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ABSTRACT: Micro-solid oxide fuel cells based on thin films have strong potential for use in
portable power devices. However, devices based on silicon substrates typically involve thin-film
metallic electrodes which are unstable at high temperatures. Devices based on bulk metal substrates
overcome these limitations, though performance is hindered by the challenge of growing state-of-the-
art epitaxial materials on metals. Here, we demonstrate for the first time the growth of epitaxial
cathode materials on metal substrates (stainless steel) commercially supplied with epitaxial
electrolyte layers (1.5 μm (Y2O3)0.15(ZrO2)0.85 (YSZ) + 50 nm CeO2). We create epitaxial
mesoporous cathodes of (La0.60Sr0.40)0.95Co0.20Fe0.80O3 (LSCF) on the substrate by growing LSCF/MgO vertically aligned
nanocomposite films by pulsed laser deposition, followed by selectively etching out the MgO. To enable valid comparison with the
literature, the cathodes are also grown on single-crystal substrates, confirming state-of-the-art performance with an area specific
resistance of 100 Ω cm2 at 500 °C and activation energy down to 0.97 eV. The work marks an important step toward the
commercialization of high-performance micro-solid oxide fuel cells for portable power applications.
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1. INTRODUCTION

Micro-solid oxide fuel cells (μSOFCs) are considered a
promising future technology for portable power applications
because of their efficiency and high energy density (up to 4
times higher than Li-ion batteries).1 To achieve maximum
efficiency, bulk SOFCs operate at temperatures in the region of
800 °C.2 This, however, leads to both long start-up times and a
lack of suitability to small-scale portable power applications,
where devices require operation temperatures well below 500
°C.
Despite the many advances of μSOFCs,1−3 two key

challenges remain: (a) reducing the cell area specific
resistances (ASRs), particularly the cathode ASR, so that
cells can be operated below 500 °C and (b) improving device
stability with temperature cycling. While μSOFCs on Si,4,5 a
commercially viable substrate with ease of device integration,6,7

show good promise, there are problems of cyclability. Even
when operating in the low-temperature regime of SOFCs
(300−500 °C), Si-based devices are susceptible to strong
degradation mainly due to the instability of thin-film metallic
electrodes at intermediate-to-high temperature ranges.2,8−10

A possible strategy for achieving low ASRs at <500 °C, while
maintaining good in-plane electrical conductivity for current
collection and compatibility with thin-film technology, is the
use of textured or epitaxial thin-film cathodes and electrolytes
of low thickness.11 Particularly, textured or epitaxial layers offer
the advantage of a well-controlled geometry and micro-
structure, whether for the electrolyte, cathode, or both.12−14

The highest power loss in a μSOFC is typically due to the

oxygen reduction reaction (ORR) overpotential at the cathode,
and there are therefore many reports of state-of-the-art
epitaxial cathode thin films.6,12,15,16 Primarily, μSOFCs have
been fabricated on Si, but research has also focused on μSOFC
fabrication on metal substrates to enable fast start-up times and
superior mechanical stability and cyclability,2,17,18 as discussed
later.
As far as lowering the ASR of the electrolyte goes, control of

grain boundaries and porosity in textured (Y2O3)0.15(ZrO2)0.85
(YSZ) films has yielded values for activation energy and ionic
conductivity of 1.04 eV and 0.02 S/m at 500 °C, respectively.
These values are lower than those of the bulk material for
which respective values of 1.18 eV and 0.1 S/m are reported.19

Further, epitaxial YSZ films on Si have shown an activation
energy of 0.79 eV and ionic conductivity of ∼0.003 S/m at 500
°C, marking further performance enhancements compared to
textured films.20 Exceptional improvements on electrolyte
performance have also been achieved using vertically aligned
nanocomposite (VAN) systems. More than an order of
magnitude ionic conductivity was shown in several thin-film
VAN systems (YSZ, SrZO3, and Sm-doped CeO2),

21−23

pointing toward the recent concept of room-temperature
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electrolytes.24 However, to date, the superior performance of
VAN films has only been demonstrated on single-crystal
substrates.
As far as reducing the cathode ASR values and activation

energies goes, epitaxial films of state-of-the-art cathode
materials such as (La0.60Sr0.40)0.95Co0.20Fe0.80O3 (LSCF) and
La0.7Sr0.3MnO3 are again typically grown on well lattice-
matched single-crystal SrTiO3, NdGaO3, and LaAlO3 sub-
strates.12,16 At 500 °C, the ASR values for LSCF are reported
in the region of 10 Ω cm2 with an activation energy between
1.2 and 1.7 eV.25 Such epitaxial cathodes allow precise control
of crystallographic planes at the surface, allowing substantial
modification to reaction kinetics.26,27 Meanwhile, VAN
cathodes enable maximization of the reaction area and triple
phase boundary.28 Plonczak et al. demonstrate a reduction in
the activation energy from 2.4 to 1.6 eV by introducing
porosity to LSCF thin films, attributed to a reduction in the
activation energy of the oxygen exchange process resulting
from the increased catalytic surface area and to the activation
of surface- or triple phase boundary (TPB)-related incorpo-
ration reactions.29

Fabricating μSOFCs on low-cost and flexible metal
substrates such as Ni or stainless steel, with thermal expansion
coefficients closely matching YSZ, overcomes the issues related
to the use of unstable thin-film metals in Si, as well as the very
different thermal expansions between the substrate and the
electrolyte layer. Metal substrates also provide mechanical
strength, high electrical conductivity, and good thermal
conduction, enabling quick start-up times.2,17,18 However,
metal substrates tend to preclude the use of advanced,
epitaxially grown, electrolyte and cathode materials. To our
knowledge, no reports describe the growth of epitaxial
electrolytes and cathodes on metal substrates. This is an
essential challenge which must be overcome to enable the
proliferation of high-performance, low-temperature μSOFCs,
and this forms the focus of this study.
In the present work, we explore the use of metal substrates

on which are grown highly biaxially oriented thin films of YSZ
(1500 nm) and CeO2 (50 nm) made using ion beam- or
alternating beam-assisted deposition (ABAD), a scalable and
cost-effective technique which has already found commercial
applicability for the deposition of YSZ films in the super-
conductor industry.30,31 We follow a μSOFC device fabrication
procedure as set out in Figure 1. We show that mesoporous
VAN LSCF cathodes of high quality can be easily grown on
stainless steel substrates with biaxially textured YSZ electro-
lyte−CeO2 bilayers prepared by ABAD. The mesoporous films
of this study are fabricated by growth of LSCF/MgO VAN
films and subsequent removal of the MgO by etching in acetic
acid, resulting in epitaxial cathode films with a high catalytic
surface area. After etching, we observe a reduction of ∼2 orders
of magnitude in the ASR together with a reduced activation
energy. These reductions are attributed to a combination of
the increased surface area and modification to the oxygen ion
incorporation path. It may be noted that, while strained CeO2
shows good ionic conductivity, further performance enhance-
ments can readily be achieved by doping.32,33 We also
demonstrate a simple means to chemically etch the stainless
steel to allow gas access at the anode. Impedance measure-
ments show that this μSOFC system is well-suited for low-
temperature operation because of a low activation energy,
resulting in a low cathode ASR in the 300−500 °C
temperature range. The present work marks an important

step toward the commercialization of high-performance
μSOFCs for portable power applications.

2. EXPERIMENTAL SECTION
Before determining the success of the μSOFC structure and
properties, it was necessary to first assess the properties of the
“ideal” VAN cathode of LSCF/MgO grown on single-crystal YSZ. We
also grew films on single-crystal (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) to
determine whether a mesoporous honeycomb structure is not highly
susceptible to lattice or structural mismatch effects and is hence a
more universal approach which could later be applied to growth on a
range of different electrolyte systems.

Cathode films were grown by pulsed laser deposition (PLD) on
(100) oriented YSZ and (001) oriented LSAT substrates (and later
on metal substrates as outlined below). The LSCF/MgO targets for
the PLD growth were made by mixing 50:50 wt %
(La0.60Sr0.40)0.95Co0.20Fe0.80O3 (Fuel Cell Materials, Nexceris, LLC)
and MgO powders (Alfa Aesar) in a rotary ball mill for ∼15 h. The
mixed powders were pelletized into discs 12 mm in diameter and
approximately 2 mm thick. The pellets were then placed in a 1500 bar
cold isostatic press before sintering at 1300 °C for 4 h (heated and
cooled at 5 °C/min).

Films were deposited at 750 °C in 0.4 mbar O2 atmosphere with a
flow rate of 9.8 sccm. The chamber was evacuated to at least 10−7

mbar before deposition. A composite ceramic target, held 45 mm

Figure 1. Schematic of the proposed fabrication procedure for
μSOFCs incorporating VAN films on stainless steel substrates.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c15368
ACS Appl. Mater. Interfaces 2021, 13, 4117−4125

4118

https://pubs.acs.org/doi/10.1021/acsami.0c15368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c15368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c15368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c15368?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c15368?ref=pdf


from the substrates, was ablated with a 248 nm laser (Lambda Physik,
Inc.) with a repetition rate of 3 Hz and a fluence of approximately 0.8
J/cm2. Samples were cooled to room temperature in the same 0.4
mbar O2 atmosphere at 10 °C/min.
The procedure for the fabrication of the μSOFCs (shown

schematically in Figure 1) is as follows:
Step 1metal/electrolyte substrates: Commercial (Bruker)

stainless steel substrates (0.1 mm) were sourced with biaxially
textured YSZ (1500 nm) and CeO2 (50 nm) layers prepared by
ABAD.
Step 2deposition of VAN cathodes: VAN cathode films were

deposited on the ABAD-buffered stainless steel substrates by PLD
using the same parameters described above for the single-crystal
substrates.
Step 3etching the VAN cathodes: MgO was etched out of the

VAN film using 3.3 M solution of acetic acid, stirred at 60 rpm for 17
min, to leave a mesoporous LSCF cathode.
Step 4etching holes in the stainless steel: The stainless steel was

patterned to give a mask of ∼100 μm diameter holes spaced ∼500 μm
apart. Experiments were conducted into the use of both photo-
lithography and aerosol printing. For the latter, the mask was created
using an Optomec AJ200 aerosol jet printer with a design created in
AutoCAD 2018. An ink of poly(vinylidene difluoride) (PVDF)-TrFE
was prepared by dissolving PVDF-TrFE (70/30 wt %, Piezotech) in
N-methyl-2-pyrrolidone (Sigma-Aldrich) at 5 wt % under constant
stirring at 60 °C. The stainless steel substrate was immobilized on the
printer platen, with the platen temperature set at 40 °C.
Approximately, 20 mL of PVDF-TrFE ink was loaded into the bottle
for the pneumatic atomizer. Using a 250 μm nozzle, the ink was
printed with an atomizing flow rate of 1500 sccm, an exhaust flow rate
of 1450 sscm, and a sheath flow rate of 150 sscm. The design was
followed 40 times in order to build up sufficient thickness to ensure
mechanical stability. The substrate was then dried in an oven at 130
°C for 2 h. Further details of this process are described in previous
work.34 0.3 M FeCl3 solution was used to etch regions where the
resist/mask was not present (step 3). FeCl3 is known to selectively
etch the stainless steel while leaving YSZ unaffected, as demonstrated
by Chen et al.35 Holes are needed (as closely spaced as possible
without degrading the structural integrity of the substrate) to enable
gas (e.g., H2) access at the anode to the electrolyte. Solution etching
rates are typically much higher than those of physical etching
techniques such as reactive ion etching and ion milling (the latter
giving an etch rate of approximately 1 μm/h for stainless steel36),
making it the practical option for etching a 100 μm thick substrate.
The disadvantage in this case is the isotropic nature of the etch. This
can be mitigated by adopting a three-step procedure as demonstrated
by Shimizu et al., though to date, this has only been applied to much
thinner substrates ∼500 nm.37 Samples were etched for approximately
5 h at 70 °C and stirred at 60 rpm for the first 4 h.
X-ray diffraction (XRD) measurements for samples on single-

crystal substrates were conducted using a Panalytical Empyrean high-
resolution X-ray diffractometer using Cu Kα radiation (λ = 1.5405 Å).
Samples on the ABAD-buffered stainless steel were characterized
using a Bruker D8 diffractometer (Cu Kα radiation, λ = 1.5405 Å).
Atomic force microscopy (AFM) measurements were performed

on films using a Bruker Multimode 8 system in the tapping mode.
Commercial silicon cantilevers (Budget Sensors Ltd.) with a
resonance frequency of 300 kHz and a spring constant of 40 N/m
were used to image 0.5 μm2 areas at a scan frequency of 1 Hz. A
conducting cobalt−chromium-coated silicon cantilever with a
resonance frequency of 150 kHz and a spring constant of 5 N/m
was used for Kelvin probe force microscopy (KPFM) measurements.
Impedance measurements on the electrolyte structure were carried

out using a probe station and a hot plate together with a HP4294A
impedance analyzer. Regiments were conducted over a frequency
range of 40 Hz to 1 MHz with a 50 mV AC voltage. The stainless steel
substrate was grounded, and a voltage was applied to a circular Pt top
electrode deposited by DC magnetron sputtering with a radius of
approximately 250 μm defined by the shadow mask.

Impedance spectroscopy measurements on the LSCF mesoporous
cathode (deposited on single crystal YSZ) were carried out in a test
station using Ag as a porous low impedance counter electrode and a
synthetic air atmosphere. Porous Au paste was applied on the
electrode surface as a current collector. Measurements were
conducted in the out-of-plane direction, and impedance spectra
were acquired using an Alpha-A Novocontrol impedance spectrom-
eter with the ZG4 test interface in the frequency range of 106 to 0.1
Hz and with a voltage amplitude of 0.05 V. For the fitting of the
impedance data related to the cathode polarization arc, an equivalent
circuit composed of a series of two ZARC elements (resistance in
parallel to a constant phase element) was used, being the simplest
circuit able to fit the experimental data. The ASR was calculated
considering the area of the Au current collector (projected area of the
cathode).

3. RESULTS AND DISCUSSION

The LSCF/MgO cathode was first characterized by XRD
following the deposition on single-crystal (100) 8-YSZ
substrates and ABAD-buffered stainless steel substrates. In
both cases, the films are highly oriented and epitaxial. Figure
S1 shows the XRD patterns of the LSCF/MgO film on (100)
8-YSZ. The film is oriented along the (110) axis as expected
for the growth of a perovskite material (aLSCF = 3.8−3.9 Å) on
8-YSZ (aYSZ = 5.14 Å).38 Here, 3.93 × √2 = 5.54 giving a
lattice mismatch of 7.2%, indicating domain matching
epitaxy.13,39 A 45° rotation relative to the substrate is
confirmed by in-plane XRD (phi scan) shown in Figure S2.
Figures S3 and S4, respectively, show comparative XRD for the
cathode grown on the ABAD-buffered stainless steel substrate
(after step 2 in Figure 1) and on Ce0.8Gd0.2O2-buffered single-
crystal YSZ (as used for subsequent impedance measure-
ments). In both cases, the same predominant (110) orientation
of the LSCF is confirmed, with additional contributions from
the (111) orientation. Here, we note the poor visibility of the
(220) LSCF peak (theoretical position ∼ 69.2°) due to overlap
with CeO2 (400) at 69.29°. In LSCF, the (110) orientation is
desirable as computational studies predict a higher catalytic
activity for oxygen reduction from the (110) surface of
perovskite oxides,40,41 while experimental data demonstrate the
surface exchange coefficient k* to be approximately 1 order of
magnitude higher for (110)-oriented LSCF thin films (k* ∼
7.3 × 10−6 cm s−1) than for (100)-oriented samples (k* ∼ 0.7
× 10−6 cm s−1).42 It is important to note that it is difficult to
achieve a single orientation of thin-film materials which are
astructural to the substrate. This is the case for both LSCF
(perovskite) and MgO (rock salt) on the YSZ (fluorite)
substrate and for MgO on the LSAT (perovskite) substrate.
This is discussed further in our previous works.43,44 XRD
measurements of the etched films (after step 3) (Figures S1
and S3−S5) confirm that the MgO is removed by the etching
process, leaving the LSCF structurally intact as discussed
elsewhere.45 Further, films were grown on single-crystal (001)
LSAT substrates (Figure S5) which, with a lattice parameter of
3.87 Å, match exactly 3.87 Å for bulk LSCF. Also, LSAT is
structural to LSCF (both are perovskite) and thus enables
growth of very highly aligned and highly crystalline VAN films.
Scanning electron microscopy (SEM), AFM, and trans-

mission electron microscopy (TEM) images showing film
cross-sections before and after etching are shown in Figure 2.
Figure 2a,b shows the top-down SEM images before and after
etching, where we observe dense and mesoporous films,
respectively, from representative films grown on single-crystal
YSZ substrates. Sample porosity was evaluated using SEM
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image analysis software (MountainsLab, version 8.2), as shown
in Figure S6, from which the porosity is calculated as 47%. As
with the growth on ABAD-buffered stainless steel (Figures S7
and S8), we observe a mesoporous matrix. The lateral feature
dimensions are similar to those measured on LSAT substrates,
in the range of ∼30 nm (minimum distance observed ∼ 15
nm; maximum distance ∼ 40 nm). Figure 2c,d shows the
representative high-angle annular dark field (HAADF) images
of films grown on LSAT before and after etching, respectively.
Figure 2e shows the composition of the columns from EDX
analysis. The results demonstrate that the etching process is
selective to the MgO and that epitaxy of the LSCF is
maintained, allowing a greater surface area for the ORR to
occur.
Figure 2f,g shows the EDX maps before etching of a film on

an LSAT substrate. The MgO regions are very clearly
differentiated from the matrix. The high-resolution TEM
image of an etched film on an LSAT substrate (Figure 2h)
shows that after etching out the MgO, a highly ordered
perovskite LSCF matrix remains, and hence it is not perturbed
by the etching. Also, where the MgO is removed, a perfect
bulb-shaped pore remains. The reason for this feature can be

understood by explaining the growth process of VAN films for
approximately equal volume percentages of phases: laser
ablation of a mixed phase target leads to self-assembled
growth of a film comprised of a matrix phase and nanopillars
embedded within the matrix phase, formed by nucleation and
growth.46−48

Since the LSCF has the same perovskite crystal structure as
the LSAT substrate and also has similar lattice parameters
(3.87 Å), it has a low interfacial energy with the LSAT
substrate. Hence, after adatom diffusion of the ablated species
on the substrate surface, LSCF forms the initial layer on the
substrate since it can wet it easily. On the other hand, the
dissimilar crystal structure of the MgO (rock salt) and its larger
lattice parameter of 4.2 Å49 means that it wets the substrate
poorly. However, after the initial growth of a few unit cells of
the LSCF film (as labelled in Figure 2h), the MgO
concentration in the layer above this initial layer will be higher
than the bulk ratio. This will lead to a strong driving force for
MgO nucleation on the initial LSCF surface layers. Once
nucleated, the individual phases will lead to growth of the same
species on their surfaces since these will have the lowest
interfacial energies. Hence, MgO will grow on the preformed
MgO and LSCF will grow on the preformed LSCF. The phases
will grow in the direction of the incoming species, that is,
perpendicular to the substrate, in the form of columns. Since
the LSCF nucleated on the substrate, the columns will be
joined and thus produce a connected matrix. On the other
hand, the MgO columns are not connected and so form
isolated pillar structures. The MgO pillars have a bulbous
appearance owing to them not wetting the substrate. Since the
pillars punctuate the matrix, the matrix is in a honeycomb form
rather than a simple planar form.
Figure S9 shows further the EDX analysis of the film of

Figure 2f, confirming all chemical elements present in the
LSCF matrix, without Mg substitution, and only the Mg cation
present in the MgO nanopillars.
Figure 2(i) shows the KPFM image of a VAN film on

ABAD-buffered stainless steel before removal of the MgO by
etching. This confirms two distinct material phases in an
approximately honeycomb structure of the matrix material.
Further AFM images shown in Figure S7 show samples grown
on single-crystal YSZ [with a Ce0.8 Gd0.2O2 (thickness ≈ 10
nm) buffer layer] before (Figure S7a) and after (Figure S7b)
etching, while Figure S7c,d shows the equivalent images for
films on ABAD-buffered stainless steel. These images confirm
the removal of one material phase to leave a porous structure,
as observed in previous works,50 with features of similar size
(after step 3), independent of the form of the YSZ substrate,
whether ABAD or single crystal. The equivalent 3D
representations of these figures are given in the Supporting
Information (Figure S8).
Finally, Figure 2j shows the TEM image of the etched film

grown on ABAD-buffered stainless steel. As shown by the
dashed line passing through the film layers, we observe that the
LSCF columnar regions nucleate on the CeO2 columns (which
themselves nucleate on the YSZ). Hence, it appears that the
LSCF, rather than MgO, nucleates preferentially on the
fluorite-structured CeO2 to form the matrix phase. Nucleation
of perovskites on fluorite substrates has been demonstrated
previously using PLD, with lattice matching facilitated by a 45°
in-plane rotation of the (100) aligned crystals to closely match
the (100) fluorite surface.13 We note that the feature size
observed by TEM after etching is significantly smaller than that

Figure 2. (a,b) Top-down SEM images of films grown on single-
crystal YSZ before and after etching. (c,d) HAADF images of films
grown on LSAT before and after etching. (e) EDX scan profile film
before etching. (f,g) EDX measurements of the LSCF/MgO film
before etching of MgO. (h) TEM image of the film after etching of
MgO. (i) KPFM image of the LSCF/MgO cathode grown on ABAD-
buffered stainless steel. (j) TEM image of the film grown on ABAD-
buffered stainless steel after etching of MgO.
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observed by KPFM (∼30 nm) before etching. This is
understood because KPFM does not measure microstructural
boundaries and has a lower spatial resolution (∼30 nm, cf ∼
0.1 nm for TEM). The selective removal of MgO upon etching
is again confirmed by EDX analysis (Figure S10).
We now explore the etching of the metallic substrate (after

step 4 in Figure 1). Figure 3a shows a schematic of the mask
pattern, with ∼100 μm holes spaced ∼500 μm apart, to be
implemented by aerosol printing. Figure 3b schematically
shows complete etching with FeCl3 giving cones of steel etched
to the YSZ and with the 8-YSZ intact at the base of the cones.
Figure 3c shows an actual image viewed from the metal surface
after 5 h of etching. Etching was performed after deposition of
the cathode layer, with the sample mounted in a custom-made
support to ensure FeCl3 access to only the stainless steel,
protecting the cathode layer. Provisional experiments con-
firmed that the FeCl3 terminated at the 8-YSZ interface and
that the electrolyte layer was able to self-support over a 300 ×
100 μm2 area. While fragile free-standing YSZ regions after the
etching did not retain perfection over the whole film area
(Figure 3c), the proof-of-concept of the simple etching process
was demonstrated. Further improvements in the process are
highly possible using several-step etching procedures.37

Moreover, the film growth techniques demonstrated in this
work could readily be implemented on novel substrates, for
instance, nanoporous Ni, on which virtually pore-free electro-
lytes can be deposited by PLD, thus allowing gas access
without the need for etching and further enhancing the
commercial applicability of this work.2,37

Having demonstrated the growth of mesoporous VAN
cathodes on both single-crystal and metal substrates and the
ability to etch holes in the stainless steel substrate, we now turn

to the electrical performance of the films. Figure 4a shows the
results of ionic conductivity measurements as a function of
temperature for the CeO2/YSZ films on stainless steel
determined from electrochemical impedance spectroscopy
(EIS) (Figure S11). The data were acquired between 275
and 480 °C to approximate the low-temperature operating
regime of a μSOFC. The ionic conductivity and Ea (0.79 eV)
are comparable to literature values, thus showing the high
quality of the films and confirming the validity of this approach
for the fabrication of μSOFCs.51 It may be noted that Ea is
markedly lower than the values typically reported for bulk YSZ
(>1 eV); multiple reports however describe activation energies
for thin-film YSZ samples in the 0.6−1 eV region. The
reduction in the activation energy has been ascribed to
multiple factors including strain, film defects, and influence of
interfacial versus bulk conduction mechanisms.51

The ASR of the thin-film cathodes was measured by growing
the thin film on one side of a YSZ substrate [with a Ce0.8
Gd0.2O2 (thickness ≈ 10 nm) buffer layer to reduce
substratefilm lattice mismatch and to avoid the formation
of secondary phases at the interface] and depositing a low
impedance, porous Ag counter electrode on the other (see
Figure S12 for representative Nyquist plots and impedance
fittings). In this way, the impedance response is dominated by
the thin-film cathode.52 Figure 4b shows the ASR of a 70 nm
film measured as a function of temperature before and after the
MgO was removed by etching in acetic acid. To give relevant
comparisons, the results of this work are compared to literature
values for LSCF thin films, both dense (Plonczak et al.29) and
porous (Beckel et al.25), as well as for porous bulk samples
(Çelikbilek et al.53). For bulk LSCF samples, the Ea values
typically reported range from ∼0.4454 to ∼1.5 eV53 compared

Figure 3. Schematics of the etching process of step 4 showing the (a) sample with mask applied before etching and (b) sample after etching. (c)
100 μm holes etched using aerosol-printed polymer maskelectrolyte layer collapsed.

Figure 4. Electrical data of electrolyte and cathode layers. (a) Arrhenius plot of ionic conductivity of YSZ films deposited by ABAD on stainless
steel;51 (b) ASR of the LSCF/MgO film before and after etching of MgO as compared to the literature results from Beckel et al.,25 Plonczak et al.,29

and Çelikbilek et al.53
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to ∼2.4 eV for dense thin films and ∼1.6 eV for porous thin
films.29 The differences between these different material forms
have previously been attributed to the different levels of stress/
strain and defects, although more work is needed to fully
understand these separate effects. For our VAN nanoporous
films, the comparative influences of porosity and etching will
be presented in more detail in a separate study.
Before etching, the presence of the MgO (which is inert

toward ORR55) results in ASR values of approximately 100 Ω
cm2 at 840 °C, several orders of magnitude higher than that
observed for plain LSCF films in the literature (as shown by
the pink and blue lines in Figure 4b). Additionally, Figure 4b
shows the ASR values of etched films with thicknesses of 70
and 210 nm.
In-plane tensile strain is known to induce Sr surface

segregation,38,56 resulting in electronically and ionically
insulating Sr-enriched phases, which severely impede surface
oxygen exchange.57 However, in the temperature range studied
here, this is expected to be a small effect; for example, Jung and
Tuller observed no significant change in either surface Sr
content or impedance below 560 °C in thin-film SrTi1−xFexO3
samples, which are studied as a model system for mixed ionic
electronic conducting perovskite cathodes.58 Moreover, from
the reciprocal space maps presented in Figure S13, we calculate
the in-plane lattice parameters as a = b = 3.897 ± 0.004 Å
before etching and 3.904 ± 0.004 Å after etching. There is no
clear change (within error) in the in-plane tensile strain.
For completeness, the out-of-plane strain change was also

determined before and after etching. This was done by using
θ−2θ XRD scans. An out-of-plane tension was observed in the
as-grown VAN film, as expected because of the presence of stiff
and larger lattice parameter MgO cf. LSCF (i.e., 4.21 Å
compared to ∼3.8−3.9 Å38,49). For a VAN film on a YSZ
single-crystal substrate, Figure S1 shows a shift in the X-ray
peak position of the LSCF (110) peak to give (a + b)/2 =
3.922 ± 0.002 Å before etching to 3.913 ± 0.002 Å after
etching. This indicates that the tensile strain state was at least
partially relaxed after etching out the MgO, as shown in the
schematic of Figure 5. The same level of strain relaxation was
also observed on the ABAD-buffered stainless steel. We note
that since the lattice parameters of LSCF are dependent upon
its precise composition varying by around 0.1 Å for different
cation stoichiometries, it is not possible to ascertain the level of
strain compared to bulk LSCF.38

After etching the 70 nm film, a substantial decrease is
observed in both the value of ASR [from approximately 70,000
Ω cm2 (linearly extrapolated value) at 500 °C before etching to
100 Ω cm2 after etching] and the activation energy (Ea) from
1.6 ± 0.1 eV before etching to 0.97 ± 0.01 eV after etching,
leading, at <∼400 °C, to lower values of ASR than for plain
LSCF films.
While a decrease in the ASR upon etching the 70 nm film

could be in principle explained by a higher surface area
available for the solid−gas reaction, the lower Ea value suggests
a more subtle change in the oxygen incorporation kinetics
upon etching. Particularly, the highly distorted impedance
spectrum of the etched material (Figure S14) suggests the
presence of an electrode process which, upon chemical
treatment, becomes colimited by diffusion and solid−gas
reactions.59 Assuming that, in the case of etched material,
oxygen incorporation is colimited as described above, the
different activation energy for the 70 nm etched film with
respect to the 500 nm etched film may be related to
microstructural aspects (e.g., porosity gradients along the
electrodes thickness or microstructural differences between the
samples), which determine the occurrence of oxide ion
transport via bulk or surface paths.60 A change in the surface
stoichiometry of the LSCF by the etching process is also a
possibility. In fact, as observed from Figure 2h, the LSCF
matrix is highly intact with no reaction products visible on the
LSCF surface after etching. The atomic scale information
about the chemical etching effect is beyond the scope of this
study and is dealt with in other separate studies.45

Comparing the ASR values for etched 70 and 210 nm films,
at 450 °C, the 70 nm film offers ∼275 Ω cm2, while the 210
nm film gives ∼85 Ω cm2; with an Ea ∼ 1.5 eV, this linearly
extrapolates to ∼1 Ω cm2 at 600 °C, in line with the state-of-
the-art performance of porous LSCF.25 For temperatures <400
°C, however, the lower activation energy of the 70 nm film
once again yields a lower ASR. Since, to the best of our
knowledge, the results of Beckel et al.25 mark the lowest
reported for LSCF thin films, this result is important for
μSOFCs for operation below 400 °C. Further, by demonstrat-
ing the growth of the VAN cathode films on commercially
sourced metal substrates, complete with the electrolyte layer,
the present work identifies a commercially viable route to the
fabrication of high-performance μSOFCs for low-temperature
portable applications. The different activation energy for the 70
nm etched film with respect to the 210 nm etched film again
suggests the presence of two different oxide ion transport paths
(bulk and surface), the latter becoming predominant for low
electrode thicknesses.60 A further detailed electrochemical
study will be conducted next to further elucidate the effect of
film thickness on the dominant transport path.

4. CONCLUSIONS
We have shown that it is possible to grow state-of-the-art
epitaxial, mesoporous LSCF thin film cathodes on commer-
cially available stainless steel metallic substrates with biaxially
aligned YSZ electrolyte layers. First, we demonstrated that the
commercially available YSZ electrolytes on stainless steel
feature 3 × 10−6 S·cm−1 ionic conductivity at 400 °C. Such a
performance is consistent with typical high-performance
materials used for electrochemical devices. Thereafter, we
showed that epitaxial, porous LSCF cathodes feature an ASR
of 100 Ω cm at 500 °C and an activation energy of 0.97 eV,
demonstrating state-of-the-art performance. Finally, we showed

Figure 5. (a) LSCF/MgO VAN film and (b) strain relaxation after
etching MgO.
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that it is possible to pattern and chemically etch holes of ∼100
μm dimension into the μSOFC device for allowing gas access.
Our work marks an important advance toward creating high-
performance μSOFCs for portable power applications via a
proven commercial metallic substrate system.
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