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ARTICLE INFO ABSTRACT
Keywords: This study is focused on the development of layered perovskites based alternative oxygen electrodes for high
Nickelates temperature Solid Oxide Electrolysis Cells (SOECs). In this respect, rare earth nickelates LnoNiO44s (Ln = La, Pr

Solid oxide electrolysis cells (SOECs)
Oxygen over-stoichiometry
Electrochemical performance
Distribution of relaxation times (DRT)
Degradation

or Nd) have taken considerable attention due to their good electrochemical properties resulting from high oxide
ion diffusivity and a large surface exchange rate. Among them, ProNiO4.s (PNO) shows the best electrochemical
properties, however, it displays relatively higher degradation rate under SOEC operation at high current density.
Therefore, in this work, we perform further modification by substituting nickel by cobalt in order to enhance the
physico-chemical properties, electrochemical performance and most importantly the durability of SOECs. Three
compositions (x = 0.0, 0.1 and 0.2) are prepared and characterized using different techniques. The electro-
chemical measurements are performed with symmetrical as well as single cells using DC- and AC-techniques in
the 700-900 °C temperature range. The electrode reaction mechanism is also examined by recording the
impedance spectra at different pO,. An improvement in electrochemical performance as well as lower degra-
dation rate is observed with cobalt substitution, during short term SOEC operation at —1 A-cm™2 current density
at 800 °C with 50% Hj and 50% HyO feed gas mixture.

1. Introduction tidal or hydro energy has been growing significantly during last decade.
However, due to intermittent nature and location constraint of renew-
The need of renewable and clean energy sources such as solar, wind, able energy sources, a large-scale electricity storage is needed in order to
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secure a continuous energy supply. The renewable energy sources can be
used to produce hydrogen from water by electrolysis [1,2]. The steam
electrolysis using solid oxide electrolysis cells (SOECs) is anticipated to
consume less electrical energy for the reaction as compared to elec-
trolysis at low temperature as consequence of the more favourable
thermodynamic and electrochemical kinetic conditions. In addition, for
high temperature SOECs the high cost noble metal catalysts can be
replaced with low cost materials with high electrochemical perfor-
mance. The high temperature SOEC is not only used for steam elec-
trolysis but also capable of CO. electrolysis and co-electrolysis of
CO2-H>0 with the aim to produce syngas [3-6].

One of the essential aspects to achieve the highly efficient SOECs is to
enhance the performance and durability of oxygen electrodes, which is
limited due to their large degradation during long term under operating
conditions. In this respect, several mixed ionic and electronic con-
ducting (MIEC) oxide materials, without alkaline earth metals e.g. Sr or
Ba (as they segregate to form less conducting or insulating phases), have
been extensively studied during past few years [7-15]. Recently,
lanthanide nickelates LnyNiO4,s (Ln = La, Pr or Nd) [15-18] have
gained considerable interest as an alternative to conventional cobaltite-,
ferrite- or manganite-based oxygen electrode materials. These nickelate
compounds with the KoNiFy4-type layered structure are favourable due to
their high anionic bulk diffusion (D*) as well as surface exchange co-
efficients (k*), good electrical conductivity and thermal expansion
properties matching with the other cell components like electrolyte,
interconnects etc. [19-21]. The structure of these LnoNiOy4. 5 consists of
alternate NiO; square plane layers and LnyOo rock salt layers with a
network of interstitial oxygen sites in rock salt layers, leading to the first
member (n = 1) of the Ruddlesden-Popper series Lny,;1Ni O3, 1. This
type of structure has a strong ability to accept interstitial oxygen located
in the LnyOy rock-salt interlayer leading to a mixed valence of Ni
(Ni2+/Ni3+), results in a mixed ionic and electronic conductivity
(0% /e7) [22,23].

Among the nickelates family, LagNiO4, s (LNO) and PryNiO4, s (PNO)
are the most studied materials for Solid Oxide Cells (SOCs) application.
The amount of interstitial oxygen i.e. the § value in these nickelates is
highly dependent on the rare-earth cation size. For instance, ProNiOy4, s
(PNO) shows a large amount of interstitial oxygen (6 ~ 0.25) compared
to LagNiOg4,5 (LNO) (6§ ~ 0.16) [9], resulting from the smaller ionic
radius of Pr** (1.126 A) than La®" (1.16 A) [24]. PNO shows better
transport properties for conductivity (both ionic and electronic), oxygen
diffusivity, surface exchange as well as higher electrochemical activities
than LNO [9]. In addition, the electrochemical performance of PNO is
higher than that of LNO i.e. PNO shows lower polarization resistance
(Rp) value than LNO. Recently, the long term degradation test of
Lag.,PryNiO4 5 (x = 0, 0.5 and 2) electrodes using symmetrical half-cells
was reported up to 1800 h under + 300 mA-cm 2 current load at 700 °C
[25], and concluded that these electrode exhibits almost negligible
degradation under SOEC operation compared to the SOFC operation.
However, their behaviour under real SOEC conditions using single cells
is still not available in the literature. Consequently, an attempt was then
made to investigate the electrochemical properties of PNO for use as an
oxygen electrode material of SOECs. Later on, further modification was
carried out by substitution of cobalt at nickel site, in order to further
improve the transport and electrochemical properties of PNO.

Therefore, the present work is focused on cobalt substituted pra-
seodymium nickelates ProNij ,C0xO445 (x = 0.0, 0.1 and 0.2) (PNCO)
and aims particularly at the enhancement of electrochemical activity
and durability of PNO used as oxygen electrode in SOECs. At first, the
preliminary structural and physicochemical characterizations are stud-
ied. Further the electrochemical activities and reaction mechanism of
these materials are investigated with symmetrical half-cells. Finally, the
electrochemical performance and short-term durability test under
SOECs conditions are investigated using single cells.
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2. Experimental
2.1. Powder preparation

The selected compositions of the PryNi;.,C0,O4,5 (x = 0.0, 0.1 and
0.2) were prepared using a solid state synthesis route. The correspond-
ing precursors were PrgOq; (Aldrich chem, 99.9%), NiO (Alfa Aesar,
99%) and Co304 (Alfa Aesar, 99%). PrgO1; powder was pre-fired in a
first step at T = 900 °C overnight to remove the water content, due to its
high hygroscopic character. The precursors were weighed according to
the composition of nickelates and then ball milled for 4 h at 250 rpm
using zirconia balls and isopropanol (VWR, 99.8%). Subsequently dry-
ing at 80 °C overnight, the final annealing was performed at 1300 °C for
12 h in air in order to get pure and well crystallized phases. After
crushing the powder, further milling was carried out using zirconia balls
and isopropanol for 8 h with the aim to obtain a mean particle size of
about 1 pm.

2.2. X-ray diffraction analysis

The synthesized powders were first examined by X-Ray diffraction
(XRD) at room temperature using a PANanalytical X’pert MPD diffrac-
tometer with Cu-K, incident radiation to check the purity of phase. In
the next step, each X-ray diffractogram was fitted by profile matching
using the Fullprof software and Rietveld Refinements were carried out.

2.3. Microstructure, particle size and surface area analysis

A Scanning Electron Microscope (Quanta FEG 650, FEI equipped
with an EDS detector) was used to investigate the morphologies of the
powders as well as the microstructures of the cell. The particle size
distributions were analyzed by laser diffraction particle size analyser
(HORBIA, LA-960). The specific surface areas of the materials were
obtained with a Brunauer — Emmet — Teller (BET) analysis system with
Nj adsorptive medium (QUADRASORB) at a temperature of 77 K.

2.4. Thermo gravimetric analysis (TGA)

In order to determine the delta value, §, at room temperature under
air, TGA experiments were carried out using a TA Instrument® TGA-
5500 device. First the powders were equilibrated under air up to
600 °C, then cooled down to room temperature with a slow rate
(2 °C-min~1), this cycle being reproduced twice to ensure a stable state
of the material, i.e. a reproducible oxygen content. Then, a second cycle
was performed under Ar - 5% Hj flux with a very slow heating rate of
(0.5 °C-min™ "), the decomposition of the material leading to the deter-
mination of the oxygen stoichiometry after cycling the sample down to
room temperature (ProO3, metallic Ni and Co being formed as verified
by XRD after the thermal cycle).

2.5. Cell preparation

For the electrochemical characterization the symmetrical half-cells,
electrode//GDC//8YSZ//GDC//electrode were prepared. Terpineol-
based slurries were prepared with gadolinium doped ceria ie.
Ce(.8Gdp 2025 (GDC) powder (CerPoTech) and with each nickelate
material. The GDC layers (thickness ~ 3-4 pm, @ ~ 12 mm) were first
symmetrically screen printed on both sides of the dense supports of 8
mol% of yttria stabilized zirconia (8YSZ) with diameter ~20 mm and
thickness ~300 pm and sintered at 1350 °C for 1 h under air. This dense
and thin GDC buffer layer was deposited to avoid the reactivity between
electrode and 8YSZ electrolyte [17]. The oxygen electrode ie. the
nickelate layer (& ~ 10 mm, thickness ~ 15-20 pm) was afterwards
symmetrically deposited on the both sides of GDC//8YSZ//GDC sub-
strate and sintered at 1150 °C for 1 h under air. This sintering temper-
ature was optimized for PNO, with the aim to obtain a controlled
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homogenous porous electrode microstructure. Later on, the same sin-
tering conditions were used for preparing the Co-substituted nickelates
electrode.

2.6. Electrochemical characterization

The electrochemical measurements of symmetrical cells were per-
formed using a two electrodes configuration with signal amplitude of 50
mV under zero dc current conditions.

The single cell measurements were performed using NiO-YSZ sup-
ported cells (NiO-YSZ//YSZ//GDC//electrode, CeramTec®, ASC-10C
type). Oxygen electrode layers i.e. nickelates were deposited by screen
printing and sintered at 1150 °C for 1 h under air. Finally, a
LaNig.¢Feo.403.5s (LNF) layer (@ = 10 mm) was deposited to improve the
current collection [26]. For the electrochemical measurement, Gold and
Nickel grids (1.024 cm 2 mesh) were used as current collectors for ox-
ygen electrode and fuel electrode respectively. The current
density-voltage (i-V) characteristic was measured in electrolysis mode
from OCV to 1.5 V with a 50% Hy0 and 50% H; gas mixture in the
temperature range of 700-900 °C. The impedance diagrams were
recorded at OCV and from 1.0 to 1.5 V with an increase of 0.1 V, under
potentiostatic control with 50 mV ac amplitude, from 108 Hz down to
107! Hz, using an IVIUM VERTEX potentiostat/galvanostat with inte-
grated frequency response analyser module. The distribution of relaxa-
tion times (DRT) analysis was performed with the intention to find the
number of time constants present in the impedance spectrum. The
complex impedance diagrams were fitted using an equivalent circuit
models by means of the RelaxIS® software. The polarization resistance
R, values were calculated from the difference between the low fre-
quency (LF) and the high frequencies (HF) diagram intercepts with the
real axis of the Nyquist representation.

3. Results and discussion
3.1. XRD analyses

The X-ray diffraction analysis of the as-synthesized powder indicate
that all three nickelates i.e. ProNij.,C0,04,5 (x = 0.0, 0.1 and 0.2) are
single phases and all diffractograms can be indexed with an ortho-
rhombic cell described by the Fmmm space group. The nickelates with
more than 20% cobalt content were not considered in this work due to
instability of the layered structure in air/oxygen atmosphere. The full
pattern profile matching was carried out using the FULLPROF software
with the aim to extract the lattice parameters. A decent agreement is
observed between the experimental and refined patterns. The XRD
profile matching of ProNiO4.5 (PNO, X2 = 2.46), PryNip.9C00.104+5
(PNCO10, 3% = 2.41) and PryNig.gC00.204+5 (PNCO20, 32 = 2.48) are
shown in Fig. 1. The cell parameters and unit cell volume of all PNCO
phases are listed in Table 1.

A slight increase in the lattice parameters a and b is observed
whereas a decrease is observed in the lattice parameter c. The large
decrease in parameter ¢ compared to the increase in a and b leads to a
decrease of the overall cell volume. This observance is most likely due to
smaller ionic radius of Co?* (0.65 A) than that of Ni®* (0.69 A) [24], that
causes a decrease in bond length between B-site cation and oxygen. A
similar observation i.e. a decrease in the volume with cobalt substitution
at Ni-site is reported for other layered perovskite LasNij ,C0xO4.5 [27]
as well as for simple perovskites LagNij ., C0,O3.s based compounds [28].

3.2. Thermo gravimetric analysis

3.2.1. Determination of & of material equilibrated under air

The 6 value i.e. the oxygen over-stoichiometry for PNCO compounds
at room temperature was determined using the TGA experiments per-
formed under reducing conditions (Ar—5% H, atmosphere, with a slow
heating rate of 0.5 °C-min~!) after equilibrated in air. Fig. 2a depicts the
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Fig. 1. Fullprof refinement of X-ray diffraction patterns of PryNiO4,s (x> =
2.46), PryNig.9C00.104.5 (42 = 2.41) and PryNi.gC00.204.5 (x> = 2.48) using
Fmmm space group.

Table 1
Lattice parameters a, b, ¢ and space groups of PraNi; ,Co,NiO4. s
Samples a (10\) b (A) c (A) \% (As) Space
Group
ProNiOy4, 5 5.394 5.454 12.443 366.17 Fmmm
3) 3) 3) 3)
Pr;yNip.9C00.10445 5.399 5.460 12.407 365.76 Fmmm
®3) @ ) 3)
PryNig.C00.204:5  5.403 5.465 12.369 365.28 Fmmm
“@ 4 3) 3)

variation of weight loss as a function of temperature. Mainly two weight
losses are observed similar to other earlier reported KoNiFy4-type nick-
elates [27,29]. The first weight loss around 400 °C, corresponds to the
reduction of M3t (Ni*/Co%") into M2t (Ni%*/Co?") (ie. § = 0 when
expecting only Pr’* cations). The second weight loss describes the
complete reduction of PNCO into appropriate ratio of ProOs, Ni and Co
confirmed by XRD, resulting to the determination of § value.

Pl'zNil,xCOXO4+5H2 PI'zNil,XCOXO4 +d Hzo (1)
=

Pl'gNil,xCOXO4 Hz Pr203 +(1 7)() Ni + x Co + H2O (2)
=

The similar § value is obtained from first and second plateau ac-
cording to the reaction 1 and 2, respectively. The value of § was also
determined by iodometric titration [22]. The § values calculated by TGA
and Iodometry are summarized in Table 2. It can be pointed out, as
expected, that the § value increases from 0.24 (PNO) to 0.29 (PNC020)
with Co substitution (Fig. 2b). This increase in § value can be attributed
due to increasing M>* content (Fig. 2b). In addition to TGA and Iod-
ometry titration, the XPS measurements were carried out in order to
analyse the elemental valence of Ni/Co, the results are presented in
Supplementary Information Fig. S1. However, the complex nature of the
Ni2p3/2 peak [30] prevents the deconvolution and the quantification of
Ni%* and Ni** oxidation state. Moreover, the Co2p3/2 peaks are not
clearly visible due to a strong interference from the PrMNN peak, which
is highly intense because of much higher proportion of Pr compared to
Co in the sample (cf. Fig. S1).

The obtained é values in this work for PNO is in good agreement with
the earlier reported results [9]. Usually, by increasing the oxygen
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Fig. 2. (a) Weight loss curve in Ar-5%H, atmosphere and (b) thermal variation
of the oxygen over-stoichiometry &-value, M2+ (Ni?*/Co?*) and M3H(Ni®t/
Co®*) content for PryNi;_C0,04, 5 compounds.

Table 2
Oxygen over-stoichiometry & calculated from TGA and iodometry measure-
ments, and the average § value.

Nickelates § (by TGA) & (by Iodometry) § (average)
ProNiOy4. 5 0.25 0.23 0.24
Pr,Nig.9C00.1045 0.27 0.27 0.27
Pr,Nip.§C00.204.1 5 0.30 0.28 0.29

over-stoichiometry (6), the ionic transport properties like oxide ion
diffusivity/ionic conductivity is increased [9]. Therefore, the increase in
& value with increasing cobalt content could be the first indication to-
wards the better electrochemical properties of these compounds.

3.3. Electrochemical measurements

3.3.1. Morphology, particle size and surface area of powders

Before the preparation of screen-printing paste, the morphology of
the as prepared powder for all three compositions of PNCO was inves-
tigated by SEM (cf. Fig. S2). As obvious, the particle size is about several
micrometers and formed big agglomerates. In fact, the very high calci-
nation temperature leads to larger particle size and aggregates. There-
fore the obtained powders were ball milled with zirconia balls in
isopropanol for 8 h, to get smaller and homogeneous particles of around
1 pm (confirmed by SEM). The particle sizes were also investigated by
laser diffraction particle size analyser and the results are in good
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agreement with the SEM results.

The specific surface area of the as prepared and milled powders was
measured by BET. The initial surface area i.e. for as prepared powder
was ~0.2-0.25 m%-g ™! for all three compositions. However, the surface
area significantly enhanced to 2.96, 3.17 and 2.51 m?.g~! respectively
for PNO, PNCO10 and PNCO20 after 8 h milling.

3.3.2. Symmetrical half-cells measurements

The symmetrical cell containing PNCO electrode was mounted into
the measurement setup, with flow of air. The cell was heated at 900 °C in
order to achieve good contact and then the impedance diagrams were
recorded by EIS at ig. = 0 condition in the temperature range 700-900 °C
under air.

All the impedance spectra were first analyzed using the distribution
of relaxation time (DRT) method [31-36]. According to the DRT anal-
ysis, mainly two time constants are observed for PNO and PNCO20
symmetrical half-cells, as shown in Supplementary Information Fig. S3.
Therefore, the fitting of impedance diagrams for all the PNCO half-cells
were carried out with two R/ICPE (constant phase element) in series
along with a series resistance R;. This is the simplest equivalent circuit
model that yields a good fit to the data (Fig. 3 a, b).

The data analysis shows a decrease in R;, for cobalt substituted PNO
electrodes. For instance, a R, value of 66 mQ-cm? is achieved at 800 °C
for PNO while after substitution of Ni by Co, the R, values decrease
down to 58 mQ-cm? for PNCO20 (Fig. 3 a, b). The observed R;, value for
PNO symmetrical half-cell is slightly higher than that of previously re-
ported results [9]. This might be caused by a different synthesis route as
well as a difference in the particle size. No electrochemical data is
available in the literature for electrochemical performance of cobalt
substituted nickelates. Therefore, from these preliminary results, it can
be concluded that the best electrochemical property (i.e. lowest R}) is
achieved with the PNCO20 electrode.

According to the impedance data analysis, the electrode response is
composed of two main contributions located at medium frequency
(~10-100 Hz) and low frequency (~0.2-1 Hz), independent of the
composition of the electrodes (Supplementary Fig. S3). In general, the
medium frequency arc resistance can be associated with various elec-
trode processes such as the adsorption/desorption of gaseous O,
dissociation/association of O, and charge transfer-diffusion (0%7)in the
electrode [37-39]. The low frequency arc can be related to gas diffusion
impedance due to either porous electrodes or the experimental set-up
[40-42]. To further investigate the rate limiting step among these
electrode processes as well as the influence of cobalt substitution on the
electrode reaction mechanism, the impedance analysis under different
oxygen partial pressures (pO3) were carried out.

3.3.3. Investigation of rate limiting step

The variations of impedance spectra with pO5 at 800 °C for PNO and
PNCO20 symmetrical half-cell are plotted in Fig. 4a and b. As expected,
an increase in total polarization resistance is observed with decreasing
pOs. A 3D-DRT analyses of these impedance curves are shown in Fig. 4c
and d. The X-axis is recalculated to frequency in Hz instead of time in
seconds whereas the oxygen partial pressures is plotted on Y-axis. Two
peaks are mainly detected, one around 1-100 Hz (process P;) and the
other one around 1 Hz (process P;), independent of cobalt content. The
resistance corresponding to process P; is always higher than that of P,
and both of them are decreasing with increasing the pO,. A slight shift of
process P; towards higher frequency is also noticed with increasing pO,.
In addition, two processes are always detected throughout the temper-
ature range of 700-900 °C. The 3D-DRT analysis of the impedance
spectra (under air at OCV conditions) as a function of temperature are
reported in the Supplementary Information Fig. S4. With increasing the
temperature, the peak position of process P; is shifting towards higher
frequency while the process P, always remain at the same frequency. In
addition, at lower temperature especially at 700 °C, the process P
merges with the process P;. Moreover, the resistance of process P; is
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Fig. 3. Impedance spectra at 800 °C and their fitting using two R/ICPE elements for (a) PNO and (b) PNCO20 symmetrical half-cells.

decreasing while the process P, remains almost independent with
increasing temperature, clearly indicates that the process P; is the
thermally activated process while the process P, is not. The non-
activation of the process P, with temperature further points towards a
diffusion process.

Therefore, we introduced two time constant to fit all of our imped-
ance data using two R/ICPE elements along with a series resistance R in
order to determine the resistance associated with the two individual
processes (P; and P,). The impedance data analysis as a function of
temperature at OCV conditions reveals that the resistance of process Py
for both PNO and PNCO20 cells is almost constant ~0.01 Q-cm? how-
ever the R, of process P; is decreased with increasing temperature from
700 to 900 °C. For instance, the R, values for process P; are 0.25, 0.10,
0.045, 0.03 and 0.015 Q-cm? at 700, 750, 800, 850 and 900 °C
respectively for PNO symmetrical cell. In case of PNCO20 symmetrical
cell, the R, values for process P; are 0.22, 0.096, 0.04, 0.02 and 0.01
Q-cm? at 700, 750, 800, 850 and 900 °C respectively. These values of R,
for processes P; and P, were further confirmed by determining the area
under different DRT peaks.

Typically, the resistance (R,) of individual electrode process under
open circuit voltage (OCV) conditions, strongly depends on the partial
pressure. The experimental data can be fitted with a power law ac-
cording to the following relation,

Rn [S3 (pOZ ) -

In the above equation, the exponent m describes the nature of the
step involved in the electrochemical reaction and depend on the kinetic
limiting step [43,44]. According to the literature [45-48], the most
common values of m are 0, 0.25, 0.5 and 1. By considering the oxygen
evolution reaction at the electrode, the value of m can be described as
follows:

m = 0, describes the ionic transfer of 02~ ions through the
electrolyte-electrode interface and diffusion of 02~ oxide ions:

2— 2—
O (eleclrolyle)QO (electrode)

m = 0.25 corresponds to the oxygen surface exchange reaction (i.e.
charge transfer process), occurs usually at the two-phase gas/electrode
interface; it involves the oxidation of O~ ions and the adsorption of
oxygen at the surface of electrode

0 & 0™ ugs + V&
0% s © Ougs + 26~

m = 0.5 is associated to the mass transport i.e. association of the
desorbed atomic species (O,gs) into molecular oxygen (O ads) at the
electro-active sites of the MIEC oxide.

2 Oads < OZ,ads

m = 1 describes the desorption of O3 g5 at the active reaction sites
and then the diffusion of gaseous oxygen O,(g) within the pores or above

the electrode.

02,005 © 02 (9)

In addition to the above mentioned values of m, some intermediate
values have been also reported. For instance, m = 3/8 (0.375), describes
the charge transfer in competition with an oxygen mass transport [44]
and m = 1/8 (0.125) describes further release of electrons by 0% (ie.
OZi(electrode) < O (electrode) + € ) [49,50].

In this work, we also attempted to investigate the slope of individual
process. The variations of R}, of two process P; and P; (i.e. R; and Rp) asa
function of pO; are represented in Fig. 4e. Two different exponents i.e. m
values are obtained subsequently carrying out linear fitting to the two
different polarization resistance Ry and R for both PNO and PNCO20
symmetrical half-cells.

In our case, the exponents m ~ 0.25 and 1 indicate that the oxygen
surface exchange reaction i.e. charge transfer process (surface diffusion
of the adsorbed/desorbed oxygen atoms and their consequent reduc-
tion/evolution) and the gas diffusion process, respectively are involved
in the electrode reaction process for both PNO and PNCO20 symmetrical
half-cells. This is in good agreement with the earlier reported result for
PNO [42]. Regardless the substitution with cobalt at Ni site in PNO did
not show any change the electrode process. Furthermore, the polariza-
tion resistance R; is always higher compared to Ry throughout the pO,
range (Fig. 4e) clearly indicates that the charge transfer process is the
rate limiting step among the electrode process for these PNO and Co
substituted PNO electrodes.

3.3.4. Single cell measurements

To perform the electrochemical measurement, the single cell was
mounted into the measurement setup and heated at 900 °C, with flows of
compressed air and N3 on the oxygen and fuel electrode sides, respec-
tively. The flow of Ny at the fuel side was progressively substituted by
dry hydrogen (Hz) to reduce NiO into metallic Ni. After complete
reduction of the single cell, the OCV under dry condition (9 NL-h™! H,
and 9 NL-h™! air, on fuel electrode side and oxygen electrode side
respectively) was ~ 1.21 V at 900 °C for all three cells indicating a
leakage across the gasket below 0.3%. Under humidity i.e. with 50% H
and 50% H,0 mixture (4.5 NL-h™! Hy + 4.5 NL-h~! H,0 and 9 NL-h™!
air, on fuel electrode side and oxygen electrode side respectively), the
measured OCVs are 0.95, 0.94 and 0.92 V at 800, 850 and 900 °C,
respectively, for PNO single cells. These values are close to the theo-
retical OCV values. Similar OCVs were also observed for the cobalt
substituted PNO i.e. PNCO10 and PNCO20 cells.

The typical current-voltage characteristics of PNCO single cells at
800 and 900 °C are shown in Fig. 5. The increase in electrochemical
performance is observed with increasing the cobalt content in PNO
electrode, independent of the temperature. The maximum current den-
sities obtained under the applied voltage of 1.5 V at 900 °C are 3.0, 2.4
and 2.1 A-cm 2 respectively for PNCO20, PNCO10 and PNO single cells,
and at 800 °C, the current densities are 1.90, 1.75 and 1.60 A-cm 2
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Fig. 4. Variation of impedance spectra at OCV (a, b), DRT (c, d) and polarization resistances (e) (the error bars are within the data symbol), as a function of oxygen

partial pressure for PNO and PNCO20 symmetrical half-cells at 800 °C.

respectively for PNCO20, PNCO10 and PNO single cells (Fig. 5).
Remarkably, the performance of the cell is improved continuously with
increasing the cobalt content in PNO electrode. Indeed similar behav-
iour i.e. a decrease in total R, with increasing cobalt content was also
observed for the symmetrical half-cells containing PNCO electrodes. The
best electrochemical performance is thus observed for the single cell
with PNCO20 electrode. The improvement in the performance with
cobalt could be due to the enhancement in the transport properties,
mainly the diffusion coefficient (D*) and surface exchange coefficient
(k*). Recently, Berger et al. have reported the behaviour of PNO and
PNCO10 thin film microelectrodes on YSZ substrates and investigated
that the surface exchange coefficients of PNCO10 is higher than that of
PNO especially for pO, < 0.21 [51]. Similar trend was also reported by

Kilner et al. and Munnings et al. for cobalt substituted LagNiO4, 5 (LNO)
[20,29]. The substitution with cobalt in LNO slightly improves the
diffusion coefficient but essentially enhances the surface exchange co-
efficient of the material with significantly lower activation energy. We
have recently reported the improvement in the electrochemical activity
for cobalt substituted LNO electrodes [27]. Hence, these properties are
directly linked with the electrochemical properties of the materials [52]
and shows an enhancement in the electrochemical performance of the
cells containing cobalt doped nickelate oxygen electrode.

As shown in Fig. 5, the performance of PNCO electrodes containing
single cells were compared with the commercial single cell containing
LSCF state of art oxygen electrode. Remarkably, the cobalt substituted
PNO electrode containing single cells show higher cell performance than
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Fig. 5. Voltage vs. current density curves for the single cells containing PNO,
PNCO10, PNCO20 and LSCF electrodes at 800 and 900 °C.

that of LSCF cell. Indeed the performance of PNCO20 cell is very high as
compare to the other data available in the literature for SOECs [14,
53-55].

The impedance diagram (Nyquist plots) of PNO and PNCO20 single
cells at 800 °C under OCV conditions (with 50% H, and 50% H,0 feed
gas mixture at fuel electrode) are reported in the Supplementary Infor-
mation Fig. S5. The two cells have almost identical series resistance but
the cell with PNCO20 electrode shows lower Ry, The R;, value of 128 and
118 mQ-cm? are obtained for PNO and PNCO20 electrode containing
single cells, respectively at 800 °C under OCV condition. As expected,
the R, values measured on single cells are higher than that of symmet-
rical cell (66 mQ-cm? and 58 mQ-cm? for conventional PNO and
PNCO20 electrode containing symmetrical half-cells), as the contribu-
tion of cathode i.e. the fuel electrode is also appearing in single cell. The
3D-DRT plots of the single cells at OCV conditions as a function of
temperature are depicted in Supplementary Information Fig. S6. It is
clear that the oxygen electrode reaction process are affected by the fuel
electrode. At least four process (P1, Py, P3 and P4) is observed for both
PNO and PNCO20 single cells. The middle-frequency process Ps is
believed to be the contributions from the oxygen electrode as it appears
around the same frequency range (~1-100 Hz) as that of process P; (cf.
Fig. S4) of the symmetrical half-cells. However, from the width of the
intensities, there might also be contributions from the fuel electrode. It
seems that, at temperature <750 °C, the process P4 merges with the
process Ps. The high-frequency process P; (~10°-10* Hz), another
middle frequency (~102-10% Hz) process P,, and the low frequency
(around 5 Hz) process P4 could be the contributions from the fuel
electrode.

Additionally, the total cell resistances i.e. ASR values were calculated
as a function of applied potential in 700-900 °C temperature range for
all three cells. The ASR is dependent on both applied potential and
operating temperature ie. an increase is observed with increasing
applied potential and decreasing the cell temperature. The ASRs of PNO
and PNCO20 cells at 800 and 900 °C are compared in Supplementary
Information Fig. S7. Nevertheless, it can be clearly discerned that the
ASR of PNCO20 cell is always lower than that of PNO cell whatever the
applied potential and temperature range. For instance, the ASR value at
1.3V is 0.27 and 0.32 Q-cm? at 800 °C respectively for PNCO20 and PNO
single cell. The variation of ASR values of all these cells are consistent
with the slope of i-V curves.

3.3.5. Short term durability test

The short-term durability tests up to 250 h with PNCO single cells
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were galvanostatically carried out at 800 °C under steam electrolysis
conditions. The feed gas mixture of 50% Hy, 50% H>0 with a total flow
of 9 NL-h™! was introduced to the fuel electrode. The stability of the
single cells (represented in terms of cell voltage) at a constant current
load of —1 A-cm ™2 as a function of operation time are shown in Fig. 6.
The initial cell voltage (at t = 0) is slightly higher than presented in the i-
V curves of Fig. 5. This might be due to the fact that the cells already
spent ~ 60-72 h at high temperature under electrolysis conditions (due
to the measurement at other temperatures) before starting the stability
test.

In SOEC mode, all three cells experienced different degradation
during the stability test. At the beginning, all these cells display a rapid
increase in the electrolysis voltage and then show a stable behaviour. For
instance, an increase in voltage from 1.30 to 1.37 V is observed for PNO
cell after 250 h, indicates the highest degradation among all. Further-
more, the degradation rate (in rnV~kh’1) can be estimated from the
Voltage vs. Time curve by carrying out linear fit in the stability region. In
this way a degradation rate of ~ 88 mV-kh ™! is observed for PNO single
cell. However, the other two cells show lower degradation rates, the
electrolysis voltage increased from 1.28 to 1.33 V (~ 36 mV-kh™1) and
1.27-1.30 V (~ 22 mV~kh’1) for PNCO10 and PNCO20 single cell
respectively. The short term durability of PNCO electrodes containing
single cells were also compared with the commercial single cell con-
taining LSCF state of art oxygen electrode. The LSCF cell shows almost
similar degradation rate (ie. ~ 87 mV-kh™1) like PNO single cell.
Remarkably, the cobalt substituted PNO electrode containing single cells
show comparatively lower degradation rates than that of LSCF cell.

Finally, it must be emphasised that the PNCO20 single cell displays
lowest degradation after 250 h under electrolysis conditions. Therefore,
in the next step, the post-test analysis were carried out with these cells to
understand different behaviour during stability test.

3.3.6. Post-test analysis of the single cells

After performing the stability test, the single cells were embedded in
resin and polished along the cross-section prior to SEM-EDAX analyses.
The analyses were mainly focused on electrolyte, electrolyte/GDC
interface, GDC/electrode interface and bulk of oxygen electrodes
expecting the same behaviour/degradation of fuel electrode in all three
cells. Fig. 7 compares the electrolyte//GDC//electrode interfaces before
and after 250 h operation at —1 A-cm~2 under steam electrolysis con-
dition at 800 °C, for PNO and PNCO20 single cells.

It must be point out that no severe damage or delamination/cracks
were observed for all the cells. In addition, almost no change is observed
at the electrolyte/GDC or GDC/electrode interface before and after the
stability test for all PNCO cells. However, for the PNO cell, a partial

1.45-  at 800°C and -1 A.cm™ with 50% H,+ 50% H,0
1.40 1
PraNiOs.s |gg my i
87 mV.kh!
36 mV.kh!
NP 22 mV.kh!
PryNig§C00,20,.5
1.25
1-20 T T T T T
0 50 100 150 200 250

Time (hour)

Fig. 6. Stability of PNO, PNCO10, PNCO20 and LSCF single cells at 800 °C
under current density of —1 A-cm™~2 with 50% H, + 50% H,0 feed gas mixture.
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Fig. 7. SEM images after 250 h of operation for PNO and PNCO20 single cells before and after the stability test at 800 °C with a current load of —1 A-cm~2 and 50%
H, + 50% H,O feed gas mixture.

Fig. 8. Elemental mapping at the cross-section of PNO//GDC//8YSZ//Ni-YSZ cell after 250 h operation under electrolysis at —1 A-cm~2 with 50% Hy + 50% H,0
gas mixture.
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roughness or pore formation is observed in the GDC layer (Fig. 7b).
Moreover, partial coarsening of the electrode is also noticed for the PNO
cell. These alterations were not observed for the PNCO20 cell and could
be the reason for the large degradation for the PNO single cell.

In order to get further information, the SEM-EDAX mapping was
performed on the cross-section of the PNO//GDC//8YSZ//Ni-YSZ cells.
The SEM image with the corresponding atomic concentration mapping
for Pr (Ly, 5.03 keV), Ni (K, 7.47 keV), Co (K, 7.93 keV), Ce (L,, 4.84
keV), Gd (Ly, 6.06 keV), Zr (Ly, 2.04 keV), Y (L, 1.92 keV) is shown in
Fig. 8. All the elements are located in the phase where they are expected
and no cation segregation is observed. Nevertheless, partial Ce diffusion
from the GDC layer to the PNO electrode and also some Pr diffusion from
electrode to the GDC layer is observed, resulting in the formation of an
interphase between the GDC and the PNO electrode. The SEM-EDX
mapping on the cross section of PNCO20//GDC//8YSZ//Ni-YSZ cell
was also performed and reported in the Supplementary Information
Fig. S8. Like PNO cell, cation segregation is also not detected for the
PNCO20 cell. However, the inter-diffusion of Ce and Pr at the elec-
trode//GDC interface seems similar as that of the PNO cell.

The reactivity of PNO and GDC is already known in the literature
[56,57]. At elevated temperature (>900 °C) they react and form various
phases including Pr4Ni3O1¢9,s, PrgO11 and Pr-doped GDC. The previous
reported results show that all these phases are good MIEC oxide mate-
rials and hence might be less detrimental for the electrochemical per-
formance and for the durability of the SOECs [15,58-61].

4. Conclusion

The present study is focused on the finding of alternative oxygen
electrodes for SOECs. In this respect PryNij.,C0,04,45 (x = 0.0, 0.1 and
0.2) (PNCO) nickelates were considered and successfully synthesized.
These nickelates exist with orthorhombic structure with Fmmm space
group. A continuous increase in the oxygen over-stoichiometry § value is
observed with increasing x i.e. with increasing cobalt content. The EIS
measurements of symmetrical half-cells show lower R, values for
PryNip.gC00.204. 5 (PNCO20) compare to that of ProNiOg4, s (PNO) cell.
However, the electrode reaction mechanism remains the same and
among the electrode processes, the charge transfer process is the rate
limiting step for both electrodes. With respect to single cells, most
importantly, an increase in electrochemical performance is observed
with cobalt substitution. The highest current densities i.e. 3.0 and 1.9
A-cm™2 at 900 and 800 °C respectively, are observed for PNCO20 single
cell which is better than that of state of art LSCF oxygen electrode
containing single cell. Through the stability test up to 250 h at 800 °C
and —1 A-cm ™2 current load, a higher degradation rate is observed for
PNO single cell compared to cobalt substituted PNO single cell. More
especially for the pyco2o single cell, a stable behaviour (~22 mV-kh V) is
observed with slight increase in electrolysis voltage. Hence
PryNip.gC00.2045 (PNCO20) electrode can be consider as a potential
oxygen electrode for SOECs.
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