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Abstract

This article presents a numerical study that aims to guide the development of nano-columnar La;NiO,4 thin films
as high performing oxygen electrodes for micro-Solid Oxide Cell (uSOC). La;NiO4 thin films were deposited by
Pulsed Injection Metal Organic Chemical Vapor Deposition (PI-MOCVD) and their performance is characterized
by Electrochemical Impedance Spectroscopy (EIS) and Electrical Conductivity Relaxation (ECR). Excellent
performance is obtained for 1 um thick film with an Area Specific Resistance (ASR) of 0.12 Q.cm? at 600°C, making
them suitable for low-temperature uSOCs. A Finite Element Method (FEM) model has been implemented and
used to predict the ASR and impedance spectra in order to guide further optimization of the film thickness and
morphology. After experimental validation of the model using various electrode thicknesses, the optimal value
is estimated to be between 3 to 4 um for the temperature range of 450-650°C. For each temperature and
thickness, the model can clearly predict whether the electrode is limited by the surface exchange reactions or

the bulk diffusion. The simulations revealed that the gas diffusion process is not rate-limiting when the electrode



thickness is below 5 pm and the temperature is below 650°C. Furthermore, a geometrical parameters analysis

study allowed to determine the ideal nano-columnar morphology for this promising electrode composition.
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1. Introduction

In recent years, the interest in Solid Oxide Cells (SOCs) has surged, owing to their unrivalled efficiency for both
the generation of clean electricity from green hydrogen when working as Solid Oxide Fuel Cell (SOFC), and for
the production of green hydrogen from renewable resources when working as Solid Oxide Electrolysis Cell (SOEC).
However, the oxygen electrode, also known as the air electrode, poses a significant challenge in this technology
when working at intermediate to low temperatures. This is primarily due to its thermally activated processes
with high activation energies, which are responsible for the highest polarization resistance contribution of the
complete cell. To overcome this obstacle and at the same time reduce the operating temperature to a lower
range (< 600°C) to avoid long-term degradation of the cells, a promising solution is the design of electrodes based
on engineered nanostructures [1], [2]. This compelling proposition has stimulated the development of micro—
solid oxide fuel cells (USOFCs), also called thin-film solid oxide fuel cells (TF-SOFCs), wherein conventional SOCs
have been downscaled to dimensions below one micron, while retaining a considerable surface area [3]—[5].
These ground-breaking advancements in uSOFCs open up new and more sustainable ways for powering
electronic portable devices, and for other potential applications such as offshore electrical energy storage or

transportation.

However, despite the enthusiasm surrounding uSOFCs, several challenges have still to be overcome to increase
their power output and ensure long-term stability, particularly regarding the nanostructured electrodes.
Concerning the oxygen electrode performance itself, Yang et al. highlights that the electrode activity is a

combination of the intrinsic activity, characterized by the material physicochemical properties, and the apparent



activity, defined by the number of active sites [6]. This apparent activity is crucial in Mixed lonic Electronic
Conductor (MIEC) thin film electrodes, where the active reaction region is the whole electrode surface, including
the surface provided by open porosity. Therefore, designing and optimizing the optimal electrode 3D

architecture and morphology are of great importance to enhance the performance of uSOCs.

In response to the necessity for optimizing electrode architectures and film microstructures, numerous analytical
and numerical models have been implemented [7]-[12]. These models are versatile tools to study the impact of
microstructural parameters such as the porosity, the tortuosity, the specific surface area, the electrode thickness
etc. The Adler-Lane-Steele (ALS) model is one of the first 1D analytical models that has been widely used in SOFC
development [11]. The ALS model assumes a macro-homogeneous morphology, and an analytical expression can
be derived for thin film electrodes, where the surface exchange reactions dominate the bulk diffusion. This model
for finite-length electrodes is constructed under the hypothesis that the electrode thickness L is at least 3 times
lower than the penetration length [, which corresponds to the electrode electrochemically active thickness. The
model relates the area-specific resistance (ASR) to the microstructural parameters for a MIEC thin film electrode
[7], [13]. However, obtaining quantitative specific surface area values (exposed surface area over volume) at such
a small scale is a significant challenge and required very peculiar techniques such as titration [14]. Additionally,
the ALS model does not take into account inhomogeneous morphology, and even for thin film electrodes, the
hypothesis 3L < lg is not always fulfilled. The use of analytical modelling based on strong hypotheses can lead

to inaccurate modelling of thin film electrodes and mislead their optimization for better performance.

The first member of the Ruddlesden-Popper lanthanum nickelate phases, La;NiO4s (L2NO4), has been
extensively studied for SOFC and SOEC oxygen electrode and oxygen permeation membranes, due to its fast ionic
diffusivity, good electrical conductivity, and remarkable catalytic activity towards the oxygen reduction reaction
(ORR), with low activation energy and high chemical stability [15]-[19]. In our group, LZNO4 electrodes with
nano-columnar morphology were recently deposited by Pulsed Injection Metal Organic Chemical Vapor

Deposition (PI-MOCVD) leading to a significant enhancement of the oxygen exchange activity [20].



In the present study, we choose a combined numerical and experimental approach to better understand the role
of the microstructure and guide further improvement of thin film oxygen electrodes for uSOCs. A 3-dimensional
(3D) finite element method (FEM) model is used to predict the ASR and the impedance spectra of nano-
architectured MIEC electrodes. Using this approach, we can effectively evaluate the optimal film thickness and
design for this type of electrodes, saving valuable time that would otherwise be lost in experimental trial-and-

error methods.

The model is implemented using COMSOL Multiphysics™ software. It requires geometrical parameters of the
film morphology, as well as intrinsic material properties such as over-stoichiometric oxygen &§, oxygen

concentration at equilibrium Cozz» surface exchange coefficient ke, diffusion coefficient D jem, and external

parameters such as temperature, oxygen partial pressure, and external potential. The 3D FEM model can be
solved in either stationary or dynamic mode to obtain the ASR or the impedance spectra, respectively.
Electrochemical impedance spectroscopy (EIS) and Electrical Conductivity Relaxation (ECR) measurements have
been performed to assess the electrode polarization resistance and the electrochemical activity for various film
thicknesses to calibrate and validate the model. The application of the 3D model provides interesting guidelines

to enhance low temperature uSOC performance by increasing the apparent activity of the oxygen electrode.

2. Experiment methods

2.1 Thin Film Growth

LazNiOa+s (L2ZNO4) thin films were grown using Pulsed Injection Metal Organic Chemical Vapor Deposition (PI-
MOCVD) on 10 x 10 mm? double side polished Yttria-Stabilized Zirconia (YSZ) (100 oriented) single crystals
(Crystec Gmbh). The precursor solution was prepared by dissolving La(TMHD)3 and Ni(TMHD), (TMHD = 2,2,6,6-
tetramethylheptane-3,5-dionate), both from Strem Chemicals, in m-xylene (1,3-dimethylbenzene) from Alfa
Aesar. The concentration of the solution was 0.02 mol/L with a La/Ni ratio of 4.5. This ratio has been optimized

as compared to our previous work where it was 5 [20]. The evaporation process took place in several stages



between 220 °C and 280 °C and the deposition temperature was 650 °C. The injection frequency and opening
times were set at 1 Hz and 2 ms, respectively. The carrier gas concentration was 34% Ar and 66% O, and the total
pressure inside the reactor was kept at 5 Torr. The thickness of the films was controlled by the number of pulses
injected and varied between 200 and 1000 nm. The injection frequency was increased to 4 Hz for the deposition
of the thicker film to reduce the deposition time. No morphological or structural changes were detected between

the films deposited at 1Hz and 4Hz (see Fig. S1).

2.2 Structural Characterization

The structural analysis and phase identification of the films was done using X-ray diffraction (XRD; Brucker D8
Advanced Diffractometer) in 8-26 geometry using a Cu-Ka source (A = 0.154 nm). The XRD spectra were corrected
using the substrate peak positions as reference. The surface morphology was observed using FEG Gemini SEM
500 microscope in secondary and backscattered electron modes with an acceleration voltage of 3 kV. The

microstructure images were treated and analysed using IPSDK Explorer software (Reactiv’IP).

2.3 Functional Characterization

The polarization resistance of the L2ZNO4 electrodes (10 x 10 mm?) was measured using EIS in a home-built setup
with tubular furnace and connected to a Biologic SP200 potentiostat. Current collection layer was made by
sputtering approximately 10 nm layer of Au on top of the L2NO4 films and then brush painting Au over a surface
of 8 x 8 mm2. Measurements were carried out on symmetrical and asymmetrical cells in dry air between 450 to
650 °C. For asymmetrical cells, a porous Ag layer is painted on the back of the YSZ, serving as a current collector
and relatively low impedance counter-electrode. Data was collected between 100 kHz and 100 mHz using an AC

voltage of 50 mV.

The EIS results were complemented by ECR measurements at low temperature. The electrical conductivity is
measured in the Van-der-Pauw configuration using a small excitation current of 14A. Four electrical probes are

mechanically pinned onto Ag electrodes painted in the corner of a 5 x 5 mm? sample. The temperature and the



p0, are controlled in a high temperature cell (Nextron) and continuously recorded together with the
conductivity using LabVIEW. The atmosphere is kept at 1 atm and a constant flow rate of 1000 mL/min was
employed. The oxygen partial pressure is controlled by the mixture of highly pure O to N flows. The evolution of
the conductivity is measured as a function of consecutive abrupt steps in pO, between 210 and 10 mbar in the

temperature range between 300 and 400 °C (see Fig. S2).

3. Model description

The chosen approach is a 3D FEM model, where the nano-columnar film microstructure is simplified and
reconstructed from SEM observations. Similar models implemented for thick electrodes can be found in the
literature applied to LaossSro.4Coo2Fe0 3035 material [12], [21], [22] and 60:40 LageSro.4Co0.2Fe0.803-5-Ce0.9Gd0.102-5
composites [9] and successfully show the influence of microstructural parameters, such as porosity, tortuosity,

and specific surface area, on the electrode performance.
3.1 Physics

Numerous theoretical and experimental studies have been devoted to examining the electrochemical
mechanisms of MIEC electrodes, with particular emphasis on the LSCF material [11], [23]-[25], as one of the
most promising compositions for intermediate temperature SOFC operation. Electrochemical models for over-
stoichiometric materials such as LZNO4 are rare, nevertheless Sdanghi et al. demonstrated that, under Open
Circuit Potential (OCP) and for porous thick electrode, the reaction mechanism for L2ZNO4 is controlled by the

bulk path below 650°C and by the surface path at higher temperatures [26].

Based on this knowledge, the present model implements the bulk path, where the oxygen is incorporated at the
gas/electrode interface, in opposition of the surface path characterized by a direct charge transfer at the Triple
Phase Boundary (TPB). The model considers the four physicochemical processes commonly considered in other
models [9], [12], [13], [21], [22], namely: i) the gas diffusion in the film porosity, ii) the oxygen surface exchange

between the gas phase and the electrode material, iii) the bulk diffusion of the oxygen ions, and iv) the charge



transfer at the electrode/electrolyte interface. The dissociative adsorption, reduction, and incorporation of
oxygen into the bulk at the surface of the electrode are all comprised in the global chemical exchange coefficient
Kcnem that combines all steps. The oxygen ion transport in the bulk is described by the chemical diffusion

coefficient D¢pem.

The total pressure in the pore phase is assumed uniform, so that the convection transport is neglected. Instead,
the mass transport is solely governed by local partial pressure gradients. The diffusion of oxygen molecules in
pore channels to the electrochemically active surface of the oxygen electrode is computed using the dusty-gas-

model [27] described as:

asz(f,t)-‘l_V ﬁ 1—(1—1/M02/MN2)'.X02(.7_C),1')

-1
1
- + “Vxo,(%,t) | =0 1
Jt RT DOZNZ DK(dp)] 02( ) )

where x,, is the oxygen gas molar fraction. The binary diffusion coefficient Dg_y, is given by:

’ -1 -1

D =186-10"3-T
02N, p-Q- O0,N,

The gas phase is depicted as a binary mixture of oxygen and nitrogen. The binary diffusion coefficient is defined
by Chapman-Enskog and includes the oxygen and nitrogen molar masses, My, and My, the total gas-phase
pressure p, the collision integral (1, and the collision diameter gy, [28]. The Knudsen diffusion coefficient Dy
describes the interaction of oxygen molecules with the pore walls. Therefore, it depends on the geometry and

more specifically in this case, on the size of the gap between two nano-columns denoted as d,;:

(3)

where Ris the ideal gas constant and T is the temperature. The oxygen gas diffusion can, under specific conditions,

result in a xp, — or oxygen partial pressure po, — gradient in the columns gap.



The surface exchange at the gas/electrode interface is driven by the deviation of the ionic concentration c,2-

from the equilibrium concentration Cozs » reached in open circuit conditions, via an applied potential difference.

—

o 1= kchem (Coeg - COZ_) (4)

where J, is the flux density of oxygen ions in mol.m~2s~1. The relatively high electronic conductivity implies
that the influence of the electron transport in the electrode is negligible compared to other potential rate-
determining steps. Therefore, the model assumes that electrons are instantly available at the electrode surface

and ensure then the local electroneutrality in the material.

Due to the assumption stated above (constant electric field), the driving force of the ionic bulk diffusion results
only from the concentration gradient. Thus, the transport of oxygen ions is described by Fick’s second law:

aCOZ—(J-C), t)

ot - Dchem(TJ poz) ' VCOZ— (f, t) =0 (5)

The oxygen ion concentration at the equilibrium Cozz depends on the temperature and the atmospheric oxygen

partial pressure po, and is given by:

Coz; (T, poz) = (1(T) - log(po,) + C2(T) (6)

The values of the temperature dependent parameters C;(T) and C,(T)are obtained by fitting the over-

stoichiometric oxygen & values from [29] and the molar volume 1}, from [30] using the two following relations:

(7

1)
COiZ_ = E

4+

— Co?* 8
5 0f (8)

where c,2- is the interstitial oxygen concentration. The oxygen ions are exchanged at the electrode/electrolyte
L

interface. The local charge transfer overpotential . is given by:



l
Ner = UN,interface(p(e);icnterfaceJpOZ,CE) - (¢elec - ¢|z=lely) (9)

l
RT pg;icnterface
UN,interface = ﬁ In

(10)

Po,,cE

where Uy interface is the Nernst’s potential between the electrode/electrolyte interface and the counter

electrode (CE), ¢o1ec and ¢|Z:lely are the potential in the electrode and at the electrolyte interface, respectively.

The oxygen partial pressure in the electrode pgljc is calculated from the equation (6) knowing the local oxygen

ion concentration cyz- . A local oxygen ion exchange current density /oy can be determined at the

electrode/electrolyte interface through a charge transfer resistance ASR.; that will be fixed to 0.1 mQ. cm? [8].

_ TNer
Jer = 7sh- (11)

Then, the boundary condition at the interface between the electrode and the electrolyte is set as:

—_— = ]
]o'n=% (12)

where F is the Faraday constant. In the electrolyte, the ionic current density J,,,, conservation applies:
V.Jon =0 (13)

where J,on, is determined by the electrical field E derived from the gradient of the electrical potential ¢ :

. , oD

Jion = Gely(T)-E + ot (14
D = ey¢,E (15)
E=-VY¢ (16)

D is the electric displacement field, &, the vacuum permittivity and &, the dielectric constant. The electrolyte is
described as a conductive media with a temperature dependent effective conductivity g, (T). At the

electrode/electrolyte interface, the following boundary condition applies:



Jion- = —Jcr 17)

Finally, the electrode performance is measured thanks to the electrode ASR (ASR,j..). This parameter is

determined by subtracting the electrolyte ASR contribution (ASR,;y ) to the global ASR of the model (ASR0qe1):

l
ASRotec = ASRimaae — ASRery = 7% — 22 (18)
ely

where Nmoder IS the total voltage loss of the model and fixed at 50 mV, I is the surface integral of the current

density at the electrode/electrolyte interface, l,;,, is the thickness of the electrolyte.

3.2 Impedance spectra

To implement the calculation of the electrode impedance spectra, the model is solved in time-dependent domain
over the range of frequencies 100 kHz to 5mHz. As shown in Fig. S3, the input voltage is a sinusoidal function,
which will induce a sinusoidal excitation of the half-cell. 12 periods are simulated to reach sufficient number of
periods in the stationary regime. The current curve is extracted from the Comsol simulation and fitted by a
sinusoidal function (4 * sin(wt — ¢)) using a Matlab script. The amplitude A and the phase shift ¢ are used to

calculate the real and imaginary parts of the electrode impedance Z by:

Re(2) = % * cos(¢p) (19)

U
Im(Z) = 70 * sin(¢) (20)
where Uy is the amplitude of the imposed voltage excitation 1,,,4¢1, fixed to 0.05 V.

4. Results and discussion

4.1 Thin film characterization

Structural characterization



The crystal structure of the film was characterized by X-ray diffraction in the 6—28 configuration as in Fig. 1 a)
shown for a representative 500 nm thin film grown on YSZ. The diffraction pattern obtained is in good agreement
with the reported La,NiO, structure (space group 14/mmm, ICDD reference 04-015-2147). A polycrystalline
growth with (110), (020), and (103) preferential orientations is observed. Very small additional peaks can be
observed suggesting the presence of minor traces of La, 05 oxide (ICDD reference 01-074-5408), probably due
to a small excess of La in the film. This very small amount of impurities is expected to have a negligible effect on

the electrode's overall performance.
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Fig. 1: a) XRD diffraction pattern of a 500 nm nano-columnar La,NiO, electrode showing (110), (020), and (103) preferential orientations;
b) SEM in top view of a 200 nm thick L2ZNO4 film showing the irregular nano-column shape and the labelling of each nano-column (coloured
right side) used for image quantitative size analysis, and c) SEM cross-section view of a 500 nm thick L2NO4 film depicting the nano-

columnar growth of the film.

Microstructural characterization

The microstructure is characterized by SEM top and cross-section view as shown in Fig. 1 b) and c), respectively.
The porous film is formed by nano-columns similar to the ones reported in [20]. By SEM images post-treatment
analysis, the size of the top surface of each grain was measured, giving an averaged column size of 56 nm

assuming a brick geometry. A rather large size distribution (£ 28 nm) has been measured, indicating a competitive



growth between columns. A thin dense layer is observed on top of the YSZ electrolyte, at the base of the L2ZNO4
film. Its thickness is assessed to be around 40 nm from SEM cross-section and previous Transmision Electronic
Microscope (TEM) observations performed by Stangl et al. [20]. The gaps between the columns are estimated to

be 8 + 2 nm wide.

4.2 Model geometry

Microstructural parameters play a crucial role on the electrode performance and have been extensively studied
in a large diversity of models [8], [10], [31]-[35]. Homogenized models, such as the Adler-Lane-Steel model [11],
represent the microstructure in terms of macrohomogeneous parameters as porosity, volume-specific surface
area and tortuosity. Other models involve simplified microstructures such as spheres, cubes [12] or rods [36].
More complex microstructural models have been recently developed and are based on the reconstruction of the

real microstructure by FIB-SEM [37]-[39] or X-ray tomography [40].

As shown Fig. 1 b), the size of the microstructural features of the film used in this work (columns, pore channels,
etc.) are of the order of magnitude of the resolution limit of conventional FIB-SEM. For this reason, the model
geometry is simplified and based on SEM and TEM image analysis. This geometry is depicted as a juxtaposition
of nano-columns standing on a thin dense layer deposited on top of the electrolyte surface (see Fig. 2 a)). All the
geometrical parameters of the model geometry are summarized in Table 1. The electrolyte thickness is fixed to

100 nm as it has no impact (see Equation (18)) on the electrode ASR calculation when taken sufficiently large.

Only one quarter of a nano-column is modelled to save computation time. As shown in Fig. 2 b), the complete
nano-column is reconstructed by YZ- and XZ-planar symmetry. A mesh convergence study has been performed

to ensure that the mesh used is fine enough.
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Fig. 2: a) Representation of four nano-columns showing the geometrical parameters; b) representation of the mesh of one quarter of a

nano-column with its two planar symmetries.

Table 1: Geometrical parameters used as an averaged nano-column geometry and range of values tested in the parametrical study.

Geometrical parameters Symbols
Cathode thickness teatn
Electrolyte thickness ety
Nano-column size (length and width) Wi
Gap between nano-column size dgap
Electrode dense layer thickness i

4.3 Chemical surface exchange coefficient (kj.,,) determination

Values

200 nm

100 nm

56 nm

8 nm

40 nm

Range of values tested

[0.1; 10] pum

[4; 100] nm
[0.2; 20] nm

[2; 199] nm

Measured

Fixed

Measured

Measured

Measured

The 3D model developed allows to study the effect of the thin film morphology on the electrode performance

aiming to provide a quantitative prediction able to assess the optimal electrode thickness. Recently, Stangl et al.

showed that the electrode ASR of a nanoporous thin film of L2ZNO4 decreases when the thickness increases [20].

The authors explained that the nano-columnar growth of the film allow to create more exposed surface and thus



more active sites are available for surface exchange reactions. However, as the thickness increases, the
performance improvement may be limited by the ionic diffusion in the electrode material and/or the gas
diffusion inside the pore channels. In their article, Stangl et al. also highlight that the slope of k p.,, measured
from thin dense and porous film are different, which suggests that the surface termination or surface chemistry
of the two film morphologies could differ, as well as the absence/presence of highly active nano-features such

as kinks and edges [20].

For this reason, here the chemical surface exchange coefficient k.p ., Was experimentally measured by EIS and
the ALS model applied using the thin electrode hypothesis (3L < ;). The 200 nm film is assumed to be thin
enough, and the diffusion coefficient does not affect the ASR value. In such conditions, the ALS model for a half-

symmetrical cell is given by the following equation [13]:

Z RT Yo 21
chem = 4F2 al'kchemcmc(1 + iwtchem) ( )
al
where R is the ideal gas constant, T the temperature, F the Faraday’s constant, y, = i% a:‘:COz the
0]

thermodynamic factor, a the specific surface area, L the electrode thickness, k pem the chemical exchange
surface coefficient, ¢, the oxygen concentration in the crystal lattice and t.pep, is the time constant. The
specific surface area, a = §/V,,;, is the total electrode surface in contact with the gas, divided by the total

volume.
By rearranging the equation (21) and taking ASR = Re(Zchem), Kcnem IS given by:

i _RT Yo
chem = AF2 gL - ASR - Cppe

(22)

where a is calculated from the model geometry and is equal to 4.88 10’m™1. All other material parameters
implemented in the model are summarized in Table 2 and come from the literature. The k_j.n, coefficients
calculated from the measured ASR values were found to be equal to 2.02-107°, 5.89-10"7, and 1.53 -

107 m/s at 600, 550 and 500°C, respectively. These values were fitted to an Arrhenius law (E, = 1.50 eV) to



be used in the model. The values are in good agreement with the data reported in the literature for L2ZNO4 thin
films [20], [41], even though k ;. Values vary considerably across different sources in the literature (Fig. 3 a)).
As highlighted in the recent study by Ascolani-Yael et al. [42], in addition to differences in sample morphology,
sources of discrepancies originate in particular from the use of three different methods for measuring kinetic
parameters, each with its own set of advantages and disadvantages: ECR — electrical conductivity relaxation [15],
[20], [41], [43], EIS — electrochemical impedance spectroscopy analysis [41], [44], and IEDP/SIMS — isotope

exchange depth profiling combined with secondary ion mass-spectrometry [45]-[49].
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Fig. 3: a) Compilation of chemical surface exchange coefficient kcnem (cm/s) reported in the literature for L2ZNO4 thin films and dense pellets
[15], [20], [41], [43], [50], [51]. Surface exchange coefficients obtain using EIS methods have been corrected by the L2NO4 thermodynamic
factor from [15]; b) Comparison of characteristic time constants tchem of a 200 nm nano-columnar thin film obtained by EIS and ECR. ECR

measurement has been performed in both reduction (Red) and oxidation (Ox) from oxygen partial pressure of 250 to 10 mbar and inversely.

The characteristic time constant t .., obtained by fitting EIS results with a RQ equivalent circuit (using t.pem =

1

), has been compared with the ECR experiment at lower temperatures. Fig. 3 b) demonstrates that both

Wmax

methods yield comparable results within their respective temperature ranges, as evidenced by the alignment of
the sets of data in the Arrhenius plot. This confirms the results from Kim et al. that shows similar alignment in

there k pem coefficients from ECR and EIS measurements on dense polycrystalline thin film [41]. The higher the



characteristic time constant for the reduction step can be attributed to the lower final oxygen partial pressure
final

(po2 ). As exemplified in Fig. S4, the t pem value isn’t determined by the nature of the oxygen exchange

(reduction/oxidation), but rather by the pginal. In EIS, the oxygen partial pressure in the MIEC electrode is slightly

oscillating around 210 mbar, which is rather close to the gas phase condition of the ECR oxidation step shown in
Fig. 3 b). The ECR method is therefore suitable to determine the k..., coefficient as, in the case of surface-
controlled processes, k pem and tqpem are related by the following equation:

1

atchem

(23)

kchem =

Table 2: YSZ and L2NO4 material parameters implemented in the model.

Value at each temperature
Material parameters  Symbol Units Reference
500 °C 550 °C 600 °C

vsz Electrical conductivity Oely 8.26e-2 1.69e-1 3.18e-1 S/m [52]
Dielectric constant g 10 10 10 - [12]
Oxygen chemical
*VEe! Dehem  2.53e-11  8.75e-11  2.63e-10 m?/s [26]
diffusion L2ZNO4
Oxygen concentration
ygen concer Coz- 70614 70369 70147  mol/m3 [26]
L2NO4 at equilibrium A
Oxygen
yg. 1) 0.110 0.106 0.100 - [26]
overstochiometry
Thermodynamic factor Yo 376 380 384 - [15]

4.4 Model validation and optimal thickness

Experimental EIS measurements were performed at OCV and at various temperature and electrode thicknesses
to validate the model. The experimental results were fitted by an equivalent circuit using a Constant Phase
Element (CPE) in parallel with a resistance (R1-R2/CPE). The Area Specific Resistance (ASR — in Q- cm?) is

calculated from electrode polarization resistance and the sample in plane area.

Experimental results (Fig. 4) show that the electrode performance is improved significantly when the electrode

thickness increases. The ASR obtained at 600°C (under air and OCV for the 200 nm, 540 nm, and 1000 nm films



are 0.56,0.23, and 0.12 Q. cm?, respectively. The latest value is, to our knowledge, the lowest ASR value reported
in the literature for L2NOA4. Vibhu et al. reported a polarization resistance of 0.93 Q.cm? — under the same
conditions — using a 20 um thick and porous L2NO4 electrode deposited on GDC/8YSZ by Screen Printing (SP)
[53]. Sharma et al. measured a polarization resistance of 3.33 Q. cm? for a thick (35 pm) and porous electrode
deposited by Electrochemical Spray Deposition (ESD) on a CGO electrolyte [19]. Further improvement of the R,

was obtained with their architectured double-layer ESD + SP electrode reaching 0.42 Q. cm? at 600°C [19].

T (°C)
650 600 550 500 450

100 u

Experimental
B 40nm
® 80nm
A 200nm
Vv 540 nm
¢ 1000 nm|[
Simulation
— 200 nm

— 540 nm

—— 1000 nm

T T T T
1.08 1.15 1.22 1.29 1.38

1000/T (1/K)

Fig. 4: Comparison of measured and simulated L2NO4 ASR.qth for the dense (40 and 80 nm) and nano-columnar (200, 540 and 1000 nm)

L2NO4 electrode as a function temperature (dots = experimental, line = simulation). All other model geometrical parameters are fixed.



Simulations have been performed using the k.p.m value (based on the Arrhenius law) derived from EIS
measurements on a 200 nm film, to predict the ASR values for the 200, 540, and 1000 nm thick thin films. Fig. 4
shows the good match between the experimental and numerical results, confirming that model geometry
remains valid when the film thickness increases from 200 nm to 1 um for a temperature range between 400 and
650 °C. Both results confirm that the ASR decreases when the electrode thickness increases. Indeed, the
columnar growth results in a significant increase of the surface available for oxygen incorporation into the L2ZNO4
electrode. Thus, within the thickness range discussed so far, the thicker the electrode, the better the
performance. The simulation shows a linear variation between the ASR and the electrode thickness. From the
200 nm thin film, the ASR is reduced by a factor 2.7 and 5 for a 540 nm and 1000 nm film, respectively. Given
that the specific surface area of the model column remains relatively stable across different column thicknesses,
this observation is consistent with the Equation (21) established for surface exchange limited case. However,
this is true only if the microstructure is similar for all the thin films. In addition, the surface exchange limitation
is only valid for the case of very thin films, and, as will be shown later, the appearance of other regimes (bulk or
gas diffusion limited) whit increasing film thickness implies that an optimal electrode thickness exists, where the

ASR has a minimum.

To find the optimal electrode thickness, a parametric study on the electrode geometrical characteristics was
carried out. The model mesh was adapted accordingly. The variation of the ASR as a function of the thickness
shown in Fig. 5 clearly displays two distinct regions. For low thicknesses, the electrode performance increases
with electrode thickness, showing a surface exchange reaction limitation. For thicker films, the ASR does not vary
with the electrode thickness, which indicates that the bulk diffusion process is limiting. The two dotted lines
represent the ALS analytical model in the thin and semi-infinite length hypotheses. The graph validates that the
200 nm electrode is only limited by the surface exchange, validating the initial hypothesis employed in utilizing
the ALS equation for thin electrodes. Within the co-limited region, only the FEM model is able to predict
accurately the ASR values for each temperature and microstructure. The simulation suggests that the optimal

electrode thickness is approximately 3 um at 650 °C and above 4 um at 450 °C. It can be noted that the optimal



thickness increases slightly when the temperature decreases due to the difference in activation energy between
the kcpem (-1.50 eV) and Dipem, (-1.38 V) coefficients. In other words, the penetration length of the L2ZNO4
electrode increases with decreasing temperature. When comparing to our best 1 um thick film, depositing a 3 or
4 um film would results in a relatively modest ASR decrease. Thus, this raises the question of whether it is worth
to multiply the electrode thickness by 3 or 4, and consequently the volume of the solution injected, for a

performance improvement around 1.5 times.

Upon closer examination of Fig. 5 at higher temperatures (650 °C), it can be seen that the ASR increases slightly
for thick electrodes (above 5000 nm). This increase has been associated to the gas diffusion mechanism. Indeed,
as the ORRs is faster at higher temperature, the gas diffusion starts limiting the oxygen gas molecule influx at the

electrode surface.
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Fig. 5: Electrode ASR variation with the electrode thickness for various temperatures showing the surface exchange limited region at lower
electrode thicknesses, the diffusion limited region for thicker electrode, and the co-limited region. The two dotted lines represent the ALS

analytical model in the thin and semi-infinite length hypotheses. Gas diffusion limitation is visible at 650 °C for high electrode thicknesses.



4.5 Electrochemical impedance spectra

The 3D FEM model can be solved in dynamic mode to simulate the impedance spectra of an ideal LZNO4 nano-
column. The frequency range used is from 100 kHz to 5 mHz, and the AC amplitude voltage is 50 mV. Fig. 6 a)
shows the simulated impedance spectra of a 1 um L2NO4 nano-columnar film in the temperature range of 500 °C
to 600 °C. The simulation shows a gradual change of the Gerischer-type semi-circle shape, and the total

impedance reduction with increasing temperature. The Gerischer impedance shape is characterized by a 45°

slope at the high frequency range of the semi-circle.
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Fig. 6: a) Simulated impedance spectra for a 1 um L2NO4 nano-columnar electrode at various temperatures showing the reduction of
Gerischer-type impedance with increasing temperature; b) Experimental and simulated impedance spectra at 500 °C for various thickness

of a L2ZNO4 nano-columnar electrode; c) Magnification on the high frequency region of the simulated curves.

Fig. 6 b) shows the comparison between the simulated and the experimental impedance spectra. The series

resistance, commonly attributed to the ohmic resistance of the YSZ electrolyte, has been subtracted from the



experimental spectra. As shown in the Arrhenius plot of ASR,, ;.5 in Fig. S5, the activation energy of the series
resistance of these three films are close to 1 eV and their absolute values match with YSZ single crystals
measurements from the literature [54] and from our own experiments. As expected, the impedance spectrum is
very similar in the case of the 200 nm film used to assess K pem- For the 500 nm and 1000 nm, the semi-circles
are flattened and the Re(Z) value are slightly different, which can be explained as the model does not consider
the inhomogeneities of the electrode material or the frequency-dependent processes that might lead to an
exponent # 1 (in the equivalent circuit using Constant-Phase Element, CPE). It should be noted that the purpose
of the 3D FEM model (in AC mode) is not to fit the EIS curves obtained experimentally as the equivalent electrical
circuit fitting is good enough to extract the ASR, C, Rseries and n. The simulated impedance spectra are used instead
as prediction of the Nyquist plot, and thus, to achieve a better understanding of the limiting mechanisms that
occur. As exemplified in Fig. 6 a) and c), the simulated spectra clearly show a transition from a perfect semi-circle
at lower temperature and lower electrode thickness to a pure Gerischer impedance at higher temperature and

higher electrode thickness.

To investigate the potential limitation of oxygen gas diffusion process at high temperatures and for thicker
electrodes suspected in Fig. 5 for the curve at 650°C, the impedance spectra of a 5 um thick film with 2 nm pore
channels and decreasing oxygen partial pressure to enhance limitation by gas diffusion process were simulated.
Fig. 7 shows that the reduction of oxygen partial pressure leads to a significant increase of the impedance at low
frequencies. The ASR is more than doubled from 2.1 10! to 5 10 atm, and multiplied by a factor of 3.9 when
the oxygen partial pressure dropped to 1 10 atm. The Distribution of Relaxation Times (DRT) method was
employed to distinguish between the contributions of oxygen gas diffusion and ionic bulk diffusion more
effectively. This method converted the impedance data from the frequency domain into a distribution function
of relaxation times [55]. This method does not depend on the equivalent circuit chosen to fit the spectra. Fig. 7
b) shows that, except for the spectra at 0.21 atm, two peaks (or two-time constants) can be distinguished. The

peak between 10 and 100 Hz would correspond to the oxygen gas diffusion and the second one close to 1 kHz



would be related to the oxygen surface exchange kinetics & bulk diffusion of 02~ [56]. It is worth noting that gas

limitation in this case cannot be identified without a close examination of the spectra and the use of DRT.

The simulated results shown in Fig. 6 and Fig. 7 are obtained at OCV, however, it is important to mention that
lower (higher) ASR values are expected for La;NiO4 electrodes under anodic (cathodic) polarization [57], [58]. As
the model is implemented using Nernst equation assuming thermodynamic equilibrium, the polarization
conditions (anodic or cathodic) cannot be directly applied, which is a current limitation of the model. The effect
of the electrode polarization is outside the scope of this study, but interested readers may wish to consider other
models based on 1D elementary kinetics that can be found in the literature [58]—[60]. It should also be noted
that we assumed constant ke and Depem coefficients along the whole nano-column thickness, which is only
valid for negligible pO, gradients within the pore channels. In the case of gas diffusion limitation (thick electrode,
high temperatures, or low p0, ), because of p0O, gradient, the simulated performance would be slightly

overestimated, as k.pem and Dgpem should slightly decrease with pO, (see Fig. S4).
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Fig. 7: a) Simulated impedance spectra of 5 um nano-columnar electrode (with 2 nm pore channels) at various oxygen partial pressures at

650°C; b) Distribution of relaxation times analysis.

In the temperature range of 450 to 650°C, the model reveals an optimal electrode thickness around 3 to 4 um.
Thus, above this thickness limit, the ASR is either constant when the cell is operating at low temperature, or it

increases as the gas diffusion becomes limiting at high temperature. Nevertheless, this optimal electrode



thickness assumes that there is no change of the film morphology. For instance, the dense layer thickness, the
grain size and the pore size between columns can be tuned by changing the deposition parameters. This
underscores the need to study the impact of the film morphology on the electrode performance, shown in the

next section.

4.6 Geometrical parametric study

In the previous sections, the electrode thickness was increased only by varying the column height. Along with
the column height, three other geometrical parameters were studied here: the dense layer thickness, the grain
size (the width of the column), and the gap size (space between two columns). All these geometric parameters
are illustrated Fig. 2 a). The model is solved in stationary mode using parametric studies to investigate the
influence of all the geometric parameters, and the results are summarized in Fig. 8 a), b), and c) for the dense
layer thickness, the gap size, and the column size, respectively. The first parametric study shows that the increase
of the dense layer is detrimental for the electrode performance as it results in a surface reduction and thus a
reduction of active sites for oxygen incorporation. However, an extremely thin dense layer or its total suppression
might not be desirable as it could imply current constriction in the electrode or in the electrolyte near the
interface. In addition, it can impact the electron conduction, particularly when columns are isolated without

connectivity to the current collector, resulting in the inability to transfer electrons between columns.

The gap size significantly affects the ASR and exhibits an optimum value, that depends on the temperature and
on the oxygen partial pressure p0, in the atmosphere. The sharp ASR increase at lower gap size is due to the
Knudsen diffusion that results in a non-negligeable p0, gradient inside the very narrow channels between the
columns. This causes a gas diffusion limitation. Then, at higher gap sizes, the gas diffusion is not the limiting
process anymore. When increasing the gap size, the specific surface area decreases, which results in an increase
of the ASR following equation (21). The optimal gap size value increases for higher working temperature and
lower p0O, as the p0, gradient in the pore channels becomes non-negligible, and thus, the gas diffusion becomes

the limiting mechanism. This effect is shown by the dotted line for lower oxygen partial pressure. For this



simulation, the k.p.;,m coefficient has been adapted according to the lower pO, based on the experimental

results Fig. 3 a) and Fig. S4 a).

Finally, the same analysis can be done with the variation of column size. The specific surface area increases with
the column size except below 8 nm, which corresponds to the gap size. Below the gap size, the specific surface
area decreases with the column size. As expected, the ASR follows the evolution of the specific surface with the

column size.
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Fig. 8: ASR variation by varying the a) dense layer thickness, b) gap sizes between two columns, and c) column sizes for a temperature
range of 450-650°C. The oxygen partial pressure and electrode thickness are fixed to 0.21 bar and 200 nm, respectively, except for the gap

size parameter, where the electrode thickness is fixed to 5 um.

In short, the parametric studies highlight that the dense layer must remain thin compared to the column
thickness. The optimal nano-columnar architecture is a relatively porous and compact film with very thin and
elongated nano-columns (high aspect ratio). However, too thin pore channels might be detrimental at high
temperature and/or under high polarization due to the gas diffusion limitation for thick films and high surface
exchange activity, that might lead to depletion of gaseous oxygen. These results show a theoretical architecture

optimisation and provide valuable guidelines for linking experimentally obtained microstructures to electrode

performance.



5. Conclusions

In conclusion, this work presents a versatile numerical tool, a 3D FEM model, for investigating the performance
of thin film oxygen electrodes in uSOCs. The model provides a comprehensive description of the nano-
architecture of the electrode and incorporates the oxygen transport mechanisms, including gas diffusion, surface
exchange reactions, bulk diffusion, and charge transfer at the electrode/electrolyte interface. The experimental
work conducted in this study focused on La;NiOs+s nano-columnar thin film deposited using pulsed-injection
metal-organic chemical vapor deposition (PI-MOCVD). The experimental ASR values measured at low
temperatures are very low (ASR = 0.12 Q. cm? at 600°C) for the 1 pm L2NO4 thin electrode. The model was
carefully calibrated and validated using experimental EIS and ECR results, demonstrating a good match across

various electrode thicknesses.

The key findings of the model shed light on the optimization of nano-columnar electrode morphology. The
optimal electrode thickness was determined to be in the range of 3 to 4 um for a temperature range of 650 to
450°C. In addition, the ideal nano-columnar morphology was characterized by highly elongated and closely
spaced columns. Importantly, the model shows that no gas diffusion limitation was observed below 5 um in the

given model geometry.

This numerical model holds promising prospects for further exploration. It can be extended to investigate the
performance of other materials, deposition techniques and electrode architectures, such as different film
morphologies or composite materials. By leveraging the insights gained from this study, researchers can continue
to refine and optimize uSOFC electrode designs, ultimately advancing the development of efficient and practical

micro solid oxide fuel cells.
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