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Abstract

Ln,NiO4.s based materials (Ln=La, Nd or Pr), show very good electrocatalytic performances as SOFC cathode: the oxygen diffusion
coefficientD" and the surface exchange coefficikmheasured by isotopic exchange are several orders of magnitude higher than that of the
standard LSM cathode material. They are good mixed ionic and electronic conductors (MIEC) due to the mixed valence of the transition
metal cation M and to the presence of mobile additional oxygen atoms. Therefore, tb@udtion is not limited by a charge transfer process
occurring usually at the one-dimensional “three-phase boundary” interface between gas, electrode and electrolyte characteristic of metallic
cathodes.

This study aims to characterise the reaction kinetics#)PLn:NiO4.s/zirconia porous electrodes in the temperature range 500800
under air. In order to identify interfaces and electrode processes, ac electrochemical impedance spectroscopy was used under zero bia:
conditions with symmetrical cells. Using the Schouler method, the electrode/electrolyte interface impedance has been clearly identified as
the limiting step. Furthermore, electrode properties have also been measured under non-zero dc conditions with a three-electrode cell. The
polarisation curves allow to confirm that {MiO,4.; oxides are promising materials for SOFC cathode. The observed overpotentials are lower
than those observed for LSM under the same current and temperature conditions. Nevertheless, the interface bii®@ggrahd zirconia
should be optimised by a better shaping because the interfacial resistance appears to be the most important contribution to the total impedance
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction perovskite oxides. Furthermore, they are good electronic
o _ . . conductors due to the mixed valence of the nickel cations.
The mixed ionic and electronic conducting oxides (MIEC)  |n this paper, we report an electrochemical characterisation

have attracted interest for use in a wide range of applicationsof Ln,NiO4+5 oxides used as SOFC cathode deposited on
such as cathodes for solid oxide fuel cell (SOFC), electrodesyttrium stabilised zirconia (YSZ) electrolytes.

for electrically driven ceramic oxygen generators (COG) or

dense membranes for pressure driven oxygen separators. The

Ln,NiO445 oxides can be good candidates for these types of 2. Experimental

applications because of the high level of their electronic and )

ionic conductivities. In fact, previous measurements of oxy- 2-1. Sample preparation

gen diffusion and surface exchange coefficients employing .
isotope exchange techniques with secondary ion mass spec- Cells for electrochemical measurements are made of YSZ

troscopy analysis, have shown that these over-stoichiometricPS!!ets 0n which are deposited electrodes of the studied mate-

: o - . rials. Fine powder of YSZ (Tosoh Co.) is dried, then pressed
oxides exhibit an oxygen mobility higher than that of the under 7 to form green pellets, which are sintered at 1360

— for 4h and then slowly cooled down. The density is about
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Ln2NiO4+5 powders are prepared using the modified Pe- ' ' ' ' ' ' ' '
chini method. The required amounts of the starting oxides
are dissolved into nitric acid to form metal ion solution. -200k - ]
Then citric acid is added into the solution, in a large excess
(3.3 mol/mol of LipNiO445); the obtained clear solution is
then slowly heated up to 12C to obtain a viscous brown
gel, which is burned at 60CC. A final heating at 1000C, for
12 h, leads to the final products whose purity is checked by
XRD. For the preparation of cathode pastes, the as-prepared HF = MF LF
powders are first milled and the particle size distribution is 0 ’ , , , )
foundto be inthe range ofidlm by SEM. The fine powders are 0 100k 200k 300k 400k
then dispersed into acetylene glycol (1 g powder hethy-
lene glycol) to form a paste. The paste is then brush painted
on both sides of a YSZ pellet, in a symmetrical configuration. Fig. 1. Typical impedance spectrum obtained at300°C, under air, for a
For the three-electrode cells, the platinum reference electrodesymmetrical cell (LaNiO4+5/8YSZ/L&NiO4.s).
is deposited by painting on the same side as the working elec-
trode. The distance between the cathode and this reference
electrode is over five times the thickness of the pellets. The
cells are heated first at 50Q, for 4 h, to burn out the organic
binders and then sintered at 90D for 2 h, which leads to
porous electrodes well stuck on the electrolyte.

fl =50 kHz (fe)2= 0.005 Hz

ook | fw 7300z (0), =T Hz =

Im (Z) (Q)

Re (Z) (Q)

several R-CPE elements in parallel associated in series. Each
resistance or CPE can be assigned to the resistance or capac-
itance associated to a specific electrochemical process which
are calculated by fitting the experimental data. Usually there
exist two arcs more or less overlapped in the high frequency
range (HF) and two other ones in the lower frequency range
(LF).

On the basis of the fitted data, we used the Schouler-type

representation, which consists to plot the relaxation fre-

2.2. Electrochemical measurements

The cellis pinched on an alumina ceramic support, Ptmesh
being used as electrical collectors. All the electrochemical oo . 3
experiments are performed from 30D up to 800°C, under guency of each contribution as a function of temperature.
different oxygen partial pressures. The impedance spectraare such a graph can be considered as a reference for inter-

measured by an impedance analyser (Autolab PGStat 30) preting an impedance diagram, even if all the contributions
The data are fitted using the Zview software. do not appear at a fixed temperature. The results are

shown inFig. 2 for different kinds of cells made of two
symmetrical electrodes (Pt metal, d.g5rp.2MnO3 (LSM),
Lao_gsro_zFQ)_e,COOAOg,g (LSFC), LEQNiO4+3) and 8YSZ

as electrolyte. From the results obtained for the Pt/8YSZ/Pt
cell which agree with those reported in previous works, the
high frequency arcs can be assigned to the bulk*jH#ad

3. Results and discussion

3.1. Electrochemical measurements under zero dc
conditions

The impedance spectra obtained for symmetrical two- LE7
electrode cells (@gyMIEC/electrolyte/MIEC/Q(g) may
exhibit various contributions. Some of them are assigned
to intrinsic properties of the materials, the others being at- 100000
tributed to phenomena occurring at the electrode/electrolyte 10000
or electrode/gas interfacésor a cell made of given materi-
als, two ways allow to separate these contributions, either by
varying the geometrical cell factors or by changing the oper-
ating oxygen partial pressure. The resistance and capacitance 10 ]
of the cell are directly correlated to the first ones. It is also
well known that the properties of YSZ do not significantly

1000000 -

1000

f (Hz)

100 -

1+

depend upon the oxygen partial pressure while the interface 0.1 4

polarisation is strongly affected. At steady temperature and ol A
po,. allimpedance contributions are not simultaneously ob- 09 1.0 1.1 12 13 14 15 1.6 1.7 1.8 1.9 2.0 2.1
servable in the frequency range®Hz to 10-3 Hz, which 1000/T

originates difficulties to identify them. _ , _ _
Fia. 1shows a tvpical Nvauist plot measured at 3G0un- Fig. 2. Arrhenius plots of the _relaxatlon frequenm_e_s for elec-
9 yp A ya p . trode/8YSZ/electrode cells under air and zero dc conditions (HF, MF,
der air, for a symmetrical cell lNiO4+5/8Y SZ/LaNiO4+s. LF corresponds to high, middle and low frequenciel) Pt; (@) LSM
It is fitted on the basis of an equivalent circuit constituted of (Lag St 2MnOs); (o) LSCF (La sSto.2Fe.6C00.403-s); (O) LazNiO4+s.
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grain boundary (HF) conductivities of the electrolyte; they  3.2. Electrochemical measurements under polarisation
do not show a significant dependence on the oxygen partial
pressuré® Both arcs merge into a depressed semicircle  Electrochemical measurements under polarisation were
at high temperatures. The calculated activation energy made using a three-electrode cell. Typical impedance dia-
(Ea~ 1eV) and the ionic conductivity of the electrolyte are grams measured for NNiO4+;s as cathode, at 7I&, under
in good agreement with previously reported valés. air, for different applied potentials are reportefFig. 4. In the

Concerning the MF contribution, the amplitude of the potential range 0--1 V/air, the impedance response shows
semicircle decreases with increasing temperature, and comiwo main contributions. At high frequencies (HF), the YSZ
pletely disappears above 700. It is quite insensitive to oxy-  electrolyte impedance is not observed. The middle frequency
gen partial pressure. One should also point out that this MF (MF) range, centred on 4kHz, is usually assigned to the
contribution exists only for electrodes made of Oionic charge transfer process occurring at the electrode/electrolyte
conducting oxides (L&NiO4+s, LSFC) whereas it is absent interface. The low frequency range (LF), lower than 20 Hz,
for the Pt metal electrode. In previous studies, a similar mid- is the complex contribution of non-charge-transfer processes
dle frequency arc has also been obsef/éu addition, the including oxygen surface exchange, solid-state diffusion, and
higher the ionic conduction, the higher the relaxation fre- gas-phase diffusionthroughthe cathode. It can be noticed that
guency {;), which would mean that the ion transfer at the the electrolyte resistance is nearly stable whereas both MF
interface electrode/electrolyte is enhanced. and LFimpedance decrease versus potential. Und&f/air,

Concerning the LF contribution, the Pt metal has the low- the charge transfer contribution is the most resistive which
estfrequency relaxation, which agrees with the fact that Pt hascan be attributed to the not optimised microstructure of the
a slow oxygen reduction kinetics. For LSFC andN&D 4+s, interface between YSZ and MdiO4-s.
the thermal behaviours §fare almost similarfig. 2). In ad- The dc polarisation experiments were performed by
dition, LSM seems to have only one contribution in between applying step by step a steady potential. The over-
the MF and LF contributions, which can be related to the very potential is calculated according to the following relation:
small ionic conductivity of this compouritl. nwe = AUwr — iRe|, wherenwe represents the cathode over-

The kinetics of the oxygen reduction on the surface of potential, AUwr is the applied voltage between the working
Ln,NiO4+s-type oxides can be characterised through the po- electrode and the reference electradethe current intensity
larisation resistance of the electroiey. 3shows thethermal  flowing through the cell an® is the resistance of the elec-
variation of the area specific resistivity (ASR) which is calcu-  trolyte obtained from impedance spectrufig. 5shows Ri-
lated by the relation ASR R,S/2, R, being the sum of the real free polarisation curves of various cathodes (LSM and LSF
parts of the impedance at MF and LF &Bithe surface areaof  (Lao.sSro.2Fe0s;_s)) deposited on YSZ substrate. A compar-
both electrodes. For attrited powders, the ASR decreases byison of the Ri-free over-potential-current density curves is
two orders of magnitude. Under zero dc conditionsNiD4 difficult because of the influence of the microstructure (and
is the most efficient electrode but this compound has a poorof the shaping) on the measurements. Nevertheless, one can
lifetime with respect to the electrolyte. Actually, neodymium observe that at 80@C, Nc;NiO4+s (this work) and exhibit
compounds, which do not significantly react with the elec- nearly the same polarisation losses. It can be noticed that the
trolyte, appear to show the best performances. Subsequentlypeodymium nickelate has a better electrochemical activity
following studies were performed on this compound. than LSM at 700C or 800°C. For example, at 80CC, un-

der a cathodic over-potential of 100 mV, the current density
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Fig. 3. Arrehnius plots of the ASR for llNiO4.5 oxides: @) Nd, (H) Pr, (V) Fig. 4. Impedance plots for NMiO4+5 as cathode material at different po-

La; and (O) LSM (Lag gSrp.2Mn03); (A) LSFN (Lay 6SIo.2Fep.gNip 203-5). tentials under air{=718°C) (three-electrode cell).
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Fig. 5. Polarisation curves (Ri-free, measured in air) fosNid4 cathodes
(full symbols) and comparison with LSM and LSF (empty symbols) from
Ref. 10,

through N&NiOg4+;5 is at least one order of magnitude higher

than for LSM and is similar to that of LSF (Réf).
In addition, the reactivity of the neodymium nickelate

with YSZ was performed by mixing and heating powders in

the temperature range 700-9@) Neither pyrochlore phase

(like Nd>Zro0O7) nor new phases could be observed by XRD.
Therefore, one can predict a good ageing behaviour for this
material, which is known to be the critical phenomenon for

the ferrite perovskite$!

4. Conclusion

Electrochemical
Ln2aNiO44+5/8YSZ/LpNiOg445 cells under zero dc conditions

and also under polarisation. Thanks to a Schouler-type

analysis of the impedance spectra, electrode and electrolyte
contributions were deconvoluted. The area specific resistiv-
ities of the nickelate cathodes and the cathodic polarisation
curves were measured; good performances were observed1.

in a large operating temperature. The compoungNN@ 4.+

in particular, has been selected because of its low reactivity

measurements were performed on
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with YSZ and the interesting properties obtained under
polarisation.
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