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Application of the Adler-Lane-Steele Model to Porous La;NiQOy., 5
SOFC Cathode: Influence of Interfaces with Gadolinia Doped

Ceria

A. Flura, C. Nicollet, V. Vibhu, B. Zeimetz, A. Rougier, J.-M. Bassat, and J.-C. Grenier”
ICMCB, CNRS, Université de Bordeaux, 33608 PESSAC, France

Electrochemical impedance spectroscopy measurements carried out on LayNiOy445(LNO)//Cep§Gdo202-5(GDC)//3mol.%Y,03-
ZrO2(TZ3Y) half-cells from 500°C to 800°C revealed that the impedance of the LNO electrode is Gerischer-like. Based on
experimental data of the porosity, tortuosity, surface area, molar volume and thermodynamic factor of the LNO electrode sintered at
1200°C, the ionic conductivity o;(1.n0) and the surface exchange coefficient )iy of the LNO electrode are calculated using the Adler-
Lane-Steele (ALS) model. Surprisingly, the polarization resistance of the half-cell is shown to depend on the sintering temperature
of the GDC interlayer, which is varied from 1200°C up to 1450°C. Whatever the sintering conditions of GDC, the calculated Ro
values agree with those obtained by recently published pulse isotopic exchange (PIE) experiments. Indeed, the oxygen reduction
reaction mostly occurs at the LNO grain surface. However, the calculated ionic conductivity of the electrode vary depending on the
GDC sintering temperature. X-ray diffraction studies of the LNO//GDC and GDC//TZ3Y interfaces reveal that cations interdiffusion
occurs in both cases. The interfacial GDC layer may act as a bottleneck for the oxide ion transfer from the LNO electrode toward
the TZ3Y electrolyte, and vice-versa, resulting in an increase of the series and polarization

In the last decade, the lanthanide nickelates have attracted more and
more attention due to their good performances as cathode materials for
solid oxide fuel cells, mainly with regard to their intrinsic mixed ionic
electronic conducting (MIEC) properties.'~> For instance, Bassat et
al.* and Burriel et al.’ showed La;NiOg4, 5 (namely LNO) to exhibit
high values of surface exchange and diffusion coefficients (k* and
D*). In addition, LNO is chemically stable in the range of pO, =
1 — 5.107° atm, from room temperature up to 1300°C.° However,
the polarization resistance values reported in the literature are rather
high: for instance, Hildenbrand et al.” obtained an optimum value R,, ~
850 mS - cm? at 600°C, for the following half-cell: La;NiO45(porous)//
LazNiO4+g(dense)//CeolgYO'ZOZ,B//:;IHO].% Y203-Zr02. These authors
strove to understand the mechanism of the oxygen electrode reaction
(OER) of La;NiOy,;” using the Adler-Lane-Steele (ALS) model.®
With respect to the significant O%>~ solid-state diffusion anisotropy
in the LNO bulk material, they proposed that surface diffusion of
the oxygen species should play a major role in the oxygen reduction
reaction.

In this paper, the OER has been studied for La;NiO,, 5 electrode de-
posited on a 3 mol. % Y,03—2rO, (TZ3Y) dense electrolyte, covered
with a barrier layer made of Ce(3Gdy20,-_s (GDC), in order to avoid
the formation of the detrimental La,Zr,0; pyrochlore interphase.®!°

The aim of this study is firstly to support that the ALS model
can be applied to LNO//GDC//TZ3Y designed half-cells. Secondly,
the influence on the electrochemical performances of the interface
between the GDC interlayer and the LNO porous electrode will be
pointed out.

Experimental

Preparation of cell components.—The TZ3Y dense electrolyte
membrane (& 90 pm) was kindly provided by Indec company. Com-
mercial sub-micronic powders, La;NiOy, 5 from Marion Technologies
Co. and Ce(3Gdj,0; .99 from Rhodia Co., were respectively used as
starting materials for preparing the electrode, and the interfacial bar-
rier layer between LNO and TZ3Y.

La;NiOy 3//GDC//TZ3Y symmetrical half-cells were made as fol-
lows: GDC interface layers were screen-printed on both sides of
the TZ3Y electrolyte, and sintered at various temperatures between
1200°C and 1450°C, for 3 h, in air with a controlled heating rate
of 2°C/min, resulting in a layer thickness of approximately 2 pm.
Subsequently, La,NiO, 5 ink was screen-printed on top of the GDC
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interface layer, and sintered at 1200°C, for 1 h, in air, with a heating
rate of 2°C/min, leading to cathode layers of about 20 wm thick.

A collecting layer of LaNig¢Fey 403 (LNF) was screen printed on
both sides of the sintered LNO//GDC//TZ3Y half-cell. It was in situ
sintered in the EIS setup at 900°C for 2h, allowing decreasing the
overall series resistance of the cell during the EIS measurements. It
was experimentally checked that this layer does not take part in the
oxygen electrode reaction (OER).!!

Structural and microstructural characterizations of the
materials.—The powders were characterized by X-Ray diffraction
(XRD) at room temperature using a PANanalytical X pert MPD
diffractometer with Cu-K, incident radiation.

The X-ray diffractograms were fitted by profile matching using the
Fullprof software.!?

SEM observations of the cross-section of LNF//La;NiOy, s/
GDC//TZ3Y half-cells were carried out using a JEOL JSM 6330F.
Samples were prepared by embedding under vacuum the cell in an
epoxy resin (EpoFix from Struers A/S, Denmark), then were mirror
polished. The thickness, porosity and pore diameter of the electrode
microstructure were determined by means of image analysis using the
Image J software.

The specific surface area of LNO electrodes was determined
using the B.E.T. method through nitrogen physisorption measure-
ments carried out on a Quantachrome autosorb apparatus. To ob-
tain enough powder (myno ~ 350 mg), the LNO ink used for the
LNF//LNO//GDC//TZ3Y half-cell preparation was sintered in an alu-
mina crucible, using the same annealing treatment that the one used
for the preparation of the half-cell. Pieces of LNO electrode were
obtained and used for the determination of the specific surface area.

Electrochemical impedance spectroscopy measurements.—The
electrochemical impedance spectroscopy (EIS) measurements were
performed in the setup depicted in Fig. 1. Impedance measurements of
the LNF//LNO//GDC//TZ3Y symmetrical half-cells were carried out
in the range 10° Hz—10~! Hz, using an Autolab PGStat 308 frequency
response analyzer, the ac amplitude being fixed at S0 mV. Gold grids
were used as current collectors. Data were fitted using two softwares:
Zview (Scribner Associates) and the home-made CANELEIS."? The
latter was used more specifically to perform Kramers-Kronig test.'*
The electrochemical experiments were performed at decreasing tem-
perature, from 800°C down to 500°C, in air, at igc = OA.
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Figure 1. EIS measurement setup.

Results and Discussion

The Adler-Lane-Steele model.—Linear ac polarization behavior
of the La;NiO4, 5 MIEC electrode was studied considering the ALS
model® which “uses continuum modeling to analyze the mechanism
of the oxygen reduction reaction at a porous mixed-conducting oxy-
gen electrode”. The model describes the conversion of the electronic
current into ionic current over the whole thickness of the electrode.
At zero-bias, the impedance Z of a symmetrical cell is:

Z = Relectrolyte + Zimerfaces + Zchem [1]

Retecrolyie 18 related to the 0% jonic solid-state transport in the
electrolyte, Ziyeraces describes the electron transfer at the current
collector/electrode interface and the O?~ diffusion at the elec-
trode/electrolyte interface, and Zen, is a convoluted impedance in-
cluding the following reaction steps i) the solid-state diffusion of
oxygen electro-active species in the electrode, ii) the oxygen surface
exchange between the electrode and its surrounding atmosphere and
iii) the diffusion of molecular O, in this atmosphere.'> Within the
limit where only steps i) and ii) co-limit the oxygen reduction reac-
tion, Zeem reduces to Eq. 2:10

1 / 1
Zchem = Rehem N = Rehem T . .~
\/1 + Jw (Rchemcld;ff) 1 + Jw (tchem)

(2]
In this case, Zpem 1S mathematically equivalent to the Gerischer
impedance.'”"® Ry and Cy, are the chemical resistance and ca-
pacitance reflecting co-limitation of the OER by the surface exchange
coefficient Romiec) and the ionic conductivity o;miec) of the MIEC;
fehem 18 the relaxation time of the Gerischer impedance. The expression
Of Rehems fehem and Cy,,, have been defined by Adler et al.'® through
Egs. 3,4 and 5:

RT
Repem = \/ i [3]

- 5 :
2F2 (1 —¢) - Sa - Romiec) - TiMIEC)

(1—-¢
fehem = < [4]
Vin  finermo * Sa - Nomrec)

t F-(1-¢)"°
Cldiﬁ — chem ( 8) ><\/

2 - Gj(MIEC)
RT -t - Sa - Romiec)

= (5]
Rchem ﬁhermo . Vm

From these equations, Rowiec) and o;anec) can be determined from
the Egs. 6 and 7, respectively:
(I—¢)

N = [6]
OMIES) Vm : flhermo : SA + Ichem

RT T- Vm . fthermn * Ichem
— X
2F2 7 (1 =€) - Repem)’

The key parameters used in these equations are the electrode porosity
¢, the electrode tortuosity t, the molar volume of the MIEC material V;,
and its surface area Sa. fihermo 1S @ thermodynamic factor related to the
variation of the oxygen stoichiometry of the material upon change of
the oxygen partial pressure. Repey, and 7 per, are obtained via fitting the
experimental impedance data using the Gerischer impedance. Finally,
R and F have their usual meaning, the gas and Faraday constants, 7'
being the temperature in K.

Another parameter which can be calculated using the ALS model
is the thickness of the electrode involved in the oxygen electrode
reaction, i.e. the diffusion length /4, which can be considered as the
electrode active part. It is given by the Eq. 8:

(7]

Oi(MIEC) =

RT Vi - flhermo _ RT

& - |2 (1—¢)- Oi(MIEC)
4F? (I —¢) 8F?

T-Sa- m()(MIEC)
(8]
In order to use the ALS model, some important conditions must
be fulfilled. Obviously, the first point is that the material should be
a MIEC material — which is the case for La;NiOg4, 5. Secondly, the
thickness of the electrode must be larger than the theoretical diffusion
length as given by Eq. 8. Indeed, when the ORR is limited by the
electrode thickness, a finite-length Gerischer impedance expression,
as formulated by Boukamp et al.'® for instance, should be considered.
Thirdly, the Gerischer impedance resulting from the ALS model can
only be applied to electrodes in which the limiting steps for the OER
are the solid-state diffusion of O>~ and the oxygen exchange at the
interface gas/electrode. Finally, the thickness of the electrode involved
in the OER, 4y , must be larger than the average diameter value of the
electrode particles. Otherwise, a 3D model®® should be considered,
instead of the ALS model which is a 1D model.

laisr = Crye X

E.L.S. measurements of LNO porous electrodes.—The impedance
diagrams in the temperature range 500°C-800°C for symmetrical
porous LNO electrodes sintered on a GDC//TZ3Y architecture are
reported in Fig. 2. GDC is sintered at 1300°C for 3h, LNO at 1200°C
for 1h. The series resistance Ry of the electrolyte has been subtracted
from the impedance plot for the sake of clarity.

Three processes, Py, P, and P3, can be evidenced: P, is clearly
visible at high frequency (f > 10* Hz) in Fig. 2a, for the diagrams
obtained at 500—550°C, and is related to O®~ solid-state diffusion in
the electrolyte materials (TZ3Y and GDC) with regards to previous
works.?! The low frequency intercept of P; with the Z’ axis is Rs. P,
which exhibits a Gerischer impedance shape, is well depicted in Fig.
2b in the frequency range 10° Hz < f < 10! Hz for the diagrams
measured at 600—700°C. This contribution is assigned to the oxygen
electrode reaction occurring in the LNO electrode. P; is clearly visible
at low frequency (f < 10 Hz) in Fig. 2c, for the diagrams obtained
at 750°C and 800°C. This process is related to gas concentration
phenomena occurring in the porous structure of the electrode and in
the EIS setup.?>?

This paper is focused on the Gerischer impedance related to the
LNO electrode. The accuracy of the diagram data was checked us-
ing the Kramers-Kronig (KK) relation® thanks to the CANELEIS
software; a typical example is shown in Fig. 3.

Discrepancy appears between the KK plot and the experimental
plot for f > 10* Hz, i.e. for the process related to O>~ solid-state
diffusion in the electrolyte materials. It is likely that overlapping with
the impedance of the EIS setup wires is responsible for this behavior.
At lower frequencies, the Gerischer impedance matches well with the
KK plot, which is a guarantee of quality.
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Figure 2. Typical impedance diagrams of a LNF//LNO//GDC//TZ3Y half-
cell measured by EIS at various temperatures: GDC sintered at 1300°C for 3h,
LNO sintered at 1200°C for 1h.

In order to obtain an optimal fit, a “fractal” expression of the
Gerischer impedance was needed instead of the ideal case, as shown in
Fig. 4. This fractal expression is given in Eq. 9 through the parameter
¢. It allows a distribution of the relaxation time, as for a R//CPE
element compared to a pure R//C process.

1
Zehem = Revem,| —————— 9
" "V L+ Gw (opem)” ®l

The addition of a LaNiggFe;40; (LNF) collecting layer on top of
the LNO porous electrode leads to an increase of ¢ from 0.78 up to
0.94, but does not affect the polarization resistance value. As sug-
gested in Refs. 25,26, it indicates that without an optimized collecting
layer, non-uniform electronic current distribution occurs in the LNO
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Figure 3. Kramers-Kronig (KK) test, carried out on the impedance diagram
of the LNF//LNO//GDC//TZ3Y half-cell measured at 600°C.

electrode, which might be due to its porous structure, coupled with a
high anisotropy of its electronic - and ionic - conduction.* Our results
suggest that the value taken by ¢ increases with the uniformity of the
current distribution. It is noteworthy that a value ¢ = 0.94 is very
close to the ideal Gerischer impedance (¢ = 1), as reported in Fig. 4.

Based on R per and fepem parameters obtained from the Gerischer
impedance data refinement, &, and o;1n0) can be calculated using
the Eqgs. 6 and 7. However, at first, it was mandatory to determine
parameters required for the ALS model, i.e. the thermodynamic factor
Jihermo, the molar volume V/,,, the specific surface area S4, the porosity
¢ and the tortuosity t of the LNO porous electrode.

Determination of the ALS model key parameters.—The thermo-
dynamic factor.—The thermodynamic factor?’ can be determined from
TGA measurements carried out at various pO,, then calculated using
Eq. 10:

__13lnp(©0y

ermo — 1
Jun 2 9Ind [10]

From results reported in Ref. 6 for LNO, this factor has been calculated
for temperatures ranging from 500 to 700°C; the results are reported
in Fig. 5.

An almost straight line is obtained over the whole temperature
range, with a value increasing from 240 to 296 between 500°C and

- 600 °C
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Figure 4. Impedance diagram of the LNF//LNO//GDC//TZ3Y half-cell mea-

sured at 600°C. The data are fitted using an “ideal” or fractal Gerischer
impedance.
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Figure 5. Thermal dependence of the thermodynamic factor of LayNiOgs.

700°C. The linear regression of the data is given in Eq. 11:
Sinermo = 0.2787 - T + 100.99 [11]

with T in Celsius. The obtained values are somewhat smaller than
those previously determined for La,CugsNigs5QO4.5,>’ which denotes
a higher capability of LNO to change its oxygen stoichiometry upon
a variation of pO,.

The molar volume.—The molar volume of LNO (Fig. 6) was calcu-
lated from the thermal variation of its lattice parameters determined in
air, by in situ X-Ray Diffraction (XRD) measurements at decreasing
temperature from 1400°C down to room temperature. Again, detailed
data are given in Ref. 6.

From the linear regression of the molar volume data points, V,,
can be calculated using Eq. 12:

Vi =2.27 x 1073.T + 57.076 [12]

with T in Celsius.

The porosity.—The porosity ¢, specific surface area Sa and tortu-
osity t of a porous LNO layer sintered at 1200°C on a GDC//TZ3Y
electrolyte pellet were estimated from SEM micrographs. The mi-
crostructure of the electrode is shown in Fig. 7.

The porosity of the LNO electrode was determined as follows: at
first, the "apparent density" pappino) Of the porous LNO electrode was
calculated from the parameters i) Mejecirode, the weight of electrode
material deposited on TZ3Y, ii) Seiecuode » the electrode surface area,
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Figure 6. Thermal dependence of the molar volume V,, of La;NiOy 5.

Figure 7. SEM cross-section of the

images of the
LNF/LNO//GDC//TZ3Y half-cell, LNO being sintered at 1200°C for
1h in air, GDC at 1300°C for 3 h. (a) Secondary electron image. (b) Image
processed with Image J.

polished

determined from a microscopy image of the electrode top surface
using Image J software and iii) Zjectrode » the average thickness of the
electrode, measured from SEM micrographs. The apparent density
takes into account the porosity of the electrode. It is calculated using
Eq. 13:
Melectrode

PapplNO) = & [13]

e Selectrode X Telectrode
Then, considering the theoretical density of LNO at room temperature
Ptheo.N0) = 7.05 g/cm3, the porosity of the electrode is calculated using
Eq. 14:

e — Ptheo(LNO) — Papp(LNO)

[14]
Ptheo(LNO)
The value obtained for the porosity is € ~ 0.36.

In addition, the value of the porosity was cross-checked by apply-
ing a threshold on the SEM image using Image J software (as shown in
Fig. 7b), and calculating the black surface corresponding to the pores
over the whole surface area ratio: a value of € &~ 0.35 was determined.
Based on these two results, a mean value of € &~ 0.35 was used for the
ALS model.

The specific surface area.—The specific surface area of the LNO
electrode sintered at 1200°C was measured using two methods.

Firstly, it was determined from nitrogen physisorption measure-
ments, using the B.E.T. method: the measured value was Sggr = 1.04
m?/g. As required by the ALS model, assuming a spherical particle
size of 0.55 pm, and taking into account the porosity of the electrode
(35%) and the theoretical density, the value Sy = 48 000 cm?/cm?
was calculated.

Secondly, the specific surface area of the electrode was estimated
using the methodology proposed in reference 28, based on the average
LNO particle diameter and the porosity of the electrode. Using Image



J software, the average diameter of the LNO particles was estimated
from five different micrographs to be around 0.55 jum after a sintering
step at 1200°C, for 1h in air. For this methodology, the electrode is
considered as a uniform array of identical cylindrical rods of radius
R. In our case, it roughly simulates the interconnection between the
LNO particles, which allows the O, solid-state diffusion to occur. An
estimation of the specific surface area S, can then be obtained from
Eq. 15:

_2(1—¢9

Sa R

[15]
The radius of the rods was approximated to those of the LNO particles,
i.e. R = 0.275 pm. Using € ~ 0.35, a specific surface area Sy ~ 47
000 cm?/cm? was estimated, which is close from the value determined
using the B.E.T. method.

For the subsequent model, the value S, = 48000 cm?/cm? obtained
from the B.E.T. measurements was considered.

The tortuosity.—Determining the tortuosity of a porous electrode is
achallenging point, since it normally requires specific techniques such
as tomography?® to be correctly achieved. However, an estimation of
its value was done as discussed below.

The tortuosity T reflects the extra distance covered by an oxide ion
to diffuse from a point of the electrode toward the electrolyte surface.
With regards to the microstructure of the LNO electrode as shown in
Fig. 7 and the porosity of the electrode ¢ ~ 0.35, it seems unlikely
that the distance covered by O%>~ will be larger than twice that of the
straight line toward the electrolyte - but still, it should be higher than
1. Hence, it is expected for the tortuosity to range between 1 and 2.
Based on a previous report in the literature for similar electrodes,?
the tortuosity has been estimated at T = 1.5; this value is used for
further calculations.

Calculation of N, 6;ano0) and Cpem using the ALS model.—
No and o;1no) values were calculated from the impedance data Fig.
2, using Eqs. 6 and 7 of the ALS model. The calculated O, surface
exchange coefficient :Hy was compared with values determined by
Bouwmeester et al.,*® using pulsed isotopic exchange (PIE) measure-
ments on LNO powder.

The calculated o;qn0) Was compared with the ionic conductivity
of LNO determined by Boehm et al.* by isotopic exchange depth
profiling of O, (IEDP) measurements on dense LNO ceramic pellets.
The thermal dependence of 9 and o; N0y are shown in Fig. 8.

Over the whole temperature range, the values of the O, surface
exchange coefficient N, calculated from the impedance data using
the ALS model and those determined from PIE measurements show
a perfect agreement, as well as the activation energies Ex ~ 1.50 eV
(Fig. 8a).

On the contrary, the calculated values of the ionic conductivity
of LNO show some discrepancy as compared to those obtained from
the IEDP experiments (Fig. 8b). The IEDP “ceramic” conductivity
exhibits an activation energy E, = 0.76 eV at T < 600°C, then E,
= 0.84 eV above, close to the value E5, = 1.00 eV obtained for the
calculated ionic conductivity of LNO.

It is noteworthy that although the experimental ), and o;q.no) plots
originate from distinct studies and authors, both show that a slight
change in the activation energy value occurs at around 600°C. This
could be assigned to two different mechanisms of oxygen electrode
reaction for LNO depending on the temperature range, but further
studies would be needed to confirm this point.

The key fact of this preliminary study is that the N, values calcu-
lated from the impedance data using the ALS model are consistent
with the experimental 9%, values published by Bouwmeester et al.,*
which is quite satisfactory. For o;1no), if differences in the absolute
values of the ALS plot compared to the experimental one are observed,
their respective activation energy is close.

A possible explanation for this behavior is discussed in the follow-
ing.
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Figure 8. Thermal dependence of (a) the exchange surface coefficient iy and
(b) the ionic conductivity of LNO, calculated from EIS data using the ALS
model. Comparison with PIE>? and IEDP* data.

Using the experimental N, and o;qno) values from the literature,
the ALS model predicts that a porous LNO electrode as prepared in this
study should give at 600°C an optimal polarization resistance Rchem =
0.60 © - cm?, for a relaxation time fpem = 8.05.1072 s. For our designed
LNF/LNO//GDC//TZ3Y cell, a higher polarization resistance Rchem
=0.85 Q - cm? for fpem = 6.3.1072 s was obtained (cf. Fig. 3b), which
indicates that the polarization resistance experimentally obtained is
larger than the optimal calculated one.

Recent publications'®3!~3* have reported that reactivity occurs be-
tween LNO and GDC, for T > 700°C. Results clearly indicate that
mainly La, and Ni in a lesser extent, are able to diffuse in the GDC
fluorite structure, which leads to the formation of a lanthanum doped
GDC, and simultaneously to LazNi,O5 at T > 1000°C.'%32 It is likely
that the nature of the LNO//GDC interface has an impact on the EIS
behavior. To verify this assumption, samples with GDC layer sintered
at different temperatures were prepared.

Influence of the GDC interlayer on the oxygen electrode reaction
impedance.—To study the influence of the GDC interlayer on the elec-
trochemical behavior of the LNF/LNO//GDC//TZ3Y half-cell, sam-
ples with a GDC interlayer sintered from 1200°C up to 1450°C, for 3 h,
in air, were prepared. A porous layer of LNO was deposited afterward,
and sintered at 1200°C during 1h for all the samples, to keep the same
ALS model parameters (porosity, specific surface area, efc. .. ) than
the ones previously calculated. Among the LNF//LNO//GDC//TZ3Y
samples, delamination of the LNO electrode was observed for the
samples with GDC sintered at 1200°C or 1250°C. Above 1250°C,
good adhesion of the LNO electrodes on the GDC layer was obtained.
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Figure 9. Thermal dependence of the additional series resistance related to
the GDC//TZ3Y and/or LNO//GDC interfaces, measured at 600°C.

The properties of the samples were measured by EIS from 500°C
up to 800°C. The series resistance Rs of the half-cells was varied
with the GDC sintering temperature. Considering that the contri-
bution of the electronic conduction of LNO and LNF to the series
resistance is negligible, it was assumed that these variations in the se-
ries resistance are due to interdiffusion processes at the TZ3Y//GDC
and/or GDC//LNO interfaces. To quantify these variations, subse-
quently named additional Rg,q4), the contribution of the dense TZ3Y
electrolyte (Rslecry) to the raw total Rs was subtracted; Rgelecy Was
calculated from the theoretical ionic conductivity of the TZ3Y elec-
trolyte, and double-checked by measuring a reference Pt//TZ3Y//Pt
half-cell by EIS (not reported). The additional Rg,4qy values calculated
at 600°C are shown in Fig. 9.

The high additional Rg,q44) value obtained when GDC is sintered
at 1275°C (Rsad) = 0.48 Q - cm?) supports that GDC is not enough
sintered to prevent detrimental diffusion process at the LNO/GDC
interface, which results in delamination of the LNO electrode for
GDC sintered at 1200°C or 1250°C. The smallest additional series
resistance, Rsuaq) A~ 0.25 Q- cm?, was obtained for GDC sintered at
1300°C or 1350°C.

For higher sintering temperatures, the progressive increase of
the Rs value likely results from the cation interdiffusion at the
GDC//TZ3Y interface, as confirmed by X-ray diffraction analysis
of this interface (see discussion part). Finally, the best compromise to
avoid excessive interdiffusion at these interfaces would be to sinter
the GDC interlayer between 1300°C and 1350°C.

Then, the polarization resistance related to the oxygen electrode
reaction of the different samples was carefully examined. The Nyquist
and Bode plots of the LNF/LNO//GDC//TZ3Y half-cells with GDC
sintered at various temperatures are reported in Fig. 10. Whatever
the samples, a Gerischer impedance is observed, the apex frequency
of these impedances being quite similar, f ~ 2- 10! Hz (Fig. 10b).
However, the value of the chemical resistance related to the Gerischer
impedance depends on the GDC sintering temperature: these values
are reported in Table 1.

The chemical resistance related to the Gerischer impedance grad-
ually decreases with the GDC sintering temperature, down to Repem =
0.61 € - cm? for GDC sintered at 1400°C. Above 1400°C, the chem-
ical resistance gradually increases. These results clearly show that

Table I. Chemical resistance Rchem related to the Gerischer
impedance as a function of the GDC sintering temperature.

GDC sintering temperature (°C)

1200 1275 1300 1350 1375 1400 1425 1450

Rehem (2-cm?) 177.1 120 085 0.77 0.72 0.61 0.72 091
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Figure 10. Influence of the GDC interlayer sintering temperature on the elec-
trochemical performances of the LNF//LNO//GDC//TZ3Y half-cells at 600°C:
(a) Nyquist plots, (b) Bode plots, for various GDC sintering temperatures.

the Gerischer impedance, which is usually only related to the oxygen
electrode reaction in the LNO electrode, may depends on the GDC
interlayer as well.

The ALS model was then applied to every samples, using the
microstructural parameters previously defined for the LNO electrode.

The LNO surface exchange rate and ionic conductivity were cal-
culated, at 600°C, for all the samples; the variations of i, and o N0)
vs. the GDC sintering temperature are shown in Figs. 11a and 11b.

In addition, the 9y and o;¢no) Vvalues are plotted in Figs. 12a and
12b, as a function of temperature for three samples with GDC sintered
at 1275°C, 1400°C or 1450°C.

Results from Fig. 11a and Fig. 12a clearly show that the surface
exchange rate is independent of the GDC sintering temperature, even
for the sample with GDC sintered at 1200°C, for which delamination
at the LNO//GDC interface was observed after the EIS experiments.

On the contrary, the ionic conductivity (Fig. 11b and Fig. 12b) is
clearly dependent on the GDC sintering temperature. It is noteworthy
that for the sample with GDC sintered at 1400°C (star plot), the Ry
and o, Noy calculated from the ALS model are in good agreement
with the )y and o;1.n0) values obtained from the literature data (Fig.
12). It seems that in these conditions, the LNO//GDC interface does
not limit the oxide solid state diffusion from LNO toward the GDC
interlayer (and vice-versa).

Another interesting point is that, with a LNO particle size diam-
eter @ ~ 0.55 pwm as prepared in this study, it seems impossible to
get values of the chemical resistance Rpen lower than =~ 0.61 € - cm?
at 600°C, which is close from the value predicted by the ALS model
(0.595 ©-cm?). In the future, it would be interesting to study the
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Figure 11. (a) Surface exchange rate and (b) ionic conductivity calculated
using the ALS model at 600°C for LNF//LNO//GDC//TZ3Y half-cells as a
function of the GDC sintering temperature.

influence of the particle size diameter of LNO on this chemical resis-
tance, i.e. to increase Sy .

Furthermore, the optimal R, value obtained when GDC inter-
layer is sintered at 1400°C leads to an additional series resistance
Ryagy ~ 0.32 Q-cm? at 600°C (as shown in Fig. 9), which should
be taken into account when considering the electrochemical perfor-
mances of the LNO//GDC//TZ3Y designed cell.

The main conclusion of this study is that the Gerischer impedance
usually assigned to the LNO electrode only is actually dependent on
the LNO//GDC interface. A possible explanation for this behavior is
given in the following discussion.

Discussion

As stated earlier, interdiffusion processes have been observed in
the literature between LNO and GDC, leading to the formation of
lanthanum doped GDC and LazNi,O; at their interface for T >
1000°C.'%32 To confirm this point, the LNO electrode was removed
by acid leeching: XRD measurements were carried out on the top
surface of the half-cells, in order to characterize the GDC layer and
the GDC//TZ3Y interface. Results are shown in Fig. 13. The peak at
20¢, A 28.3° confirms the formation of La doped GDC.** In addi-
tion, cations interdiffusion at the GDC//TZ3Y interface is revealed by
the progressive shift of the GDC peak from 20¢, =~ 28.8° to higher
angles® and the apparition of a small shoulder at the base of the
TZ3Y peak at 20¢, =~ 30.3°, when the GDC sintering temperature is
increased.

Based on these observations, the oxygen electrode reaction occur-
ring for GDC sintered at 1300°C or 1400°C, 3h, and LNO sintered at
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Figure 12. Thermal dependence of (a) the surface exchange rate and
(b) the ionic conductivity calculated using the ALS model for

LNF//LNO//GDC//TZ3Y half-cells, with GDC sintered at various tempera-
tures.

1200°C, 1h, is schematically represented in Fig. 14a. Using Eq. 8 and
EIS data, the calculated diffusion length at 550°C is around 4.5 um
for GDC sintered at 1300°C, while it increases up to 10 wm for GDC
sintered at 1400°C. This difference comes from the efficiency of the
ionic diffusion in the material, which is discussed below.

Assuming that GDC doped with La and/or Zr is not electronic con-
ducting, hence, the electrical double layer takes place at the interface
between the La deficient LNO phase, and the doped GDC phase (Fig.
14b). The OER occurs mostly at the LNO grains (Fig. 14a), and to a
much lesser extent at the La deficient LNO phase (gray in Fig. 14b).
Then, the oxygen insertion is mostly achieved by the LNO grains,
as illustrated in Fig. 14a, which explains why the N, parameter is
independent of the GDC sintering temperature.

The overall ionic conductivity of the electrode o; that should be
considered for the ALS model is in the best case, the ionic conduc-
tivity of the LNO grains o;q.n0). This occurs when the effective ionic
conductivities of all the phases concerned with the O*~ diffusion path,
from the LNO layer to the TZ3Y electrolyte, are larger than or equal
to the effective ionic conductivity of the LNO phase. Compared to the
intrinsic ionic conductivity, the effective ionic conductivity takes into
account the porosity and tortuosity of each phase.

It is assumed that a dense TZ3Y membrane, a quasi-dense GDC
layer as well as the La deficient phase that was reported by various
authors'®*! to be LazNiO;_;, meet this requirement. Indeed, com-
parison of porous LazNi,O;_; and LNO electrodes deposited on a
LSGM electrolyte showed that the lowest polarization resistance was
obtained for La;Ni, Og o5.3°
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However, it has been reported that the ionic conductivity at 800°C
of a La doped ceria was o;qpc) ~ 1.02- 107> S.cm™!, half the value
of 6iGpey A 2.08 - 107> S.cm™1.%7 It is then likely that the progressive
diffusions of La and/or Zr into GDC decrease its ionic conductivity,
as already observed in Fig. 9. Yet it is difficult to assess at which
temperature the effective ionic conductivity of the GDC, doped with
La and/or Zr, will be lower than Gf{LfNo). Based on Table I, it likely
occurs when the sintering temperature of GDC is higher than 1400°C,
since the chemical resistance increases beyond this temperature.

Finally, it is proposed that the decrease of the chemical resistance,
when the GDC sintering temperature is increased from 1275°C up
to 1400°C, is related to the quality of the interface between the La
deficient phase and the La and/or Zr doped GDC phase, where the
electrical double layer takes place (Fig. 14b). This can be seen as
a “bottleneck” for the oxide transfer ions from the “electrode part”
toward the “electrolyte part”. If the concerned area is too narrow, i.e.
the effective ionic conductivity of the interface is lower than the ef-
fective ionic conductivity of LNO, the electrochemical performances
of the electrode may drastically decrease. This issue arises when the
sintering of the LNO grains with the GDC grains is not achieved. In
the worst scenario, i.e. when delamination of the electrode occurs,
as for instance for GDC sintered at 1200°C / 1250°C, the effective
ionic conductivity of the electrode o; drops from ~ 4-10~% S/cm
down to 8-107% S/cm (Fig. 11b). In this study, the adherence of the
LNO and GDC grains seems to be mostly dependent on the initial
microstructure of the GDC interlayer (doped or not), on top of which
the LNO electrode is sintered. This microstructure changes with the
densification of the GDC interlayer, i.e. with its sintering temperature,
as already shown in Fig. 14a.
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Figure 14. Interdiffusion process at the LNO//GDC interface affecting the
solid-state diffusion of the oxide anions through the half-cell. Illustration of
the diffusion length calculated at 550°C for GDC sintered either at 1300°C
or 1400°C, and LNO sintered at 1200°C. (a) Global view (b) zoom at the
LNO//GDC interface for GDC sintered at 1300°C.

The main conclusions of this part are summed up in Fig. 15, where
the evolution of the additional series resistance (previously reported
in Fig. 9) and of the chemical resistance with the GDC sintering
temperature are compared.

Results of Fig. 15 points out that the lowest chemical resistance is
not necessarily correlated with the lowest series resistance.

Theoretically, the Gerischer impedance related to the ALS model
should only be used when the oxygen exchange and the oxide diffu-
sion in LNO contribute to the OER. However, this study shows that
when the ionic diffusion in LNO is hindered, due to the presence of
detrimental La doped GDC at its interface for instance, the Gerischer
impedance still accurately fit the data. In that case, the ionic conduc-
tivity of LNO, - o;anec) in Eq. 3, must be replaced by an apparent
ionic conductivity ;¢pp), Which takes into account issues in the O?~
diffusion path occurring in the whole half cell:

RT
Rchem = \/ . [16]

— X
2F2 (1 —¢)- Sa - RoiEc) * Ciapp)

If the calculated ;) exhibits a lower value than the expected
o;LNo) » it will indicate that the LNO//GDC and/or GDC//TZ3Y inter-
facial areas have poor ionic conductivities. The authors believe that the
main drawbacks to the electrochemical performances of SOFC elec-
trodes are, besides the issues of current collecting, their reactivity with



1.2 1.4
LNO electrode delamination 1: GDC too porous = excess of
= 1o, 600°C |, .reactlwty at t.he LNO//GD.C
é.; : ’ interface, ultimately leading to
= <~ delamination.
Qg 0.8 1.0 E
= " £ 2. Densification of the “GDC” layer
£ o061 0.8 E increases the quality of the
2 = LNO//GDC interface.
T
3 oagEEs 0.6
g:gi:::’:i:i: 3. Cations interdiffusion at the
"0 ’0’
02, A’f’:"‘:‘ftg L oa GDC//TZ3Y interface gradually

1200 1250 1300 1350 1400 1450

GDC sintering temperature (°C)

“GDC” layer densification

affects the overall ionic diffusion in
the half cell.

1500

Figure 15. Variation of the additional series resistance and chemical resistance of a LNO//GDC//TZ3Y half-cell, as a function of the GDC sintering temperature,

at 600°C. LNO sintered at 1200°C for 1 h.

their respective interface materials. These issues must be solved first,
before considering optimizing the shaping of the electrode grains.

Conclusions

This study was focused on modeling the impedance data measured
by electrochemical impedance spectroscopy on a MIEC La;NiOy,
(LNO) porous electrode deposited on a GDC//TZ3Y half-cell, using
the Adler-Lane-Steele (ALS) model. The sintering of the LNO elec-
trode was fixed to 1200°C, while the sintering temperature of the
GDC interlayer was varied from 1200°C up to 1450°C. For all the
samples, the oxygen electrode reaction (OER) occurring at the LNO
electrode was measured by EIS as Gerischer impedances, for temper-
atures ranging from 500°C up to 800°C. Surprisingly, the polarization
resistance of these Gerischer impedances was shown to vary with the
sintering temperature of the barrier layer, GDC.

Theoretically, the ALS model states that in the limit where the
resistance related to the OER in the half-cell only depends on the
diffusion of oxygen in the electrode, and on the exchange of O, at
the electrode/gas interface, a Gerischer impedance is obtained. In this
study, we showed that when the ionic diffusion in the LNO electrode
is hindered due to interfacial issues with its electrolyte, the Gerischer
impedance predicted by the ALS model can still be used to accurately
model the data. In that case, it is necessary to consider an “apparent”
ionic conductivity o;(pp) in the expression of the Gerischer, instead of
the ionic conductivity of LNO o;.no). This apparent ionic conductivity
outlines potential “bottleneck” in the ionic diffusion pathway from the
electrode toward the electrolyte part of the half-cell.

For GDC sintered at 1400°C, 3h, and LNO sintered at 1200°C, 1h,
it has been calculated that o;,pp) A 0j(n0)- In that case, the LNO//GDC
interface does not limit the O, solid-state diffusion in the half cell,
which gives the best electrode electrochemical performance that can
be expected for a LNO electrode with a particle diameter @ ~ 0.55
pwm, which is Repem &~ 0.61 € - cm? at 600°C. However, due to cations
interdiffusion at the GDC//TZ3Y interface at 1400°C, which likely
lead to the formation of phase(s) with an effective ionic diffusion
lower than those of GDC and TZ3Y, additional series resistance Ryqd)
~ 0.32 Q - cm? appears, as compared to the series resistance expected
for an ideal GDC//TZ3Y architecture. Other candidates than GDC as
interlayer between TZ3Y and LNO should be considered, in order to
fix that issue.
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