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1. Introduction

Elucidating the performance benefits enabled by
YSZ/Ni-YSZ bilayer thin films in a porous
anode-supported cell architecturet

® and Haruo Kishimoto (22

Katherine Develos-Bagarinao, (=) *® Toshiaki Yamaguchi
Increasing the performance and improving the stability of solid oxide cells are critical requirements for
advancing this technology toward commercial applications. In this study, a systematic comparison of
anode-supported cells utilizing thin films with those utilizing conventional screen-printed yttria-stabilized
zirconia (YSZ) is performed. High-resolution secondary ion mass spectrometry (SIMS) imaging is used to
visualize, for the first time, the extent of Ni diffusion into screen-printed microcrystalline YSZ electrolytes
of approximately 2—3 um thickness, due to the high temperature (typically >1300 °C) used in the conven-
tional sintering process. As an alternative approach, dense YSZ thin films and Ni(O)-YSZ nanocomposite
layers are prepared using pulsed laser deposition (PLD) at a relatively low temperature of 750 °C. YSZ thin
films exhibit densely packed nanocrystalline grains and a remarkable suppression of Ni diffusion, which
are further associated with some reduction in the ohmic resistance of the cell, especially in the low temp-
erature regime. Moreover, the use of a Ni-YSZ nanocomposite layer resulted in improved contact at the
YSZ/anode interface as well as a higher density of triple phase boundaries due to the nanoscale Ni and
YSZ grains being homogeneously distributed throughout the structure. The cells utilizing the YSZ/Ni-YSZ
bilayer thin films show excellent performance in fuel cell operation and good durability in short-term
operation up to 65 hours. These results provide insights into ways to improve the electrochemical per-
formance of SOCs by utilizing innovative thin film structures in conjunction with commercially viable
porous anode-supported cells.

the materials typically used as components for the cell archi-
tecture, either through the development of novel materials or

Solid oxide cells (SOCs) can provide environmentally friendly
solutions for producing continuous or on-demand power gene-
ration when operating in solid oxide fuel cell (SOFC) mode or
for converting the electricity generated from renewable energy
sources into fuel when operating in reverse solid oxide electro-
lysis cell (SOEC) mode. Due to the promising contribution of
these devices to the achievement of a carbon-neutral society in
the future, research in recent years has focused on addressing
the important issues that must be overcome for their wide-
spread commercialization, such as cost, efficiency, and
durability."™ In terms of cost, a viable strategy is to innovate
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alternative processing methods.® To achieve enhancements
in cell performance, it is necessary to significantly reduce the
contributions from the electrolyte ohmic resistance and the
electrode polarization resistance. As reported in a previous
study, for a typical open-circuit voltage (OCV) of 1 V, achieving
a target power density of 1 W cm™ would require a total cell
area-specific resistance (ASR) of less than ~0.25 Q cm?”
Assuming that ~60% of this value is due to the electrolyte, the
target ohmic resistance would be ~0.15 Q cm?.° Achieving this
target would require either a very high operating temperature
or a significant reduction in electrolyte thickness. State-of-the-
art yttria-stabilized zirconia (YSZ) electrolytes are typically used
for SOCs, and several studies have explored the route of redu-
cing YSZ electrolyte thickness to reduce the ohmic
resistance.'®""

In previous studies using micro-Raman analysis, the pres-
ence of Ni in the YSZ phase was found to be a driving force for
its phase transformation from cubic to tetragonal upon
reduction, accompanied by accelerated conductivity
degradation.”®"? The diffusion of Ni into the YSZ electrolyte is
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driven by the high-temperature sintering to prepare the YSZ
electrolyte on an anode support (typically a Ni-YSZ cermet).
Thus, eliminating the sintering step for the YSZ electrolyte is a
viable strategy to prevent or minimize the extent of Ni
diffusion into the YSZ electrolyte. However, although Ni
diffusion has already been identified as a key factor in the
degradation of cell performance, the actual extent of Ni
diffusion into the YSZ electrolyte has not been clarified using
conventional analytical tools such as scanning electron
microscopy or scanning transmission electron microscopy
coupled with energy dispersive X-ray spectroscopy (SEM-EDX
or STEM-EDX). This indicates the need for other more appro-
priate methods with higher sensitivity and/or resolution.

Alternative processing methods, such as pulsed laser depo-
sition (PLD),"*™*° sputtering,"””™"® chemical solution depo-
sition,?® atomic layer deposition,’® and ultrasonic spray
pyrolysis,>***> have been used as options for conventional
screen-printing or tape-casting methods typically employed for
cell fabrication. Thin film electrolytes could offer advantages
over conventional electrolytes not only in terms of reliably con-
trolled thickness reduction to the level of a few microns or
less, but also in achieving densification without the sintering
step typically performed at high temperatures. Thin-film elec-
trolytes prepared using PLD and other techniques are therefore
attractive alternatives to conventional sintered YSZ electrolytes.
However, most studies have focused on micro-SOFCs, which
have limited applications.”®*® To date, there has been no sys-
tematic investigation that clearly demonstrates the advantages
of thin film electrolytes prepared using physical vapor depo-
sition over conventional processing, especially for practical cell
applications. Since most thin film processes require vacuum
systems and energy sources to evaporate the materials, poten-
tially increasing processing costs, a demonstration of superior
performance is necessary to justify the economics of these
techniques.

To date, only a limited number of studies have succeeded
in depositing thin electrolytes on highly porous and rough
substrates.”** However, in these studies, acceptable open
circuit voltage (OCV) values of ~1 V have only been achieved
for very thin electrolyte layers in conjunction with relatively
thick and dense anode functional layers,***> which are not
ideal for gas diffusion, especially for electrolysis operation.
The integration of thin-film YSZ structures into conventional
SOCs based on an anode-supported cell architecture is challen-
ging due to the highly irregular microstructures of the latter,
in addition to maintaining their structural integrity during the
subsequent anode reduction. For example, inadequate cover-
age of the Ni-YSZ anode support by the YSZ electrolyte could
result in the formation of pinholes and other defects that
could lead to gas leakage,""***33* or in the most extreme scen-
ario, performance failure.

Here, we report on the development of dense thin-film
bilayers consisting of Ni(O)-YSZ nanocomposite layers and
thin-film YSZ electrolytes, both fabricated using PLD and
without post-annealing treatment, and their successful inte-
gration into conventional anode-supported SOC cell architec-
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tures. For simplicity, the Ni(O)-YSZ nanocomposite is chosen
as the material for this study in order to match that of the Ni-
YSZ support and thereby eliminate the potential issues arising
from the use of different materials (e.g., differences in thermal
expansion coefficients, lattice mismatch, and additional cation
interdiffusion). The goal of this study is twofold: first, to sys-
tematically investigate the properties of cells using thin-film
YSZ electrolytes in comparison with benchmark cells using
electrolyte layers by conventional screen printing and high-
temperature sintering; and second, to evaluate the short-term
stability and performance of cells using thin-film YSZ electro-
Iyte layers when operated in fuel cell mode. Using advanced
characterization tools including high-resolution secondary ion
mass spectrometry (SIMS) imaging and transmission electron
microscopy (TEM), it is shown that the use of thin films offers
specific advantages such as suppression of Ni diffusion,
increased density of triple phase boundaries, and maintenance
of excellent contact at the YSZ and anode interfaces. In
addition, the cells show excellent performance in fuel cell
operation and good durability in short-term operation up to
65 hours.

2. Experimental

2.1. Cell fabrication

The NiO-YSZ anode support was prepared by extruding a
mixture of 60 wt% NiO (Sumitomo Metal Mining Co., Ltd),
40 wt% YSZ (8 mol% Y,0;-doped ZrO,, Tosoh Co., Ltd) and a
methylcellulose binder (Shin-Etsu Chemical Co., Ltd). The
powders are then kneaded with water and extruded into a
sheet about 1 mm thick. Next, an anode functional layer (AFL)
was prepared by the dip-coating method, where a dip-coating
slurry was prepared by ball mixing 60 wt% NiO, 40 wt% YSZ,
and a polyvinyl butyral binder in a mixed solvent of ethanol
and toluene for over 24 hours. The extruded sheet coated with
the base layer was then cut to the desired coin size and sin-
tered in a furnace at 1375 °C for 2 hours. Under these con-
ditions, coin-shaped anode-supported cells with a final dia-
meter of ~20 mm were obtained.

NiO-YSZ nanocomposite films of approximately 1 um
nominal thickness were deposited on the AFL-coated NiO-YSZ
substrate using a PLD system (NanoPLD 1000/PVD Products,
with a COMPexPro102 KrF excimer laser/Coherent) under the
following deposition conditions: 750 °C substrate temperature,
10 mTorr oxygen partial pressure, 200 m]J laser energy, and 20
Hz laser repetition rate. The ceramic target used for the NiO-
YSZ nanocomposite has a nominal composition of NiO: YSZ =
21:79 wt%. The YSZ thin films were then deposited under the
same conditions as those for the NiO-YSZ nanocomposite
films.

For comparison with the cells using thin films, cells using
screen-printed YSZ layers (denoted as SP-1 and SP-2 in Table 1)
were fabricated using the same extruded sheet dip-coated with
the NiO-YSZ AFL, which was calcined at 1000 °C for 1 hour.
This was then coated with a YSZ electrolyte layer using screen

This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of samples used in this study
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Fabrication As-deposited NiO-YSZ As-deposited YSZ nominal ~ Total thickness (Ni-YSZ + YSZ)  Post-deposition
Samples  process nominal thickness (um)  thickness (um) measured post-test (um) treatment
PLD-1 PLD ~1.0 ~1.5 2.2 None (as-grown)
PLD-2 PLD ~0.7 ~2.6 3.2 None (as-grown)
SP-1 Screen-printing = — ~2.0 — 1375 °C per 2 h (YSZ)
SP-2 Screen-printing =~ — ~3.0 — 1375 °C per 2 h (YSZ)

printing, followed by a co-sintering step at 1375 °C for 2 hours.
The following identical conditions were used for the depo-
sition of GDC interlayers on all samples: 750 °C substrate
temperature, 35 mTorr oxygen partial pressure, 200 mJ laser
energy, and 10 Hz laser repetition rate. A summary of the
samples used in this study is shown in Table 1. For simplicity,
cells using Ni(O)-YSZ nanocomposite/YSZ bilayer thin films
are referred to as PLD cells, while those using screen-printed
YSZ electrolytes are referred to as SP cells.

After the deposition of the GDC interlayers, cathode layers
consisting of LSCF-GDC (Lag.6Sro.4C00 2Feg 5035~
Cey.1Gdy 90,5, nominal composition: 70:30 wt%) were pre-
pared using screen printing and then sintered in air at 950 °C.
The active area is fixed at 0.785 ecm? In addition, screen-
printed LSC (La, ¢Sro.4C00;_5) layers were prepared as current
collector layers on top of the LSCF-GDC cathode layers and
allowed to dry (without sintering).

2.2. Electrochemical evaluation

The fabricated coin cell was characterized electrochemically
using a frequency response analyzer (12604, Solartron) with an
electrochemical interface (1287, Solartron) with 3% humidified
H, gas at 100 cc min~" and air gas at 200 cc min~", respect-
ively. Pt mesh and porous Ni sheet current collectors were
attached to the cathode and anode, respectively, and then
placed in a sample holder (CHINO Co., Ltd). Gas sealing was
performed with a compression sealant under a pressure of
approximately 20 N using a ceramic spring in the sample
holder. The cell was heated up to 750 °C, and then the electro-
chemical performance was evaluated using a pseudo-four-
terminal method with Pt wires.

2.3. Characterization

Microstructural evaluation was performed using a field-emis-
sion scanning electron microscope (FE-SEM, Helios5 Hydra
CX, ThermoFisher) operated at an acceleration voltage of 5 kv
in secondary electron and backscattered electron modes for
imaging. Cross-sectional observations were made on fractured
samples. Average layer thicknesses were estimated from mul-
tiple measurements on cross-sectional SEM images.

The elemental distribution across the cross-section of the
as-prepared and post-tested samples was examined using high-
resolution SIMS (NanoSIMS 50L, Ametek CAMECA) imaging
analysis. Prior to the SIMS analysis, the samples were infil-
trated with a high-vacuum-compatible resin, and then further
fixed within the NanoSIMS specific sample holder using a Bi-

This journal is © The Royal Society of Chemistry 2023

Sn alloy and the surface was polished with a diamond slurry.
Finally, the samples were lightly coated with evaporated
osmium (Os) to improve conductivity. For SIMS measure-
ments, a Cs" primary ion source with a beam current of ~23
nA and a high voltage of 8 kV was scanned over the sample
surfaces. Seven secondary ion mass species of *°07, **Ni~,
59C0160—’ SSSrmO*, 94Zr160—, 14OC6160—, and '°8Gd'°0~ were
detected simultaneously using a magnetic sector and a multi-
collection system with six movable trolleys and one fixed detec-
tor. Image processing and linescan analysis were performed
using WinImage ver. 4.6 software (Ametek, CAMECA).

Specimens for scanning/transmission electron microscopy
(S/TEM) were prepared using dual-beam plasma focused ion
beam milling (PFIB, Helios5 Hydra CX, ThermoFisher) with a
Xe" plasma source operated at 30 kV acceleration voltage for
sampling and rough milling, and ~2 kV for the final thinning
to achieve <100 nm thickness. S/TEM and EDX (energy disper-
sive X-ray spectroscopy) images were acquired using a TEM
system (Tecnai Osiris, FEI) operated at 200 kV acceleration
voltage.

3. Results and discussion

3.1. Microstructure

Fig. 1 shows a schematic representation of a PLD cell depicting
the overall configuration of the various PLD thin films used in
this study. In addition, representative plane-view SEM images
depict the surface morphologies of the various PLD layers after
each successive deposition. As shown in the upper left SEM
backscattered electron image, the sintered AFL layer has a
characteristic morphology in which the distribution of the
micron-sized NiO and YSZ grains can be clearly distinguished
based on the differences in contrast. Here, the dark-contrast
grains are identified as those of NiO, whereas the light-contrast
grains are identified as those of YSZ. The first deposited NiO-
YSZ nanocomposite (PLD-NiO-YSZ, the lower left SEM image
in Fig. 1) has a characteristic morphology similar to that of the
underlying AFL layer, although the identification of individual
NiO and YSZ grains composing the nanocomposite itself is
difficult due to the limitations of SEM resolution. The second
PLD layer (lower right SEM image) consisting of the YSZ thin
film also shows a generally similar morphology to that of the
underlying NiO-YSZ nanocomposite layer, but with very rough
granular surfaces consisting of randomly oriented and faceted
grains. It should be noted that the direct deposition of the YSZ
thin film on the AFL/anode support resulted in a relatively

Nanoscale, 2023,15, 1569-11581 | 11571
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Fig. 1 Center: schematic illustration of an anode-supported cell configuration and the representative plane-view SEM backscattered electron
images of the AFL and the NiO-YSZ, YSZ, and GDC layers deposited in sequence using PLD.

different surface morphology (ESI Fig. S1t1) compared to that
successively grown on a NiO-YSZ nanocomposite layer. On a
binary phase microstructure such as the AFL, it was found that
the grains of the YSZ thin film exhibited highly different struc-
tures depending on whether they were grown on NiO or YSZ
grains of the AFL. This resulted in the formation of a less
homogeneous YSZ electrolyte layer with a characteristic
bimodal grain distribution. The electrochemical characteriz-
ation results to be discussed later will confirm that for such a
cell without the NiO-YSZ nanocomposite layer, the YSZ elec-
trolyte quality is consequently compromised. From these
results, it can be concluded that the NiO-YSZ nanocomposite
is critical to achieving a more homogeneous YSZ thin film.

On the other hand, the GDC interlayer (top right SEM
image in Fig. 1) exhibits a moderately different morphology
due to the sharply faceted grains that characterize its surface,
as well as the absence of visible grain boundaries that both the
NiO-YSZ nanocomposite and YSZ thin film previously inher-
ited from the underlying AFL. From these results, it can be
further verified that all deposited PLD layers, such as the NiO-
YSZ nanocomposite and YSZ and GDC thin films, appear to
exhibit dense pore-free structures as well as complete coverage
of the AFL/anode support.

Fig. 2 shows the representative cross-sectional SEM images
of the as-prepared PLD cell (Fig. 2(a), corresponding to PLD-2
in Table 1) and the SP cell (Fig. 2(b), corresponding to SP-2 in
Table 1), with the corresponding images obtained for the
tested cells (Fig. 2(c) and (d)). The grain boundaries within the
individual YSZ layers can be easily identified by the difference
in contrast between adjacent grains. Compared to the screen-
printed YSZ layers (Fig. 2(b) and (d)), whose grain sizes are in
the range of a few micrometers (i.e., microcrystalline), those of
the PLD-YSZ layers appear nanocolumnar with grain sizes in
the sub-micrometer range (Fig. 2(a) and (c)). Nevertheless, the

11572 | Nanoscale, 2023, 15, 11569-11581

PLD-YSZ layer appears densely packed, and no pores or
defects are visible. Below the PLD-YSZ layer, the dense Ni-YSZ
nanocomposite layer can be identified by its much finer struc-
ture and mottled appearance (Fig. 2(e)). This dense Ni-YSZ
nanocomposite layer is directly in contact with the Ni and YSZ
grains of the underlying AFL. For the screen-printed YSZ
sample, it can be observed that several areas at the YSZ inter-
face are not in contact with the AFL (Fig. 2(d) and (f)), result-
ing in a limited number of triple phase boundaries (TPBs),
which are considered to be active sites for electrochemical
3536 These areas are believed to have been created by
the formation of pores during the reduction of NiO to Ni, or
possibly Ni depletion due to migration from the interface. In
contrast, the interface of the PLD-grown YSZ layer has intimate
contact with the Ni-YSZ nanocomposite layer (Fig. 2(c) and
(e)). The Ni-YSZ nanocomposite layer contains several nano-
meter-sized pores that are finely dispersed within the region.
From this, it can be concluded that the Ni-YSZ nanocomposite
structure consists of nanometer-sized NiO and YSZ grains that
are homogeneously distributed in the initially deposited film.
Fig. 3 shows the STEM-HAADF (high-angle annular dark
field) and STEM-EDX results depicting the characteristic
microstructure and elemental distribution of the PLD and SP
cells after tests. In Fig. 3(a), the Ni-YSZ nanocomposite
exhibits a homogeneous appearance throughout its thickness
and is shown to be in intimate contact with both the YSZ thin
film and the underlying porous AFL. The detailed structure of
the Ni-YSZ nanocomposite is further revealed by the
STEM-HAADF image shown in Fig. 3(b), with finely distributed
Ni (light-contrast grains) and YSZ (gray-contrast grains) of
approximately 10 nm in size, interspersed with similarly sized
nanopores (dark-contrast regions). Considering that the cell
has been electrochemically tested under the current load and
at a high operating temperature (results will be shown later), it

reactions.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SEM backscattered electron images depicting the microstructures of the PLD cells (left column) and SP cells (right column). (a) and (b) The
as-prepared cells; (c) and (d) tested cells; (e) and (f) high-magnification SEM images highlighting the YSZ/AFL interfaces of the tested PLD and SP

cells, respectively.

can be concluded that the Ni-YSZ nanocomposite exhibits
structural robustness and integrity. Furthermore, there does
not appear to be any pronounced clustering or formation of
inhomogeneities in the distribution of the Ni and YSZ phases
within the mentioned layer. It has been reported that Ni
agglomeration is problematic for nanocomposites prepared
using PLD,’” resulting in inhomogeneities in the distribution
of Ni and YSZ phases. However, this does not seem to be an
issue for the Ni-YSZ nanocomposites developed in this study
because the finely formed network of the YSZ phase effectively
limits the movement of Ni within the nanocomposite struc-
ture. The Ni-YSZ nanocomposite layer thus not only provides
the functional support for the subsequent deposition of the
YSZ thin film, but also potentially provides a high density of
oxide ion pathways for a more efficient hydrogen oxidation
reaction.’® On the other hand, Fig. 3(c) and (f) show the

This journal is © The Royal Society of Chemistry 2023

typical microstructure and elemental distribution of the SP
cell, where the formation of pores due to the reduction of NiO
to Ni, in addition to Ni depletion at the interface, results in
less contact between the AFL and the YSZ electrolyte.

Further details of the microstructure can be confirmed
from the TEM image in Fig. 4(a), which shows that the highly
textured YSZ thin film consists of tapered nanocolumnar grains
with sizes ranging from ~100 nm at the interface with the
underlying Ni-YSZ nanocomposite and increasing to
~200-300 nm toward the top. In contrast, as shown in Fig. 4(b),
the SP-YSZ layer consists of randomly packed large grains of
~1-2 microns in width. Therefore, the number of grain bound-
aries present in the YSZ thin film is estimated to be approxi-
mately 10 times lower than that in the SP-YSZ layer. In previous
studies, it has been suggested that the grain boundaries could
have a detrimental effect on the oxide diffusion kinetics in

Nanoscale, 2023, 15, 11569-11581 | 11573
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Fig. 3 STEM-HAADF images of the tested PLD cell (a) in comparison with the SP cell (c). The corresponding STEM-EDX overlay images (Zr in purple
and Ni in pink) showing the YSZ electrolyte on a Ni-YSZ nanocomposite prepared using PLD are shown below ((d) and (f)). The fine distribution of
Ni and YSZ phases within the Ni-YSZ nanocomposite of the PLD cell is shown in detail in the high magnification STEM-HAADF image (b) and

STEM-EDX mapping (e).

Fig. 4 TEM images depicting the microstructures of the (a) PLD and (b) SP cells. The PLD-YSZ thin film consists of nanocolumnar grains
~100-200 nm in width, whereas the SP-YSZ layer consists of relatively larger micron-sized grains.

YSz.2>**° It has been reported that nanostructured YSZ still exhi-
bits a higher total conductivity compared to microcrystalline
YSZ possibly due to the effect of strain®® or enhanced interfacial
conductivity as reported for YSZ thin films.*' Although we
believe that the presence of a relatively higher number of grain
boundaries in the YSZ thin film does not necessarily indicate a
disadvantage compared to the SP-YSZ layer in terms of ionic
conductivity, a more systematic study is still needed to clarify

11574 | Nanoscale, 2023, 15, 1569-11581

the effect of grain boundaries on the performance of the YSZ
layer in practical cells.

3.2. SIMS imaging

To further reveal the differences between the two cell types,
the high-resolution SIMS imaging technique was used to
examine the distribution of Ni and Zr in the vicinity of the
electrode-electrolyte interfaces. Fig. 5 shows the representative

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Distribution of >®Ni~ and °#Zr'®O~ secondary ions, normalized using *0~, across the cross-section of the (a) PLD and (b) SP cells. The left
panels corresponding to each sample depict the elemental distribution of the as-prepared samples, whereas the right panels depict the corres-
ponding distribution obtained for the tested samples. In (b), white arrows depict the locations where the Ni concentration appears to be lower

(green areas).

SIMS imaging results obtained for the as-prepared and tested
PLD cells (Fig. 5(a)) and the as-prepared and tested SP cells
(Fig. 5(b)). The mapping shows the distribution of secondary
ions *®Ni and °'Zr'°0~, with intensities normalized using
'°0~, with the region of interest centered on the YSZ electro-
lyte/GDC interlayer interface. To clearly identify regions where
only trace concentrations are present, the images are displayed
with false color maps corresponding to intensities on a logar-
ithmic scale (low-intensity areas depicted in blue and high-
intensity areas in red). The complete SIMS data, showing other
secondary ions simultaneously collected during the measure-
ment, are shown in ESI Fig. S2 and S3.}

As shown in Fig. 5(a), the Ni(O)-YSZ nanocomposite layer of
the PLD cell is characterized by a continuous layer of Ni which is
in intimate contact with the overlying YSZ thin film as well as the
Ni grains and the YSZ network of the underlying AFL structure.
The contours of the thin-film bilayers essentially mimic those of
the underlying AFL, which has a characteristic wavy structure. For
the tested cell, the Ni distribution for the AFL appears less con-
nected compared to the as-prepared cell due to the reduction of
Ni and the formation of pores in the structure. Furthermore, the
YSZ thin film does not exhibit any pronounced diffusion of Ni,
unlike that of the SP cell shown in Fig. 5(b). It can be observed
that Ni diffusion is already evident in the YSZ electrolyte of the
as-prepared SP cell, indicating that this likely occurred during the
high-temperature sintering (at 1375 °C) of the electrolyte layer. A
similar distribution of Ni can be observed for the tested SP cell as
well. It should be noted that the extent of Ni diffusion into the
YSZ electrolyte has not yet been properly visualized in an actual
cell structure; in fact, as evident in the STEM-EDX image in
Fig. 3(f), no traces of Ni in the YSZ electrolyte could be detected

This journal is © The Royal Society of Chemistry 2023

using this analysis. Due to the high sensitivity of the SIMS ana-
lysis to detect species even at very low concentrations, this result
reveals for the first time how extensive the diffusion of Ni into
YSZ could be. As evidenced in Fig. 5(b), Ni has diffused through
the entire thickness of the YSZ layer.

In addition, while the as-prepared SP cell has Ni regions
uniformly colored in orange, the tested cell exhibits regions
where the Ni concentration appears to be lower (colored in
green), as indicated by the arrows in the upper right image of
Fig. 5(b). These are thought to result from the volume
reduction associated with the reduction of NiO to Ni and its
dewetting behavior,** which inevitably leaves regions near the
YSZ interfaces with less contact with Ni. In comparison, this
behavior is not obvious for the PLD cell (Fig. 5(a)), indicating
that the interfacial stability at the Ni-YSZ/YSZ interfaces is
maintained by the introduction of thin films.

For a semi-quantitative evaluation of the presence of Ni in
the YSZ electrolyte layers, linescan profiles were extracted from
the NanoSIMS mapping data as shown in Fig. 6. The
NanoSIMS mapping data shown in Fig. 6(b) are composite
images showing the overlay distribution of **Ni~ (shown in
green), >*Zr'°0~ (shown in red), and **°Ce'°O~ (shown in blue)
for the PLD and SP cells. The arrows in the images indicate
the location and direction of the linescan profiles, starting
from the vicinity of the YSZ layer immediately adjacent to the
Ni particles and traversing its entire thickness. The small
dashed rectangles indicate the width of the region of interest
selected for the analysis. The *®Ni~/?*Zr'®0~ ratio, calculated
from the ratio of the respective secondary ion intensities, is
extracted from the linescans and plotted as a function of dis-
tance in the corresponding graphs in Fig. 6(a).
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blue). Prominent peaks in the tested samples correspond to microcracks in the specimens and are considered as measurement artefacts.

Focusing on the as-prepared samples, it can be easily
observed that there is a strong difference in the concentration
of diffused Ni for the cells. Compared to the PLD cell, the rela-
tive concentration of Ni in the YSZ electrolyte of the SP cell is
higher by at least one order of magnitude throughout the
entirety of its thickness. Furthermore, it can be seen that the
Ni concentration is highest at the interface with the AFL, but
decreases only slightly within the YSZ thickness. For the PLD
cell, the Ni concentration is also relatively higher at the inter-
face with the Ni-YSZ nanocomposite layer, but it decreases
drastically along its thickness. Similarly, Ni diffusion in the
YSZ electrolyte of the PLD cell is assumed to originate from
the adjacent Ni-YSZ nanocomposite layer.

Next, we turn our attention to the tested samples. It can be
seen that for the YSZ electrolyte of the SP cell, the amount of
Ni does not change significantly compared to that before the
test. This indicates that the extent of Ni diffusion is already
determined at the cell preparation stage, specifically when the
YSZ layer is sintered. For the PLD cell, the Ni concentration
after the test became relatively higher compared to that before
the test, but its profile also shows a drastic decrease along the
thickness direction. This indicates that some additional
diffusion of Ni from the Ni-YSZ nanocomposite layer into the
YSZ thin film occurred during the test, possibly accommo-
dated by the high-density nanocolumnar structures, although
it is worth noting that the concentration of Ni in the PLD cell
is still significantly lower by at least one order of magnitude
compared to that of the SP cell. Prominent peaks can also be
observed in the profiles of both samples; these peaks coincide
with the microcracks (see the mapping data on the right) that
invariably form during the specimen preparation and are
therefore considered as measurement artefacts.

These results therefore provide further evidence that the
thin film route is an effective approach for avoiding the exces-
sive diffusion of Ni into the YSZ electrolyte. The main advan-
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tage is the use of a relatively low deposition temperature
(750 °C) for YSZ preparation, where Ni diffusion is significantly
suppressed while still obtaining a relatively dense layer
capable of functioning effectively as an electrolyte for cell oper-
ation. This ensures the relative purity of the YSZ phase,
thereby minimizing any conductivity degradation associated
with Ni diffusion and phase transformation.">"?

3.3. Electrochemical performance

Given that the intrinsic microstructures of the YSZ layers are
closely related to the fabrication process, the next question is
whether these properties will have an effect on the electro-
chemical performance of the cells. In particular, we would like
to compare the performance of the PLD cells to those with
components prepared using conventional processing, in order
to clarify the differences and potential advantages of using
thin films in the cell architecture.

Fig. 7 shows the Arrhenius-type plot of the area-specific
ohmic resistance for the PLD cell (PLD-1 in Table 1), in com-
parison with the SP cell (SP-1 in Table 1). These results are
further compared to a baseline sample that contains no thin
film components, i.e., a screen-printed GDC interlayer and a
YSZ electrolyte, which are typically used in conventionally pre-
pared cells used in industry. Here we find that the ohmic resis-
tance values for either the PLD or SP cell are at least one order
of magnitude lower than those of the baseline cell. This is pri-
marily attributed to the use of a PLD-grown GDC interlayer,
which can be prepared with a dense structure at a relatively
lower deposition temperature, thereby avoiding the problems
of cation intermixing or solid solution formation at the inter-
face of the GDC and YSZ electrolytes.***> In addition, for
temperatures below 750 °C, we observed that the ohmic resis-
tance values for the PLD cell are approximately 14-21% lower
than those for the SP cell. This indicates that for an equivalent
YSZ electrolyte thickness, the PLD cell outperforms the SP cell

This journal is © The Royal Society of Chemistry 2023
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paring the performance of the PLD cell (red squares; PLD-1), the SP cell
(black circles; SP-1), and a baseline sample (open triangles; no thin films
included in the cell). The PLD cell shows the lowest ohmic resistance
values for the entire range of temperatures investigated.

in terms of ohmic resistance. As discussed previously, this be-
havior can be accounted for by the relative absence of diffused
Ni, as well as the intrinsically higher conductivity of nanocrys-
talline YSZ compared to microcrystalline YSZ. Nevertheless, we
believe that even further reductions in ohmic resistance are
still possible, for example, by lowering the overall electrolyte
thickness, which is the subject of our ongoing investigations.
Finally, Fig. 8(a) shows the current-voltage-power (I-V-P)
characteristics of a PLD cell evaluated at 750 °C. The PLD cell
exhibits a relatively high OCV value of ~1.08 V, although this is
still slightly below the theoretical value (1.12 V), suggesting
that there is still a possibility for further optimizing the thin
film structures to improve gas tightness. On the other hand,
the cell prepared without a Ni-YSZ nanocomposite exhibited
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Fig. 8
V at 750 °C under 3% H,O-97% H, fuel gas flow.
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an even lower OCV of ~1.0 V, presumably due to insufficient
gas tightness attributed to the inhomogeneous YSZ layer (ESI
Fig. S1), which highlights the benefit of using the Ni-YSZ
nanocomposite in the cell structure. Nevertheless, as shown in
Fig. 8, a maximum power density (Pyay) of ~1.83 W cm™> was
also obtained, which is already quite competitive with the best
reported values for anode-supported cells using conventional
YSZ with a similar thickness.*® As an evaluation of the short-
term durability, Fig. 8(b) shows the current density at 750 °C
under 3% H,0-97% H, fuel gas flow at a constant potential of
0.8 V and plotted against the operation time. The PLD cell
exhibited an initial high current density of ~1.7 A cm™> and
showed good stability over a period of 65 hours, with only a
slight reduction to ~1.6 A cm™>. Thus, the electrochemical
evaluation results confirm that the PLD cell exhibits relatively
stable short-term performance. To the best of our knowledge,
this is the first demonstration of stable performance using
thin-film YSZ electrolytes in a conventional anode-supported
cell architecture with a high current density reaching ~1.7 A
cm™2 at 0.8 V. Based on this performance, thin films therefore
have great potential to replace conventionally processed com-
ponents in anode-supported cells, particularly, the dense
layers physically separating the porous electrodes. The majority
of performance values reported in the literature, where the
components of conventional materials such as YSZ and GDC
were fabricated using physical vapor deposition techniques,
were obtained in lower temperature regimes,***”*® making
direct comparison with our cells difficult; not only were the
temperatures much lower than those used in practical cell and
stack evaluation (typically higher than 700 °C"**°7*") but also
most studies focused only on the initial performance. A short-
term evaluation by Lee et al. showed apparently stable per-
formance at 600 °C at a constant current of only 0.2 mA cm™>
for only 7 hours;*® however, due to the relatively short period
of evaluation and the absence of post-mortem analysis, it is
insufficient to draw clear conclusions about the robustness
and stability of the used YSZ electrolyte.
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4. Conclusions

In this study, thin-film bilayers consisting of Ni(O)-YSZ nano-
composites and YSZ thin films have been developed for use as
components in porous anode-supported cells. To understand
the advantages offered by thin films, the cells were systemati-
cally compared with those obtained using conventional
screen-printed YSZ. The main findings indicate that the thin
film route allows the achievement of the following results:

4.1. Suppression of Ni diffusion into the YSZ electrolyte

Using high-resolution SIMS imaging, extensive Ni diffusion in
the conventional screen-printed YSZ electrolyte is visualized
for the first time. In contrast, this behavior is strongly sup-
pressed when using thin films. This has implications for the

electrolyte-associated degradation that arises from Ni
diffusion.
4.2. Reduction in ohmic resistance

A lower ohmic resistance was obtained for the cells using thin
films, especially in lower temperature regimes. This is attribu-
ted to the suppressed Ni diffusion as well as the nanocrystal-
line nature of the YSZ thin films.

4.3. Increased TPBs and improved contact at the YSZ and
anode interfaces

Using the Ni-YSZ nanocomposite, a fine distribution of Ni and
YSZ phases at the interface was achieved, resulting in a high
density of TPBs. Intimate contact is likewise maintained with
both the YSZ electrolyte and the underlying AFL.

To demonstrate the suitability of the developed thin-film
bilayers, the electrochemical performance of the cells in fuel
cell operation was evaluated. The highest maximum power
density achieved was 1.83 W cm ™2, and the current density at
750 °C under an applied potential of 0.8 V was as high as
~1.75 A em 2. Short-term durability tests performed at a con-
stant potential of 0.8 V and 750 °C showed a high current of
~1.7 A cm™? and relatively stable performance up to
~65 hours.

Thus, these results reveal that there are some specific
advantages to the incorporation of thin-film layers into the
architecture of commercially viable anode-supported -cells,
enabling good performance comparable to those utilizing
components prepared using conventional methods. The dem-
onstration of good performance using the Ni(O)-YSZ/YSZ
bilayers suggests that the manufacturing approach can be a
good basis for exploring other types of thin film combinations,
e.g., Ni(O)-GDC, Ni(O)-scandia-stabilized zirconia, etc. The
deposition parameters for the thin films should be carefully
selected in order to fulfill stringent requirements such as gas-
tightness, high TPB density, and the ability to maintain inti-
mate contact with the adjacent components in the cell. On the
other hand, certain issues still remain to be addressed, in
terms of further improving the OCV and identifying other criti-
cal factors that may influence long-term stability. Tuning the
characteristic microstructures of the thin film layers and inter-
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facial properties is expected to further enhance performance
and improve durability for long-term operation.
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