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HIGHLIGHTS

e The introduction of cerium improves sinterability and thermomechanical properties.
o Cerium incorporation increases concentration of Fe>* ions and ion conductivity.

o Electrode performance evaluated both under anodic and cathodic polarization.

e Lag 45Ceq 05510 sFeO3_s electrode exhibits higher activity in the SOEC mode.
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The crystal structure, thermal expansion, oxygen nonstoichiometry, electrical conductivity, and electrode
properties under anodic and cathodic polarization of perovskite-type oxide Lag 45Ceq 05510 sFeO3_s have been
investigated. The oxygen content data measured in a wide range of oxygen partial pressure by coulometric
titration were used to analyze the defect chemistry of the ferrite and calculate the concentrations of charge
carriers. The obtained results were compared with similar available data for Lag 5Srg sFeOs_s. It was found that
the incorporation of cerium into the lattice of the ferrite improves the sinterability of ceramics and enhances its
thermomechanical properties. In addition, cerium substitution increases the concentration of Fe?* ions and
enhances the mobility of oxygen ions. The oxygen ion conductivity in Lag 45Ceq.05Sro.sFeO3_s was found to be
relatively high (achieves 0.5 S cm ™! at 950 °C) that is favorable for the use of these materials as air electrodes of
solid oxide fuel and electrolysis cells. In air, porous electrode layers show significantly higher electrochemical
activity in the electrolyzer mode compared to the fuel cell mode.

1. Introduction of SOEC performance [4-6]. The mechanism of this process is associated

with the formation of high local gradients of oxygen chemical potential

In recent years, solid oxide electrolysis cells (SOECs) operating at
elevated temperatures have received much attention. The cause of the
interest is the highest efficiency of SOECs among other types of elec-
trolysis devices in production of hydrogen, which is considered a key
component of future energy system [1-3]. Although SOEC can be
regarded as a reversed solid oxide fuel cell (SOFC), these two devices
operate in different modes, so their electrode materials have different
requirements. For instance, composites based on lanthanum-strontium
manganites (LSM) with perovskite-type structure are widely used as
air electrode of SOFC. However, under anodic polarization, these elec-
trodes can undergo delamination, resulting in irreversible degradation

at the electrolyte — air electrode boundary. Owing to a poor oxygen-ion
conductivity, the LSM-based electrode cannot provide necessary rate of
the oxygen removal from the interface that leads to the electrode
delamination. Therefore, considerable efforts are focused on the devel-
opment of air electrode for SOEC with suitable level of oxygen-ion
conductivity in combination with high enough electron conductivity.
One promising group of oxides for air electrode development refers
to perovskite-type La; _,SryFeOs_s, where the highest level of electron
and oxygen-ion transport is observed at x ~ 0.5 [7-9]. Ion conductivity
in Lag 5Srg sFeO3_s at 900 °C was reported to be ~0.3 S cm ! [10]. This
value exceeds ion conductivity of yttria-stabilized zirconia and
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scandia-stabilized zirconia, which are widely used as electrolytes in
SOECs [11]. Since air electrode of Lag 5Srg sFeO3_s should not hamper
oxygen transport through the electrolyte — electrode interface, the
delamination problem is expected to disappear. This material, however,
exhibits excessively high thermal expansion attributed to the significant
contribution of chemical expansion [10]. Another disadvantage of fer-
rites, limiting their use as electrode materials, is their insufficient cata-
lytic activity in the oxygen reduction reaction [12]. One approach to
solve these problems is an appropriate partial substitution of cations in
the A- or B-sublattices. For instance, the incorporation of even small
amounts of cerium cations into the ferrite lattice was reported to reduce
the thermal expansion coefficient, increase the electronic conductivity,
and improve the SOFCs performance [13,14]. In addition,
Cey.1Srp.oFeO3_s was found to have a significant level of specific oxygen
permeability, which is higher than that of La; _,Sr,FeO3_; oxides [15]. It
is worth mentioning that cerium ions can also be incorporated into the
B-sites of ferrites in the case of barium residing in the A-sublattice
[16-18]. The cerium introduction was shown to improve the functional
properties of SOFC cathodes. In particular, the area-specific polarization
resistance of the BaCeg osFeg.9503_s cathode was shown to be several
times lower than that of BaFeOs_; [19]. However, barium-containing
oxides have a strong disposition to water absorption, which may be an
advantage for their use as cathode materials for proton-conducting
SOFCs [20], but is hardly favorable for oxygen ion conducting cells,
since water uptake and release induce thermomechanical strains and
may lead to microstructural degradation. Another drawback of ferrites
containing cerium in the B-sublattice is their moderate electrical con-
ductivity, which, for example, in BaCe gsFeg 9503_s at 800 °C in air is
below 10 S ecm™L.

This study is aimed at the synthesis and evaluation of
Lag 45Ceq.05Sr0.5FeO3_s in light of the possible use of this oxide as an air
electrode for SOECs. The selection of the composition is conditioned by
the widely known high catalytic activity of cerium-containing materials
in oxygen reduction reaction [21]. At the same time, the precaution is
taken into account, that an excessive cerium content is detrimental due
to the segregation of cerium oxide [13]. Besides, it is taken into
consideration that the highest electrical conductivity in
Sry_aCeyFep gCo0 203_x in air was registered for the composition a =
0.05, whereas an increase in cerium content up to a = 0.1 leads to a
threefold decrease in conductivity [22]. The crystal structure, oxygen
content, defect equilibria, ionic and electronic transport, and electrode
properties were examined in a wide range of experimental conditions.
The obtained results were compared with the respective available data
for Lag 5Srg.sFeO3_; to evaluate the impact of cerium introduction.

2. Materials and methods

The synthesis of Lag 45Ceq.05Sr0.5FeO3_s oxide was carried out by the
citrate-nitrate auto-combustion method using metallic iron (99.995 %
purity), lanthanum nitrate hexahydrate (99.9 %), cerium nitrate hexa-
hydrate (99.6 %), and strontium nitrate (99.8 %) as starting materials.
Iron was preliminarily converted into the nitrate form by dissolving in
the required amount of nitric acid (analytical grade). The reagents taken
in stoichiometric amounts were dissolved in bi-deionized water. Citric
acid (99.9 %) was added in a proportion of 2 mol per mole of metal
atom, and the pH of the solution was adjusted to pH = 7 by adding
ammonium hydroxide (25 %, analytical grade), then the mixture was
stirred and heated until self-ignition occurred. Throughout the entire
process, no precipitation was observed, and the system remained ho-
mogeneous. The resulting gray ashes were collected and annealed at
900 °C for 10 h in order to remove residual organic matter and carbon.

Ceramic disks with a diameter of ~20 mm and a thickness of ~2.5
mm were fabricated from powdered oxide by uniaxial pressing and
sintering at 1300 °C. The density of the samples was estimated from
their mass and geometry. Rectangular bars with the size of about 2 mm
x 2 mm X 15 mm were cut from the ceramic disks to be used for the
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measurements of electrical conductivity and thermal expansion, as well
as for scanning electron microscopy (SEM), while the remaining ce-
ramics were milled into powder, which was used for the X-ray diffrac-
tion (XRD) analysis and coulometric titration.

The phase composition was examined by XRD at room temperature
using SmartLab Se Rigaku diffractometer (Rigaku Corporation, Japan)
with monochromatic CuKa radiation. The X-ray diffraction patterns
were analyzed by the Rietveld refinement method for single-phase
samples and Le Bail refinement method for multi-phase samples using
the GSAS-II program [23]. The SEM on a Supra 50VP microscope (Carl
Zeiss, Germany) was used for the examination of the morphology of
ceramics and porous electrode layers. For the SEM analysis, the ceramic
samples were polished and thermally etched at 1200 °C for 1 h to obtain
clearly distinguishable grain boundaries. The thermal expansion mea-
surements were carried out using a vertical alumina dilatometer Linseis
L75 (Linseis, Germany) at a heating/cooling rate of 3 °C/min in flowing
air with a flow rate of 50 mL/min.

The oxygen content in the oxide, depending on temperature and
oxygen partial pressure (po,), was determined by coulometric titration
in a double electrochemical cell [24]. A necessary condition for
recording experimental data was to achieve equilibrium between the
oxide sample and the surrounding atmosphere. The absolute value of the
rate of change in the logarithm of po, less than 10* per minute and the
standard error of the mean not exceeding 0.03 % at a fixed temperature
and po, above the sample were used as equilibrium criteria.

The total electrical conductivity of the sample was measured as a
function of oxygen partial pressure at different temperatures using the
four-probe direct current method in the pe, range from 1072 to 0.3 atm
at 750-950 °C [25]. The equilibrium criteria for conductivity mea-
surements were the absolute value of the rate of change in the logarithm
of conductivity less than 10™> per minute at a fixed temperature and
oxygen partial pressure above the sample, as well as the standard errors
of the mean not exceeding 0.25 % for conductivity and 0.05 % for po,.
The range of po, from ~1071° to 107 atm was excluded from the
measurements due to the extremely slow equilibration, as was previ-
ously shown in Ref. [26].

The electrode performance was tested employing half-cells with 1.0
mm thick solid oxide electrolyte membrane of 10 mol.% Scy03 and 1
mol.% Y503 co-stabilized ZrO5 (10Sc1YSZ, Terio, China). The inks of
Lag.45Ce0.05Sr0.5Fe03_5 or Cep.9Gdp 101.95 (GDC10) were prepared by
mixing of ball-milled powders with a V-006A binder (Heraeus, Ger-
many). In order to prevent chemical interaction between the electrode
and electrolyte materials, a protective GDC10 interlayer (semicircular
with geometric area of 1.2 cm?) was first screen-printed onto one side of
solid electrolyte disc and dried in air at 100 °C. Then
Lag.45Ceq.05Sr0.5sFeO3_s working electrode (WE) layer was deposited.
After drying, the electrodes were sintered in air at 1200 °C for 2 h. The
thicknesses of the interlayer and electrode layer were 6 and 25 pm,
respectively (Fig. 7). The total sheet density was 9.6 mg/cm?. Platinum
counter electrode (CE) was applied on the opposite side of the solid
electrolyte symmetrically to the WE. Pt reference electrode (RE) (1 mm
in diameter) was placed at a distance of at least 6 mm from the WE. The
CE and RE were fired in air at 950 °C for 30 min. The electrode over-
potential (i) and polarization resistance (R,) as a function of current
density (i) were measured by the three-electrode technique in poten-
tiostatic mode using an Autolab 302 N PGStat instrument equipped with
FRA32 module (Metrohm Autolab B.V., The Netherlands) at 850 °C. A
schematic drawing of the experimental set-up for the electrode polari-
zation measurements is shown in Fig. S1 of Supplementary material. The
relaxation time after changing the WE potential was 60 min. The values
of ohmic and polarization resistances were determined from the
impedance spectra collected in the frequency range from 0.1 Hz to 1
MHz. In order to clarify the possibility of a potential interaction between
Lag.45Cep.05Sr0.5FeO3_s and a protective GDC10 interlayer, the corre-
sponding powders were thoroughly mixed and subjected to two heat
treatment regimes. The first mode corresponded to the sintering of



S.S. Nikitin et al.

electrodes (1200 °C for 2 h), whilst the second simulated the operating
conditions (850 °C for 100 h). After cooling, both samples were ground
for XRD analysis.

3. Results and discussion
3.1. Structure and lattice expansion

The X-ray diffraction data Rietveld refinement of synthesized
Lag.45Ce0.05Sr0.5FeO3_s shown in Fig. 1a testify the formation of a single-
phase oxide with orthorhombic symmetry (S.G. Pbnm) in contrast to
rhombohedral symmetry (S.G. R3c) of cerium-free Lag 5Srg sFeO3_s. The
pseudocubic perovskite unit cell parameter of Lag 45Ceg o5Sro 5Fe03_s
(ap = 3.8878(2) A) is identical to that of Lag 55t sFeO3 5 (a, = 3.888 A)
[27], within the limits of experimental error, although the radius of Ce*t
(Reni2 = 1.14 f\) is smaller than the radius of La®* (Reniz = 1.36 10\)
[28]. This behavior should be attributed to the reduction of Fe** ions
(Rcne = 0.585 A) to larger Fe3* jons (Rcne = 0.645 A) due to charge
compensation upon replacement of La>" with Ce*" as in the case of
similar perovskite-type oxides [29]. After annealing
Lag 45Ceq.05Sr0.5FeO3_s oxide at 950 °C and oxygen partial pressure of
~1071° atm the orthorhombic structure is retained (Fig. 1b), whilst the
pseudocubic unit cell parameter becomes higher (a, = 3.8902 A).

The estimated density of the Lag 45Ceg o5Sro sFeOs_s ceramic sample,
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Fig. 1. Room-temperature X-ray powder diffraction patterns of
Lag.45Ceo.05Sr0. sFeO3_s as-prepared (a) and after reductive treatment at 950 °C
and oxygen partial pressure of ~1071% atm (b).
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sintered in air at 1300 °C, is about 98 % of the theoretical value calcu-
lated from the XRD results. Fig. S2 in Supplementary materials presents
SEM image, which confirms the formation of ceramics with high density
and grain size varying in the range of 1-5 pm. It should be noted that the
Lag 5Srg.sFeO3_s ceramics, sintered at 1300 °C, had the relative density
of only 65.1 %, whereas the density of 93.1 % is achieved after sintering
at 1500 °C [27]. Thus, the introduction of a small amount of cerium into
the A-sublattice of Lag 5SrgsFeOs_s improves the sinterability, which
may be advantageous for the formation of SOFC/SOEC electrode layers.

The dilatometric curve recorded in air (Fig. 2) has two clearly visible
linear parts, corresponding to the average linear thermal expansion
coefficients (TECs) of 12:107® K™! (100-400 °C) and 23-107® K!
(700-1000 °C). The higher TEC values at elevated temperatures are
typical for perovskite-type oxides with variable oxygen content and are
explained by the contribution of chemical expansion attributed to the
oxygen release from the lattice on heating and to the corresponding
decrease in cation oxidation states [30,31]. This agrees with the data on
oxygen nonstoichiometry and total electrical conductivity, discussed
below. It is worth noting that, although the obtained TEC values are
excessively high for the SOFC/SOEC electrode applications, they are
lower than those of Lag sSrgsFeOs_s (14107 K ! (120-680 °C) and
2610 °K! (700-880 °C) [32]) in the whole temperature range. Thus,
partial substitution of cerium for lanthanum in Lag5SrgsFeOs_s im-
proves thermomechanical properties in accordance with the oxygen
content variations. For the sake of comparison, the dilatometric data for
Lag 5Sro.4Cag.1FeO3_5  [33], LagsSrosFepoTip.103-s [9], and
Lag 5Srg.sFep 9Alp103_s [34] ceramics are also presented in Fig. 2. The
introduction of Ti** provides the most favorable effect on thermo-
mechanical properties of LagsSrgsFeOs_s. These results demonstrate
once again that, at temperatures above 500 °C, the thermal expansion is
affected by oxygen release from the lattice, which in turn depends to a
considerable degree on the oxidation state of the dopant and its
concentration.

3.2. Defect chemistry

Fig. 3 presents isotherms of the oxygen content in
Lag.45Ce0.05Sr0.5sFeOs_s as a function of oxygen partial pressure. The
experimental data are shown by symbols. For the sake of comparison,

2.0
L — Lay ,5Ce 551, sFeO,
16k —— Lay;Sry,Ca, FeO, , /’;»
: ——— La,SrsFe Tiy 05 4 ap = 23-10° K_l/,’///
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S
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0 O L 1 : 1 ' 1 L
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Fig. 2. Relative elongation of a ceramic sample of Lag 45Ceq 05Sro.sFeO3_; as a
function of temperature. Blue lines represent linear fit in temperature regions of
100-400 °C and 700-1000 °C. a; denotes the coefficient of linear thermal
expansion. The literature data for the Lag 5Srg sFeO3_ ferrite substituted by Ca,
Ti, and Al are taken from Refs. [9,33], and [34], respectively. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. Oxygen content in Lag 45Ce 0510 sFe0s s versus the logarithm of oxy-
gen partial pressure at different temperatures. Data for LagsSrosFeOs_;s at
950 °C are taken from Ref. [27]. Solid lines represent the results of calculation
according to equation (5).

isotherm of oxygen content in Lag 5Srg sFeO3_;5 at 950 °C is depicted in
the figure as well. There is a clearly seen plateau-like region on the
isotherm of Lag 5Srg sFeO3_s where the oxygen content depends weakly
on the oxygen partial pressure. The introduction of even 5 mol. % of
cerium in A-sublattice alters the shape of the curves, leading to their
smooth decrease with decreasing oxygen partial pressure. To understand
the occurring processes, experimental data were used for thermody-
namic modeling of the defect equilibrium in the oxide.

To describe the oxygen content data, a point defect model similar to
that for Lag 5Srg sFeg 9Mog.103_s [35] and Srq ,CexFeO3_s [36] was used,
which assumes the formation of defects as a result of three reactions:
iron oxidation (1), charge disproportionation on iron ions (2), and
electron exchange between iron and cerium ions (3):

2— 4+72
loz + Vo +2Fe* 207 + 2Fe*t K, = M W
2 VPo; Vo [Fe'']
Fe*] [Fe2+
2Fe*t 2 Fe*" 4+ Fe*' K4 :% 2
3+ 3+ 2+ A+ — [Fe” [CGH }
Fe'" +Ce”"2Fe™ +Ce™ K. = [Fe”} [Ce” } 3

where Koy, Kq and K, are the equilibrium constants of the corresponding
reactions.

The relationship between equilibrium constants of the defect for-
mation reaction and related thermodynamic parameters can be
expressed via a well-known thermodynamic equation:

AG? AH® AS°
Kifexp(— RT>7exp(— RT + R> (@)

where R is the gas constant, AG?, AH?, AS?, are the standard free Gibbs
energy, enthalpy, and entropy for the defect formation reactions,
respectively.

Two additional parameters are introduced in the model: Adf serves
to accurately adjust the experimental data of oxygen content for mini-
mization of calculation errors, and w denotes the number of anion po-
sitions per formula unit that are inaccessible to oxygen ions. The latter
parameter can reflect the action of various factors, which in some cases
are not obvious; nevertheless, its consideration helps to achieve the best
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results in simulation of oxygen content data. For instance, the appear-
ance of unoccupied vacancies in oxide series of Sr;_,Ce,FeOs_; was
reported to be attributed to steric disturbances due to the replacement of
strontium by cerium, which has a significantly smaller size [36].

The joint solution of equations (1)-(4) with taking into account the
conditions of site conversion and electroneutrality allows obtaining the
final model equation in the form:

Ky — Kok T Ky

5.55 — -
Ko+ KoxTs + VKo To 20(Kq + Ke/Kor T )

=2(3 — 6+ Adwr)

)
where T, = ‘;"g;—ﬁ;’j
of this equation can be found in the Supplementary Materials. The
Levenberg-Marquardt algorithm of LMFIT library [37] in a program
specially written for this purpose in Python was used for the approxi-
mation of equation (5) to the experimental data.

Fig. 3 demonstrates good agreement between experimental data on
oxygen content in Lag 45Ceg g5Sro.5FeO3_5 and the results of model cal-
culations depicted by solid lines. This, in combination with a high value
of the adjusted coefficient of determination (R?), confirms the adequacy
of the used model and obtained parameters collected in Table 1.

According to the results of calculations, cerium introduction into A-
sublattice causes some increase in the enthalpy of oxidation and charge
disproportionation reactions. Nevertheless, the main difference in the
shape of LagsSrgsFeOs_s and Lag45Ceq osSrosFeOs_s isotherms is
attributed to the action of electron exchange reaction between iron and
cerium. Thermodynamic parameters of this reaction indicate that Ce**
is less stable to reduction than Fe3*. Therefore, under the condition of
stable Fe3* concentration in Lag sSr sFeOs_s, corresponding to plateau
on oxygen content isotherm, reduction of cerium in
Lag.45Cep.05Sr0.sFeO3_s accompanies a decrease in oxygen content,
causing a tilt of the respective isotherm part.

In Fig. 4, the concentrations of iron and cerium ions in
Lag.45Ceq.05Sr0.5sFeO3_s in different oxidation states versus oxygen par-
tial pressure at different temperatures are shown together with similar
data for Lag 5Srg sFeO3_s at 950 °C drawn for comparison from Ref. [27].
The incorporation of cerium is seen to lead to an increase in the con-
centration of Fe?" ions and a decrease in the concentration of Fe*" ions
in the oxide.

-\/Do, . More detailed information on the derivation

3.3. Electrical conductivity

The experimental data on the total electrical conductivity (o) vari-
ations in Lag 45Ce g5Sro.5FeO3_s with oxygen partial pressure and
temperature are shown in Fig. 5. The data for LagsSrgsFeOs_s5 [27],
Lao,SSro,4Ca0,1Fe03,5 [33], Laolssro.sFeo'gTio.log,g [9], and
Lag 5Sro.sFeg 9Alp103_s [34] at 950 °C are also given for comparison.
Under oxidizing conditions, low concentrations of selected dopants have
little effect on conductivity. The effect of doping becomes, however,
more pronounced under reducing conditions. The conductivity iso-
therms of LagsSrgsFeOs_s and Lag sSrg4Cag.1FeOs_s under reducing
conditions are almost merging since the substitution of calcium for
strontium leaves unchanged the Fe-O subsystem providing the

Table 1
Thermodynamic parameters of defect formation reactions.

Parameter Lag 45Ceg.05510.5FeO3_5 Lag 5Sro.sFe03_; from [27]
AH?, /kJ-mol -99.9 +£ 0.3 ~107 + 2

ASS,/J-mol 'K —-67.5+ 0.3 —70 + 2

AHY/kJ-mol ! 117 +1 111 +2

ASY/J-mol 'K ~-3.8+£0.2 8+2

AH®/kJ-mol ! 17.9 + 0.4

AS8/J-mol 'K ! -39.5+0.8

wel0® 27.9 +£0.3
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Fig. 4. Concentrations of iron and cerium ions in different oxidation states in
Lag.45Ceo.05Sr0.sFeO3_s as functions of oxygen partial pressure at different
temperatures. Data for Lag 5Srg sFeOs s are taken from Ref. [27].
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Fig. 5. Electrical conductivity of Lag 45Ce 05510 sFeO3_s versus the logarithm
of oxygen partial pressure at different temperatures. Solid lines represent the
results of calculation according to equation (6). Conductivity data for
Lag sSro.sFeOs_s5,  LagsSro4Cap.1FeOs_s,  LagsSrosFepoTio103-5  and
Lag 5SrgsFeg oAlp.103_s at 950 °C are taken from Refs. [9,27,33], and [34],
respectively.

pathways of electron transport. Titanium, which under experimental
conditions retains constant oxidation state 4+, disrupts the pathways of
electrons in the Fe-O framework, which makes the conductivity of
Lag 5Srg.sFep.oTio.103_s lower than that of Lag 5Srg sFeOs_s. In contrast,
the conductivity of Lag45Ceq 05Sr0.5FeOs_s exceeds that of undoped
oxide except for the high-p, range. In order to elucidate the reason for
this behavior, the obtained results were analyzed, taking into account
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the participation of oxygen ions, electrons, and electron-holes in the
charge transfer, as it is typical for perovskite-type ferrites.

Several models were considered for the conductivity simulation,
similarly to the work [38]. The best agreement with the experimental
data was obtained, however, for a model neglecting the involvement of
cerium ions in electronic transport. This can be explained by the
extremely low cerium content and by the large Ce-O-Ce distance
compared to that of Fe—O-Fe (2.478 A and 1.917 A, respectively).

Briefly, the approach can be expressed by the following system of
equations 6-10:

6=0;+0,+0, 6
01 =N-e2:(3 — 8) -y p; = (5 — w) ™
6, = N-e-[Fe* |-, p, = iy [Fe™™] ®
0y = Nee-[Fe* |y, sy = [Fe?*]- (40 + ) [Fe*]) + s [Fe**]?) ©

where N is the number of Lag 45Ceq 05Sro.sFeO3_s unit cells per unit
volume; e is the elementary charge; multiplier 2 takes into account the
charge of oxygen ion; o;, 04, 6, are the oxygen ion, electron, and hole
conductivity, respectively; u;, p,, p, are the mobilities of oxygen ions,

electrons, and holes, respectively; 2, 49, /42, /4;1,, uﬁ are constants.

0 bk E/AJ(
Hp ==€Xp\ — 7 10

where kg is the Boltzmann constant, E,  and by are activation energy and
the pre-exponential factor for the mobility of the considered type of
charge carriers. Equation (9) expresses the complex dependence of hole
mobility on the oxygen content in ferrites, and was shown to be
appropriate in a number of previous studies [27,35,39].

The results of calculations shown in Fig. 5 by solid lines follow
perfectly experimental data, thus confirming the adequacy of the used
model and the reliability of the fitting parameters collected in Table 2.
The obtained data allow separating the contributions of oxygen ions,
electrons, and holes to the total conductivity. These results are shown in
Fig. 6a together with similar data for Lag 5Srg sFeO3_s at 950 °C in order
to trace the effect of cerium introduction. Fig. 6b-d shows the mobilities
of electrons, holes, and oxygen ions in Lag 45Ceq 05510 sFeOs_s in relation
to oxygen partial pressure at different temperatures, as well as similar
data for Lag 5Srp sFeOs_s at 950 °C. As can be clearly seen in Fig. 6a, the
introduction of cerium results in an increase in the n-type conductivity
due to the higher concentration of electronic charge carriers (Fig. 4).
Although the p-type conductivity in cerium-containing oxide is lower at
Po, > 1072 atm due to the lower concentration of the respective charge
carriers, a decrease in po, leads to a predominance of the mobility effect,
therefore the conductivity of Lag 45Ceg 05519 sFeOs_s gradually begins to
exceed that of Lag 5Srg sFeOs_s. The reason of why the mobility of p-type
carriers in Lag 45Ceq.05Sro.5sFeOs_s is higher is probably due to larger
oxygen content in this oxide that provides higher proportion of Fe-O-Fe
links for hole transfer. As for the oxygen-ion conductivity, its increase
upon the cerium introduction reflects an increase in the mobility of

Table 2
Parameters of conductivity data best fitting.

Lag 45Ce0.055T0.5Fe03 5 Lag 5Sro.5Fe03_s from [27]

E,i/eV 0.81 + 0.01 0.63 + 0.03
b/em?V—'sT'K 403 + 20

Eyn/eV 0.59 + 0.02 0.78 + 0.04
by/em?v-1sTIK 1616 + 107

E,p/eV 0.136 + 0.008 0.17 + 0.02
by/em®V-'s 'K 389 £ 16

uh/em?v s 0.295 + 0.009

p2/em?v s 1.18 + 0.02
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Fig. 6. Partial conductivities at 950 °C (a), and mobility of p-type carriers (b),
n-type carriers (c), and oxygen ions (d) in Lag 45Ceq.05Sro sFeO3_s versus the
logarithm of oxygen partial pressure at different temperatures. Similar data for
Lag sSrg.sFeO3 s at 950 °C are taken from Ref. [27].

oxygen ions, which origin is not yet clear.

In any case, a favorable effect of the cerium doping on the oxygen
ionic conductivity should result in better electrode performance, espe-
cially in the SOEC mode.

3.4. Electrode properties

In order to evaluate the applicability of the Lag 45Ceg o5Sro.5FeO3_s
oxide for SOFC/SOEC air electrode, first of all, its chemical compati-
bility with the protective interlayer material, GDC10, was tested. The
lattice parameters of pure cerium dioxide and GDC10 are 5.411 A [40],
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10Sc1YSZ

Fig. 7. SEM image of the fractured electrochemical cell with porous
Lag.45Ceo.05Sr0.sFeO3_5 electrode layer in contact with GDC10 interlayer
deposited onto the surface of 10Sc1YSZ solid electrolyte, after electrochemical
measurements.

and 5.4183 A [41], respectively. The XRD Le Bail refinement results of a
mixture of Lag 45Ceg o5Srg sFe03_s and GDC10 after annealing in air at
1200 °C for 2 h (Fig. S2a) show that no secondary phases were formed.
However, the unit cell of GDC10 became lower, while that of
Lag.45Ceq.05510.sFeO3_;s increased. A similar behavior was observed for
the same mixture after heat treatment at 850 °C for 100 h (Fig. S2b).
Extrapolation of the data presented in Ref. [41] reveals that the nominal
composition of gadolinium-doped ceria refers to 9.4 + 0.3 mol.% Gd,
indicating that a part of cerium cations from Lag 45Cep.05Sro.sFeOs_s
might diffuse into GDC. The respective A-site cation deficiency should be
beneficial for both oxygen ion and electron transport, as was previously
reported for similar perovskite-type ferrites [27,42]. Thus, although the
performed test revealed a sign of cation diffusion between the interlayer
and electrode materials, no harmful effect of this phenomenon is
anticipated.

Fig. 7 demonstrates the microstructure of a half-cell used for the test
of electrode performance. The solid electrolyte has a high density, the
protective interlayer, with a thickness of about 5 pm, separates reliably
the electrode and electrolyte, whereas the electrode has a homogeneous
microstructure formed by submicron-sized grains and a suitable porosity
for gas diffusion.

Fig. 8a shows the polarization curves of Lag5Ceq g5Sro.5sFeOs_s
porous electrode layers in contact with 10Sc1YSZ solid electrolyte and
GDC10 protective interlayer in air at 850 °C. The electrode over-
potentials under anodic polarization are significantly lower than those
under cathodic polarization. This behavior correlates with the conduc-
tivity variations (Fig. 6). Under anodic polarization, the oxygen chem-
ical potential at the electrode surface should be higher than in the gas
phase, increasing the p-type conductivity in the electrode material. If the
electrode performance is limited by the electronic transport, this would
lower the polarization resistance and overpotential. The difference in
anodic and cathodic polarization may also originate from different
mechanisms of oxygen evolution and reduction reactions, although the
polarization curves are well described by the Butler-Volmer equation
[43,44];

i=iy [exp (O‘;—I;n) - exp( - ﬁ;??)} (€N)

where n is the number of electrons participating in the rate-determining
step, o and f are the charge transfer coefficients, and i, is related to the
exchange current density. The obtained iy value is 10.8 + 0.6 mA X
cm 2. At the same time, the impedance spectra clearly consist of two
separable arcs and were modeled by two sequential processes (Fig. 8b).
The high-frequency signal can be interpreted as a limiting charge
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Fig. 8. Dependencies of the overpotentials of Lag 45Ceg 05Sro sFeO3_s porous
electrode on the anodic and cathodic current density in air at 850 °C. Solid lines
show the results of non-linear regression analysis using the Butler-Volmer
equation (a). Impedance spectra of Lag 45Ceg 05Sro sFeOs_s porous electrode
under open-circuit conditions and under anodic and cathodic polarization (b);
solid lines show the fitting results using equivalent circuit presented in
the inset.

transfer process. The signal at low frequencies is usually attributed to
diffusion processes. This latter signal decreases drastically when oper-
ating in the SOEC mode, which is indicative of less important role of
surface diffusion in the oxygen evolution reaction. On the contrary, the
diffusion of oxygen adatoms/ions to the electrochemical reaction zone
may be limiting in the case of oxygen reduction at the SOFC cathode.

Whatever the mechanisms of electrode reactions, the electrode per-
formance is, in general, quite similar to that of the other pure and doped
lanthanum ferrites [45-47]. In the case of SOEC anode, this material
may be promising provided that its electronic conductivity is increased
and its thermal expansion coefficients are decreased by appropriate
doping. Possible strategies may include increasing cerium content,
varying lanthanum to strontium ratio, and/or introducing another
electroactive cation such as molybdenum.

4. Conclusions

The oxygen nonstoichiometry and electrical conductivity of
Lag.45Ceq.05Sr0.5sFeOs_s with the perovskite-type structure were studied
in the oxygen partial pressure range from 10°2° to 0.3 atm at
750-950 °C. The introduction of cerium reduces the values of thermal
expansion coefficients as well as provides a higher concentration of FeZ*
ions and greater mobility of oxygen ions compared to undoped ferrite,
resulting in higher n-type and oxygen ion conductivity. The electrode
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performance was evaluated both under anodic and cathodic polarization
via three-electrode method. The Lag 45Ceq.g5Sr9 sFeO3_s porous elec-
trode layers should preferably be used as SOEC anodes but not as SOFC
cathodes when their performance is moderate. The examination of the
XRD patterns of a mixture of Lag 45Ceq 05Sro.sFeOs_s and gadolinium-
doped ceria revealed the occurrence of a cation deficiency in the
former, caused by the diffusion of cerium from ferrite to GDC10, which
is known to provide an increase in conductivity.
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