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Abstract

An architectured interlayer composed of 50 % YSZ ((ZrO2)0.92(Y203)0.08) and 50% GDC
(Ce0.90Gdo.1001.95)  (so-called YSZ+GDC) was successfully layered between the YSZ
electrolyte and the La;BO4 = 5 (B: N1, Mn, Co) oxygen electrode materials with the aim to
improve the electrochemical performance of the corresponding Intermediate Temperature-
Solid Oxide Cells (IT-SOCs). Various physical and chemical characterizations were carried out
to assess the purity of the materials and the chemical reactivity between the different
constituents of the electrochemical cell. The oxygen electrode performance was carried out by
Electrochemical Impedance Spectroscopy (EIS) measurements. LaxNiO4ss material in the
presence of this interfacial layer (YSZ+GDC) and YSZ as electrolyte shows the lower ASRs
values: 0.43 and 0.18 Q.cm? at 600 and 700 °C, respectively. Moreover, this architectured
electrode shows a quite low activation energy value of the ASR, that is of the order of 0.72 eV.
This remarkable behavior enables us to propose this design as an alternative oxygen electrode
for IT-SOC with a specific (YSZ+GDC) composite film as interfacial layer between cathode
and YSZ electrolyte.

Keywords: Interfacial Layer, Ruddlesden-Popper oxides, Solid Oxide Fuel Cells (SOFC),
Mixed Ionic and Electronic Conductors (MIEC), Area Specific Resistances (ASR).



1. Introduction

It has become clear that SOFC systems, which are electrochemical systems, can become
alternatives in the field of renewable and sustainable energy, thus solving the problems of
environmental pollution and ensuring clean and efficient energy conversion [1]. Despite
this, the commercialization of SOFC cells is still limited and has not yet been completely
achieved. One of the solutions is the development of new architectures of cells, which can
resolve several problems of the SOFCs, reducing the working temperature towards so-
called intermediate temperatures of approximately 600 °C, and increasing the lifetime.
The field of materials and their applications has recently experienced remarkable development,
particularly with regard to both Solid Oxide Fuel Cells (SOFCs) and Solid Oxide Electrolysis
Cells (SOECs) in order to develop their performance and reduce the problems associated with
high-temperature operation (= 700-800 °C). One of the current research challenges is the
optimization of oxygen electrode materials with a high mixed electronic and ionic conduction,
a high electrocatalytic activity ensuring the fast exchange of oxygen and a porous morphology
allowing a sufficient surface area. In addition, during their operation, and under working
conditions, such active materials must have good chemical stability with respect to the
electrolyte, in particular at high temperatures, avoiding the formation of secondary and
blocking phases at the interface.

The A>BOs oxide family is of particular interest in the case of electrochemical energy
applications such as described above because their oxygen surface exchange kinetics and
oxygen diffusion are higher than those of the more usual ABO; oxides [2]. Due to the
adjustment of two different structural units, the A,BOj4 structure can be appropriately described
as a succession of sheets of BO> square planes and A,O; layers of the NaCl-type [3]. The ionic
conductivity of these materials results from the oxygen excess & housed in their A>O; layers
involving the apical oxygen atoms (interstitially mechanism) [4-6]. These interstitial atoms are
highly mobile, which induces a high ionic conductivity of the material. The mixed valence of
the transition metal, B*"/B**, results in a sufficiently high electronic conductivity for the
application, even if lower than those of perovskites. Moreover, one of the interesting
properties of these materials is the values of thermal expansion coefficients (TEC) which
are close to those of classical SOFC electrolyte materials, such as doped ceria and
stabilized zirconia oxides [7- 10].

Much of the initial works on these phases focused on the LnoNiO4+5 compounds, where Ln: La,

Pr, Nd, Sm [10, 11]. The presence of several valence states of cobalt (Co) and manganese (Mn)



can provide the cobaltite and manganite material with interesting electrochemical properties
[12]. To date, undoped lanthanum manganites and cobaltites (La2MnO4 and LaxCoO4) oxides
used as cathode materials for SOFCs have not been studied and the electrochemical properties
have not been detailed. Investigations have been focused on other materials of the A2BOj4 type,
in which A is an atom of Sm or Pr and B is Mn or Co. For example, at temperatures of 600 and
700 °C, S. Liping et al. [12] have shown that by increasing the rate of site substitution of
lanthanum by strontium in LaxSr2-xMnQO4+s materials, the values of ASRs increase by a factor
of 2. The values of the activation energies follow the same tendency. These authors also showed
that no reaction occurred between LaxSr>.xMnOs+5 and GDC at an annealing temperature of
1000 °C.

As for cobaltite materials A>CoQO4 (A: Pr or Sm), Y. Wang ef al. [13] showed that the Thermal
Expansion Coefficients (TECs) of cobaltite materials are much higher than those of ferrites.
The electrical conductivity of cobaltites is in the order of 10> S. cm™! close to 800 °C, which is
satisfying for the IT-SOFC cathode.

However, several groups studied unsubstituted materials: Bassat et al. [2] and Skinner et al. [6]
found fast oxide ion conductivity over a wide temperature range indicating a high potential for
use as oxygen electrode material in SOC cells. According to the literature, substitution with
high-valence cations, such as Fe, Mn or Co ions at Ni sites in LaoNiO4 can influence
significantly the oxygen ionic transport [5].

Previous studies have shown promising performances of these nickelates with various
electrolyte materials. It has been observed that Nd2NiO4+s shows a low reactivity with respect
to YSZ and has interesting properties under polarization [7]. Philippeau ef al. [14] have studied
different materials in the presence of GDC and LSGM as electrolytes; such materials show low
polarization resistances at 600 °C, around 0.28 Q.cm?. For La;NiO4+s and ProNiOa+s materials,
the ASR values were 0.93 Q cm? and 0.15 Q cm? at 600 °C, respectively.

Recently, D. Kim ef al. [10] also investigated ORR activity and durability of Ln2NiO4+s-
YSZ (Ln: La, Nd, and Pr) composite cathodes, and they have concluded that these two
properties strongly depend on the A-site lanthanides.

According to Lu ef al. [15], a mixture composed of La:NiOs:s with LaNiOs can
significantly improve the performance of SOFCs. In addition, T. Chiu ez al. [16] showed
that a cathode composed of 40 wt% LaNiOs exhibited the lowest polarization resistance
at 700 °C in air.

In order to improve the electrochemical performance of SOFC cells operating at intermediate

temperatures (IT-SOFC) by avoiding all the problems related to the chemical reactivity between
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the electrolyte and the other constituents of the cell, new architectures on the electrolyte side
have been developed [17-18]. In order to obtain highly active cathode materials, Mohebbi et al.
[19] prepared bilayers based on YSZ/GDC in the form of thin layers using the flash sintering
method. In this case, the fabricated single SOFC cell made using bilayer YSZ/GDC electrolyte
shows a performance of 0.3 W/cm? at 800°C, about 15% higher than the SOFC single cell made
by conventionally sintered YSZ/ GDC electrolyte. Furthermore, the optimized cell yields a
promising electrochemical performance of 1.45 W/cm? at a current density of 2 A/cm? and low
ohmic resistance of 0.046 Q cm? at 800 °C.

The interfacial layer contributes at the same time to the improvement of the mechanical
adhesion and electrochemical properties by improving the ionic transfer and reducing the
electrode overpotentials [20]. It makes it possible to block the diffusion of cationic species at
the level of the "diffusion barrier" interface, which prevents the occurrence of secondary
insulating phases. For instance. Ogier ef al. [20] found that the presence of a Ceo.8Gdo.202-5
(GDC) layer or Ceo.72Y0.1802-5 (YDC) layer located between the oxygen electrode materials
(Lao.6Sro.4Fe0.8C00203-5, LazNiO4+s, PraNiOs+s, Nd2NiO4+5) and 8YSZ electrolyte significantly
reduces the oxygen reaction resistances.

An important enhancement of the total ionic conductivity with decreasing crystallite size was
observed, assigned to an almost ideal parallel connection between both nanophases, coupled to
an increase of their grain boundary ionic diffusivity. In addition, it was proved that the presence
of the YSZ phase significantly improves the mechanical properties of the cell. In a recently
published work by Ferkhi et al. [21], the introduction of a composite layer consisting of
50% YSZ+ 50% GDC between the GDC and a La1.5Pro2Ndo.3NiO4:s (LNPNOS) material
contributes, significantly, to improving the electrochemical performance of such a cell by
leading to lowest ASR values of the electrodes ( 0.06 Q. cm? at 700 °C and 0.022 Q. cm?
at 600 °C). The improvement of these performances is due to the creation of additional
conduction sites (Oxygen Vacancies) by the addition of Pr and Nd elements in the
LNPNOS and to the presence of this layer which contributes to the improvement of the
mechanical properties and to the participation to avoid of any chemical reaction between
the components of the cell.

Based on the information mentioned above and with the aim of improving the electrochemical
performances of SOFCs at the oxygen side, an innovative interfacial layer composed of 50 %
YSZ and 50 % GDC (YSZ+GDC) in mass was introduced between typical oxygen electrode
materials (La;NiOs+5, LaoMnOg+s and LaxCoQOg+5) and the YSZ electrolyte. The chemical

reactivity between these compounds and the electrolyte was first studied using X-ray
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Diffraction (XRD) analyses. The oxygen over-stoichiometry was determined by iodometry.
SEM analyses of the cells were performed in order to examine their microstructure and grains
morphology. XPS analysis was carried out to study the elemental surface composition and the
oxidation states of the various elements constituting the surface of the as-prepared materials.
Then, after shaping the electrodes, Electrochemical Impedance Spectroscopy (EIS)
measurements were carried out with the aim of characterizing the electrochemical performances
and identifying the different contributions to the polarization resistance as well as the limiting
step of the Oxygen Reduction Reaction (ORR) process under SOFC mode and Oxygen Release

Reaction (reverse process, i.e. under SOEC mode).

2. Experimental

2.1. Preparation and characterization of oxygen electrode materials

Oxygen electrode materials were prepared by the citrate method which was previously
described in detail by Ferkhi et al. [22, 23], the synthesis protocol was as follows: it consists
first of all in dissolving the metal nitrates (i.e.. (Ni(NO3)2.6H20, Sigma-Aldrich, 97.0%),
manganese (Mn(NO3)2.6H20, Sigma-Aldrich, 99.9%) and cobalt (Co(NOs3)2.6H>O, Sigma-
Aldrich, 98.0%)) in water. The solubility of these three nitrates being high, only the La,Os oxide
was dissolved in nitric acid in adequate quantity. The obtained aqueous solutions were mixed
and the citric acid was added in a second step. The mixture was heated to approximately 75 °C,
with moderate stirring. The viscous gel formed was dried at less than 120 °C and the powder
calcined as follows: 175 °C for 1 hour, then 350 °C and 500 °C for 1 hour to eliminate the
nitrates and all the remaining organic matter, respectively. The final sintering was carried out
at 1000 °C in the air for 4 hours.

The phase purity was checked by X-ray diffraction. The data were collected at room
temperature over the 20 angle range 20—80° with a step of 0.02° using an XPERT-PRO powder
diffractometer in the Bragg—Brentano geometry using the CuKa radiation (A = 1.5406 A).

The reactivity test between YSZ and GDC electrolyte was carried out under 1350 °C for
3 days and at 1000 °C between electrodes La2BO4 (B: Ni, Co or Mn) and YSZ+GDC for
3 days.

XPS measurements were carried out on a Thermo Fisher K-Alpha spectrometer using a
monochromatic Al Ko X-ray beam (1486.6 eV, 300 pm spot size) equipped with a
hemispherical deflector analyzer operating at constant energy. A 300 um diameter X-ray

beam spot was used. Surface charge effects were avoided using an electron flood gun. The



pressure in the analyzer chamber was 2 x 10 Pa. The survey spectra were recorded with a pass
energy of 200 eV and, for higher resolution, this energy was lowered to 30 eV. The Thermo
Scientific Advantage software (version 5.943) was used for collecting and processing the
spectra. Binding energy shifts were calibrated against the adventitious position of the Cls
carbon set at 284.6 eV and the BE precision was = 0.1 eV.

The morphology and microstructure of the powders and pellets were studied using a JEOL / EO
version 1.07 Scanning Electron Microscope (SEM). From the cross-section of the cell, the
cathode layer thickness was measured as well as the porosity calculated by means of image
analysis (Image J software).

The values of the oxygen over-stoichiometry 6 were determined through iodometric titration.
This analytical method is well known and extensively described for instance in ref. [24]. The
dosage was performed under agitation, heating at 60 °C until the oxide dissolves completely;

an important parameter is that an argon flow was used to prevent the oxidation of I".

2.2. Preparation of dense electrolytes and interfacial layer. Electrochemical

Measurements.

The shaping of YSZ electrolyte dense pellets was carried out by Isostatic Pressing (IP)
performed at 3000 bars for 5 min; the obtained pellets were then sintered for 10 h at 1400 °C.
The thickness and the diameter of the pellet are 1.5 mm and 1.6 cm respectively. In order to
elaborate the symmetrical half cells, the interfacial layer was deposited by painting on both
surfaces of an YSZ pellet. For this purpose, a mixture of YSZ and GDC (50 — 50 wt %) was
prepared in a methyl cellulose solvent (Fig.1). A sintering treatment at 1350 °C for 1 hour is

necessary to ensure good adhesion of this interfacial layer on the electrolyte pellet.

The 1onic conductivity of the YSZ electrolyte support and of the interfacial layer (YSZ+GDC),
as well as the polarization resistance of the cathode materials were measured by EIS. These
measurements were performed in a two-electrode configuration (under zero d.c. conditions) on
a symmetrical cell, using an Autolab PGSTAT 30 in the range of 0.01 Hz to 1 MHz with a 50
mV signal amplitude. The complex impedance diagrams were analyzed by means of the
Zview™ software using various equivalent circuits constituted of R-CPE elements, associated

in parallel.

3. Results and Discussion

3.1.Structural characterization



The XRD patterns of the different synthetized compounds, La;NiOs+s (L2NO), LaxCoO4+s
(L2CO) and LaxMnOs+5 (L2MO) are characteristic of single phases without traces of impurities
(Fig.2). The L2MO material crystallizes according to a tetragonal structure of high symmetry
(I4/mmm space group (JCPDS # 33-0897)). Both oxides, L2NO (JCPD # 21-1274) and L2CO
(JCPD # 43-1081) crystallize according to the expected orthorhombic structure (Fmmm space
group) [22, 23, 25-28]. The averages crystallites sizes of different oxides were calculated

using Debye-Scherer’s formula, as shown in Equation (1):
092

The calculated values are: for L2ZNO and L2CO are ~48 nm and 35 nm, and for L2MO
is ~41 nm. The refined unit cell parameters are summarized in Table 1.

It is interesting to notice that occupying the B site of the A2BO4 structure with manganese ions
reduces the structural stresses, resulting in a higher crystal structure symmetry, keeping the cell
undistorted. This also explains the decrease in lattice parameters and volume compared to nickel

and cobalt-based materials.

3.2.XPS Analysis

The XPS spectra recorded for the O1s, Ni 2p32, Co 2p3/2, Mn 2p12 and La 3d3.2 core-level peaks
are reported in Figure 3 and Table 2. The O 1s peaks of the L2NO, L2CO and L2MO materials
show a complex shape leading to a decomposition into four peaks for L2ZNO and L2MO and
five peaks for L2CO (Fig.3.a,c,e). This multiplicity may be due to the difference in nature of
the metallic elements associated with the oxygen anions. The low binding energy peaks (1)
and (2) located in the range of (528.52 - 528.69) eV and (529 , 66 - 530.13) eV respectively,
represent the oxygen anions of the crystal lattice [29, 30]; peak (3) which is located at (531.14
- 531.45) eV can be attributed to the metal hydroxyl and the carbonate groups [31, 32]. This is
because rare-earth oxides are very hygroscopic and easily carbonated when they exposed to
atmospheric conditions [33]. The last peaks at the highest binding energies (4 and 5) are

probably result from adsorbed molecular water [34].

Figure 3.f shows the two regions of La 3ds2 and Ni 2p3.2, and differentiating between them
is somewhat difficult. However based on the previous studies we can say that the two peaks
observed in th low binding energies at 849.94 eV and 851.58 eV can be attributed to lanthanum
La3dsz compoenents [35,36] while the last two high energy peaks located at 854.43 eV and
855.7 eV correspond to Ni (II) and Ni (III), respectively [36,37]. In addition, analysis of peak



deconvolution of Co 2p3/2 (Fig.3.d) results in two peaks located in the intervals [779.14-779.63]
and [780.37-781.07] eV attributed to Co (IIT) and Co (II), respectively [37, 38].

The high resolution spectrum of Mn 2p of the L2MO material shows two main peaks located
at 641.30 eV and 652.91 eV separated by a value of 11.61 eV due to spin-orbit coupling and
which are attributed to Mn 2p32 and Mn 2p1s2, respectively. The decomposition of these two
peaks results in four components: at 641.12 and 652.69 eV, corresponding to the binding energy
of Mn**, while the others at 642.61 and 655.49 eV are attributed to the energy of Mn*' binding
agent [39- 41], (Fig.3.b).

The atomic ratios of the different elements were also calculated and summarized in Table 3.
Lanthanum is present on the surface in large quantities and is more widespread compared to
nickel in the case of LMO materials.

The atomic ratios of elements at the surface of all materials were determined by XPS and
summarized in Table 3. The results show that the lattice oxygen content at the surface
(Omaw/Zcations) is slightly higher than that of the bulk, indicating an anionic character of the
surface of L2BO materials. This may provoke a higher surface activity of the materials. On the
other hand, due to the coexistence of Ni(II) and Ni(III), Co(II) and Co(III) as well as Mn(III)
and Mn(IV) on the surface of L2NO, L2CO and L2MO materials, respectively, the cationic
redox reaction, surface charge storage as well as electronic and ionic properties can also be
improved [39].

Generally, the surface state can influence, either positively or negatively, the phenomenon of
adsorption of oxygen molecules on the surface of materials by favoring or disfavoring this
phenomenon. In addition, in such layered materials, it is of high interest to probe the outermost
atomic layer to learn about their surface termination, in order to determine whether it is a
transition metal (here Ni) or (Ln/Sr) cations. This information is indeed very important with
respect to the oxygen reduction processes. A lot of work has been performed by the group at
Imperial College London, either regarding Co-based perovskites and nickelates such as those
studied in this work [42, 43]. For this purpose, the authors combined LEIS (Low Energy Ion
Scattering) and XPS experiments. They have demonstrated by LEIS that the outermost surface
is in fact Ln/Sr terminated. In complement, angle-resolved XPS measurements lead to
obtaining a compositional depth-profile. Clearly, the amount of Ni decreases as the surface is
approached, in good agreement with LEIS results. In close relation to this result, the authors
proposed the existence of surface oxygen vacancies, which are also in good agreement with
thermodynamic calculations. This conclusion has to be put in relation to our own results

obtained by XPS.



3.3.0xygen stoichiometry (6) and iodometric titration

The over-stoichiometry 6 values obtained by iodometric titration for the as-prepared
materials are reported in Table SI1. The excess oxygen in La;NiOas+5 is 0.177 at room
temperature, which agrees with values reported by several authors who used a similar synthesis
procedure. This is also consistent with the thermal behavior observed in TGA experiments [44-
48]. For LayCo0Os4+5, the o value (6 = 0.248) is larger than those of the nickelate, cuprate, and
even the lanthanum manganite [49]. According to the work of Le Toquin et al. [50] carried out
on single crystals of La2C0O44+s, the § value ranges from 0.09 to 0.20, while Yu. Huan et al. [3]
found the highest value, 6 ~ 0.46 in an oxidizing atmosphere. Compounds containing
manganese are particularly interesting because in such AxBOs-type structure, manganese can
have various oxidation degrees (+ II), (+ III) and (+ IV), which gives a wide range of oxygen
stoichiometry. Indeed, both an oxygen deficit and an over-stoichiometry can be tuned thanks
to the change of the B element in the La;BO4 structure [S1, 52]. In our case, a value of 6 ~
0.13 was observed at room temperature for La,MnQOs+5, which corresponds to a mixed valence

Mn?"/Mn>".

3.4. Scanning Electron Microscopy

SEM images recorded on the painted electrodes for each material are reported in Figure
4. It is observed that the materials have different porosity. L2NO is much more porous
compared to LZMO and L2CO materials which, probably, improves its catalytic and even
electrocatalytic properties by increasing the specific surface. The grains of the materials
are homogeneous and of the same size with a spherical shape.

SEM images recorded for the cross-sections of symmetrical cells (Figure 5) clearly show that
the interfacial layer is homogeneous and well adherent to the electrolyte and to the oxygen
electrode materials, no signs of reactivity were observed at the interfaces. It is expected that
this good adhesion may lead to a larger contact area and hence lower the interface resistance,

inducing an improvement of the electrochemical reactions.

3.5. Chemical Reactivity

The chemical reactivity between the different constituents of the symmetrical half-cells was

carried out on the various YSZ and GDC electrolyte powders mixtures for 3 days at a fixed



temperature of 1350 °C. Figures 6, 7 and 8 show the XRD diffractograms after thermal
treatments (IL: (YSZ+GDC), (IL/YSZ, IL/GDC), and L2NO/IL.

The reactivity test between the two electrolytes (Figure 6) shows that both compounds (YSZ,
GDC) preserve their structure after a long annealing treatment at high temperature. Only the
peaks characteristic of the two phases (YSZ, GDC) appear [14, 20]. Obviously, no additional
peaks can be identified in XRD diffractograms, indicating that no chemical reaction occurred.
Similarly, the diffractograms reported in Figure 7 show no significant reactivity between both
the electrolytes and the interfacial layer. Once more, no supplementary peaks characteristic of
a new phase were detected.

However, it is important to recall that YSZ and GDC can chemically react, leading to the
formation of a solid solution, mainly above 1000°C and during a long dwell time [53]. The
corresponding formed oxides remain ionic conductors even if their conductivity is lowered
compared to those of the YSZ and GDC parent oxides [54]. Therefore, for the current work it
was useful to check the chemical reactivity between the two components of the composite
interfacial layer.

The thermal treatment of powder mixtures of L2NO, L2MO or L2CO electrode materials with
the (YSZ+GDC) interfacial layer performed at 1000 °C for 3 days in air, did not result in the
formation of undesirable phases and show no significant decomposition. These results indicate
that L2NO, L2MO and L2CO electrode materials seem chemically stable and compatible with
the interfacial layer used. The XRD pattern of L2NO is reported in Figure 8. The same remark
was given by Ferkhi et.al [22,23], but such observations appear in contradiction with previous
literature data reported by Philippeau. et al. [14]. Indeed these authors reported the complete
decomposition of the La;NiO4 phase into the Ruddlesden Popper LasNi3O1¢ phase after heating
at 1150 ° C for 1 h with the GDC electrolyte. The same behavior was observed by Montenegro-
Hernandez et al. [7] during the study of LaxNiO4 /CGO, LaNiO; and LasNi3zOi0 phases,
obtained after heating in air at 900 °C for 72 h. Several studies carried out on lanthanum
nickelates as cathode for SOFCs have reported the formation of an insulating and blocking layer
based on lanthanum zirconate La>Zr>O7 at the LNO / YSZ interface resulting from the diffusion
of cations towards the cathode / electrolyte interface [7, 55].

Compared to the previously published results and on the basis of the chemical reactivity tests
performed in this work, in which no other phase has been detected, the proposed interfacial
layer has a positive influence in terms of chemical stability, not only in the low SOFCs operating

temperature range [14], but also in higher temperature range (1000 °C). It can be deduced that
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this layer prevents any reactivity between the oxygen electrode and the YSZ and GDC

electrolytes.

3.6. Electrochemical measurements

In order to evaluate the electrochemical performances of the studied oxygen electrodes and the
role of the interfacial layer, EIS measurements were carried out in a temperature range between

300 and 750 °C.

First, the YSZ electrolyte was characterized: a single phase YSZ pellet covered on both sides
with a platinum ink was used as a reference sample. EIS measurements were performed
before studying the contribution of the interfacial layer. Figure 9 shows a typical example of
a corresponding Nyquist diagram recorded at 400 °C for a Pt/YSZ/Pt symmetrical cell. Two
semi-circles appear at high (HF) and medium (MF) frequencies, located between 1MHz to 60
KHz and 60 KHz to 10 Hz; they correspond to the response of the bulk material and grain
boundaries, respectively. The data from the EIS analyses were fitted to the equivalent
circuit of the (R1//CPE1)-(R2//CPE2) type (as described in the inset of Figure 9). The
corresponding Arrhenius diagram of the ionic conductivity is reported in Figure 10 ; for
comparison the results found by Philippeau et. al [14] are also reported. The associated
activation energy is close to 0.95 eV and in good agreement with literature data [S3].

Then, the symmetrical cell (Pt//(YSZ+GDC)//YSZ//'(YSZ+GDC)//Pt including the interfacial
(YSZ+GDC) layer previously described and deposited on the YSZ electrolyte was studied. The
Nyquist diagrams, as well as the used equivalent circuits, recorded at various temperatures (300,
400 and 700 °C) are plotted in Figure 11. The Nyquist plots show a high frequencies (HF) >
10° Hz contribution, attributed to the YSZ electrolyte response. The HF depressed semi-circle
can be decomposed into two semi-circles, modeled by equivalent circuits composed of two
parallel R-CPE elements connected in series at 300 °C, and by R and two R-CPE elements
connected in series at 400 °C. The two semi-circles characterize the YSZ electrolyte, the first
(HF1) can be assigned to the bulk contribution and the second (HF2) corresponds to the grain
boundaries response.

Both impedance contributions are clearly distinguished in the temperature range around 300 °C
(see Figure 11). According to what has been previously published [22,23], the resistances are
inversely proportional to the temperature, and the high frequency semicircles relative to the
bulk and the grain boundaries tend to be progressively less visible and disappear at high

temperatures (700 °C) . Therefore, by comparison with the YSZ electrolyte response at 400 °C
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(see Figure 9), and according to the equivalent circuits shown in the figure, we can confirm
that the medium frequencies (MF) semi-circles observed between 10* and 100 Hz can be
assigned to the response of the (YSZ + GDC) interfacial layer; such a contribution is well
separated from that of the YSZ electrolyte in the temperature range 400 - 700 °C (Figure 11).
The low frequency impedances (between 100 - 102 Hz) have been attributed to the contribution
of the electrode reaction as commonly mentioned in the literature [S6].

The Arrhenius plots of the interfacial layer ionic conductivity as a function of the inverse of
temperature is shown in Figure 12. The conductivities of YSZ and the YSZ-GDC interfacial

layer were calculated using the following relation (2):

where:

R: Electrolyte or interfacial layer resistance,

e: Thickness of YSZ pellet and IL,

S: Surface of YSZ pellet.

For comparison, the ionic conductivity of the whole interfacial layer and YSZ at 700 °C is of
30.9 mS.cm’!, which is a rather acceptable value for an interfacial layer at intermediate
temperatures [57].

Finally, the influence of the interface layer on the electrochemical performance of the
symmetrical cells (cathode / interfacial layer / electrolyte / interfacial layer / cathode) has also
been studied. The electrochemical properties of the ORR using L2NO, L2MO and L2CO as
oxygen electrode materials were investigated by measuring the polarization resistances. Typical
Nyquist diagrams of the symmetrical cell L2NO / YSZ+GDC / YSZ/L2NO are reported in
Figure 13.

The EIS diagrams can be decomposed into three main parts and associated electrochemical
processes can be proposed based on previously reported data [S58]:

e The ionic conduction process at the electrolyte level: this process appears at high
frequencies, expressed by the conduction of O% ions in the bulk (HF1 > 10°Hz) and the
grain boundaries (10° > HF2 > 10° Hz), expressed by the two HF semi-circles (Figure
13) evidenced in the low temperature range (around 300 °C). These two contributions
gradually disappear with the increase in temperature.

e The ionic transfer process at the interfacial layer: this impedance contribution can be
expressed by a depressed semi-circle located in the medium frequency (MF) range (10*

— 100 Hz), characterizing the ionic transfer and the response of the interfacial layer
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(YSZ+GDC). It can be therefore mainly assigned to the O* ions conduction through the
interfacial layer. This impedance contribution is similar to the one corresponding to the
interfacial layer deposited alone on the single phase YSZ electrolyte, which can be
observed in the same frequency range (Figure 11) at 400 °C.
e The ORR process at the oxygen electrode material: observed in the two LF semi-circles
(at lower frequencies 103-10"2 Hz), this impedance contribution is related to electrode
reactions (adsorption-desorption, dissociation, charge transfer and O; gas diffusion of
through the pores of the electrode).
The Area Specific Resistances (ASR, in Q.cm?) of the L2NO, L2MO and L2CO cathodes

materials were deduced from the polarization resistance (Rp) using the following relation (3):
R
ASR = ?” X2 i, A3

where R is the electrode polarization resistance corresponding to the addition of the real parts
of the last two half-circles (in ohm) and S, the geometrical surface (in cm?).

Figure 14 shows the Arrhenius plots of the ASR of the L2ZNO, L2MO and L2CO oxygen
electrode materials deposited on the YSZ electrolyte in the presence of the (YSZ+GDC)
interface layer. It is interesting to compare these values to previous results reported in Table 4.
It can be clearly seen that the addition of this interfacial layer between the oxygen electrode and
the YSZ electrolyte induces a significant drop in the ASR and reduces the activation energy.
All the single phase materials based on nickelate, manganate or cobaltite lanthanum oxides,
developed and studied until now for SOFCs cathodes, have higher values than the selected
materials presented in the present study when combined with an optimized interfacial layer
composed by YSZ + GDC mixture.

With the exception of L2CO material, based on the results of surface analysis, oxygen over-
stoichiometry, SEM micrograph and electrochemical properties (Table 4), it can be concluded
that the improvement of the electrochemical properties of the selected cathodes materials by
adding an interfacial layer shows the interest of using such rare-earth oxides combined with
(YSZ+GDC) interfacial layer for IT-SOCFs. The improvement of the electrochemical
performance of the cited materials may be due to the increment of their surface oxygen
vacancies, which result in a faster ion mobility and improvement of catalytic activities at
the cathode side. Surface oxygen vacancies play a key role for reducing the electrode
polarization resistance.. Another reason could be the improved ionic conductivity due to
the addition of ionic conductor YSZ+GDC as an interface between cathode and YSZ,

which significantly improves the ionic transfer. As a result, the electrocatalytic
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functionalities get faster and electrode polarization values reduce in the fabricated L2NO
and L2MO cathodes [63, 64].

The equivalent capacitances (CPE) of each impedance contribution are plotted as a function of
temperature using Schouler's method [59, 60] in Figure 15. Nevertheless, the attribution of
chemical and / or electrochemical processes is not straightforward.

The capacitance values of the medium frequency (MF) contribution are between 5*10~ and
2*10™ F.cm™ ascribed to the grain (G) and grain boundary (GB) response of the electrolyte
YSZ, respectively, the of capacitances values being independent of temperature.

On the other hand, the range of low frequencies (LF) is distinguished by high capacitance values
C =102 - 10" F. cm™2, it is virtually independent of temperature, that means it's the same
electrode phenomenon. L. Mogni ef al. [61], S. Pang et al. [62] and B. Philippeau et. al. [14]
have attributed this contribution to the diffusion of O> gas through the porous electrode (i.e.
electrode phenomena).

Relative to previous work [20], increased capacity values (MF) have been observed, that can
be linked to the presence of the interface layer between the electrode and the electrolyte. This
increase in capacity values has been observed in the past, for example, by T. Ogier et. al. [20],
during the study of LnoNiO4 materials (Ln: La, Pr or Nd) screen-printed on the YSZ electrolyte,
covered with an interfacial layer of GDC. This range of capacitance is assigned to oxygen
reduction response (ORR) processes, i.e. the phenomena of molecular dissociation of oxygen
and charge transfer at the electrode/O, gas interface, instead of transfering ions to the

electrode/layer interface [45, 63, 64].

4. Conclusion

In the present work, LasNiOg 13, La2MnO4,13, LaxC00O4 25 electrode materials were synthesized
by the citrate route and thoroughly characterized by various techniques. With the aim of their
possible use as oxygen electrode material for SOC cells, symmetrical half cells have been
prepared. For this goal, commercial electrolyte (Zr02)0,92(Y203)0,08 (YSZ) was used and an
interfacial layer based on YSZ (50%) + GDC(50%) added between the electrode materials and
the electrolyte.

XPS analysis showed that the surface of the La;BO4s samples is rich in OH  species providing
its anionic character. This behavior can affect the phenomenon of oxygen diffusion at the

surface of the samples also influencing the electrochemical behavior of the samples. In this
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work, a positive behavior was observed in the case of the samples with an anionic properties,
especially for L2ZNO and L2MO (Table 4).

According to the crystallographic results (XRD) and to the oxygen over-stoichiometry
values, in the case of La:MnOQu4:s whose cell is undistorted compared with those of
La:NiO4zs and La2Co00Os4zs5 sample, it can be deduced that when the oxygen deficiency is
low (0 <0.15) the interactions between anionic species are small, which improves the oxide
ions migration. For the other materials, La:NiO4:s and La:C004zs, the electronic
conductivity becomes predominant.

The over-stoichiometry of oxygen (8) varies from one material to another, probably due to the
change in the state of the oxidation of the transition elements.

All cathode materials showed favorable chemical compatibility with the YSZ electrolyte in
presence of the YSZ+GDC interfacial layer, under 1350 °C for at least 72 h.

From electrochemical measurements performed by EIS, low ASR values were observed for
LasNiOa4.18 in the presence of the interfacial layer (YSZ+GDC); these values are close to
0.43 Q.cm? at 600 °C and 0.18 Q.cm? at 700 °C, with an activation energy values of 0.72 eV.
It can be concluded that the selected materials with the interfacial layer, except La2CoQO4+s,
exhibit good electrochemical properties at an intermediate temperature of 600 and 700 °C
compared to similar materials without such a layer; this confirms the benefit of this new
architecture. In this study, although the L2CO material exhibits the same anionic character as
L2NO, but the high ASRs values were different, which is probably due to the poor electrical
properties leading to poor electrochemical performance.

To conclude, the interest of structured cells constituted by an interface layer based on
YSZ+GDC has been pointed out. These encouraging results suggest that La;NiO4.13 and
LaxMnOs.13 could be alternative cathode materials for IT-SOFCs.
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Table 1. Unit cell parameters and space group of L2ZNO, L2CO and L2MO samples.

Space

Unit cell parameters (A)

Unit cell
Sample | Group volume (A%)
a b c
L2NO | Fmmm 5.453 £ 0.001 5.469 + 0.001 12.676 = 0.002 378.0+£0.2
L2CO | Fmmm 5.555+0.002 5.466 + 0.001 12.651 = 0.005 383.5+0.3
L2MO | [4/mmm 3.858 £ 0.001 3.858 +£0.001 12.953 £ 0.004 193.3+0.2
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Table 2. XPS calculated binding energies (eV) measured for the core-levels of L2NO, L2CO and

L2MO materials. B: Ni, Co or Mn.

B3 /B%*
Sample Ols Main peak positions (eV) or
B+ /B3
La3ds»2 Ni 2ps»2
1) 528.69 (27.5)
L2NO 2) 530.17 (11.8) | 849.94 854.43 0.34
3) 53145 (57.2) | 851.58 855.73
4) 53322 (03.4)
Co 2ps3»2 Co 2pi2
1) 528.56 (09.6)
L2CO 2) 53043 (15.3) 779.14 794.58 0.42
3) 531.36 (50.6) | 780.60 796.39
4) 53247 (20.9)
5) 533.76 (03.4)
Mn 2p3.2 Mn 2pi22
1) 528.72 (21.2)
L2MO | 2) 530.65 (39.0) 641.12 652.69 0.55
3) 531.42 (33.9) | 642.61 655.49
4) 532.96 (05.9)
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Table 3. Atomic ratios of elements for L2ZNO, L2CO and L2MO materials as determined by
XPS. B: Ni, Co or Mn.

Sample % Oads M-om) %0 5 c(a)\ltait(t)ns Oad(s)(:t:OH)
L2NO 4.60 27.5 1.70 1.26
L2CO 4.07 19.82 1.66 1.65
L2MO 5.84 11.36 1.70 0.37
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Table 4. ASRs values and activation energies for oxygen electrode materials layered on YSZ
electrolyte in presence of YSZ+GDC interlayer (this work) compared with those reported in the
literature. * Interfacial layer

Symmetrical cell ‘ Rp (2.cm2)/T (°C) | Ea (eV) ‘ Ref. Year
On YSZ electrolyte
La;NiO4 / 8YSZ 0.53/700 °C - [59], 2014
La;NiO4 / 8YSZ 0.37/800 °C 1.40 [20], 2015
La;NiO4 / 8YSZ 0.93/600°C - [60], 2015
La;NiO4 / 8YSZ 2.55/800°C [61], 2005
La;NiO4 / 8YSZ 4.00/800 °C [58], 2007
La;NiO4/GDC */ 8YSZ 3.06/700 °C - [62],2017
LaosPrisNiOs / 8YSZ 0.230/600 °C - [36], 2015
LaPrNiO4 / 8YSZ 0.290/600 °C - [36], 2015
Pr;NiOs.s / 8YSZ 0.150/600 °C - [36], 2015
Pr;NiOs.s / 8YSZ 0.20/700 °C 0.90 [46], 2015
NdzNiO4.s /8YSZ 0.50/700 °C 1.27 [46], 2015
La;NiO4 / 8YSZ 2.00/700 °C 1.53 [46], 2015
Pr2NiO4+5 /Ceo.8Gdo.202-5*/ 8YSZ 0.05/800 °C - [18], 2015
Nd:NiO4.5 /Ceo.8Gdo202-5%/8YSZ 0.09/800 °C - [18], 2015
LazNiO4.5/ YSZ+GDC*/YSZ 0.43/600 °C, 0.72 This work
0.18/700 °C
La;MnO4.5/ YSZ+GDC*/YSZ 2.44/600 °C, 1,08 This work
01.80/700 °C
LazC004:5/ YSZ+GDC*/YSZ 61.9/600 °C, 0.92 This work
11.0 /700 °C
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Figures Caption
Fig. 1. Scheme of the symmetric cell: L2ZMO/ (YSZ+GDC)/YSZ/(YSZ+GDC)/L2MO.
Fig. 2. XRD of the: a) L2NO, b) L2CO and ¢) L2MO powders.
Fig. 3. Curve fitting of the Ols and (Ni, Co and Mn)2p core levels XPS signals of:

a) and b): L2MO, ¢) and d): L2CO, e) and f): L2NO.
Fig. 4. SEM images of the synthesized materials: a) L2NO, b) L2CO, ¢) L2ZMO after sintering
at 1000 °C for 4 h.
Fig. 5. Cross-section images of symmetrical cell: Cathode / Interfacial layer / Electrolyte /
Interfacial layer / Cathode.
Fig. 6. XRD diagrams of IL: YSZ (50%) + GDC (50%) after heating at 1350 °C during 3 days.
Fig. 7. XRD diagrams of YSZ (50%) + GDC (50%) /GDC and YSZ (50%) + GDC (50%) /YSZ
after heating to 1350 °C during 3 days.
Fig. 8. XRD diagrams of the cathode material L2ZNO / 8YSZ + GDC mixture after heating at
1000 °C for 3 days.
Fig. 9. Typical Nyquist diagram corresponding to YSZ pellet.
Fig. 10. Arrhenius diagrams of the ionic conductivity of YSZ electrolyte in air ; our data
(black dots); for comparison, the results found by Philippeau et. al [9] are reported in blue
color).
Fig. 11. Nyquist diagrams of the symmetrical cell IL:(YSZ+GDC) /YSZ in air, at 300, 400 and
700 °C.
Fig. 12. Arrhenius diagrams of the ionic conductivity of the whole interfacial layer deposited
on the YSZ electrolyte compared with YSZ and GDC electrolytes.
Fig. 13. Nyquist diagrams of the symmetrical LZNO / (YSZ + GDC) / YSZ cell in air, at 300,
500 and 700 °C.
Fig. 14. Arrhenius plots of the Area Specific Resistances (ASR) of the L2NO, L2MO and L2CO
cathode materials on the YSZ electrolyte in the presence of the interfacial layer (YSZ + GDC).

Fig. 15. Arrhenius diagrams: capacitance of the L2NO, L2MO and L2CO cathode materials
deposited on YSZ electrolyte with YSZ+GDC interfacial layer.
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Fig. 2.
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Fig. 3.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Fig. 8.
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Fig. 9.
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Fig. 10.
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Fig. 11.
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Fig. 12.
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Fig. 13.
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Fig. 14.
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Fig. 15.
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Table. SI1. Oxygen over-stoichiometry values determined at 25 °C for the as-prepared A;BO4
compounds.

Sample Over-stoichiometry (6iod)
L2NO 0.177
L2CO 0.248

L2MO 0.130
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