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Abstract

Mixed ionic electronic conductors (MIECs) oxides are used as electrode materials for solid oxide cell
(SOC) application, as they combine high electronic conductivity as well as high oxygen diffusivity
and oxygen surface exchange coefficients. The ionic transport properties can be directly determined
thanks to the isotopic exchange depth profiling (IEDP) method. To date, the reported measurements
have been performed at ambient pressure and below. However, for a higher efficiency of hydrogen
production at the system level, it is envisaged to operate the cell between 10 to 60 bar. To characterize
the MIEC oxides properties in such conditions, an innovative setup able to operate up to a total
pressure of 50 bar and 900 °C has been developed. The main goal of this study was to compare the
behaviour of two types of reference materials: the oxygen deficient La-Sr-Fe-Co perovskites, and the
overstoechiometric lanthanide nickelates LnoNiOas+s (Ln = La, Pr, Nd). Diffusion and surface
exchange coefficients obtained under 6.3 bar of oxygen are measured and their evolution discussed
in light of the change in oxygen stoichiometries. This analysis allows better understanding of the

dependency of the surface exchange coefficient with the oxygen partial pressure.
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1. Introduction

Clean and sustainable energy sources are currently becoming essential. However, since the renewable
energies are intermittent, efficient solutions for their storage are required, to match the fluctuations
between the demand and the production. In this frame, hydrogen is considered as one of the most
efficient energy vectors M. High temperature steam electrolysis (HTSE), based on the solid oxide
electrolysis cells (SOEC) technology, is a promising and attractive solution for hydrogen production
at high efficiency ?. However, hydrogen has to be stored and distributed at high pressure. Therefore,
since the compression of liquid water consumes much less energy than gaseous hydrogen, it is
advantageous to perform the steam electrolysis directly under pressure 1. Moreover, the high-
temperature co-electrolysis of steam and carbon dioxide enables to convert electricity into a syngas
composed of carbon monoxide and hydrogen >4, This gas mixture can be transformed in a second
step in liquid or gaseous hydrocarbons with conventional catalytic processes working at high pressure
between 10 and 100 bar B, In this case, an integrated system working directly under pressure could
also be beneficial in terms of efficiency and cost 81, In this context, it is mandatory to investigate
the impact of high pressure on the electro-catalytic properties of the electrode materials that control
the cell electrochemical response, and more particularly the oxygen electrode, where the major
polarization losses are observed.

Mixed ionic electronic conductors (MIECs) are commonly used as oxygen electrodes in SOEC cells.
In addition to a high electronic conductivity, these materials exhibit both high oxygen diffusivity and
surface exchange coefficient (D and k, respectively) at the operating temperatures. Two different kind
of efficient candidates are generally considered: (i) the oxygen deficient perovskites such as
Lao.6Sr04C0035 (LSC) and LaoeSro.4FeosCoo20s-s (LSFC) U1 which are nowadays the standard
SOEC materials and (ii) the oxygen over-stoichiometric oxides, such as the lanthanide nickelates
Ln2NiOa+s (Ln = La, Pr, Nd), which belong to the so-called Ruddlesden-Popper series Lnn+1NinOzn+1
(here with n = 1).11% These compounds show a K:NiF4 -type layered structure, with alternating
LnNiO3 perovskite layers and LnO rocksalt layers within which reside the additional interstitial
oxygen atoms. The nickelates phases present promising oxygen electrode performances because of
their large anionic bulk diffusion and surface exchange coefficients (approximately one order of
magnitude higher than that of perovskites), combined with a good electrical conductivity and a
thermal expansion coefficient matching with those of other cell components [*°1. Railsback et al.
showed that high pressure reduces the polarization resistance of oxygen electrodes for both over-
stoichiometric and under-stoichiometric materialsi*®l. They found that the improvement in
performance with increasing pressure was more pronounced for the interstitial oxygen conducting
materials. The difference in behaviour between the two types of material was related to the
dependence of the oxygen defect concentration on pO..



Typically, D and k are measured via the electrical conductivity relaxation (ECR) method,*"2% or by
the isotopic exchange depth profiling (IEDP) method.X%1321-231 The |atter technic involves to perfom
a %0 for 180 isotopic exchange on a crystal or dense pellet of the material at a desired temperature
during an appropriate time. After the exchange, the depth profile of the 80 tracer is determined ex
situ using secondary mass ion spectroscopy (SIMS) technic. Using the Fick’s second law, the tracer
diffusion and surface exchange coefficients (here noted D* and k*) can be accessed by fitting the
depth profiling data ?4. To date, the reported measurements of D and k in literature have been
performed at ambient pressure and below. To the best of our knowledge there is no available data for
D and k measured at high pressure whatever the considered electrode material.

The objectives of this work consist in developing a 30/1%0 exchange setup at high temperature able
to work under high pressure of Oz and assess the values of D* and k* in such conditions for various
reference oxygen electrode materials: Ln2NiOa+s (Ln = La, Pr, Nd), LaoeSro4CoOss (LSC) and
Lao.eSro4FeosC00.203.5 (LSCF). The evolution of D* and k with pressure will be discussed in light of
the structural features and change in oxygen over-stoichiometry, J, which is determined after the
exchange.

2. Experimental

2.1. Powder Synthesis

Dense samples of the pure materials with a density of at least 95 % are required for the oxygen
exchange experiments. In this study, pellets were prepared to fulfill these conditions, with a diameter
of roughly 20 mm after sintering. Pure powders of the three lanthanide nickelates were produced
using the modified Pechini method 2% from PrsO11 (Aldrich chem, 99.9 %), La,03 (99.99 %, Sigma
Aldrich), Nd20s (Strem Chemical, 99.99 %) and Ni(NOz)2,6H20 (Acros Organics, 99 %) precursors.
La2O3s powder was initially heat-treated at 900 °C overnight to remove residual water before
weighing. The final annealing was performed at 1,200 °C for 12 h in air, leading to well crystallized
phases. LaossSro.4F€0.8C00.203-5 (LSFC) and LaossSro.4Co0s.5 (LSC) powders were synthesized by a
standard solid-state route using the following precursors: La203 (99.99 %, Sigma Aldrich), SrCOs
(99.9 %, Sigma Aldrich), Fe-O3 (99 %, Sigma Aldrich) and Co304 (99 %, Alfa Aeser). The powders
were weighed according to the compositions and then ball-milled for 4 h at 250 rpm using zirconia
balls and isopropanol (98.8 %, VWR). After drying at 80 °C overnight, the mixtures were then
calcined in air at 1,080 °C for 8 h. The purity of all samples was controlled by X-ray diffraction

(XRD) analysis before sintering.

2.2. Pellet Preparation



The powders were ball-milled for 4 h with isopropanol in order to get the average particle size ~1 um.
Dense pellets of the five materials were then produced by uniaxial pressing the powders in a 25 mm
pellet die followed by a sintering at 1,350 °C for 4 h under air. The density of the pellet was measured
geometrically and always exceeded 95 %.

For the five studied compositions, the dense pellets were first mirror polished, using abrasives of
decreasing grain diameter, followed by diamond paste. Finally, cubes of roughly 4 mm side length
were cut from the pellet, using a diamond cutting-disc (Isomet Buehler), to ensure comparable results
from the sample.

2.3. Isotopic Exchange Under Pressure

2.3.1. Set-up Description

The isotopic oxygen exchange setup was developed for an operation under total pressure up to 40 bar
and temperature up to 1,100 °C (Figure 1). It was more extensively described in ref. (261, The first line
of the setup is dedicated to high vacuum pumping: using a turbomolecular pump, a vacuum of roughly
10® mbar is obtained. The labelled 80 gas (with isotopic purity close to 98 %) is routed through a
second line, from a gas (air) cylinder provided by Euriso-top company with the following
specifications: 1 L, P = 20 bar. Another line is dedicated to °O from the laboratory. A fourth line is
dedicated to cryo-pumping of the labelled 20 at the end of the exchange, which is achieved by
immersing a stainless-steel rod (one meter long) into liquid helium. The gas may then be used for
another experiment, provided that the ratio *30/*°0 is still high. Two manometers allow measuring
respectively the low and high pressures.

The sample holder is a closed cylinder made of magnesium doped zirconia, which was designed to
withstand both the high pressure and high temperature in steady state operation as well as the stresses
induced by quick thermal quenching. It was thus able to withstand, through all our experiments, rapid
cooling from high operating temperature (700 °C — 500 °C) down to room temperature. This thermal

guenching was achieved by removing the sample holder from the sliding furnace mounted on rails.

2.3.2. Procedure for the Isotopic Exchange Under Pressure

The experimental procedure for the IEDP method followed the procedure described in ref. 21 In a
first step, the samples were equilibrated at the target temperature (700 °C for instance) in pure %0,
at a chosen pressure of 6.3 bar for a period at least ten times longer than the one chosen for the oxygen
exchange experiment. The samples were then quenched down to room temperature. This first
treatment creates the baseline in 80/*0 ratio inside the sample that will be used as reference for the
subsequent time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis. Besides, it enables

to equilibrate the oxygen (over or under)-stoichiometry at the given pressure and temperature



condition in the material. Next, the 10, gas was pumped and replaced with the 0. enriched (> 98 %)
air mixture (specification described in section 2.3.1.) at room temperature. The total air pressure
(3802/N>) injected into the reactor at room temperature was calculated to reach a total pressure of 30
bar at the studied temperature (following the ideal gas law: P(300 K) = 30 bar x 300 K / Texchange).
Therefore, at the exchange temperature, the 80, partial pressure is 6.3 bar (21 % x 30 bar). The
samples were quickly heated to reach the target temperature, and the oxygen exchange experiments
carried out for a determined time. This time was calculated in order to obtain an approximate diffusion
length Lo of a few tens of micrometers (Lp ~ 2 X v/D X t) according to typical D values from the
literaturel®X, Typically, the duration times used for the oxygen exchange steps varies from about 90
min at 700 °C till about 20 h at 500 °C. Samples were finally quenched down to room temperature,
and 80, recovered using liquid helium. Finally, the samples were taken out of the zirconia cylinder
to be prepared for the ToF-SIMS analysis. Preliminary measurements, at T = 600°C, were performed
on the three studied nickelates, under 1 bar (air) of total pressure (instead of 30 bar in the main study).
The results presented in Table S1 (cf. Supplementary Information, SI) show that the values obtained
are in the same order of magnitude as the literature data. This validates the use of our setup for the
measurement of D* and k* coefficients. Nevertheless, a difference of a factor of ~30 is obtained in
the k* coefficient for LNO, which could be attributed to a difference in grain orientation between the

samples. Therefore, only large variation in the k* coefficient will be discussed thereafter.

2.4. X-Ray Diffraction
Analysis of phase purity and lattice parameters were performed on a PANalytical X’Pert Pro
diffractometer with a Cu source (Kal, 4 = 1.54060 A) in reflection mode.

2.5. Thermogravimetric Analysis (TGA)

Our first goal was to determine the delta (o) value characterizing the oxygen under/over-
stoichiometric of the oxides, after each thermal treatment performed under pressure followed by a
thermal quenching. For this purpose, thermogravimetric analysis (TGA) experiments were carried
out using a TA Instrument® TGA-5500 device. First, the dense bar samples (after exchange
experiments) were crushed into powder using mortar-pestle. Then the powders were heated under air
up to 150 °C h'%, then cooled down to room temperature with a slow rate (2 °C min?), with the aim
to remove any traces of water. A second cycle was performed under Ar - 5% H; flux with a very slow
heating rate of (0.5 °C min’) up to 1,000 °C. The full decomposition of the material under reducing
atmosphere leads to the determination of the oxygen stoichiometry after cycling the sample down to
room temperature. The decomposition products (Ln20s, SrO, metallic Ni, Fe and Co) were verified

by XRD after the thermal cycle. However, despite several attempts, the complete reduction of LSFC



under Ar — 5% H»> flux was never reached (the XRD analyses evidenced the formation of

(La,Sr)2(Fe,Co)0O4 + Fe + Co) inhibiting the calculation of ¢ in this case.

2.6. Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) Analysis

2.6.1. Preparation

Prior to the ToF-SIMS analysis, the cubes were cut in half with the utmost care using the diamond
cutting-disc. This cut is necessary to reveal the gradient in 0. The new face created was then mirror
polished. The resulting two samples were fixed inside a stainless-steel ring with Wood’s metal alloy
in such a way that one of the samples exposes the bulk of the cube that contains the gradient of 20,
while the other exposes the surface of the cube that was in direct contact with 80, The latter
preparation enables to measure with precision the ratio 180/*°0 at the surface of the sample, averaged
over a large area. This value is used as the origin of the gradient measured on the “depth profile”

sample.

2.6.2. SIMS

SIMS experiments were performed using a ToF SIMS 5 (IONTOF, Mnster, Germany). Samples
were analysed in spectroscopy mode by scanning a primary 30 keV Bi* beam over 500 x 500 pm?
area, interlaced with a 1 keV Cs* sputter beam scanned over 600 x 600 um? to eliminate surface
impurities and enhance production of negative secondary ions. The region of interest (ROI) was
adjusted using the integrated optical camera and sample stage controls. The ROl was chosen so that
a sample edge was located vertically on the right or left of the raster field of view. Data acquisition
was started in the 3D mode, and the following procedure was used to determine the stopping
condition: once the secondary ions of interest (e.g. 0 and %0) peaks were selected on the spectra
subpanel, images of ion intensity with definition 256 x 256 pixels were automatically generated by
the instrument software (SurfaceLab 7) in the image stockpile subpanel. The images of 0 and 0
intensities were then combined to generate an image of the isotopic ratio of interest
1(*80)/(1(380)+1(*%0)). An average line scan was then performed using the X-area feature of
SurfacelLab linescan editor. This procedure enabled us to follow the gradient line-scan progress in
real-time so that data acquisition could be stopped, typically after 5 to 10 min, when the gradient was
stabilized at a good signal to noise ratio. Doing so an isotopic ratio profile averaged over a volume of
approx. 500 x 500 x 0.1 um3 was generated, which allows minimizing artifacts from impurities and
inhomogeneities. The data were finally exported as ASCII file for further analysis (Figure S2 and
S3). In some cases, 80 gradient spanned over 500 um so that a second adjacent area was analysed

similarly and stitched to the previous one.



The experimental oxygen profiles (evolution of 1(:30)/1(*30)+1(**0) vs. depth) were then fitted using
the Crank solution to the equation of the second Fick’s law of gas diffusion in solids ?*?"] which

leads determining the D* and k* coefficients (* being relative to the diffusion of the 80 tracer).

3. Results and Discussion

3.1. Oxygen Stoichiometry

After the oxygen exchange under pressure steps, the samples were quenched to stop the oxygen
diffusion as to keep the same oxygen composition that was reached in the material during the
investigated experimental conditions: pO. = 6.3 bar (total pressure (air) around 30 bar),
500 < T/°C < 700. Purity of the sample after the exchange was checked with XRD, showing the
phases are stable in the high O pressure conditions at the investigated temperatures. Moreover, the
ToF-SIMS images reveal that the surface is smooth with no visible cracks (Figure S1). Our first goal
was to determine the corresponding oxygen stoichiometry values of the materials exposed to the O
high pressure. For this purpose, we used TGA experiments performed under reducing atmosphere
(Ar- 5% H> flow) on powders (crushed pellets). Regarding the nickelate phases with oxygen over-
stoichiometry, the decomposition of the oxide occurs in two steps: (i) at intermediate temperature a
first plateau is evidenced, which corresponds to the stabilization of the oxide only containing Ni*",
i.e. a composition LnaNiOa40 (LN = La, Pr, Nd). The measured weight loss between room temperature
and this plateau temperature corresponds exactly to the disappearance of the oxygen over-
stoichiometry 4. (ii) In a second step, at higher temperature, the full decomposition of the oxide is
observed, leading, as checked by XRD, to the formation of Ln2O3 plus metallic nickel. The measure
of the weight loss recorded between room temperature and the full reduction is then another way to
determine 0. Regarding LSC, the full reduction is observed on the TGA curves, with no intermediate
reduction plateau. As stated in the Experimental Section, the value of J could not be determined for
LSCF as the full reduction of the material could not be achieved. Table 1 gathers the oxygen
stoichiometry results obtained for each exchanged sample, for 500 < T / °C < 700 and pO2 = 6.3 bar
(total pressure around 30 bar). For the nickelates, each reported ¢ value is an average of the two

calculations detailed above.

As expected, whatever the temperature used for the oxygen exchange, all materials exhibit a
significant increase of the oxygen stoichiometry after the thermal treatment performed under high
oxygen pressure, compared to the value obtained after the chemical synthesis. Indeed, the
compositions determined at room temperature after the synthesis performed in air were: La2NiOa.16(2),
PraNiOs222), Nd2NiOs213) and LaossSro4Co02.980(14), compared to LaxNiOs232), PraNiOasso),
Nd2NiOa.28(3) and Lao 58Sro.4C002.997¢14) (for Tex = 700 °C) revealing that the studied compositions are



significantly more oxidized after the thermal treatments performed under 80 pressure, with respect
to ambient pressure. Considering the error bar, the LSC compound is found to be fully stoichiometric:
Lao.ssSro.4Co0s, This result is in good agreement with the calculation from Railsback et al., where
oxygen defect concentrations were derived from electrochemical impedance spectra measured at high
pressure.[*® Interestingly, for ProNiOa.s, the oxygen overstoichiometry is considerably higher than
that obtained for La2NiOs+s and Nd2NiOs+s. Although it is commonly accepted for PraNiOs+s and
Nd2NiO4+5 to accept larger extent of oxygen overstoichiometry compared to LaxNiOs+s due to the
smaller size of the lanthanide ions, here Nd2NiOs.+s does not show such high ¢ value. Moreover, this
trend is repeatable over the whole temperature range studied with ¢ always exceeding 0.3 and
reaching a maximum of 0.5 for an exchange at 700 °C. It was formally considered that Pr** could be
present in the ProNiO4+s compound, but XANES studies concluded in the absence of this species in
the compound prepared under ambient atmosphere pressurel?8l. Here, the high pressure of oxygen
could be a driving force for the stabilization of Pr**, which could be an explanation for the large
oxygen overstoechiometries. This hypothesis will need to be confirmed by further studies. It is the
first time that such remarquably high ¢ values have been observed in these compounds. This property
is expected to have a high impact on the electrochemical performances by promoting the bulk path in

the electrode [#,

3.2. Diffusion

Figures 2 and 3 show the evolution of the D* coefficients as a function of 1000/T for the over-oxidized
nickelates and for the oxide deficient perovskites, respectively, obtained from the fit of the 20
gradients (Figure S2 and S3).

As it could be expected, the D* coefficient for both types of materials shows a different evolution
with increasing of oxygen pressure from pO2= 0.2 bar to 6.3 bar. For La2NiOs+s and ProNiOs+s, D*
is slightly enhanced over the whole temperature range when the pressure is increased. For Nd2NiOs:s,
the improvement is only observed for a temperature higher than 650 °C (Figure 2). However, D*
decreases by approximately one order of magnitude for the oxide deficient perovskites over the whole

studied temperature range (Figure 3).

Some years ago Chroneos et al.B%, and Parfitt et al.*Y have performed molecular dynamics (MD)
simulations regarding the oxygen diffusion in La2NiOas+s and Pr2NiOs.+s, respectively. The dominant
mechanism of oxygen transport occurs via the network of apical oxygen sites connected by interstitial
ion sites along a two-dimensional network (the so-called interstitialcy mechanismB%). In the article
by Parfitt et al., the oxygen diffusivities were calculated for a range of hyper-stoichiometries, and an

excellent agreement was found between the absolute calculated values and those observed



experimentally. From ¢ = 0, the diffusivity rises very quickly as a function of ¢, but rapidly levels off.
Between ¢ = 0.05 and ¢ = 0.25 the diffusivity still increases but more smoothly. This can be explained
by the increase of the formation energy of oxygen interstitials at high ¢ values, as well as the stiffening
of the lattice caused by the additional oxygen interstitial pinning the NiOs sub-lattice, which reduces
the passage of the oxygen ions. Our results are in good agreement with such calculations. Indeed
when increasing ¢ for each studied nickelate through high oxygen pressure, a limited increase of the
diffusion coefficient is observed, although a larger one could be expected in a first approximation.
The largest increase is observed for La2NiOas+s, for which the initial oxygen overstoichiometry is the
lowest compared to ProNiOs+s and Nd2NiOas+s (0 = 0.16 at room temperature after annealing under air
at normal pressure, cf. Table 1).
Considering these results, and in accordance with data obtained at pO2 < 1 atm from the literature (cf.
Figure S4),[% one would expect the activation energies for D* to increase from 0.2 bar to 6.3 bar. An
overall increase in the activation energy was measured for Nd2NiOas+s by Yakal-Kremski et al. in a
lower pO; range.®? Although this evolution is observed for Nd2NiOa+s and ProNiOa+s (105 and 75 kJ
mol? at 0.2 bar compared to 174 and 84 kJ mol! at 6.3 bar for Nd2NiOs+s and PraNiOgss,
respectively), on the contrary for La2NiOa.s, the activation energy decreases with increasing pressure:
from 97 kJ mol™ at 0.2 bar to 55 kJ mol™ at 6.3 bar. This could be attributed to the smaller value of 6
which limits the effect of lattice stiffening. These assumptions remain to be further studied though
combined experimental and theoretical studies.
In the oxide deficient perovskite material, the oxygen diffusion coefficient, D,, is linked to the
concentration of oxide vacancies, c,,, through the relationship:

Do = Dycy/co Eqg. (1)
Where D,, is the vacancy diffusion coefficient and c,, the concentration of oxygen in the perovskite.l!
It was formerly demonstrated that the tracer diffusion coefficient of oxide ions in perovskite materials
is proportional to the oxide ion vacancy concentration.?]
Therefore, the decrease in D* with pressure is directly explained by the decrease of ¢ at high oxygen
pressure. Moreover, activation energies at 6.3 bar (179 and 223 kJ-mol™? for LSC and LSCF,
respectively) are similar to those obtained at 0.2 bar (175 and 191 kJ-mol? for LSC and LSCF,
respectively). For this high pO2, the compounds appear to be close to the stoichiometry in such a way
that there is not a large variation of ¢, with temperature (cf. Table 1). Therefore, we can expect a
similar activation energy for D, and D,,. The fact that these two parameters do not exhibit a strong
variation suggests that neither structural change nor difference in diffusion mechanism occurs with

increased pressure.



3.3. Surface Exchange

The evolution of the k* coefficients vs. 1000/T is plotted on Figures 4 and 5 for the over-oxidized
nickelates and for the oxide deficient perovskites, respectively.

For the three considered nickelate samples, the k* coefficients are improved after oxygen exchanges
performed under pressure compared to the corresponding values obtained after oxygen exchange
performed under pO2 = 0.2 bar. On the contrary, for both oxygen deficient perovskite materials, the
surface exchange coefficient does not show a strong change with increasing from pO2 = 0.2 bar to
pO. = 6.3 bar (Figure 5).

Surface exchange in oxygen deficient perovskite oxide materials has been studied for a long time in
literature 2234381, The oxygen incorporation mechanism can be described by two successive steps:

(i) step 1, dissociative adsorption:

1 *
502(8) + Saa © Ogq Eqg. (2)

And (ii) step 2, incorporation:
For oxide deficient materials:

rat V& 08 4+ 2h" +S,q Eq. (3)
For overstoichiometric oxide materials:

rat VP e 0/ +2h° + S, Eq. (4)

Where S,q4 is an adsorption site, V5" an oxide vacancy, Vi*a vacant interstitial site and h* an electronic
hole.

The corresponding thermodynamic equilibrium constants are given by:
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Here, [02], [Saq], and [h°] can be considered as constants, with the hypotheses that (i) the under- or
over-stoichiometry remains low compared to the oxygen in the material, (ii) the coverage rate is low
compared to the amount of adsorption sites and (iii) a high electronic conductivity. The surface
exchange coefficient, k* / cm s is proportional to the surface exchange kinetic rate, v/ mol O m? s”

! through the relationship: k* = v/c,.B1 Therefore, the evolution of k* with pO2 follows that of the



kinetic rate, which will be discussed hereafter. Considering a first order reaction Kinetic, the

corresponding rates to Eq. (5), (6) and (7) can be written as:

Vadas = kf,ads (Poz)%[sad] - kb,ads[ ad] Eq. (8)

Vine = Kfinc[00al Vo'l — kpinc Eq. (9)

Vine = Kfinc[0aal[VI] = kb, inc Eq. (10)
where k; and k,;, denote the forward and backward kinetic constants of the reaction, respectively.
As has been shown by van Doorn et al. *°, through Eq. (5), it can be seen that [07,] varies as the
square root of pO.. Therefore, if the adsorption step is the rate determining step (r.d.s), the kinetic
rate of the reaction should vary as the square root of oxygen partial pressure.
Bouwmeester et al. showed that dissociative adsorption is a rate-determining step in LazNiO4-+s and
PraNiOa+s, whereas, for instance in perovskite PrNiOs.s, both mechanisms are in competition, with
the incorporation becoming the rate limiting step from 550 °C [#8l. Thereby, the observed increase in
the surface exchange coefficient k* in the layered nickelates is consistent with the theoretical
dependence of the r.d.s adsorption Kinetic rate with pO2Y2. Along with the slight increase of the
diffusion coefficient, this result reinforces the attractiveness of the lanthanide nickelate materials as
innovative oxygen electrodes for the SOEC application under pressure.
Interestingly, the activation energy for the surface exchange process shows a strong increase for
PraNiOa+s and Nd2NiOa+s with increasing pO,: from 45 kJ mol™ and 41 kJ mol™* at pO, = 0.2 bar [
to 102 kJ mol™ and 104 kJ mol™ at pO, = 6.3 bar for Pr2NiOa+s and Nd2NiOa=s, respectively. On the
opposite, this increase is very limited for La;NiOas+s, with activation energies of 50 kJ mol? at
pO, = 0.2 bar™ and 54 kJ mol™* at pO, = 6.3 bar. Staykov et al. studied the electrochemical activity
of LazNiOa+s and PraNiOa+s through density functional theory (DFT) simulations.®! Their results
show that as interstitial oxygen atoms are accommodated in the rocksalt layer, the activation energy
for Oz dissociation is increased due to an increase in the material work function. Indeed, the electronic
holes created in the Ln valence bands reduce the ability of the material to donate electrons.*% This
could explain why, for ProNiOas+s and Nd2NiOs«+s, which show particularly strong oxygen over-
stoichiometry at high pressure, the activation energy for surface exchange increases, on the contrary

to LapNiOas+s for which o is maintained below 0.25.

In comparison, the fact that k* does not increase with pO. in LSC and LSCF rather suggests that the
incorporation step is rate determining in those materials, as already suggested by previous studies
from the literature for LaixSr«CoOs.s (x = [0.1-0.9]) B54%)), It is also consistent with the result
obtained by Bouwmeester et al. on another oxide deficient material, i.e. PrNiOs.s %8, According to

equation (6), if the incorporation rate is the rate limiting step, the pO> dependence of the surface



exchange rate also depends on the variation of the oxide vacancy or interstitial concentration, because
this one also varies as a function of pO2. The dependence of ¢ (J = [V"]) with pO2 has been studied
in La1xSrxCo0s.s (x = [0.1-0.9])*! and Lao¢Sro.sFe02C00.803.5 *4 for pO2 < 1 bar. In LaixSr«CoOs.
s, Tor low ¢ values (i.e. at low temperatures and for low x values), ¢ varies strongly with pO., and is
almost proportional to pO2%® 1, thereby canceling out the pO2 dependence of v;,,. with pO,. This
would explain why, for low ¢ values, k* is almost independent of pO.. As the concentration of oxide
vacancies increase in the material, the pO. dependence decreases (e.g. J o pO2%% for Lao.7Sro3C003-
s at 500 °C and § « pO2 %" for Lag3Sro7Co0s.s at 800 °C), and k* increases as pO: increases.
Interestingly, for both materials, we note that the log ¢ vs. log pO: is only linear over a limited pO>
range, and the slope increases in the high pO2 region 3441, This trend is highlighted in Figure 6, where
our data for LaossSro.4C003.5 are compared with those of the literature.

We suspect that in our materials, which exhibit low oxide vacancy concentration, at such high oxygen
partial pressure, the pO. dependence of ¢ is strong (possibly close to -0.5, as seen on Figure 6 for
LSC), which explains why k* does not vary strongly with pO2. The high pressure condition studied
in this work should thus explain why the results obtained on k* stand in contrast with previous report
from the literature which showed that the surface exchange coefficient increases with increasing pOs,
for pO2 < 1 bar. Moreover, the pO2 dependence of surface exchange is expected to behave differently
under operating conditions, since the electrode polarization modifies the concentration profile of
oxygen vacancies at the surface.*2# Overall, these results confirm that there exists a fundamental
limit to k* for oxygen deficient perovskites, as observed by De Souza et al.[224244]

4. Conclusions

To increase the efficiency of solid oxide electrolysers at the system level, it is envisaged to operate at
high pressure. In this context, the goal of this work was to determine the oxygen diffusion and surface
exchange coefficients of two standard under-stoichiometric oxygen electrode materials:
LaoeSro4Co03-s and Lao.eSrosFeosCo0203.s and three over-stoichiometric nickelates: LazNiOa+s,
PraNiOs+s and Nd2NiOa+s. These latter materials have been developed for several years as alternative
oxygen electrodes to the more conventional oxygen deficient perovskites. The measurements were
performed using the IEDP method. For this purpose, an original set-up able to operate up to a total
pressure of 50 bar and 900 °C has been developed.

As expected, the five materials became over oxidized after the oxygen isotopic exchanges performed
in the temperature range 500 < T / °C < 700 under pO2 ~ 6.3 bar compared to the as-prepared ones
(under atmospheric condition at pO2 ~ 0.2 bar). The measured evolutions of D* and k* coefficients
are thus representative of materials in a very different oxidation state. For LSC and LSFC, the thermal

treatments performed under pressure induces a large decrease of the concentration of oxide vacancies



and both the D* and k* coefficients values are significantly lowered when increasing the pressure up
to 6.3 bar. On the contrary, the oxygen over-stoichiometry of the nickelates is enlarged after the
thermal treatment under pressure, and D* and k* coefficients are found to increase compared to
ambient pressure measurements at sufficiently high temperature. The increase is particularly marked
for k* coefficient with up to around one order of magnitude increase is found for PraNiOas+s. The
different evolution of the k* coefficient with increased pressure could be explained by the difference
in the rate limiting step of the oxygen exchange reaction. For lanthanide nickelates, it is governed by
dissociative adsorption (proportional to pO2%°), whereas in the perovskites, incorporation is the rate
determining, with the kinetics depending on the oxide vacancy concentration. The results obtained in
this work contrast with that of previous report from the literature, which can be explain by the
difference in the pressure condition used. This study therefore paves the way for further screening of
MIEC material properties at pO2 > 1 bar, which will contribute to the thorough understanding of their
exchange and diffusion mechanistic behaviors.

Moreover, these results strongly support that the electrochemical performances of the lanthanide
nickelates with MIEC properties should improve during SOEC operation under pressure. This further
reinforces their attractiveness compared to the cobalt based perovskites for which the amount of
oxygen vacancy becomes too low in the same operating conditions, limiting the ionic transport
properties of the corresponding electrodes. Nevertheless, the long-term stability of these materials
when submitted to high pressure and polarization still needs to be studied.
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List of Symbols

Concentration of oxide vacancies / cm™
Concentration of oxygen in the perovskite / cm™
Oxygen diffusion coefficient / cm? st

Oxygen diffusion coefficient / cm? st

Vacancy diffusion coefficient / cm? st

Oxygen tracer diffusion coefficient / cm? st
Oxygen over or under stoichiometry

Electronic hole

Thermodynamic equilibrium constants

Oxygen surface exchange coefficient / cm s
Oxygen tracer surface exchange coefficient / cm s
Backward kinetic constant

Forward kinetic constant

Oxygen partial pressure / bar

Adsorption site

Temperature of the exchange / °C

Surface exchange kinetic rate / mol m2 s
Oxide vacancy

Vacant interstitial site
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Figure Captions

Figure 1. Original isotopic exchange setup for experiments up to P =40 bar and T = 1,100 °C.

Figure 2. Evolution of D* coefficients measured at pO2 = 6.3 bar as a function of temperature for
the over-oxidized nickelates La>NiOas+5 (LNO, red circles), PraNiOs+s (PNO, yellow squares) and
Nd2NiO4+s (NNO, orange triangles). The corresponding open black symbols along with the dashed
lines (linear fit) give the D* data for isotopic exchanges performed under pO2 = 0.2 bar from the

literature.

Figure 3. Evolution of D* coefficients measured at pO2 = 6.3 bar as a function of temperature for
the oxide deficient perovskites LagsSro4CoOs.s (LSC, light blue circles) and LagSro.4FeosC00203-5
(LSCF, blue triangles) (Table 1). The corresponding open black symbols along with the dashed
lines (linear fit) give the D* data for isotopic exchanges performed under pO2 = 0.2 bar from the

literature.

Figure 4. Evolution of k* coefficient measured at pO2 = 6.3 bar as a function of temperature for the
over-oxidized nickelates La;NiOs+s (LNO, red circles), ProNiOs+s (PNO, yellow squares) and
Nd2NiOs+s (NNO, orange triangles). The corresponding open black symbols along with the dashed
lines (linear fit) give the k* data for isotopic exchanges performed under pO2 = 0.2 bar from the
literature. The green symbols correspond to k* for La;NiO4+s measured for a shorter exchange time
of 45 min.

Figure 5. Evolution of k* coefficient measured at pO2 = 6.3 bar as a function of temperature for the
oxide deficient perovskites LSC (light blue circles) and LSCF (blue triangles). The corresponding
open black symbols along with the dashed lines (linear fit) give the k* data for isotopic exchanges
performed under pO, = 0.2 bar from the literature. The green symbols correspond to k* for LSC and

LSCF, measured for a shorter exchange time of 2 h.

Figure 6. Evolution of ¢ with oxygen partial pressure at 700 °C in LSC materials.



Tables with Captions

Table 1. Oxygen over / under - stoichiometries delta () values determined by TGA experiments

performed under reducing atmosphere, on the samples before exchange (slowly cooled down to

room temperature, RT) and on previously exchanged sample under 80 atmosphere, quenched at a

given temperature, under pO2 = 6.3 bar.

Material LazNiOa+s | PraNiOas+s | Nd2NiOs+s | Lao.s58Sro.4Co0s.s
Before exchange, at RT 0.16(2) 0.22(2) 0.21(3) 0.020(14)
500 0.25(2) 0.31(2) 0.29(3) 0.010(14)
Exchange 550 - 0.33(2) 0.27(3) -
temperature 600 0.21(2) 0.43(2) 0.27(3) 0.010(14)
(Tex) / °C 650 - 0.36(2) 0.28(3) -
700 0.23(2) 0.50(2) 0.28(3) 0.003(10)
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