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Abstract

The present study is focused on alternative structured oxy-
gen electrodes for solid oxide electrolysis cells (SOEC). The
Ln,NiOy,s (Ln = La or Pr) nickelate oxides were selected as
innovative electrode materials with respect to their mixed
electronic and ionic conductivity. A thin interfacial ceria-
based layer was added in between the electrode and the zir-
conia-based electrolyte to improve mechanical and electro-
chemical properties and to limit the chemical reactivity.
These structured cells were characterized by electrochemical
impedance spectroscopy on symmetrical cells, under zero dc
conditions and anodic polarization. Low polarization resis-
tance Rp and improved anodic overpotential 7, versus cur-
rent density curves were obtained for the ProNiO,,s elec-
trode with CeysY( 20,5 interlayer: Rp is decreased down to

1 Introduction

For economical and ecological reasons, hydrogen is con-
sidered as a potential energy vector for future. Before becom-
ing an available alternative fuel, the main problem still to be
solved is its massive production via clean processes with low
or no CO, emissions. High temperature steam electrolysis
(HTSE) is one of the most promising ways to reach this target,
with a high efficiency when compared to the conventional
low temperature processes. It consists in splitting water mole-
cules into hydrogen and oxygen gases using electricity and
heat [1], which can be provided by renewable energy sources
or nuclear power plants for example [2]. To reduce the
required energy, the development of highly efficient systems
is necessary. Each system component has to be optimized, in
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0.06 Q cm? at 800 °C, under air and zero dc conditions.
Then, complete hydrogen electrode-supported cells includ-
ing Pr,NiO4,; as oxygen electrode were electrochemically
characterized. At 800 °C, when the inlet gas composition is
90 vol.% H,O-10 vol.% H, at the hydrogen electrode, air
being swept at the oxygen electrode, the current density
determined at 1.28 V reaches -0.9 A cm™, the corresponding
steam to hydrogen conversion ratio being 58%. These results
are compared to those obtained with a reference cell includ-
ing the oxygen deficient perovskite Lag¢Srg4FepsC00205-5
as oxygen electrode.

Keywords: Barrier Layer, Hydrogen Production, K,;NiF,
Structure, Overpotential, Oxygen Electrode, SOEC, SOFC

particular the single solid oxide electrolysis cell (SOEC)
where the electrochemical reactions occur. At the cell level,
electrode polarizations induce large voltage losses that
should be reduced to increase the total efficiency [3]. More
precisely, improving the oxygen electrode performances is of
crucial interest since this electrode contributes to a large
extent to the cell polarization resistance. Compared to oxygen
electrodes with pure electronic conduction, the use of a mixed
electronic and ionic conducting (MEIC) oxygen electrodes
(either as composite or as single phase) is especially relevant
as such kind of materials is expected to extend the reaction
zones all over the gas/electrode interface.

Most current studies reported on HTSE consider solid
oxide cells containing perovskite-type oxygen electrodes as
generally for SOFCs [4, 5]. The present study focuses on alter-
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native structured oxygen electrodes. The Ln,NiOy,s (Ln = La
or Pr) rare-earth nickelate oxides (with K,NiF4-type structure)
have been selected as oxygen electrode materials with respect
to their electrocatalytic activity. Indeed, their ability to accom-
modate oxygen over-stoichiometry and their MEIC properties
when operating under oxidizing conditions [6] explains the
strong interest in these compounds as solid oxide fuel cell
(SOFC) cathode material [7]. Moreover, it appears that these
materials show an extremely high flexibility for being used as
oxygen electrode in very different conditions in terms of oxy-
gen partial pressure or/and water content [8, 9]. In this way,
it was reported that, under anodic polarization (HTSE condi-
tions), this rare-earth nickelate oxide-type exhibits a lower
polarization resistance than under cathodic polarization [10].
In addition, in SOFC devices, it has been shown several times
that adding a thin doped ceria buffer layer with optimized
microstructure, between the oxygen electrode and the zirco-
nia-based electrolyte significantly increases the electrochemi-
cal properties of the cells [11-14].

In this work, such a ceria-based interfacial layer has been
deposited to improve electrochemical interfacial properties
and to limit the chemical reactivity between the electrode
material and the electrolyte. In this frame, two different inter-
facial layers were compared. The corresponding structured
electrodes were screen-printed and sintered, then character-
ized using electrochemical impedance spectroscopy (EIS)
measurements performed on symmetrical electrolyte-sup-
ported cells, under zero dc conditions and also anodic polar-
ization. Then, complete hydrogen electrode-supported cells,
including Pr,NiOj.; structured oxygen electrode, were char-
acterized in terms of electrochemical performances, in electro-
lysis working conditions.

2 Experimental
2.1 Powder Preparation and Cell Manufacturing

The Ln,NiOg,s (Ln = La or Pr) powders were prepared by
the nitrate—citrate route, as previously described [8]. The
powders were then ball milled to decrease the median parti-
cle size down to about 0.5 pm. The selected interfacial materi-
als were made of ceria doped with 20 mol.% yttrium or gado-
linium, leading to the formula CeygY(,0,s (YDC) and
Ce5Gd20,-s (GDC) provided by Praxair®
and Rhodia®, respectively. Both median par-
ticle sizes were about 0.2 um. Terpineol-
based slurries with YDC or GDC, then
LnyNiOyys (Ln = La or Pr) powders were
successively screen-printed on both sides of
dense 8 mol.% yttria-doped zirconia (8YSZ)
electrolyte pellets (about 1.2 mm thick). YDC
and GDC layers were sintered in air at 1,400
and 1,350 °C, respectively for 1 h resulting
in 3-5pum thick layers. The Ln,NiOgs
(Ln = La or Pr) electrodes were annealed for
1 h, in air, at 1,100 °C for La,NiO,4,s and at

1,180 °C for PryNiOg,s. These sintering temperatures were
beforehand optimized to obtain a controlled homogenous
porous electrode microstructure. Figure 1 shows a typical
example of the SEM micrographs of the cross-section for
La,NiOy,s/8YSZ interface with or without YDC barrier layer.

In order to characterize the electrochemical properties of
these structured electrodes on symmetrical cells, two geome-
tries were used: (i) both electrodes cover all the electrolyte
surface, in the case of impedance spectroscopy measurements
performed under zero dc conditions (ii) a Pt reference elec-
trode is set on one side of the electrolyte, the electrodes cover-
ing one-half of the electrolyte surface, for samples used for
measuring the polarization curves (ig. # 0) [15].

Finally, to prepare complete electrolysis single cells, a
ProNiOy,s electrode was screen-printed on a planar commer-
cial hydrogen electrode-supported half-cell. The 5-10 um
thick hydrogen electrode functional layer consists in a porous
nickel and 8 mol.% yttria-doped zirconia cermet (Ni — 8YSZ)
supported by a 500 pm thick porous nickel and 3 mol.%
yttria-doped zirconia cermet (Ni — 3YSZ). The electrolyte is a
3-5 pm thick layer of 8 mol.% yttria-doped zirconia (8YSZ).
The commercial half-cell comprises a relatively dense 3 pm
thick YDC interlayer deposited on the oxygen electrode side.
The hydrogen electrode diameter was 50 mm and the oxygen
electrode diameter was 20 mm. The Pr,NiO,.,s electrode was
sintered for 1 h, in air, at 1,180 °C.

2.2 Electrochemical Characterizations
2.2.1 Investigations on Symmetrical Cell

In order to characterize the electrochemical properties of
the LnyNiOy,s (Ln = La or Pr) oxygen electrodes, EIS mea-
surements were carried out under air, on symmetrical cells,
in the temperature range 600-800 °C. Current collectors on
both cell sides were gold grids (1,024 mesh cm™). The impe-
dance diagrams were recorded after reaching steady state,
under potentiostatic control with 50 mV ac amplitude, from
10° Hz down to 10 Hz, using a frequency response analy-
zer module Autolab FRA2, coupled with a potentiostat/gal-
vanostat PGSTAT 302N. The complex impedance diagrams
were fitted using an equivalent circuit by means of the
Zview™ software (Scribner Associates). The polarization

8YSZ

ICMCB-CNRS

Fig. 1 Typical SEM micrographs (transverse cross-section view after fracture) for the
La,NiOy4,s/8YSZ interface (a) and the LaNiO4,s/YDC/8YSZ interface (b).
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resistance Rp values (corresponding to
the sum Rp = Ryr + Rig) were calculated
from the difference between the low and
the high frequencies diagram intercepts
with the Z’-axis of the Nyquist represen-
tation.

The polarization curves were obtained
by voltamperometry = measurements
using a three-electrode configuration,
with the same apparatus and the same
potentiostatic control. For each point, a
constant voltage polarization E was
applied between the working and the ref-
erence electrodes and the resulting cur-
rent I between the working and the coun-
ter electrodes was recorded after steady
state. Measurements were carried out
step by step from zero dc voltage up to
the highest polarization of 1 V, then back
to zero dc voltage, in order to check reversibility. The impe-
dance value obtained at the diagram — Z’-axis intercept at
high frequencies, represents the series resistance Rg. The
ohmic drop Rgl was deduced from the impedance diagram
carried out at each investigated voltage step, which allowed
determining the working electrode anodic overpotential 74,
according to Eq. (1):

na =E—Rsl 1)

2.2.2 Single Cell Set-up and Measurements

The single cell characterizations were carried out using a
two-atmosphere set-up (cf. Figure 2) [16]. The inlet gas com-
position was composed of 90 vol.% H,O-10 vol.% H, for the
hydrogen electrode while air flew in the oxygen electrode.
The area normalized flow was 12 NmL min™ cm™ on the
standard ambient temperature and pressure conditions, on
both anode and cathode sides. The percentage of steam-to-
hydrogen conversion (SC) of the SOEC during the experi-
ments is calculated as the produced molar amount of hydro-
gen divided by the molar amount of water in the inlet gas.
The produced hydrogen amount was calculated using the
Faraday law assuming 100% current efficiency. Current col-
lectors were gold and platinum grids for the anode, nickel
grids for the cathode, in order to improve contact with the
ceramic electrodes. Moreover, the current collection was opti-
mized through the control of the compression effort. The cur-
rent density i was calculated from the normalization of the
recorded dc current I with respect to the geometrical oxygen
electrode surface area (about 3.14 cm?). The polarization
curves were performed under galvanostatic control, from
0 A cm™ to -1 A cm™, then back to zero current, using an
Autolab PGSTAT 302N.

Current collection grids (Au and Pt) \

Electrolyte and interlayer

Nickel current collection grids

Anodic chamber

Compression effort

air, O,, N,
Gold wires

Oxygen electrode

Glass sealing

Hydrogen electrode

Alumina housing

Nickel wires E
N,, H,, H,O 4/[
Cathodic chamber

Fig. 2 Schematic representation of the experimental set-up for the single cell measurements.

3 Results and Discussion
3.1 Symmetrical Cell Characterizations

3.1.1 Polarization Resistance Measurements under Air

The symmetrical cells were characterized by EIS under air.
Typical diagrams measured at 800 °C are shown in Figure 3
in the Nyquist representation. They are normalized by the
geometrical electrode surface area (about 1.7 cm?) divided by
two to take into account the fact that two symmetrical elec-
trodes are surrounding the electrolyte and to obtain the elec-
trochemical properties of one single electrode.

All the measured diagrams have been fitted using the
equivalent circuit show in Figure 3, i.e. a resistance and two
R//CPE elements (Constant Phase Element) associated in
series. Comparing the EIS diagrams in Figure 3 underlines
the significant decrease of the resistance of the high frequency

0.10 {800°C RS RHF RLF

1 o PrNiO " / 8YSZ CPE HF CPE LF
0.08 P g;ﬁ——l K:I

| = Pr,NiO, ./ GDC/8YSZ
0.06

0.04

0.02

-7"/Q .cm?

0.00

-0.02

R, =Ry +R;
VY4777 7T T T 7
-0.02 0.00 0.02 0.04 0.06 008 0.10 0.12 0.14 0.16

Z'-RS/Q.cm2

Fig. 3 Impedance diagrams recorded at 800 °C under air for ProNiOy.s/
8YSZ and ProNiQy,;/GDC/8YSZ symmetrical half-cells. The correspond-
ing equivalent circuit used for fitting and the resulting simulated diagram
are indicated. The numbers given on the diagrams correspond to the fre-
quencies logarithms.




Fuel Cells

contribution Ryyr when a GDC interlayer is present. On
the contrary, the resistance of the low frequency contri-
bution Ry r seems constant at 800 °C whatever the inter-
face. The thermal evolutions of Ryr and Ry f are given
in Figure 4. It can be noticed the simultaneous decrease
of the high and low frequency resistances with temper-
ature. According to previous works, the large decrease
of Ry can be explained by the beneficial effect of the
GDC barrier layer [14]. Indeed, SEM pictures of the cor-
responding cells have shown that the adhesion between
materials and the quality of the electrode/electrolyte
interface are improved when the interlayer is present.
According to the literature, the low frequency resis-
tance Ry p is generally assigned to the electrode reaction
processes [17, 18]. In this way, Ryr is supposed to be
only slightly changed when adding a GDC barrier. This
assumption is in good agreement with our experimental
results, especially in the lowest temperature range. How-
ever, at high temperature (700-800 °C), the activation
energy of Ry is lower, with the value of 0.19 eV, which
could indicate a modification of the reaction rate-deter-
mining step.

The polarization resistances values obtained for the
structured Ln,NiOy4,s (Ln = La or Pr) electrodes are
plotted in Figure 5.

The GDC or YDC interlayer leads to a significant
decrease of the Rp, for both La,NiOy,; and ProNiOy,s
electrodes. For instance, for Pr,NiQOg,s/YDC half-cell,
the Rp is decreased by a factor of two, down to
0.06 Q cm? at 800 °C, under air and zero dc conditions.
A similar value is also obtained with Pr,NiOy.s/GDC,
at 800 °C. These values correspond to the lowest
obtained Rp value in the set of data. It can be concluded
that ceria-based barrier layer (and optimized sintering
process and power preparation) leads to a drastic
improvement of the electrode polarization resistance.

Polarization resistance / Q . cm?

3.1.2 Polarization Curves

With the aim to characterize the electrochemical
properties under dc current conditions, electrode polar-
ization curves 54 = f(i) have been measured step by
step under steady state on symmetrical cells based on
Ln,NiOy,s (Ln = La or Pr) materials with or without an
additional GDC or YDC interfacial layer. Anodic current con-
ditions, representative of electrolysis operation have been
selected. Examples of polarization curves recorded at 800 °C,
under air, are given in Figure 6.

As observed under zero dc conditions, adding a ceria-
based interlayer leads to significant improvement of the po-
larization curves. Similar anodic overpotential # versus cur-
rent density curves are obtained when a GDC or YDC inter-
layer is applied. Finally, because of better electrochemical
properties of ProNiO,,s compared to La,NiOg,s, this elec-
trode was selected for further characterizations as single elec-
trolysis cells.

. 2
RHF and RLFresmtances /Q.cm

Temperature / °C

, 800 750 700 650 600 550 500
10 T T T T T T T T T T T T TF 10
_ PrNiO, / 8YSZ
100_ E,=1,12eV _100
E,=0,87 eV
10”5 ) -10™
ot A R, WithGDC [
| E=0.19¢ey ® R, withGDC
2 A R  without GDC 2
1075 pr NiO, ./ GDC/ 8YSZ e R, without Gncf 10
T T T T T T T
0.9 1.0 1.1 1.2 1.3
1000/T /K"

Fig. 4 Thermal variation of the resistances Rur and R measured for ProNiOy,s/
8YSZ and ProNiQ 4, 5/GDC/8YSZ symmetrical half-cells, under air. The activation
energy is indicated for each resistance.
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Fig. 5 Thermal variation of the polarization resistance Rp of structured electrodes
measured on symmetrical cells, under air, with 8YSZ as electrolyte. The activation
energy is indicated for each electrode.

3.2 Electrolysis Single Cell Operation

The polarization curve recorded on a single cell including
PryNiOy,s oxygen electrode was compared at 800 °C to the
ones obtained with two commercial hydrogen electrode-sup-
ported cells of the same type, including the — reference — oxy-
gen deficient perovskite LagSrg4FepsC00203-5 as oxygen
electrode (Figure 7). All cells had an identical YDC barrier
layer. They were studied using the same experimental set-up
and similar gas conditions. However, the difference observed
in the polarization curves of the commercial cells likely
results from disparity in their manufacture.
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Fig. 6 Polarization curves recorded under air at 800 °C on structured symmetrical cells: ProNiOy,s, ProNiO4.s/GDC, and ProNiO4,s/YDC (a),

LGQNiOA_Kj, LGQNIOA.H)/GDC, ond LGQNIOA.H)/YDC (b)

From the analysis of Figure 7, the i-V curves may be
divided into three parts. Firstly, the low current density range
(i >-0.2 A cm™) is the domain where activation overvoltage
dominates. In this part, the kinetics is mainly governed by the
charge transfer process. The evolution of the voltage at low
current densities shows that the area specific resistance (ASR)
decreases as the current density increases. At the OCV, the
ASR value of cell based on Pr,NiOg,s/YDC oxygen electrode
is about 0.71 Q cm? while for i = 0.2 A cm™, the ASR is
equal to 040 Q cm® Secondly, in the intermediate part
(-0.6 A cm™ <i<-02 A cm™), the i~V plot is quasi-linear.
In this part, the ASR is nearly constant and minimal. This
behavior is mainly assigned to the ohmic drop located in the
solid electrolyte. At i = -0.5 A cm™, the ASR is 0.37 Q cm?.
Finally, —under high negative densities
(i < -0.6 A cm™), concentration overpotentials appear which

current

Steam conversion SC / %
80 70 60 50 40 30 20 10 0

L) [ R T R R R
L6 800°C Hydrogen electrode : 90% H,0 and 10% H, 6
e Oxygen electrode : air |
\
\ Pr.NiO
\ \ 2 4+3
1.4 1 1.4
2 W\
= 4 \\ ~ F
Y TS M. 9
on ~ . .
S 1.2 S Reference commerecial cell 1.2
4 = \l;“'u.(,bruAFco.xCO(mOm
% ~
O 1.0+ Reference commercial cell -1.0
Lat».osrn.4Feo.sCOo.z()3—a
0.8 : 0.8
T T i T T T T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Current densityi/A. em’

Fig. 7 Polarization curves measured on an electrolysis single cell includ-
ing ProNiO,,;/YDC oxygen electrode (solid line) and two commercial
cells of the same type containing Lag ¢Sro 4Fep 8Coo 203-5/YDC oxygen
electrode (dotted line), at 800 °C [16]. The steam-to-hydrogen conversion
ratio is indicated on the secondary X-axis and the electrode gaseous con-
ditions are also indicated.

reflect the problems for the reactants to access to the active
sites and the products to be evacuated from them. The
kinetics is then limited by the mass transport properties.
These phenomena can be divided into two processes: the dif-
fusion of the involved species to the catalytic sites and the
removal of produced hydrogen and oxygen. On the i-V
curve, this domain characterized by diffusion leads to an
abrupt increase of the voltage and ASR when the current den-
sity increases. For i = 0.8 A cm™, the ASR is 0.66 Q cm” and
fori =-0.9 A cm™ the ASR is close to 1.20 Q cm*

On the major part of the polarization curves, i.e. until
0.8 A cm™, the studied cells show similar performances.
The current density determined at thermo-neutral potential
1.28 V reaches -0.9 A cm™, the steam conversion being about
58%.

It can be noticed that the boundaries of the three domains
described for Figure 7 are valid for the experimental condi-
tions used to obtain these data. Indeed, the borders of these

Steam conversion SC/ %

70 60 50 40 30 20 10 0
1.5 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1‘5
{800° ° L
14 C‘750 ‘ e 14
400 700°C o
> 134 F1.3
~
=
o 1.24 F1.2
eo
=
S 114 -1.1
E J L
© 1o L 1.0
0.9 Hydrogen electrode : 90% H,O and 10% H, - 09
] Oxygen electrode : air I
0.8 T T T T T T T T T T 0.8
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Current density i/ A . em™

Fig. 8 Polarization curves measured on an electrolysis single cell includ-
ing ProNiOy4,s/YDC oxygen electrode at various temperatures. The steam
conversion ratio is indicated on the secondary X-axis and the electrode
gaseous conditions are also indicated.
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domains depend for a given single cell on the gas flow rates
and on the working temperature as shown in Figure 8 where
the i~V polarization curves recorded in the range 800-650 °C
are reported. In particular, at 650 °C, the mass transport lim-
itation domain is no more observable. It is due to the fact that
the SC values are lower as well as the current densities in
these conditions, minimizing the problems of reactant access
and products evacuation to and from the active sites, respec-
tively. The properties of the cell are mainly governed by the
increase of the ohmic drop through the cell, the ASR in the
linear part is 1.0 Q cm® at 650 °C. It can be noticed that
PryNiOg,s can operate as oxygen electrode down to 650 °C,
leading to a promising current density close to -0.3 A cm™
for a cell voltage equals to 1.28 V.

4 Conclusion

MEIC materials Ln,NiO4,s (Ln =La or Pr) have been
investigated as oxygen electrodes for HTSE. Two interfacial
ceria-based layers (YDC and GDC) have been studied and
both yield significant improvements. At first, the structured
electrodes were characterized by EIS measurements per-
formed on symmetrical electrolyte-supported cells, under
zero dc conditions and anodic polarization. The Pr,NiOg,s/
YDC and Pr,NiOg4,s/GDC structured electrodes lead to
enhanced electrochemical properties compared to the elec-
trode without any interlayer.

Then, a complete hydrogen electrode supported cell,
including the ProNiOg,s/YDC structured oxygen electrode,
was characterized in terms of electrochemical performances
and compared to reference cells including the oxygen defi-
cient perovskite Lag¢SrgsFepsC0p203-5 as oxygen electrode
and the same YDC interlayer. At 800 °C, when the inlet gas
composition is 90% H,O-10% H, at the hydrogen electrode,
and flowing air at the oxygen electrode, the current density
reaches 0.9 A cm™ at 1.28 V, the steam to hydrogen conver-
sion ratio being 58%. One can consider that this alternative
cell shows similar performances than the commercial cells.
According to these promising results, the Ln,NiOy4,; (Ln = La
or Pr) nickelates associated with a ceria-based interlayer can
be considered as good candidates for oxygen electrode mate-
rials of HTSE cells. However, long-term durability should be
studied for both kinds of cells; the tests are in progress.
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