLFA-5 and
BLFA-10. Due to the structure of BFO-like materials, the formation of
Fe?" is unlikely.*® Therefore, the shift should be caused by an increase of
Fe®*' at the expense of Fe**.!® The XPS of non-pure Fe oxides is affected
by several spectral overlaps and multiplet splitting. Hence, the exact
resolution of its chemical states is characterized by an inherent degree of
error.”’ In this work, we assigned the peak values of 710 eV and 713 eV,
respectively, to the 2p orbitals of Fe>™ and Fe*". By observing the
resulting fit, we find the increase of Fe> and the decrease of Fe**
(Fig. S5). This reduction of Fe 2p valence state suggests an increased
concentration of oxygen vacancies near the surface, after the introduc-
tion of Ag. Similarly, the iodometric titration shows an increase of the
number of oxygen vacancies in the bulk of BLFA-5 and BLFA-10
(Table 4). This is consistent with our calculations and demonstrates a
higher activity of the Ag-doped materials.

3.4. Electrochemical impedance spectroscopy

The R, obtained by EIS, i.e. the arc, can be used as a proxy of the
catalytic activity. R, depends on several kinetic steps, taking place either
at the cathode-electrolyte interface, in the bulk material, or at the
cathode-gas interface. We expect that Ag substitution and the Ag metal
secondary phase influence different kinetic steps. Hence, we compared
the EIS outcomes to differentiate the two contributions. Comparing BLF
and BLF + A in Fig. 7a, we observe that the arc of BLF + A is smaller,
underlining that the presence of Ag metal improves the activity. As noted
by Choi et al.,’° this improvement may be attributed to the electronic
charge redistribution at the electrolyte-cathode interface, facilitated by
Ag metal. It can be asserted that Ag metal catalyzes the ORR indepen-
dently from BLFA-x.! However, it can be argued that this contribution is
negligible, having Ag metal a larger ASR (between 0.92 and 3.55 Q cm?
at 650 °C>?) than the one of BLF (ASR = 0.65 Q cm? at 650 °C, see Fig. 7).
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In addition, for the small amount of Ag metal present (<5%), indepen-
dent ORR catalysis would not have a noticeable influence on BLF + A’s
catalytic properties. In Subsections 3.5 and 3.6, we further clarify the
matter by observing the influence of Ag metal on both the electric

conductivity and ECR. Comparing BLF + A with BLFA-10, which contain
the same amount of Ag, we can appreciate the contribution of Ag sub-
stitution as shown by the computations. The EIS arc of BLFA-10 is smaller
than that of BLF + A, suggesting that Ag substitution improves the
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Table 5
Parameters of the ZARC elements in the ECM at T = 600 °C and pO, = 21%.
Material Ry (Q-cm?) R (Q-cm?) 71 (s) 75 () $1 () $2 )
Bag oLa 1FeOs.5 1.25 0.59 1.37-1072 5.34.107° 0.77 0.52
Bag.oLag 1Feg 05A80.0503.5 0.43 0.32 9.69-10~* 1.94.107* 0.82 0.62
Bag oLag 1Feg 0Ago.103.5 0.24 0.06 6.05.10~* 1.75.107° 0.78 0.52
Bag.oLag 1FeOs.s + Ago1 0.40 0.22 6.08-1072 6.35.1073 0.89 0.50

activity of the perovskite. In addition, as both the DFT and iodometric
titration pointed out, Ag substitution lowers the vacancy formation en-
ergy. Hence, we attribute this activity improvement to the higher number
of oxygen vacancies of BLFA-10. Finally, the R;, of BLFA-5 is reasonable at
an intermediate value between those of BLF and BLFA-10. Then the ASRs
at all the T and pO; indicated were calculated (see Fig. 7). As shown in
Fig. 7, the trends above are well maintained at all the working conditions.
We can also indicate the fitted exponential factors m, which link the ASR
and pO, according to the relation

ASRepO;" (10)

As shown in the work of Escudero et al.,>® specific ranges of the factor
m correspond to a different rate-limiting step of the ORR. In particular,
the reaction could be limited by 1) the adsorption of oxygen at the
gas-cathode interface 05" < O;‘ds (m = 1); 2) oxygen dissocial;ionog‘jls -
20 (m = 0.5); 3) the diffusion processes at the electrode-electrolyte
interface (m = 0.375); or 4) charge transfer in 0% 4 2¢- + V5 < 0F
(m = 0.25), where Vj is the oxygen vacancy. In our study (Fig. 7), m~0.3
suggests that the electrode-electrolyte interface and the charge transfer
are the main limitations to the reaction. For BLFA-5 and BLFA-10, the
supply of oxygen vacancies ceases to be the reaction limiting factor at
700 °C. This shows that Ag substitution increases the ionic conductivity,
as also suggested by the weakening of the Fe-O bonds calculated by
pCOOP (Fig. 3). ASR in BLF + A, on the other hand has a flatter
dependence on pO,, being characterized by m between 0.1 and 0.2. The
estimated ECM parameters are reported in Tables S1-S4, where the
DRT-like analysis shows that the increasing T and pO; lower 7; and 75, see
Fig. 8. We then compared BLFA-5, BLFA-10, and BLF + A against BLF, at
the same conditions of T and pO,, see Table 5, where the EIS fits and
corresponding DRT are reported in Figs. S6-S13. We observed that, for
BLFA-5 and BLFA-10, the resistances and the relaxation time constants
were lower, indicating a beneficial role of Ag substitution on the ORR.
Conversely, while BLF + A has a reduced resistance, it led to higher
relaxation time constants.
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3.5. Electrical conductivity

The electrical conductivity of BLF is mainly of p-type, where the
charge is transferred via the transport of the electron holes in the oxygen
sublattice. As is typical in semiconductors, the conductivity increases
with temperature as long as the number of oxygen vacancies is constant.
On the other hand, temperatures above 300 °C generate a sharp increase
of the number of oxygen vacancies.'® This causes a reduction of the
number of holes, which are the major charge carriers of p-type conduc-
tivity. Therefore, the conductivity peaks at temperatures ranging be-
tween 350 °C and 450 °C, and then starts to decline. This is apparent in
Fig. 9b for all the materials studied. In this framework, we study how Ag
metal and Ag substitution influence conductivity. Firstly, comparing BLF
and BLF + A, we can observe the influence of the Ag metal secondary
phase. The temperature dependence of the conductivity curve of BLF + A
is very similar to the one of BLF, but higher and shifted to the left. This
suggests that the conductivity improvement in BLF + A is due to the high
electron-driven metallic conduction through the Ag metal secondary
phase. The left shift may be due to the negative correlation between
metallic conductivity and temperature. The sample BLFA-5 is mainly
affected by the presence of Ag*/3* in the lattice, which causes a higher
number of oxygen vacancies and a lower number of holes. This reduction
of the charge carriers was also suggested by the computational Bader
charge study (Fig. 2) and causes a lower electronic conductivity. Finally,
the BLFA-10 sample shows an intermediate behavior. As in BLFA-5, the
presence of Ag™/3* in the lattice lowers its conductivity, but the presence
of the Ag metal secondary phase makes it higher than BLFA-5 and gen-
erates a left-shift of its conductivity peak.

3.6. Electrical conductivity relaxation

The dual effect of the Ag introduction observed in the electrical
conductivity is reflected in the ECR response, see Fig. 9c and Fig. S14.
Taking the BLF case as a starting point, we find that the presence of Ag
metal in BLF + A hinders oxygen incorporation, resulting in the slowest
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Fig. 9. (a) Schematics of the 4-probe method used for measuring the electrical conductivity and ECR. (b) Electrical conductivities of BLF, BLFA-5, BLFA-10, and BLF +
A pOy = 21%. (c) Representative ECR responses with a pO, step from 50% to 21%, conducted at T = 500 °C; the corresponding ECRTOOLS fits are also shown. (d)kchem
and (e) Dchem Obtained by ECR regression after a pO, step change from 50% to 21%. Due to the fast kinetics, the coefficients for BLFA-5 at high temperatures could not

be obtained reliably.

response. This observation confirms our initial hypothesis on BLF + A’s
EIS arc reduction, suggesting that it should not be attributed to a fast
oxygen incorporation but only to an improved electronic stabilization of
the cathode-electrolyte interface. Still in Fig. 9¢c, the material with the
fastest response is BLFA-5, which is boosted by Ag substitution, but not
hindered by the Ag metal. Finally, the response of BLFA-10 is slower than
that of BLFA-5 due to the presence of the Ag metal secondary phase.
These results are not in contrast with the EIS. Indeed, Ag metal has a
positive effect on the EIS by aiding the electronic stabilization at the
cathode-electrolyte interface. However, it has a negative effect on the
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ECR. Yet Ag-substitution also improves the ECR by increasing the number
of oxygen vacancies in the perovskite. The constants kchem and Dehem
fitted with ECRTOOLS are shown in Fig. 9d and e. The fitting result
suggests that the mere introduction of Ag metal particles lowers kchem,
while Deher is boosted by the Ag substitution in the lattice. Fitting these
parameters on a thick sample is non-trivial, and may lead to some mis-
matches. In particular, for BLF, the slow kinetics of Deper, results in a non-
fittable kchem. On the other hand, for BLFA-5, the fast kinetics of the
material at high temperatures causes a poor fit and large error bars.
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4. Conclusions

This study has helped to elucidate the influence of Ag introduction in
the BFO-derived series of materials BLFA-x. We first carried out a
computational study on Ag-doped BFO, to predict the effects of Ag sub-
stitution in BFO. Then, to experimentally distinguish the influence of Ag
substitution from the one of the Ag metal as a secondary phase, we
compared the BLFA-x series with BLF + A. We observed that both Ag
substitution and Ag metal phase contribute to the enhancement of the
ORR catalysis in different ways. Cationic substitution of Ag increases the
number of oxygen vacancies in the material, improving in this way the
catalytic performances for ORR. However, Ag substitution reduces the
electronic conductivity, since it lowers the number of holes. On the other
hand, the electronic conductivity is boosted by the presence of the Ag
metal phase, which also stabilizes the charge distribution at the cathode-
electrolyte interface. We believe that such properties make Ag an inter-
esting element to use in tuning SOFC materials and an opportunity for IT-
SOFC cathode development.
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