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A thin film-based solid oxide fuel cell is deposited on a Ni-based metal porous support by pulsed laser deposition with a

multi-scale-graded microstructure design. The fuel cell, around 1 pm in thickness, is composed of stabilized-

www.rsc.org/

zirconia/doped-ceria bi-layered dense electrolyte and nanostructured Ni-stabilized zirconia and Lao.sSro4CoOs electrodes,

i.e. anode and cathodes, respectively. The cell is tested at intermediate temperatures (600-650 °C) with the aim to discern

the degradation mechanisms occurring in the cell under accelerated conditions. At open circuit, electrochemical

performances are steady, indicating stability of the cell. Under electric load, a progressive degradation is activated. Post-

test analysis reveals both mechanical and chemical degradation of the cell. Cracks and delamination of the thin films

promote a significant nickel diffusion and new phase formation. Signs of elemental distribution at low temperature are
detected throughout the cell, indicating a combination of low energy surface elemental interdiffusion and electromigrative

effects.

Introduction

Developed for use as power sources for mobile devices and for
battery replacement in miniaturized systems, thin film based
solid oxide fuel cells (TF-SOFCs) can yield high power density
above 500 mW-cm-2 at low temperatures around 400-600 °C 1~
3. As the key for advancing this technology, advanced
functional materials are tailored and combined at the
nanoscale as thin layers and nanostructures to obtain a high
electrochemical conversion at low temperatures*”’; The
advantages of thin films are to reduce the ohmic resistance at
the electrolyte, reduce polarization and blocking effects at the
electrodes and at the electrode/ electrolyte interfaces 2.
Reducing the operative temperature below 600 °C is expected
to improve long-term stability and reduced start-up time8-10,
For the stability, the physics-chemical properties of the
materials at the components are crucialll. Undesired
elemental diffusion and de-mixing impair the electrical
performances of the electrolyte!?, while microstructural
changes can reduce the electrochemical activity of the
electrodes. These effects exists in SOFCs at high temperatures
above 800 °C 1314, However, they can also occur at low
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temperature in  TF-SOFCs. In material degradation,
temperature mostly controls phase changes, elemental and
mass diffusion, leading to detrimental microstructural and
chemical transformations. Diffusion mechanisms have very
different activation energies among surface, boundaries and
the latticel>16, Particularly, bulk interdiffusive effects, such as
lattice diffusion, are activated by high activation energy
mechanisms and are usually not expected at low-operating-
temperature SOFCs. Nanostructures features are generally
“locked” by low temperature processing methods applied as
PVD/CVD. These features enhance electrochemical conversion
but can be easily “unlocked”, undergoing chemical and
microstructural degradationl” and are generally associated
with certain material behaviour, e.g. high diffusivity of certain
elements such as Ni, Co, and Sr. Cell stability can actually be
the result of a complex interplay between mechanical and
electro-chemical factors. The combination of elemental
interdiffusion, electromigration and thermal stress can also
involve different components of the cell simultaneously.
Critical effects in the support of the cell, such as stress-strain
conditions, have been recently discussed for TF-SOFCs 18 and
limitations in increasing the dimension of the FC active area
above several squared micrometres while reducing the film
thickness in free-standing TF-SOFCs have been also recognized
19, As a result, TF-SOFCs undergo degradation despite the low
operating temperatures3. On the other hand, the effects of
electric current and high energy density on nanoscaled
components have been identified as possible factors
exacerbating Ni-metal electromigration mechanisms, even at
low temperatures?°. Moreover, high current density in
miniaturized components can activate electromigration effects
with radical changes in microstructure and chemical
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composition of the materials. Nanomaterials are generally
more reactive and more prone to mass diffusion?®, especially
via surface diffusive mechanisms which have low activation
energy. This is also considering the short diffusive paths in thin
films of a few tens/hundreds of nanometers®17.21 for some
key-materials such as cerium oxide and metals, which suffer
from chemical expansion and fast diffusion, respectively?l.
Also, although LageSro.4Co0s (LSC) is known to be a chemically
unstable material, not many results are reported on its
performance and stability in TF-SOFC.

We present, for the first time, results on accelerated

degradation test carried out on metal supported TF-SOFC with
a selection of different SOFC materials, i.e. bi-layered CGO/YSZ
electrolyte, nanostructured LSC cathode and cubic stabilized
YSZ-Ni composite anode. The aim is to highlight the design
criteria for TF-SOFCs, especially for those supported on metals.
As a case study, we selected the successful “multi-
architecture” configuration, originally proposed for ceramic
supported TF-SOFCs?2, where nanostructures are achieved at
the FC through multiple depositions of layers of various
thicknesses on a coarse porous support. The cell selected in
this work is deposited on a nickel-based porous substrate
developed at Antalum/RIST. This configuration has already
shown promising results3>2223 and metal-supported SOFCs
have several advantages in terms of cost, heat management
and mechanical reliability24-26,

Experimental

Fabrication of TF-Fuel Cell

Pulsed layer deposition (PLD) was performed using a KrF laser
of 248 nm wavelength model LPX 200 from Lambda Physik
(Germany). As PLD targets, 20 mol% gadolinium-doped ceria
Ceo.8Gdo.202-5 (CGO) sintering at 1450 °C for 10 h, and NiO (40
% vol.)-ScYSZ, 8 mol% Sc,03-Y,03-ZrO, (NiO, Sc-YSZ, YSZ,
Tosoh) and LageSro4CoOs (LSC; EMPA- Switzerland) were

on
STEP

a)

=~
STEP

PLD - CGO

PLD - YSZ

‘PLD -NiO-Sc-YSZ

Gradual Columnar Porous matallic support
{um scale surface)

fabricated as fully dense pellets by uniaxial pressing and
sintered at 1450°C for 7 h in air 1127, DOI: 10.1039/C7TA11091J
As support for the TF SOFC, metallic Ni foam/Ni-YSZ cermet
multilayers were kindly provided by Antalum/RIST. Fig. 1a
shows the sequential steps for the TF-SOFC fabrication:

Step 1: Deposition of NiO/ ScYSZ layer on the metal substrate.
The deposition was performed at 100 °C under vacuum (PO, =
102 bar) with 20 Hz laser pulsed frequency and 290 mJ energy
per pulse for 20 min;

Step 2: A thin dense film of YSZ electrolyte was deposited by
PLD, at 600 °C, over NiO/ScYSZ layer, under vacuum, (PO, = 10
2 bar) with 20 Hz laser pulsed frequency and 290 mJ energy per
pulse for 20 min;

Step 3: A thin dense film of CGO was deposited by PLD at 600
°C, under vacuum (PO, = 102 bar) with 20 Hz laser pulsed
frequency and 400 mJ energy per pulse for 20 min;

Step 4: A thin porous film of LSC was deposited by PLD at 100
°C as a cathode layer, under vacuum (PO, = 102 bar) with 20
Hz laser pulsed frequency and 290 mJ energy per pulse for 30
min;

Step 5: Platinum film was deposited on cathode side of the cell
on top of LSC layer as current collector via sputtering
technique at room temperature.

Fig.1 summarizes the experimental procedure, the design
architecture of the TF-SOFC and the resulting microstructural
features. Chemical, geometrical and microstructural features
of the cells, obtained by SEM and EDS characterization, are
resumed in table 1. The final diameter of the active cells was

ca. 7mm.

— TF-SOFC
Design architecture

Gradual Columnar
[ Porous matallic
support

Figure 1.(a) A schematic description showing procedures of making TF-SOFC by PLD with the steps of the layers integration and a photograph of the TF-SOFC; (b) A

schematic design of the developed TF-SOFC design architecture.

2 | J. Mater. Chem. A, 2017, 00, 1-10
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Table 1 Composition and function of different layers of the TF-uSOFC developed by PLD determined by SEM analysis of the polished cross section samplepf thegslo/Cc7TAL1091T

Layer Composition of major Thickness i L i

Microstructure description Layer function

# phases [nm + Std Dev. nm]

1 Pt 1420 + 140 Porous Cathode/Current coll.

2 La, Sr,Co 240 + 15 Porous Cathode

3 Ce,Gd 560 + 54 Dense Electrolyte

4 Y,Zr 330+ 15 Dense Electrolyte

5 Ni,Sc,Y,Zr 200 + 15 Porous Anode Buffer

6 Ni,Y,Zr 500,000 + 22,000 Gradual columnar porosity Anode metallic support

Cell test and characterization

The TF-SOFC was tested at a FUELCON station. The cell was
mounted and sealed an alumina house in a furnace. The cell
was sandwiched between metal meshes. A nickel mesh on the
fuel side and a gold mesh on the oxygen side were used. The
furnace temperature was raised to the set testing
temperatures of 600 and 650 °C, with a heating rate of 1
°C/min. A mixture of Hy/N, (6% H,, volume) was used as a fuel
and was supplied to the anode side with a flow rate 0.06 NI/h,
while the cathode side was exposed to the synthetic air with a
flow rate of 0.06 NI/h. The accelerated degradation test was
performed at increasing temperatures from 600 °C to 650 °C.
For I-V data collection the software FuelCon® was used. After
each test, the TF-SOFC was characterized by XRD performed on
a Bruker D8 Advance diffractometer (Cu Ka radiation) with 26
in the 20-100° range. The diffraction patterns were compared
with standard patterns collected in the ICSD database. The TF-
SOFC cross-section was prepared by cut the cell, embedding in
epoxy and polishing. Scanning Electron Microscopy (SEM) was
carried out using a Zeiss Merlin SEM equipped with a field
emission gun operated at 5 and 10 kV and Zeiss Supra-35 SEM.
For transmission electron microscopy (TEM and STEM),
samples of TF-SOFC after accelerated degradation test was
prepared in epoxy and then successively thinning with a
focused ion beam (FIB) by using a Zeiss Crossbeam 1540xb.
Transmission electron microscopy (TEM) was conducted using
a JEOL 3000F operated with a field emission gun operating at
300kV. Dark-field scanning transmission electron microscopy
(DF-STEM) was carried out by using the JEOL 3000F equipped
with a STEM unit and a high angle annular dark field (HAADF)

detector. The nominal probe size was 0.5 nm and the camera
length was 12cm. For composition analysis, energy dispersive
X-ray spectroscopy (EDS) was carried out by using the
equipped Oxford Instruments EDS detector. Bright-field
scanning transmission electron microscopy (BF-TEM) images
were analysed by using the software Gatan Digital Micrograph
while the DF-STEM images as well as EDS element analysis
were processed using the software INCA.

Results and discussion

Pre-degradation test TF-SOFC features and performances

Microstructural features of the as-deposited TF-SOFC, before
testing, are shown in Fig. 2. This shows (a) SEM observations of
all the layers and support (no Pt cathode current collector), (b)
typical morphology of the PLD layers, (c) a detailed SEM image
of the FC layers made by PLD. The individual thicknesses,
phase compositions, microstructures and functions of each
layer are also summarized in Table 1. Following the “multi-
architectured” concept?3, the support possessed micrometric
grains and porosity, while a NiO-YSZ layer, with of ca. 1 um in
thickness, presented smaller features in the range on
hundreds in nanometers. This resulted in a dense structure
before chemical reduction. The microstructure and size of the
anode were further reduced by PLD, depositing the NiO/ScYSZ
of a total thickness of ca. 200 nm. The PLD anode layers
allowed smoothing down the anode surface roughness from 4
um at the substrate to few hundreds of nanometres. In the
multi-architectures design, smoother and thinner depositions
are critical to obtain dense electrolytes, without cracks and
pinholes?228.23, The bilayered-electrolyte (CGO/YSZ) used in

YSZ

NiO- 5c-YSZ

Figure 2 A SEM micrograph showing: a) An overview of all deposited layers for the TF-SOFC developed without Pt current collector. (b) A zoom-in SEM micrograph of the
deposited layers. (c) Measuring the thickness of each layer. For the dimensions measure was used the software Imagel). The numbers indicated in the SEM image indexed

the correspond layer listed in the table 1.

This journal is © The Royal Society of Chemistry 2017
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this work showed a good adherence to the substrate, dense
and pinhole-free (Figs. 2b and 2c). The total thickness was ca.
900 nm, i.e. ca. 330 nm at the YSZ and ca. 560 nm at the CGO
part. The YSZ/CGO is generally adopted in LCS-cathode-based
SOFCs. The use of CGO at the cathode side hinders the Sr
segregation towards the YSZ layer and it ensures higher total
ionic conductivity3%. On the other side, the YSZ layer protects
the CGO from chemical reduction, avoiding thus mechanical
stress and electronic leaks at the electrolyte3!. Figs. 2b and 2c
show the influence of the support roughness at electrolyte
morphology in an overall waviness replicating the Ni-metal
particles at the support. At the cathode side, LSC cathode and
a Pt current collector were deposited by PLD and sputtering,
respectively (Fig. 2b). The resulting LSC cathode of ca. 200 nm
was porous and nano-crystalline. The thickness of the Pt
sputtered was around 1.5 um. Thick current collector ensures
a proper electronic connectivity at the electrode and avoids
typical de-wetting effect occurring at metal/ceramic
interface3233, |In TF-SOFCs, porous nanocrystalline electrodes
deposited by PLD, are generally unstable, especially for Ni-YSZ
composites. However, a post-annealing step, e.g. 700°C, has
been proved to avoid severe Ni agglomeration and lack of
electronic percolation by promoting densification and
crystallinity at the anode of a ceramic-supported TF-SOFC34:35,

Journal Name

For metal supported TF-SOFCs, a further thermg] treatment
cannot be carried out in conditions thatPexitiZ@3He’sapport
and impairing the cell. For the cathode, the LSC layer resulted
nanostructures with nano-metric porosity, which is typically
obtained at low deposition temperatures3¢. On the other hand,
a degradation test, allows clarifying the typical degradation
mechanisms nano-crystalline

occurring at the original

morphology of electrodes.

Accelerated degradation test

In this work we have carried out degradation tests at 600-650
°C, in order to avoid densification, solid solution formation, or
phase transformations which are artefacts for this kind of
analysis. For the electrical characterization, OCV curves were
registered over time while electric loads were applied in
potentiometric fashion, where at constant OCV was achieved,
by collecting |-V plots and calculating the related power
density, P, at the cell. Fig. 3 shows the overall electrochemical
behaviour at 600-650 °C, including the open circuit voltage
(OCV) vs. time (Fig. 3a) and the I-V-P curves at different stages
of the test (Fig. 3b, ¢, d). At the first stage, Fig. 3a shows that
cell reached the equilibrium at 650 °C with heating rate of
1°C/min after 11 hours of reduction at the anode side.
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Figure 3. a) Panel on the performances OCV vs Time during the accelerated degradation test. Graphics IV curves based on the performances of the micro fuel cell during
the accelerated degradation test: b) IV curve shows a OCV 0.91V and a power conversion of 400 mW cm2in a mixture of Hy/N, (8% H,, volume) as a fuel at 650 °C; c) |-V
curve shows a OCV 0.7V and a power conversion of 131 mW c¢cm in a mixture of H,/N, (8% H,, volume) as a fuel at 650 °C after the first degradation. d) IV curve shows an
OCV 0.55V and a power conversion of 27mW c¢m2 in a mixture of H,/N, (8% H,, volume) as a fuel at 650 °C after the second degradation observed.

4 | J. Mater. Chem. A, 2017, 00, 1-10
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Table 2.0pen Circuit Voltage (OCV), Power Density and area specific resistance
(ASR) variation during the accelerated test of the cell

I-V curve ocv Power Density ASR Degradation
at 650°C (V) (mW cm-2) (Qcm?2) Stage
Without
A 0.91 400 0.47 K
degradation
After 1°
B 0.70 131 1.69 .
degradation
After 2°
c 0.55 27 6.50

Degradation

The chemical reduction by hydrogen-fuel is the necessary step
to obtain metallic Ni and electronic percolation at the anode.
After reduction, the cell showed a constant OCV value of 0.91

Published on 30 March 2018. Downloaded by DTU Library on 03/04/2018 12:54:48.

for our sample, low current and diluted Hy/N; (8% volume H,
in N;) fuel were used, especially to avoid irreversible
electrochemical stress at the cell. Therefore, the full potential
of the cell was certainly not expressed. Fig. 3a shows that after
the test under electric load, the degradation occurred in 2
hours, where the OCV decreased from 0.9 V to a steady 0.8 V,
with a degradation-rate of ca. 10 % hL. Fig. 3c reports the I-V-P
curves taken at this stage. At the measurement, the OCV
decreased to 0.7 V and a power density to ca. 130 mW cm™
was measured for a load of 0.13 A cm2. The cell resulted in a

total loss of around 67 % with respect of the

performances and the ASR, calculated from the I-V curve, was
1.69 Q-cm?. Yet, the potentiometric measurement triggered
another loss in OVC. That was recorded for ca. 1 h, where the
OCV decreased from 0.7 V to 0.5 V, with a degradation rate of
ca. 14 % h'l. The OCV was again rather stable until the last
potentiometric test was performed (Fig. 3d). At this final stage
the cell failed with a highly resistive with power density around

This journal is © The Royal Society of Chemistry 2017

V. This is lower than the thermodynamic value of 1.1 V.
However, TF-SOFCs often show lower performances than
conventional SOFCs, as also reported in literature for porous
metallic substrates?837, for cells on nano-porous supports with
a single layer of YSZ electrolyte383° and for bi-layer electrolyte
TF-SOFC at low temperature3!. Low OCV is usually attributed
to gas or electronic leaks across the electrolyte. These are due
to fissures/pinholes or chemical contamination at the
electrolyte which are not significant enough to equalize the
electrochemical potential across the electrodes. Presence of
defects in thin film electrolyte has larger impact than on thick
electrolyte and low OCV values can be a sign of incipient decay
of the electrolyte. Although low, the measured OCV was
steady and an electric load was then applied though the
potentiometric test. Figure 3b shows I|-V-Power density (P)
curves registered at the first stage, as indicated by the arrow in
Fig. 3a. For this first measurement, a power density of 400 mW
cm2 was achieved applying a max current density of 0.7 A-cm™
for one charge-discharge cycle. The ASR, calculated from the
slope of the first IV curve, was 0.47 Q-cm2. Such performance
are comparable with other TF-SOFC developed reported
literature for thin film designs3>. It is also worth noticing that,

Journal of-Materials/Chemistry A

27 mW cm2 and a total loss of around 80 %, V‘(X&%%tlgda\%%
increased to 6.5 Q-cm2. Table 2 summ&fzed the/ riéasiidd
values from the I-V-P curves, including the OCV, area specific
resistance (ASR) and power density. It is worth noticing that,
while the OCV was maintained constant at the different stages
of the degradation, the applied electric load in the I-V test
triggered the degradation. Such an effect suggests that while
the OCV can be maintained in the long term the actual
operation can activate degradation. The result is also relevant
considering that long term stability TF-SOFC are generally
shown in absence of applied electrical loads while IV curves
are shown after the long term stability test23.About the factors
leading to progressive degradation, they resulted related to
those leading to low OCV. Gas leak through the electrolyte due
to defects at the electrolyte can be listed among them. The
strong influence of the current in the activation of degradation
also indicates that electronic leak and chemical contamination

can occur.
a CGO
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Figure 4 XRD pattern of the TF-SOFC deposited on metallic Ni/Ni-YSZ support film
(before and after the accelerated degradation test) and that of pattern of all main

L
40

20 20

composition layers from ICSD standard data base.

Structural, microstructural and chemical characterization

To clarify whether new phases formed at the materials’
interfaces after the test, a XRD analysis on the cells was
performed before and after the test. Fig. 4 shows the XRD
patterns of TF-SOFC deposited on metallic Ni/Ni-YSZ support
film before (a) and (b) after the accelerated degradation test.
Fig. 4(c) shows the XRD patterns of the metallic support, for
comparison. The analysis showed that, while the pattern
before the test corresponded to the expected crystalline
phases, the TF-SOFC after the test showed the formation of
unidentified extra peaks (dashed circles in Fig. 4). Due to the
low temperatures, neither elemental diffusion nor new phase
formation was anticipated, while, remarkably, the extra-
phase/s could be detected by XRD, although this technique has
a minimum detection threshold around 8 % vol. of the total
crystallinity. Furthermore, presence of NiO after the test
confirmed that the oxidation of the anode materials occurred

J. Mater. Chem. A, 2017, 00, 1-10 | 5
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as a possible result an oxygen-Ni reaction due to leakages at
the electrolyte. Reduction of the cathode can also occur.
Formation of La,0s, typical of LSC degradation was however
not detected by XRD. Effects of degradation mechanisms were
observed by TEM/STEM-EDS. At the microstructural level, Fig.
5 shows typical cross section of the cell after test including the
full cell components (a) and a detail on the electrolyte (b).
Chemical composition at the layer could be recognized by the
EDS linear scan overlapped to Fig 5b. A pronounced change in
the morphology of the layers was observed after the cell test
with respect of the features before the test, as shown in Fig. 2.
At the cathode side, cracks, pores and sharp grains were
observed especially at the CGO layer (highlighted red circles in
Fig. 5a). At the anode side, the YSZ layer was relatively dense
with vertical multiple cracks. Black arrows in Fig. 5a show
extremely sharp cracks and apertures at the electrolyte both at
the CGO and the YSZ layers. The vertical orientation of the
cracks suggest a certain weakness of the microstructure
produced by PLD#0. As also shown in previous literature, this is
generally columnar with aligned vertical grain boundaries?!.
Fig. 5b shows a set of vertical cracks in with better detail. The
cracks are in the range of hundreds of nanometers in length
and few nanometers in width. Such kind of failure at the
electrolyte layer is critical and exposes the cell to gases leak.
Cracks may be caused by mechanical stress between the
substrate and the electrolyte during the thermal and/or
chemical cycles. A not dense electrolyte can either lead to
reduction of the cathode side, by fuel cross over, or anode
oxidation, by oxygen leak at the anode*2. However, while the
anode layer in general presented depleted but integer, severe
degradation at the CGO layer seemed to indicate that leak of
hydrogen to the cathodic was prominent in the sample. Fuel
leak through the crack can indeed trigger direct combustion of
the fuel at the crack with localized rising of the temperature in
the so-called hot-spots. As result, severe fracture and
formation of a sponge-like cluster with Ni-Ce-Gd-based
composition were formed. The LSC cathode layer resulted
detached from the cells and degraded in several regions. On
the other side of the cell, the anode resulted rather
homogenous and multi-scale Ni particle could be identified at
the cell. Chemical analysis on the cell was carried out by TEM

and STEM/EDS. In Fig. 5b, the TEM/EDS line scap,. indicated a
nickel distribution across the cell with a f@x Coréeritrationdat
the anode layer. However, Ni was also detected at the YSZ,
CGO and at the LSC layers. Ni migration is not expected at
temperatures below 650 °C and suggests the concurrence of
chemical and/or electro-migration effects occurring at the
nanoscale. Another unexpected effect was the sign of cerium
reaction with Ni at the sponge-like formations as well as to the
Ce depletion from the electrolyte toward both the YSZ and the
LSC layers. Solid state CeO,-ZrO, solutions are generally
formed by Zr migration and it implies high temperature lattice
diffusion mechanisms, which are unlikely at the test conditions
used in this work. Formation of hot-spots at the electrolyte can
trigger elemental diffusion. However, a localized degradation
would have been expected in that case, while such solid state
reaction seemed to be homogeneously distributed at the
layers and no-sensitive raise of the temperatures was
registered during the test to justify such a spread elemental
intermixing. Moreover, cerium migration toward the LSC layer
was also associated with a structural degradation and the
sponge-like formations in Fig. 5a. Remarkably, none of those
phases could be related to the XRD analysis shown in Fig.4. A
detailed chemical investigation at the interfaces was carried
out to clarify the nature of these effects.

YSZ/GCO bi-electrolyte interface

STEM/EDS analysis was performed at the YSZ/CGO interface in
several regions, especially to have a better statistics and avoid
local-restricted characterization. EDS was done both by line
scan analysis and mapping in the different regions of the
YSZ/CGO interface. Fig. 6 shows two selected regions: (a) a
representative region around the vertical cracks and (b) a
representative region on a dense region, with no observable
cracks in the surroundings. For the cracked area in Fig. 6a, the
line scan revealed presence of nickel and Ce-Zr intermixing at
the interface. The line scan results clearly illustrate the
elemental distributions as a function of distance from the
interface indicated as 0 symbol (Fig. 6a). The penetration
length to Ce is around 86 nm (red arrow) into the YSZ layer and
Zr 47 nm (black arrow). This feature describes a certain
chemical contamination due to elemental diffusion occurring
at 650 °C. For the crack surroundings, interdiffusion can

H
Position (nm)

s so
Counts

Figure 5 (a) TEM image of overview of the TF-SOFC after test, (b) TEM image zoom-in of the TF-SOFC after test (c). Line scan analysis overview image of the micro fuel cell
after operation. For each element was used the respective lines: Ce L, Zr K, Ni K, Y K and Gd L.
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proceed via surface mechanisms that can occur at low
temperatures. This is indeed expected for migration of metallic
Ni at the YSZ and CGO surface but is not for NiO and for CeO-
ZrO intermixing. Fig. 6b shows different results for the dense
areas at the YSZ/CGO interface, indicated as O symbol (Fig. 6b).
The penetration length to Ce is around 25 nm (red arrow) into
the YSZ layer and Zr 37 nm (black arrow). The absence of crack
would exclude the surface diffusive path, suggesting either
bulk or grain boundary diffusive paths. However, while
metallic-Ni migration through columnar grain boundaries is
plausible, the Ce-Zr solid solution formation is via lattice
mechanisms only. For the test condition used in this work the
intermixing was found to be of around 200 nm, with a deeper
diffusion of Ce than Zr after cross the interface. These results,
although unexpected at 650 °C, are consistent with some other
results indicating a fast interdiffusion of Ce cation into Zr in
reducing conditions can occur via an inversion of the cation
diffusion mechanisms*3. Elemental maps in Fig. 6 in different
areas allow visualizing the interdiffusive effects in detail,
showing regions of Ce-Zr intermixing at the electrolyte layers.
Red arrows in Fig. 6 also highlight the area of diffusion around
the cracks, while the black arrows indicate the region without
cracks. The mapping in the region close to the cracks shows a
high concentration of cerium.

This journal is © The Royal Society of Chemistry 2017

Anode/electrolyte interface

For the Ni interdiffusion, the EDS analysis highlighted a spread
contamination that started at the Anode/Electrolyte interface
and migrated throughout the electrolyte toward the cathode
side. This resulting process was likely facilitated by the cracks.
Particularly, Fig. 7 shows a detailed STEM image of the anode-
electrolyte interface, including a magnification of the cracked
electrolyte with the corresponding line (inside the crack) and
map analysis. Fig. 7a reveals a strong depletion of material at
the anode layer that resulted in porosity and voids (see red
arrow) that were not observable before the test. Elemental
analysis in Fig. 7 confirmed Ni depletion and spreading all
around the electrolyte, especially at the cracks for the possible
formation of hot-spots. A line scan also revealed a high
concentration of Ni, comparable with the Zr distribution, inside
the crack. The elemental map showed presence of Ni at core of
the electrolyte (blue cameo in Fig. 7-map analysis). As a
conclusive remark for the analysis carried out at
anode/electrolyte interface is that Ni represents a critical
component of the cell. This is known in SOFCs operating at
high temperatures, where Ni coarsening, agglomeration and
redox cycle are promoted by high operative temperatures and
electrochemical cycling®. These are thus critical effects,
leading to slow degradation of the performances in bulk-
SOFCs, which can also affect TF-SOFC at low T, where diffusive
paths are in the nanometric range. With respect to the
diffusive path, influence of the electro-migration mechanism is

J. Mater. Chem. A, 2017, 00, 1-10 | 7
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Figure 7 STEM/EDS Line scan and Mapping in the interface between anode and anode interface. For each element was used the respective lines: Ce L, Zr K and Ni K. (a
Overview of the anode side for the thin film developed, influence of deposition and development based on the surface of the support,,(waves shapes and fissures) ;(al)
Line scan region analysed through the fissure, from the anode side;( (a2) Line scan through the fissure described for Ni in red colour and Zr in red blue from the anode
side;( b) Overview of the anode side for the thin film developed Region representation where was evaluated the mapping analysis, (b1) Mapping shows the region
between CGO/YSZ presented significant interdiffusion around the cracks for instance Nickel diffusion (b2) Mapping shows the region between anode support and YSZ with

high diffusion of nickel through fissures.

however less clear. Formation of NiO-based compounds by Ni
oxidation can lead to the Ni migration toward the cathode.
Electrochemical effects at the electrodes can also boost NiO
formation. However, due the mostly complex chemistry
occurring during degradation and the presence of unknown
phases detected at after the test, such electrochemical factors
are difficult to be identified.

Cathode/electrolyte interface

The complexity of the degradation effects at the cell is
particularly clear at the cathode/electrolyte interface. Fig. 8
shows STEM/EDS analysis including the CGO, LSC and Pt layers.
This appears severely changed by the degradation test, with
the presence of mechanical fractures at the CGO layer,
formation of new particles, and voids embedded in a thick
sponge-like formation. The LSC layer was drastically reduced
from the original 200 nm continuous layer to a few La-Co-Ni-
based clusters. The Sr dopant in LSC could not be detected by
the STM/EDS and punctual phase identification at the clusters
was not possible due to inconsistency of the elemental
distribution and the reduced size of few tens of nanometres.
For the sponge-like formation, Fig. 8 shows several small
particles and voids. It was found to be crystalline and based on
Ni-La-Ce-Co oxides. Traces of strontium were detected at the
cathode side very low and spread (Fig. 8b). Strontium oxide is
known to be highly diffusive in oxidative conditions and it can
also evaporate when it is reduced to metallic Sr at the anode
side?>46, A very low amount of platinum was detected at the
cathode, while intermetallic reaction between Pt and Ni was
revealed by the formation of insulated particles, located

8 | J. Mater. Chem. A, 2017, 00, 1-10

beneath the sponge-like formation. A detail of such
morphology is shown in Fig. 8c. Presence of nickel was
especially observed at the surface of the Pt-based particles
(Fig. 8d). Presence of metallic Ni-Pt alloy also indicates a
reduction of compound as effect of direct reaction of cathode
materials with the hydrogen. Evidences of a direct reaction
between the hydrogen and the cathode materials at the
electrolyte/cathode interface can be related to the mechanical
failure of the CGO as a possible consequence of the chemical
expansion-contraction of this material from reducing condition

Figure 8 a) Mapping STEM/EDS interface region of LSC/CGO, red colour represents
the counts of cobalt, blue represents Nickel and green represents Lanthanum, b)
Mapping STEM/EDS interface region of LSC/CGO zoom in. c) Mapping STEM/EDS
zoom in the sponge like structure in the CGO layer after the accelerated test. d)
STEM/EDS mapping in the platinum particle from current collector deposited by
sputtering on top of the LSC cathode layer. When green color represents cerium

counts, blue represents nickel and red represents the platinum.

This journal is © The Royal Society of Chemistry 2017
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to oxidative conditions, respectively*2. However, the dramatic
nature of the transformation observed at the cathode side
suggests that strong elemental diffusion occurred at the cell
during operation, both in the form of oxides and metallic
alloys.

Conclusions

A degradation test on a metal-supported thin-film-based SOFC
was carried out at intermediate temperatures of 600-650 °C
and in 8% H,-N, safety gas mixture as fuel. The cell design was
selected on some of the best performing materials, usually
selected in high performance SOFC, such as YSZ/CGO bi-layer
electrolyte, nanostructured Ni-YSZ composite at the anode,
and nanostructured (La,Sr)CoOs; perovskite as the cathode.
The test revealed an intrinsic weakness of the cell related to
the reduced size of the thin film components and their
microstructural features. Gas leakage through the electrolyte
was observed at the cell already at the beginning of the test as
a possible effect of a thermomechanical mismatch between
the TF-SOFC and the metallic support. Steady OCV conditions
could be achieved in the cell, while degradation mechanisms
were activated by applying an electric load during
potentiostatic measurements. Degradation was observed to
occur at a constant rate of ca. 10-15 %h? after the
potentiostatic measurements, indicating a contribution of slow
but irreversible electromigrative effects in the cell.
Microstructural and chemical analyses on the cell after testing
revealed a concurrence of mechanical and chemical effects on
the cell. Fracturing of the electrolyte with formation of vertical
cracks and sharp fractures indicate an intrinsic weakness of the
YSZ/CGO electrolyte. The orientation and shape of the
fractures were related to the columnar nature of the YSZ/CGO
thin films deposited by PLD. On the other hand, unexpected
elemental interdiffusion led to a massive contamination of the
cell. Particularly, nickel from the anode was observed to
diffuse throughout the cell toward the cathode contaminating
the electrolyte, the cathode materials and even alloying the
platinum current collector. Furthermore, strontium was
completely depleted from the LSC cathode and new non-
identified phases were formed at the cathode side. Signs of
cerium and zirconium solid solution formation were also found
at the YSZ/CGO interface. Such effect was not expected at
temperature as low as 650 °C and they can related to
formation of hot-spots as well as to chemical reduction of the
CGO layer due to the electrolyte failure. LSC cathode
completely disaggregates by the degradation test, indicating a
crucial instability of these materials even at low temperatures.
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Elemental distribution effects are detected throughout the metal supported TF-SOFC,
indicating low energy surface elemental interdiffusion and electromigrative effects.
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