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ARTICLE INFO ABSTRACT

Keywords: Interfacial modification using functional metal oxides holds great potential for enhancing the electrochemical
VAN performance of solid oxide fuel cells (SOFCs). This study presents a redox-stable vertically aligned nanostructure

Solid oxide fuels cells (VAN) thin film based on a heteroepitaxial perovskite-fluorite nanocomposite prepared by pulsed laser deposi-

S::i?te tion on different substrates. The self-assembled functional layers consist of alternating columns of two well-
Thin films differentiated phases, (Lag.gSro.2)o0.95Feo.8Tio.203-5-Ce0.9Gdo.101.95 (LSFT-CGO) VAN, with multiple strained

vertical interfaces. The coexistence of two immiscible phases at the nanoscale significantly extends the triple
phase boundary (TPB) and reaction sites, resulting in fast electrochemical redox reactions. The LSFT-CGO VAN
active layer demonstrates improved performance under both air and H; conditions, with polarization resistances
of 2.9 and 75.9 Q cm? at 650 °C, respectively. The nanoengineering design of functional metal oxides featuring
hierarchical columnar architecture represents a significant step towards developing efficient energy conversion
devices, particularly symmetrical and reversible SOFCs.

Functional metal oxides

1. Introduction

Solid oxide fuel cells (SOFC) have garnered significant attention as a
promising option for the reversible conversion of chemical energy into
electrical energy [1,2]. However, their operating temperatures are still
high (> 800 °C), leading to substantial degradation over time and
comprising the structural integrity of the cells [3,4]. In recent years,
extensive research has been done to lower the operating temperature
through nanoengineering approaches at the electrode/electrolyte
interface [5,6]. Incorporating a thin functional layer has enhanced ion
transport, oxygen reduction kinetics, and improved contact between the
cell components [6-8]. Pulsed laser deposition (PLD) has proven to be
an effective technique for the preparation of dense epitaxial functional
layers for fabricating energy-conversion devices [9-11]. In Solid Oxide
Cells, PLD is extensively used in intermediate-temperature SOFCs
operating at 500-700 °C, offering precise control over the film quality,
physical properties, and morphology [12,13]. Particularly, it is attract-
ing great attention in p-SOFCs [14,15]. Moreover, PLD enables the

fabrication of cell components in a short time at low temperatures
without the need for post-thermal treatment of the as-deposited films.

Traditionally, composite materials have improved the electro-
chemical properties of the oxygen reduction and fuel oxidation reaction
in SOFCs. Typically, these composites are formed by an electrode with
high electronic conductivity mixed with oxide-ion conductors to extend
the triple-phase boundary (TPB) [16,17]. Several reports have demon-
strated that incorporating dense active layers deposited via PLD signif-
icantly enhances the contact between the air electrode and electrolyte.
Therefore, the main function of an active layer is to improve the elec-
trical connection between the electrolyte and electrodes, resulting in a
notable enhancement of the electrochemical processes at the interphase
and, consequently, improving electrode performance [12,13].

In this context, heteroepitaxial films, particularly vertically aligned
nanostructures (VAN), have emerged as one of the most promising ap-
proaches for obtaining nanocomposite heterostructures for energy ap-
plications [18,19]. Additionally, by employing strain engineering, the
design of VAN oxide-based heterostructures has shown superior

* Corresponding author at: Department of Energy Conversion and Storage, Technical University of Denmark, Fysikvej, Building 310, Kgs. Lyngby 2800, Denmark.

** Corresponding author.

E-mail addresses: javzam@dtu.dk (J. Zamudio-Garcia), vies@dtu.dk (V. Esposito).

https://doi.org/10.1016/j.nanoen.2024.110293

Received 20 March 2024; Received in revised form 26 August 2024; Accepted 22 September 2024

Available online 24 September 2024

2211-2855/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:javzam@dtu.dk
mailto:vies@dtu.dk
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2024.110293
https://doi.org/10.1016/j.nanoen.2024.110293
https://doi.org/10.1016/j.nanoen.2024.110293
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2024.110293&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Zamudio-Garcia et al.

performance in diverse fields, including ferroelectrics, magnetic mate-
rials, ionic conductors and fuel cells [11,14,20-23]. The nano-
engineering of self-assembly VANs enables vertical lattice strain due to
the coexistence of two phases with out-of-plane coherence. The unique
hierarchical columnar architecture of the VAN, with its high density of
interphases on the surface, significantly enlarges the TPB for electro-
chemical reactions compared to conventional single-phase films. [5,24,
25]. Most importantly, the VAN layer promotes faster electrochemical
reactions at the interface and provides coherent out-of-plane transport
pathways for both oxide ions and electrons.

The architecture and microstructure of the film are known to
significantly influence the electrochemical properties of thin-film-based
SOFCs [25,26]. In this context, the primary function of VAN films is to
serve as active layers rather than solely as electrodes. In recent years,
outstanding improvement in cell performance has been reported by
implementing VANSs as active layers for air electrode materials, such as
Lao,gsro.2Mn03,6-Ce0‘gSm0.201‘9 (LSM-SDC) [27], La0,88r0,2C003,,3-Ce
0.9Gdo.101.05 (LSC-CGO) [28], Lag.eSrg.4Cop 2Feg g03.5-Cep.9Gdo.101.95
(LSCF-CGO) [29], LSC/ (Lag.5Sr9.5)2C004 [30] or PrBaCoy0s.5-CGO
[31]. Additionally, VANs have been implemented in different SOFC
configurations, in anode-supported [29], electrolyte-supported [32] or
metal-supported cells [11]. Metal-supported configurations are partic-
ularly promising due to the use of a thin electrolyte with symmetrical
electrodes supported by metal, which helps to reduce ohmic losses and
enables operation at lower temperatures [11]. For instance, Baiutti et al.
observed a stable polarization resistance (Rp,) of ~ 6 Q cm? at 700 °C for
an LSM-SDC VAN, which avoided the dopant segregation on the surface
observed in the LSM layer (~400 Q cm?)  [27]. Recently,
Develos-Bagarinao et al. confirmed the successful implementation of a
self-assembled LSCF-CGO active layer with a columnar microstructure
deposited by PLD on polycrystalline electrolytes [29]. Incorporating this
functional layer in a Ni-YSZ/YSZ/CGO half-cell with LSC electrodes
significantly outperformed the reference cell, achieving an outstanding
peak power density of 3.3 W cm™2 at 700 °C and demonstrating excel-
lent durability. Additionally, the LSCF-SDC vertically aligned nano-
composite deposited by PLD was recently implemented on aluminum
oxide substrates for SOFCs [11]. Kang et al. also prepared a columnar
SSC-CGO thin film by PLD on polycrystalline LagoSrg1GaggM-
80.203.5/SDC electrolytes achieving a high peak of power density of
1075 mW cm™2 at 600 °C in wet H, [32].

However, most studies have primarily focused on VAN functional
layers for air electrodes, where the electronic conductor phase with
perovskite-type structure exhibits low redox stability, limiting their
application in reducing conditions [33]. The preparation of redox-stable
VANSs holds a great potential not only to improve the electrochemical
activity in both oxidizing and reducing conditions but also to facilitate
reversible operation, minimizing poisoning of the electrodes and
degradation [34,35]. Robust redox stability is of utmost importance in
counteracting cell degradation processes associated with sulphur
poisoning or carbon deposition, which can be mitigated by reversing the
feeding gases into the cell [34,35]. These layers are highly promising for
implementation in symmetrical SOFCs, where the electrode on the air
and fuel sides has the same composition [36].

La; xSrxFeOs s-based perovskites doped with cations exhibiting su-
perior redox stability are considered one of the most promising mixed
conductors for efficient operation as symmetrical electrodes [37].
Among these candidates, Ti-doped ferrites have shown remarkable po-
tential as air and fuel electrodes, demonstrating good performance and
stability under long operation times [38-42]. Recent works by Hou et al.
have reported excellent electrochemical performance for
Lag 3Srg 7Fep.9Tip.103_s working in air and Hy atmospheres in fuel cell
and electrolysis modes [38,43] These findings indicate that imple-
menting advanced heteroepitaxial functional layers based on Ti-doped
ferrites has great potential for enhancing electrochemical performance
in both oxidizing and reducing conditions.

In this study, we propose an innovative vertically aligned
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nanostructure (VAN) consisting of alternating columns of perovskite and
fluorite phases, (Lag.gSrp.2)o.95Fe0.8Ti0.203_5-Ceo.9Gdp.101.95 (LSFT-
CGO), for implementation as redox-stable active layers in symmetrical
and reversible SOFCs. We investigate the influence of different sub-
strates on the VAN architecture and the mass-diffusion-driven self-
assembling mechanisms leading to different structural and microstruc-
tural configurations. The nanoengineering of a redox-stable VAN film by
incorporating a long-range vertical interface is proposed to enhance
performance in oxidizing and reducing conditions (Figure S1, Support-
ing Information). Specifying the nanoscale contact between the two
phases is expected to induce a synergistic enhancement of the electro-
chemical properties, maximizing the TPB density and optimizing the
surface paths for electrochemical reactions.

2. Methods
2.1. Target preparation and film deposition

(Lag gSro.2)0.05Fe0 8Tip.203-5 (LSFT) and (LagsSro.2)o.osFeo.sTio.2
0O3_5-Ce.9Gdp.101.95 (LSFT-CGO VAN) films were deposited by pulsed
laser deposition (Surface PLD) onto SrTiO3 (001) (STO), Zr 84Y0.1601.92
(001) (YSZ) and (LaAlO3).3(SraTaAlOg)o 7 (001) (LSAT) single crystals
supplied by Crystec GmbH. The deposition temperature was set at 650
°C, and the oxygen pressure was maintained at 0.0066 mbar, with a
target-substrate distance of 70 mm. The target material was ablated by a
248 nm KrF excimer laser (Coherent Lambda Physik GmbH) with a laser
fluence of 1.2 J cm~2 and a repetition rate of 10 Hz.

The LSFT target was prepared by solid-state reaction using the cor-
responding oxides or carbonates previously calcined separately at high
temperature: LapO3, SrCOs, Fe303 and TiOy (Merck, purity >99.5 %). All
calcined powders were mixed in an agate mortar for 15 minutes and
heated at 1200 °C for 1h. The resulting powders were grounded in
ethanol media using a planetary ball mill (Pulverisette 7). The dry
powders were uniaxially pressed into 25 cm diameter disks and sintered
at 1400 °C for 5 h. A similar procedure was employed for the composite
LSFT-CGO targets (50 % wt%), where the Cep9Gdy.101.95 commercial
powders (Rhodia) were mixed with the LSFT powders obtained at 1200
°C and then calcined at 1400 °C for 5 h. It is worth mentioning that both
targets showed a relative density higher than 98 %.

2.2. Structural and microstructural characterization

X-ray diffraction (XRD) was employed to characterize the crystal
structure of the films by performing 6-26, phi-scan, rocking curve and
reciprocal space mapping (RSM) analyses in a Rigaku Smartlab
diffractometer with a rotating Cu anode. High-resolution transmission
electron microscopy (HRTEM), high-angle angular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging, and Energy-
dispersive X-ray spectroscopy (EDS) mappings were performed in a FEI
Talos F200X. Electron-transparent lamellas for TEM were prepared
using a FEI Helios Nanoslab 650 equipped with a focused ion beam
(FIB). Ir/Pt coatings deposited by sputtering are needed for the prepa-
ration of the lamella that is subsequently characterized by HR-TEM, and
only used for this specific purpose. These coatings are not applied to the
samples for electrical characterization. Atomic force microscopy (AFM)
was carried out using a Dimension Icon from Bruker.

X-ray photoelectron spectra (XPS) were collected on a Physical
Electronics PHI-5700 using a MgK, radiation. The binding energies (BE)
were referenced to the adventitious C 1s peak position at 285.0 eV
(accurate + 0.1 eV). A Shirley-type background was subtracted from the
signals, and Gaussian—Lorentzian curves used to accurately determine
the binding energy of the different element core levels. Fixed values for
the Full Width at Half Maximum (FWHM) were employed to ensure
consistent data comparison, maintaining peak splitting spacing in sam-
ples treated under both oxidizing and reducing atmospheres.
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2.3. Electrical characterization

The in-plane conductivity of the samples was determined using the
four-probe Van der Pauw method. Gold ink and wires were employed to
connect the electrical connections to the electrochemical setup. Samples
deposited onto electrically insulating LSAT substrates were specifically
selected to ensure accurate electrical characterization of the films and
minimize interference from the substrate conductivity. The measure-
ments were performed in air and 5 % Hy-Ar atmospheres between 650 °C
and room temperature on cooling. The conductivity was also measured
as a function of the oxygen partial pressure (pO-) to elucidate the nature
of the charge carriers. For this purpose, the samples were reduced in a
closed tube furnace under a 5% Hy-Ar flow for 12h. Afterwards, the
flow was switched off, and the pO, was continuously monitored using a
YSZ sensor while the conductivity was measured at intervals of 5 mi-
nutes during the reoxidation process. It is worth noting that each
isothermal measurement is required over two days for complete
reoxidation.

Additionally, the electrode polarization resistance of the films
deposited on YSZ (001) was determined by impedance spectroscopy in a
Solartron 1260 frequency response analyzer (FRA) in the symmetrical
configuration. The frequency range was from 10° to 0.05 Hz, with an
amplitude of 100 mV. The impedance spectra were collected on cooling
between 650 and 450 °C with a stabilization time of 30 min between
consecutive measurements in air, Hy and as a function of the pO,. Porous
Au paste (Metalor) was applied onto the films to serve as a current

Nano Energy 131 (2024) 110293

collector and ensure uniform current distribution. The impedance data
and contributions to the overall polarization resistance were analyzed
by equivalent circuit models with the ZView software [44]. Addition-
ally, distribution of relaxation times (DRT) analysis was carried out by
DRT tools software to gain further insights into the different electrode
processes [45].

3. Results and discussion

3.1. Influence of the substrate on the microstructural ordering of VAN
films

Before investigating the functional properties of the LSFT-CGO VAN
film, it is essential to conduct a thorough structural characterization.
Here, we aim to analyze in detail the self-assembled process of the VAN
grown on two types of substrates: perovskite (i.e. STO and LSAT) and
fluorite substrates (i.e. YSZ).

The microstructure and film thickness analysis of the LSFT-CGO VAN
sample on STO (001) was conducted using HAADF-STEM and EDS
techniques, utilizing an electron transparent cross-sectional lamella for
examination (Fig. 1). HAADF-STEM image at lower magnification
revealed a long-range ordered columnar microstructure perpendicular
to the substrate through the entire film thickness (approximately
100nm). The LSFT-CGO VAN presented a dense structure without
visible porosity or delamination with the substrate (see also Figure S2).
The distinct contrast observed for the columns and well-defined and

¥ s m

Fig. 1. (a) High magnification cross-sectional HAADF-STEM image of the LSFT-CGO VAN film deposited onto STO (001) substrate. (b) HAADF-STEM image and (c-e)
EDS of a selected area of the film, unveiling the composition of the columnar microstructure. (f,g) HRTEM images of the LSFT-CGO VAN at different magnification.

Atomic arrangement of (h) STO substrate, (i) CGO and (j) LSFT phases.
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sharp interfaces strongly indicated the separation of the perovskite and
fluorite phases within the LSFT-CGO VAN sample (Fig. 1a). The EDS
mapping unveiled the formation of homogeneously distributed LSFT
and CGO columns of about 5 nm width through the whole film thickness.
These findings revealed the successful separation of two phases in the
nanocomposite self-assembled VAN (Fig. 1b-e).

HRTEM images revealed alternating crystalline nanocolumns of
5nm width (Fig. 1f and g). Atomic order at the HRTEM and XRD
analysis confirmed the presence of perovskite LSFT and fluorite CGO
phases with long vertical interfaces. The observed in-plain lattice
matching relationships LSFT (001) || CGO (110) || STO (001) and out-
of-plane relationships LSFT (001) || CGO (001) || STO (001) for both
phases were consistent with previous perovskite-fluorite-based VANs
deposited onto STO (001) [23]. In the case of the CGO component, a 45°
in-plane rotation was required to minimize the lattice mismatch with the
substrate. The calculated d-spacing values for both phases demonstrated
a good out-of-plane relationship (Fig. 1h-j).

In a VAN structure, the spontaneous ordering of nanocolumns of two
different materials is influenced by the in-plain strain, the substrate
orientation and vertical interfacial strain due to the simultaneous
growth of nanodomains, leading to an out-of-plane coherence [46]. The
design of self-assembled thin-film nanocomposites with coherent in-
terfaces by strain engineering offers advantages in terms of improved
percolation and enhanced charge transport, surpassing those achieved
through polycrystalline composite ceramics.

Furthermore, the LSFT-CGO VAN sample deposited on YSZ (001)
was characterized by HAADF-STEM, EDS and HRTEM (Figure S3).
Similar to the sample deposited onto STO (001) observed previously, the
VAN showed a dense columnar microstructure consisting of alternating
columns of LSFT and CGO phases. The substrate-film interface showed
poorer phase separation due to a significant cation intermixing. How-
ever, an ordered columnar VAN architecture with coherent interfaces
was attained at a distance from the interface. These findings are
consistent with previous observations in the LSM-SDC VAN deposited
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onto YSZ (001), and they can be attributed to distinct lattice match and
chemical properties of the YSZ substrate [27].

Top-view AFM images of the LSFT-CGO VAN deposited onto LSAT
and YSZ (001) revealed a dense microstructure with different grain sizes
and roughness for each sample (Figure S4). The VAN deposited onto
LSAT showed a lower roughness (~ 2.1 nm) than the film deposited onto
YSZ (~ 9.6 nm), suggesting a more disordered microstructure during the
spontaneous growth of both LSFT and CGO phases onto YSZ.

XRD characterization was conducted to confirm the atomic ordering
and crystal structure obtained by TEM analysis (Fig. 2). The 6-20 XRD
scans of the LSFT-CGO VAN deposited onto LSAT (001) provided evi-
dence of a heteroepitaxial growth with a preferential (00 [) orientation
of both the LSFT and CGO components, without any additional crystal
orientations (Fig. 2a). Similar results were obtained for the LSFT-CGO
VAN samples deposited on STO (001) substrates due to the similar lat-
tice parameters between both phases (LSAT = 3.868 A and
STO = 3.905 A). As expected, the LSFT sample exhibited epitaxial
growth along the (001) orientation (see also Figure S5).

The LSFT-CGO VAN deposited onto YSZ (001) with fluorite structure
(5.143 A) showed an epitaxial growth for the CGO component with a
preferred (00 [) orientation (Fig. 2b). However, a minor (111) reflection
was also detected. On the other hand, the LSFT phase displayed a
perfectly vertical orientation growth along the (110), parallel to the
CGO (002). The close lattice spacing between LSFT (110) and CGO (002)
induced a strong out-of-plane coherence between the two structures
(Figure S6). The same behavior was previously observed for an LSM-SDC
VAN deposited onto YSZ (001) [27]. Extensive research has underscored
the importance of surface orientation on the catalytic activity of
perovskite-oxide materials [47]. Computational studies have demon-
strated that the (110) surface orientation exhibits greater catalytic ac-
tivity compared to (001) for oxygen reduction in traditional SOFC
cathodes such as LagsSrgsMnOss, LageSro.4FeggCop203.5 and
La0,65r0_4C003_5 [48-50].

To obtain further information about the crystal structure of the LSFT-
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Fig. 2. 0-20 XRD patterns of LSFT-CGO VAN deposited onto (a) LSAT (001) and (b) YSZ (001). ¢-scan analysis of LSFT-CGO VAN deposited on (c) LSAT around the
(111) direction and (d) YSZ around the (202) direction. (e) Reciprocal space map near the (171 3) asymmetric reflection of the LSFT-CGO VAN deposited on LSAT.
Schematic representation of the heteroepitaxial growth of the samples on (f) STO and LSAT and (g) YSZ.
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CGO VAN samples, ¢-scans and reciprocal space mapping were carried
out (Fig. 2c-e). The in-plane arrangement was elucidated by performing
¢-scans on asymmetric reflections of the different components. The
¢-scan of LSAT (111) showed four narrow peaks 90° apart in ¢, which
corresponds to a cubic perovskite structure with a [001]/[010] in-plane
crystallographic growth direction. At the same time, LSFT (111) also
shows four reflections at the same ¢, consistent with a cube-on-cube
growth (Fig. 2¢). Interestingly, the ¢-scan of CGO (111) presented four
reflections that were shifted by 45° from LSAT (111), indicating a [110]/
[010] in-plane relationship. These results confirmed the 45° cell rotation
of the CGO structure onto both LSAT and STO substrates to minimize the
lattice mismatch, as observed by TEM analysis.

In the case of the LSFT-CGO VAN deposited onto YSZ, the (202)
¢-scan for both the YSZ substrate and CGO phase showed four peaks
with the same ¢ displacement (Fig. 2d). However, additional reflections
were not detected after the (202) ¢-scan of the LSFT phase. A 20-0
rocking curve (RC) analysis was performed to clarify these results
(Figure S7). In the case of the RC of LSFT (001) in the VAN on LSAT
(001), a sharp and narrow peak was observed, indicating the good
quality of epitaxial growth. In contrast, a wider peak is visible in the RC
of CGO (002), suggesting the presence of dislocations in the film that
affect the parallelism of atomic planes. This finding is common in CeO»-
based films deposited onto single crystals with perovskite structure [23,
51]. In the case of the RC of LSFT (110) in the LSFT-CGO VAN onto YSZ,
no extra peaks were detected, revealing the very low quality of phase

Nano Energy 131 (2024) 110293

order, likely due to a high concentration of crystalline defects.
Reciprocal space mapping (RSM) of LSFT-CGO VAN near the asym-
metric reflection (113) of LSAT unveiled that the LSFT phase is strained,
exhibiting nearly identical in-plain lattice parameter (a = 3.889 A) to
the substrate (LSAT = 3.868 10\) (Fig. 3e). This finding confirmed the
cube-on-cube growth, while a different out-of-plain lattice parameter (a
= 4.062 ;\) was observed. The RSM results indicated a nominal out-of-
plane tensile strain of +1.7 % compared to unstrained LSFT (a =
3.919 A), which can be associated with the in-plane lattice compression
of the perovskite phase. A broad peak was obtained for the CGO phase,
indicating a wide range of the in-plain lattice parameters, ranging from
5.349 to 5.571 A. On the contrary, high coherence along the out-of-
plane direction was obtained, as observed in the 6-20 scans, which is
consistent with other CeOy-based VAN thin films [23,25,27]. The pres-
ence of the CGO spread peak near the (113) asymmetric reflection
further confirmed the 45° in-plane rotation of the fluorite phase to be
accommodated onto the perovskite substrate. The similar lattice
parameter of the LSFT and the substrate enables the growth of highly
crystalline and perfectly aligned nanocolumns in the VAN film. It is
worth mentioning that while a certain cation intermixing between the
LSFT and CGO phases is plausible, it does not affect the simultaneous
heteroepitaxial growth of these two phases. These findings highlight the
significant influence of the substrates crystal structure and lattice cell
parameters on the nanostructure ordering. This knowledge opens up
possibilities for tailoring the functional properties of the film by
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selecting different substrates. A schematic of the effect of the substrate is
illustrated in Fig. 2f-g, which shows the crystal structure obtained for the
LSFT-CGO VAN deposited onto STO and LSAT substrates (perovskite
structure, Fig. 2f) in comparison with the VAN structure deposited onto
YSZ (fluorite structure, Fig. 2g).

The LSFT-CGO VAN on STO (001) was annealed at 650 °C for 5 h in
5 % Ha-Ar atmosphere to investigate the redox stability. Details are re-
ported in Figure S8. The 6-20 XRD patterns demonstrated that the LSFT-
CGO VAN remains stable in reducing conditions without forming sec-
ondary phases or other crystallographic orientations. The out-of-plane
lattice parameter for the LSFT phase slightly decreased from 4.062 to
4.045 A, indicating a partial out-of-plane cell relaxation after the
reduction. A similar out-of-plain lattice parameter was observed for the
CGO component. Interestingly, despite the expected increase in the out-
of-plane lattice parameter due to the partial reduction of Ce** to Ce3*,
the dense and rigid microstructure induced by vertical strain appears to
prevent significant changes in the out-of-plane lattice parameters. In this
sense, significant changes in the lattice parameters under redox condi-
tions are undesirable, as they can induce microstructural modifications
that compromise the long-term cell integrity of the layers.

The chemical composition of the LSFT-CGO VAN, both as-deposited
and after the reduction treatment, was characterized by XPS (Figure S9).
Deconvolution of the Fe 2p3/; core level revealed the three distinct
contributions (Fe?*, Fe>* and Fe*") with binding energies of 709.8,
710.8 and 713.2 eV, respectively. After reduction, the Fe?* band in-
creases, indicating a partial reduction of iron, as expected. In the case of
the Ce 3d signal, a reduction of Ce** to Ce>" was observed on the sur-
face. In the case of O 1 s core level, three different contributions were
discerned at 529. 2, 531.0 and 532.2 eV, ascribed to lattice oxygen
(O1ap), adsorbed oxygen (O,q) and water (Oy). No significant changes
were observed for the other elements after the reduction treatment.
Table S1 summarizes the binding energies and composition obtained by
XPS in oxidizing and reducing atmosphere.

3.2. Electrical and electrochemical characterization

The in-plain conductivity of LSFT and LSFT-CGO VAN thin films
deposited onto LSAT (001) was studied using the four-probe Van der
Pauw method under air and 5 % Hjy-Ar atmospheres (Fig. 3a). The
epitaxial LSFT exhibited conductivity values of 0.57 S cm ™ in air at 600
°C. Conversely, the conductivity slightly decreased to 0.40 S cm™! at the
same temperature in 5 % Ha-Ar due to the partial reduction of Fe** to
lower oxidation states in LSFT, decreasing the density of charge carriers
[42]. Consistent with previous observations, the titanium content in this
sample is sufficient to prevent the phase transformation of the perov-
skite structure under a reducing atmosphere but insufficient to achieve
high conductivity values in 5 % Ha-Ar [42]. However, increasing the
titanium content would be detrimental to the electrochemical properties
in  oxidizing  conditions, as  previously  reported for
Lag 4Sro.6Fep g xTip.2+x03.5 bulk ceramics [52] (x = 0-0.4) or
SrFe; 4Tix03.5 (x = 0-0.5) [53], thus limiting its application as a sym-
metrical functional layer.

For the LSFT-CGO VAN, the conductivity values in air reached 0.16 S
em ™! at 600 °C. These slightly lower conductivity values observed in air
can primarily be attributed to the lower conductivity of CGO in
oxidizing conditions, which is mainly an ionic conductor. However, in a
5 % Hj-Ar atmosphere, the conductivity increased to 0.82 S cm ! at 600
°C, which can be attributed to the partial reduction of Ce** to Ce®™, thus
promoting higher electronic conductivity. Interestingly, despite the
presence of alternating columns of two different phases, the dense
microstructure of the VAN enables excellent in-plane percolation be-
tween the phases, resulting in enhanced conductivity.

The VAN active layers in the present study exhibit improved con-
ducting properties compared to the single-phase film due to extended
ionic and electronic pathways to the electrolyte. Additionally, they
demonstrate high redox stability, making them suitable for
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simultaneous use as active layers for both air and fuel electrodes.
Notably, the conductivity of the LSFT-CGO VAN in this work is more
than one order of magnitude higher than the one obtained by LSFT-CGO
composites obtained by powder ball milling, in both oxidizing and
reducing conditions. At 600 °C, the LSFT-CGO VAN exhibits conduc-
tivities of 0.82 in air and 0.16 S cm™! in 5 %-Hy-Ar. In contrast, poly-
crystalline LSFT-CGO obtained by ball milling shows significantly lower
conductivities of 0.065 and 0.0017 S cm™! in air and 5 %-Hy-Ar,
respectively, at the same temperature. This notable improvement in
conductivity for VAN films compared to traditional powder composites
for SOFC has been previously reported by different authors [22,23,25].
This improvement is attributed to the nanoengineering design of the
VAN, which consists of strained vertical nanocolumns that enhance
transport properties.

The conductivity of both LSFT and LSFT-CGO VAN was also deter-
mined as a function of the oxygen partial pressure (pO;) at different
temperatures to elucidate the nature of the charge carriers contributing
to the overall conductivity (Fig. 3b,c). All the curves were fitted ac-
cording to the following equation:

6 = 0; + 64(Po,) /* +0,(Po,)"/* )

where o, 6, and o, are the ionic, n-type and p-type electronic contri-
butions at pOs = 1 atm. As shown in Fig. 3d,e and expressed in Eq. 1.,
electron conduction (n-type) prevails in reducing atmospheres, while
hole conduction (p-type) governs conductivity in oxidizing environ-
ments [54].

The LSFT-CGO VAN exhibited predominant n-type conductivity at
low oxygen partial pressure, displaying a (pO2) '/ dependence
(Fig. 3b). Furthermore, the conductivity reached a minimum value at
pOy ~ 10713 atm due to the n-p transition regime. Above this pO,, the
conductivity increased with a (pO2)'/* dependence attributed to a p-
type contribution. This effect is mainly due to hole-conduction in
agreement with the defect chemistry model in previous studies of
Lag.oSrg1FeO3.5 and Lag 75Srg2sFeOs.s [55,56]. Such a behavior is
typical of a mixed ionic-electronic conductor [6]. Similarly, the pO,
curves of LSFT exhibited a comparable trend to the VAN, with both
n-type and p-type contributions discernible (Fig. 3c).

However, noticeable differences were evident in both samples. In air,
the ionic conductivity of LSFT-CGO VAN at intermediate pOs was
slightly lower than that of LSFT. These results can be explained by a
minor cation intermixing between LSFT and CGO phases. Indeed, pre-
vious studies have demonstrated that increasing lanthanum content in
Cej xLax02.x/2 reduces the oxide-ion conductivity while maintaining the
electronic contribution [57]. Most importantly, the in-plain oxide-ion
mobility in the VAN may be affected by the multiple phase boundaries
on the surface (nanocolumnar architecture). However, the electronic
hole conductivity, mainly governed by the electronic band structure,
remains relatively unaffected. It is also worth mentioning that the p-type
conductivity of CGO is notably lower compared to the one observed in
this work for the LSFT perovskite phase [58], which further explains
these findings. In a reducing atmosphere, the LSFT-CGO VAN exhibited a
higher conductivity. For example, at pO, = 10~2* atm and 600 °C, the
VAN exhibits a higher conductivity of 1.43 compared to 0.45 S cm ™! for
LSFT. The observed increase in total conductivity at very low pO, for the
VAN is assigned to the enhanced n-type conductivity of CGO in reducing
environments due to the partial reduction of Ce** to Ce3t [59]. The
contributions of ionic and electronic conduction transport in oxidizing
and reducing conditions for both samples are schematically represented
in Fig. 3d and e.

Nevertheless, the out-of-plain conduction mechanisms for the VAN
sample may differ from those observed in-plain due to the multiple in-
terfaces and more favorable pathways perpendicular to the substrate
(Figure S11). The high density of out-of-plane coherent transport path-
ways is expected to significantly enhance the conductivity of both oxide
ion and electronic charge carriers [23,60], making this columnar
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architecture very promising for enhancing the electrode activity for
oxygen reduction and fuel oxidation reactions.

The electrode polarization resistance of LSFT and LSFT-CGO VAN on
YSZ (001) was studied by electrochemical impedance spectroscopy (EIS)
in a symmetrical cell configuration with Au ink serving as a current
collector, i.e., Au/VAN/YSZ/VAN/Au. The measurements were per-
formed under air and Hy atmospheres (Fig. 4). The ohmic resistance of
the electrolyte, which was similar in both cases, was subtracted to
enable a more accurate comparison of the electrode response. The
impedance spectra were fitted with the equivalent circuit displayed in
the inset of Fig. 4a, which required three RQ elements to fit the
impedance data adequately (Table S2). Symmetrical cell testing,
commonly used in SOFCs, provides a better understanding of the elec-
trocatalytic activity by isolating the performance of the electrodes.

The LSFT(2-CGO VAN exhibited lower polarization resistance (Rp)
values in air (2.9 Q cm? at 650 °C) compared to the LSFT film (6.2 Q cm?
at 650 °C) in all temperature range studied (Fig. 4a,b). These R, values
are comparable to those observed for other Co-free VANs recently re-
ported in the literature, such as Lagy5Srg 25CrgsMngs03.
5-Ceo.8Smg 2019 (LSCM-SDC VAN) (27.8 Q cm? at 750 °C) [33] or
LSM-SDC (7 Q cm? at 750 °C) [27]. Furthermore, they are similar to
highly efficient thin electrodes deposited by PLD, such as
Ba0,5Sr045C00.8Fe0_203_5 (BSCF) (3 Q sz at 600 OC), SIIl045SI'0_5C003_5
(SSC) (5.5Q cm? at 650 °C) or (Lag ¢Srp.4Cop.2Fep.803.5 20 Q cm? at 650
°C) [61]. The activation energy (E,) for the ORR decreases from 1.94 eV
for LSFT to 1.75 eV for LSFT-CGO VAN.

However, the electrocatalytic performance of the LSFT-CGO VAN in
air is inferior to that of Co-based VANSs reported in the literature, similar
to that observed for the corresponding bulk materials [37,62]. For
instance, Develos-Bagarinao et al. investigated an LSCF-CGO vertically
aligned nanocomposite prepared by PLD onto polycrystalline CGO
electrolyte, achieving a polarization resistance of 0.09 Q cm? at 600 °C
in air [29]. Further enhancement was observed after incorporating an
LSC nanoporous electrode layer on top of the dense VAN, with R;, values
dropping to 0.036 Q cm? at the same temperature. However, LSCF
thin-films suffer from phase degradation in air atmosphere due to su-
perficial Sr segregation after long-term annealing [63], while the VAN
architecture with vertical strain engineering has demonstrated to hinder
this segregation [27].
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Wells et al. prepared the LSCF-SDC VAN by PLD onto YSZ single
crystals, reporting R, values of 60 Q em? at 500 °C [11]. The same
nanostructured VAN electrode, when deposited onto anodized
aluminium oxide (AAO) substrates and annealed in vacuum at 700 °C,
showed outstanding performance with R, values of 0.1 Q em? at 425 °C,
attributed to the formation of excess oxygen vacancies in the VAN film
[11]. In a different approach, Lee et al. explored a LSCF-YSZ nano-
engineered electrode deposited by magnetron sputtering onto AAO [64],
showing a R, of 0.12 Q cm? at 600 °G, five times lower than traditional
LSCF films under similar conditions with negligible degradation over 7 h
in a short-term durability test. Additionally, Yoon et al. reported a highly
efficient LSC-CGO VAN prepared by PLD, with a notable R;, of 2.39 Q
cm? at 400 °C [65]. Enhanced ORR kinetics were also observed in het-
eroepitaxial VAN films composed of perovskite-Ruddlesden-Popper
phases (Lag.gSro.2C003-(Lag.5Sr0.5)2C004), which exhibited R, values
of 10° Q em? at 400 °C in air atmosphere [30]. Table S3 compares the
electrochemical performance in air obtained in this work with the
state-of-the-art and VAN thin-films reported in literature.

In a wet Hy atmosphere, the LSFT-CGO VAN exhibited significantly
lower R, values than the LSFT film, 75.9 and 225.4 Q cm?, respectively,
at 650 °C (Fig. 4c,d). Although these values are considerably higher than
those observed in air conditions, they are similar to those reported for
the La()_7551‘0.25CI'()_5MHO_503.5-C€0.3SH10_201_9 (LSCM-SDC VAN) (~ 80 Q
cm? at 630 °C) or single film of Lag 75Sr¢.25Cro.sMng 503.5 (~ 300 Q cm?
at 630 °C) [33]. The improved electrochemical properties for the
hydrogen oxidation reaction (HOR) in the LSFT-CGO VAN can be
attributed to the synergistic effect resulting from the nanoscale contact
of both phases. For instance, Sirvent et al. reported in the LSCM-SDC
VAN that nanoscale doped-CeO, provides active sites for fast HOR,
while the LSCM phase supplies the electronic conduction pathway [33].
The activation energy for HOR in the LSFT-CGO VAN (E, = 1.24 eV) was
considerably lower than that observed for LSFT (E, = 1.74 eV). Addi-
tionally, as expected, the activation energies for HOR were also lower
than those for ORR, which can be attributed to the sluggish kinetics of
the ORR.

Therefore, the electrode performance for ORR and HOR differs
because the electrochemical reactions involved in both processes are
different. To support our experimental results, previous studies on
polycrystalline (La,Sr)(Fe,Ti)Os electrodes have consistently reported
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Fig. 4. (a) Impedance spectra of LSFT film and LSFT-CGO VAN at 650 °C in air and (b) Arrhenius plots of the Rp as a function of the temperature. (c¢) Impedance
spectra of LSFT and LSFT-CGO VAN at 650 °C in H, and (d) Arrhenius plot of the Rp as a function of the temperature. (e) Impedance spectra in H, and air (inset) at
different times, and (f) Rp values of the stability test performed at 650 °C as a function of the time for LSFT-CGO VAN.
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considerably lower R;, in air compared to Hy [38,42,66], aligning with
the lower performance of the VAN in Hy compared to air in this study.
Nevertheless, the performance of the VAN in Hy is nearly three times
higher than that of the LSFT film under the same conditions, attributed
to the nanoscale contact between LSFT and CGO phases in the VAN and
the increased TPB length for electrochemical reactions.

The enhancement in electrocatalytic activity in the VAN active layer,
as determined by impedance spectroscopy, is primarily attributed to its
hierarchical columnar microstructure with multiple vertical in-
terphases, which substantially enlarges the TPB for the electrochemical
reactions on the film surface, compared to single-phase films. This
improvement is more attributable to the hierarchical columnar micro-
structure obtained by nanoengineering than to variations in conduc-
tivity. This columnar architecture ensures fast oxygen reduction and
hydrogen oxidation kinetics by providing more active sites and reducing
the activation energy. The microstructural architecture of the VAN,
composed of strained nanocolumns, provides coherent and more selec-
tive paths for ion transport, which are not available in a dense film
formed by a random mixing of two phases. Additionally, the favorable
out-of-plane columnar architecture facilitates fast diffusion through the
vertical boundaries for oxide-ion transport, in contrast to epitaxial LSFT,
where the ionic pathway provided by the CGO is unavailable.

In thin films and electrode layers, microscopic features such as
porosity, morphology, and roughness significantly impact the electro-
chemical activity. However, accounting for these morphological differ-
ences can be challenging, leading to standardized normalization by the
electrode area (Q cmz) in both literature and commercial devices. For
example, a “poorly fabricated” VAN film may exhibit a lower R, than a
“coherently ordered” VAN due to partial phase mixing that increases
phase boundary density and/or higher porosity. These microstructural
differences may hinder a direct comparison with previous VANs re-
ported in literature. Nonetheless, an ordered VAN with a strained
nanocolumnar architecture, like the one presented in this work, offers
coherent and more selective ion transport pathways, which are not
available in a dense film formed by a random phase mixing. In the case
of the LSFT-CGO VAN, HR-TEM and AFM analyses revealed that the film
is dense, with a roughness in the nanometer scale, indicating a low
surface area comparable to other VANs reported in literature such as
LSM-SDC, LSCM-SDC or STO-SDC [23,27,33]. Tailoring the micro-
structure and porosity of the VAN is expected to enhance the electro-
chemical performance further.

Despite the relatively high R, values obtained in this work, it is
essential to note that the active layers obtained by PLD are fully dense,
resulting in a relatively low surface area for oxygen reduction or
hydrogen oxidation reactions. Consequently, the polarisation resistance
(Rp) is higher than that of a porous electrode, and a direct comparison
with conventional thick porous electrodes is not straightforward and
requires careful contextualisation. In the literature, dense layers
consistently exhibit relatively high R;, values. For instance, J. Maier et
col. studied various traditional SOFC cathodes deposited by PLD, such as
Lao.GSI‘OACO(),gFeO‘zOg_S (LSFC) or Sm0,55r0,5C003_5 (SSC), reporting Rp
values of 20 and 6 Q cm?, respectively, at 650 °C in air [61]. In contrast,
porous electrodes of the same composition, deposited by traditional
screen-printing, showed R, values almost two orders of magnitude
lower: LSCF (0.5 © em? at 650 °C [67]) and SSC (0.28 Q cm? at 650 °C
[68]). On the other hand, when comparing our results with those of
other dense thin films, we find that we achieved remarkable perfor-
mance for the VANs. Incorporating a porous thick electrode on top of the
VAN active layer is expected to improve efficiency considerably [7,27,
29].

The redox stability of the LSFT-CGO VAN was tested over 120 h at
650 °C (Fig. 4e,f). The LSFT-CGO VAN exhibited a minor initial per-
formance decrease, followed by a very low degradation over time under
oxidizing and reducing conditions during cycling. This remarkable
redox stability is crucial for its application as a functional layer in
symmetrical and reversible SOFCs. Moreover, previous studies have also
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demonstrated that nano strain engineering in vertically aligned nano-
composites can improve the thermal stability in air by effectively sup-
pressing the Sr migration to the film surface [27,29,33].

To elucidate the rate limiting steps for the oxygen reduction re-
actions (ORR), impedance spectra were collected at different oxygen
partial pressures (pOs). Each elementary process exhibits a different
dependency on pOs, and the relationship between the resistance of each
process and pO is expressed by the following equation: R « (p0O2)™,

where the exponent m provides insights into the nature of the sub-
reaction in the ORR.

DRT deconvolution of the impedance spectra as function of the pO,
reveals three electrode processes (Fig. 5¢). The high frequency (HF)
response, centered at ~10* Hz, shows negligible dependency on the
oxygen partial pressure, and is assigned to oxide-ion transport at the
VAN/electrolyte interphase (0§ van — O§, electrolyte) (Fig. 5d) [69,70].
The intermediate frequency electrode response (IF), which is the main
contribution to the overall polarization resistance, exhibited a pOs
dependence with a reaction order of m ~ 0.25. This is associated with
the charge transfer process at the electrode surface (Oags + 2™ + V, —
0O3) [71]. Additionally, this process shifts to higher frequencies as pO»
increases, indicating a lower relaxation time and faster electrode ki-
netics. A third contribution at low frequency, labelled as LF and centered
at 1 Hz, becomes discernible at low pOs. This contribution exhibited a
strong dependence on the pO,, with a m ~ 0.80, is associated with
adsorption of molecular oxygen on surface (Oz,g) — O2,d) [67].
Table S4 summarizes the different rate-determining steps and the cor-
responding reactions order. Figure S12 illustrates the rate-determining
in the VAN for the ORR.

Our study presents extensive research on the new concept of redox-
stable VAN active layers for energy conversion devices, demonstrating
improved electrochemical performance under oxidizing and reducing
conditions compared to single-phase films. This enhancement is due to
the extended ionic and electronic pathways for electrochemical re-
actions, which results from the hierarchical microstructure of the VAN.
Future work on implementing redox-stable VAN active layers and
porous electrodes is expected to enhance the performance in single-cell
configuration.

4. Conclusions

Novel functional layers based on (LaggSrg.2)o.95Feo.8Tio.203—s-
Cep.9Gdp.101.95, (LSFT-CGO) comprising redox-stable vertically aligned
nanostructures (VAN), prepared by pulsed laser deposition, were
investigated for their potential application in symmetrical and reversible
solid oxide fuel cells (SOFCs). Structural and microstructural charac-
terization has revealed the influence of the substrate composition on the
thin film architecture and columnar microstructure growth. A clear
phase separation was observed in the VAN deposited onto STO substrate
throughout the entire 100 nm film thickness. In contrast, when the VAN
was deposited onto YSZ substrates, a minor cation intermixing was
observed near to the substrate-film interface before the formation of the
ordered columnar architecture. The self-assembled process resulted in
the formation of long-range nanocolumns of perovskite and fluorite
phases, which facilitated favorable out-of-plane transport pathways,
enabling fast oxide-ion transport from the TPB to the electrolyte.

The VAN exhibited in-plane conductivity values under reducing
conditions of 0.82 S cm™! at 600 °C, which were higher than those
observed for LSFT at the same temperature (0.40 S ecm™ ). This
improvement was attributed to the higher n-type electronic conduction
of the CGO component in an Hy atmosphere. However, under oxidizing
conditions, the conductivity of the VAN decreased to 0.16 S cm ™ at 600
°C, which was lower than the epitaxial LSFT (0.57 S em™Y), attributed to
the lower p-type conductivity of the CGO compared to the perovskite
component. Nevertheless, the nanocolumnar architecture, with multiple
phase boundaries at the surface, may negatively affect the in-plain
oxide-ion transport. In contrast, the out-of-plane configuration with



J. Zamudio-Garcia et al.

Nano Energy 131 (2024) 110293

7.5 0.991 atm _ 10 o
— 0.211 atm (c) VAN _3:231 am (d) VAN 650°C
N 0.084 atm - _

550 s 2 e
@] 0.015 atm o
=25 650°C 650°C °. 9
N ®
' ~ 0.9 1F hd
K o
0.0 | g &
12 15Q 5 o
20 Z (Qcm?) S 06 g ~.m= 0.80£0.01
(b) VAN ——0.991 atm| = x LN
——0.211 atm o
10| ——0.084 atm 01¢ e
_ ——0.033 atm 03 e © O (©)
@ 650°C
0 \ o
0.0
10 al al al i al al ! 5 (') é ‘l‘. 6 0.01 . .
102 10" 10° 10" 10% 10° 10* 10° 10° - 0.01 0.1 1
Frecuency (Hz) log f (Hz) pO, (atm)

Fig. 5. (a) Impedance spectra, (b) bode plot and (c) DRT analysis of LSFT-CGO VAN at 650 °C as a function of the pO,. (d) Dependence of the different electrode

resistances as function of the pO,.

coherent conducting pathways perpendicular to the surface is favorable
and desirable in real SOFC devices. Compared to single-phase active
layers, the intimate nanoscale contact between LSFT perovskite and
CGO fluorite phases maximizes the TPB length for electrochemical
reactions.

Moreover, we demonstrate that the VANs possess a tunable regime of
strained interfaces, which accelerate the redox process and enhances the
reactivity with the environment. The synergistic combination of both
phases, with excellent phase alternation, significantly increased the
electrode performance in oxidizing and reducing conditions. Specif-
ically, the VAN exhibited R, values of 2.9 and 75.9 Q cm? at 650 °C in air
and Hy, respectively, compared to 6.2 and 225.4 Q cm? for LSFT film.
Moreover, the VAN showed high stability over time and during redox
cycling. The remarkable performance and redox stability of the Co-free
LSFT-CGO VAN films with vertically aligned architecture make them
strong candidates for symmetrical and reversible SOFCs. Future research
exploring alternative dopant strategies could further enhance the elec-
trochemical activity in air, addressing the current limitations compared
to Co-based VANs films. However, Co-based materials are not stable
under a reducing atmosphere, which is a critical factor for applying
reversible and symmetrical SOFCs, which is the core context of our
study. In addition, single cell testing with a porous electrode on top of
the VAN active layer is expected to enhance the electrochemical per-
formance of reversible and symmetrical SOFCs. The nanoengineering
design of a self-assembled redox-stable VAN with a hierarchical
columnar architecture, demonstrating improved conductivity and elec-
trochemical properties, represents a decisive advancement in inte-
grating highly active symmetrical thin functional oxides into energy
conversion devices.
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