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Cep.8Gdp.201.9 (CGO) barrier layers are required to mitigate the chemical reactions between Sr-containing
oxygen electrode materials and Zr-based oxygen ion conductors in high-temperature solid oxide cells. Barrier
layers produced by different methods were studied in this work. As a reference, a cell with no barrier layer was
measured. The application of the powder-processed barrier layers, considerably increases the performance. For
further comparison, thin and dense CGO layers were produced by a low-temperature spray pyrolysis process.
Three different thicknesses were evaluated: ~300 nm, ~700 nm and ~1500 nm. The best performance was

found for the ~700 nm thick CGO barrier layer. It showed low ohmic and polarisation resistances. The low
thickness and high density of the CGO barrier layer were found to be the important factors. The cells with the
~700 nm CGO barrier layers were also evaluated for their electrolysis performance as well as fuel cell durability.

1. Introduction

Solid oxide cells (SOCs) are efficient energy conversion devices,
which can play an important role in the energy sector. One of the im-
portant improvements over the years has been the utilisation of high-
performing oxygen electrode materials, i.e. (La,Sr)(Co,Fe)Os; or
(La,Sr)CoO3. These mixed ionic-electronic conductors opened the pos-
sibility to lower the working temperature of the cells below 800 °C
[1,2]. One of the disadvantages of using these materials is their high
reactivity with the yttria stabilised zirconia (YSZ) electrolyte, and the
formation of poorly conducting La»Zr,O, and SrZrO; at the electrode-
electrolyte interface [3-5]. As a solution to this important problem, an
additional diffusion barrier layer between the YSZ and the oxygen
electrode can be introduced [6-8]. Doped ceria have found use as the
barrier material — it is not reactive with the most popular oxygen
electrode materials at typical electrode sintering temperatures (< 1200
°C) [9]. Doped cerias are also good ionic conductors [10-12]. One of
the issues when using ceria-based materials is their potential reactivity
with YSZ at temperatures exceeding 1200 °C, so sintering at these high
temperatures should be avoided. For this reason, different fabrication
methods were evaluated, including high temperature powder-based
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methods [4,13,14] and physical/chemical deposition methods
[7,15-171, in which the preparation temperature can be greatly re-
duced.

High quality CGO barrier layers are crucial for low-temperature
high-performance cells. As shown by Zhang-Steenwinkel et al. [18], in a
typical porous anode-supported YSZ electrolyte cell, the optimisation of
the CGO barrier layer together with a state-of-the-art LSC-based elec-
trode led to the cells having an impressive power density exceeding 1 W
cm ™2 at 600 °C. The dense barrier layer produced via Physical Vapour
Deposition (PVD) performed much better than the standard, powder-
processed high-temperature co-fired barrier layer. Often, the addition
of a CGO barrier layer even a few-nm thick prevents the negative re-
actions, especially for cells operated at reduced temperatures (< 600
°C) [19,20]. The specific thickness and microstructure that results in the
optimised performance of the CGO barrier layers have not yet been
rigorously determined.

Spray pyrolysis is a low-temperature ceramic deposition process,
used in many areas of materials deposition, including solar cells, cata-
lysis and fuel cells [21-26]. For solid oxide cells, the advantage is that
the layers can be prepared at reduced temperature (< 900 °C) [27,28]
and the microstructure can be controlled by heat-treatment [29,30].
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The reduction of the fabrication temperature of the CGO barrier layer
can be beneficial in lowering the cost of cells, which is an important
factor in their broader use. Ceria-based materials have already been
produced by spray-pyrolysis, resulting in good performance [5,31-34].
Even though CGO layers produced by spray-pyrolysis were already
presented, their long term stability remains an open question.

In this work, we evaluated the electrochemical performance and
microstructural features of anode-supported cells with CGO barrier
layers with different thicknesses (~300 nm, ~700 nm and ~ 1500 nm)
prepared by spray pyrolysis. In addition, we measured a cell without
the barrier layer and with a high-temperature powder-processed CGO
coating. In the end, we have also tested the cell for ~500 h and ana-
lysed the cell post-mortem. We show the benefit of using dense, readily
processed barrier layers on cell performance, caused by lowering of the
ohmic resistance, which is substantially higher for the powder pro-
cessed barrier layers.

2. Experimental

Commercial anode-supported cells were purchased from
FuelCellMaterials (ASC2.5 type, USA). They consist of Ni-YSZ/YSZ/
GDC/LSC electrodes, optimised to work at < 800 °C. Diameter of a cell
was 25 mm, with an oxygen electrode area of 1.23 cm?. Due to their
commercial origin, no preparation details for the CGO barrier layer are
available.

Anode-supported half-cells (with no CGO-layers) produced by
National Taipei University of Technology (TaipeiTech, Taipei, Taiwan)
were used for the deposition of barrier layers. The cells were prepared
by tape-casting/screen printing processes. The cells consist of a Ni-YSZ
support, Ni-YSZ active electrode and 8 —10 um thick YSZ electrolyte.
More details about the cells microstructure can be find in [35]. Prior to
deposition of the CGO barrier layers, the cells were thoroughly cleaned
with acetone and ethanol.

A powder-processed CGO barrier layer was produced by wet-
powder spraying of a slurry containing a commercial CGO powder (DC-
20 K, DKKK, Japan) in a mixture of toluene and ethanol. A small
amount of Co-nitrate (~3 mol.% in respect to CGO) was added to act as
a sintering aid. The CoCGO was sprayed on the YSZ electrolyte with a
Paasche VLS airbrush. Mass change was measured to control the layer
thickness. After deposition, the CoCGO was sintered in air at 1250 °C
for 2 h.

Spray pyrolysis processed CGO barrier layers were prepared from
liquid solutions containing dissolved Ce- and Gd-nitrates (Sigma-
Aldrich, 99.9 % purity). The total concentration of metal cations was
0.2 M. The solution was based on a mixture of tetraethylene glycol and
ethanol (99.7 %). Spraying was carried out using a Paasche VLS ato-
miser. The distance of the nozzle to the substrate was 60 cm, the liquid
flow rate was 1 mL/h, and the air pressure set to 2 bar. The hot-plate
temperature was 390 °C. The substrates for the deposition were half-
cells as well as sapphire (AdValueTech, USA) and YSZ-tape, used for
quality control and microstructural evaluation. For the deposition of
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the ~300 nm, ~700 nm and ~ 1500 nm thick CGO layers, 5/10/20 mL
of the precursor were used. The CGO layers on the half-cells were sin-
tered at 900 °C, and further used for oxygen electrode deposition.

Based on the prepared half-cell, the oxygen electrode was deposited.
A commercial LagSrg 4Coq2Feog03.6 (LSCF) paste (Electro-Science
Laboratories 4421A, USA) was used. The paste was painted on the
samples using a brush, controlling the weight gain (corresponding to
the thickness 30 pm). After drying, the LSCF was sintered at 1050 °C for
2 h in air with an intermediate dwell step at 600 °C for 1 h to remove
the binder. The sintering temperature was selected based on previous
initial measurements of symmetrical cells, for which the best result (the
lowest polarisation resistance) was obtained.

The electrochemical characterisation of the cells was based on a
custom-built system. The cells (25 mm in diameter) were attached to an
alumina tube (25 mm outer diameter, 2 mm wall thickness). The hy-
drogen electrode was facing the tube. Gold paste was painted on the flat
part of the tube edge to electrically connect the hydrogen electrode. The
outer edges of the cells were further glued/sealed using a ceramic ad-
hesive (Aremco 552, USA). The oxygen electrode of the cell was painted
with Au strips, to which Au wires were attached for electrical con-
tacting. The cell was placed in a tube furnace with PID temperature
control. The wires were connected to a Solartron 1260/1287 system for
impedance and current-voltage characterisation. After heating to 750 °C
(800 °C for the cell with no CGO barrier layer), the reduction of the cell
occurred in dry H; until a stable OCV value was obtained. The gas inlet
line included a small furnace just outside of the main tube furnace, in
which a quartz reactor was placed to react O, with H, to deliver a
controlled amount of steam. The temperature of the reactor was
maintained at 750 °C, the flows of H, and O, were controlled by mass
flow meters (Brooks, USA). Ambient air was delivered from the other
side with a diaphragm pump (500 mL min~!). The system allowed
gases to be produced from dry H, (as delivered from the hydrogen
generator) up to 90 % H,0 — 10 % H,. To characterise the cells, the
impedance spectra were measured at OCV. The impedance data was
analysed using the distribution of relaxation times (DRT) method. A
freely available DRTTools Matlab script developed by prof. Ciucci was
used [36-38]. For cell performance, current-voltage characteristics
were measured. The aging of the cell was performed in galvanostatic
mode at current densities of 100 mA cm?, 250 mA cm™ and 500 mA
cm>,

The microstructure of the cells was evaluated using a ThermoFisher
Phenom-XL scanning electron microscope (SEM) with an integrated
energy dispersive x-ray spectroscopy (EDS) analyser. The SEM imaging
was performed at 10 kV acceleration voltage with a backscatter elec-
tron (BSE) detector. The EDS analyses were performed using 15 kV
acceleration voltage and the ZAF algorithm for quantification. For
preparation of polished cross-sections, samples were embedded in
epoxy (EpoFix, Denmark), ground and polished down to a 1 pm finish
(using a Stuers Tegramin-20 system, Denmark). Before imaging, the
epoxy surfaces were sputtered with carbon (Quorum, UK).

The used cell-designations with a short description of the important

Table 1
Specification of tested solid oxide cells.
Cell name: CGO barrier layer: CGO thickness: Notes/remarks:
noCGO No barrier layer — —2 cells tested;
FCM Commercial cell with CGO barrier layer pm, porous - purchased from FuelCellMaterials, no sintering details available;
- Lag 6Sr0.4C003.5 (LSC) oxygen electrode;
— 2 cells tested;
TT-wpsCGO Aerosol sprayed CGO barrier layer 3—10 pm, porous - in-house developed cell (TaipeiTech)
- cobalt used as a sintering aid, sintered at 1250 °C;
— 2 cells tested;
~300 nm Spray pyrolysis ~300 nm —2 cells tested;
~700 nm Spray pyrolysis, ~700 nm —4 cells tested;
~1500 nm Spray pyrolysis ~1500 nm — 3 cells tested;
5627
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Fig. 1. Microstructure of the CGO layers: A) optical image of the cells with different barrier layers, B) wet-powder spray CGO barrier layer on YSZ electrolyte, C) CGO
barrier layer on YSZ electrolyte on a commercial cell (from FuelCellMaterials), D) spray-pyrolysis processed CGO on a YSZ substrate.

features are summarised in Table 1. To ensure reproducibility, several
cells of each type were measured. Very good reproducibility was ob-
tained, typically the values (current-voltage, impedance) were
within = 10 %.

3. Results and discussion
3.1. Initial microstructural characterisation

The CGO barrier layers were prepared by spray pyrolysis of liquid
precursors and by wet powder spraying of a slurry. For comparison, a
commercial state-of-the-art ASC from FuelCellMaterials (USA) was also
tested.

Fig. 1 presents images of the different layers produced in this work.
The optical picture (Fig. 1 A) shows the different finishes (gloss) of the
surfaces. CGO prepared by spray pyrolysis is very glossy. The wet-
powder-sprayed CGO layer is the most matte, and the commercial cell
has an intermediate appearance.

Fig. 1 B shows the polished cross section of the wet-powder-sprayed
CGO coating on the YSZ electrolyte. It was deposited on an already pre-
sintered NiO-YSZ/YSZ half-cell. Due to constrained sintering, the layer
cannot shrink and densify. The layer is thus porous (40-50 % porosity)
and ~5 pm thick. Fig. 1 C presents a cross-section of the commercial
cell with the CGO on top of the dense YSZ layer. The CGO coating is
denser than the one shown in Fig. 1 B. The preparation details are not
known. These two powder-processed CGO coatings resemble the typical
powder-processed barrier layers reported in the literature. These coat-
ings are used as the reference ones in this work.

Fig. 1 D shows the fracture cross-section microstructure of the CGO
layer produced by spray-pyrolysis on a ~150 um thick YSZ substrate.
The layer structure seems dense and has a thickness of ~1 um. The
fracture cross section image shows good adherence and density of the
layer. As presented in the images, the microstructures of CGO prepared
by wet powder spray and spray pyrolysis are thus vastly different. Even
though the spray-pyrolysis produced CGO has been sintered at 900 °C, it
has a visibly denser microstructure than the powder processed CGO
layers produced at > 1200 °C.

3.2. Electrochemical and post-mortem analysis
The influence of the different barrier layers on cell performance has

been assessed through electrochemical characterisation. For reference,
cells without barrier layers were also measured. The results are
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presented in Supplementary materials (Figure S1). As expected, the lack
of a barrier layer results in very high polarisation resistance. The ohmic
resistance of the cell without the CGO barrier layer has been un-
expectedly low, but it might be partly due to higher testing temperature
(800 °C).

3.3. Powder-processed CGO barrier layers

In this part, we evaluate two types of cells with powder-processed
CGO barrier layers. The first type is a commercially available hydrogen
electrode supported cell with a CGO barrier layer and an LSC oxygen
electrode (FCM cell). The second type is a hydrogen electrode sup-
ported cell produced by TaipeiTech with CGO produced in-house via
wet powder spray and with an LSCF oxygen electrode (TT-wpsCGO
cell).

The electrochemical performance of the cells is presented in Fig. 2
A. The two cells show very similar performance. The maximum power
density reaches ~800 mW cm ™2, two orders of magnitude higher than
in the case of the cells with no barrier layer (which were tested at 800
°C), presented in Figure S1. The current-voltage measurements are
supplemented by impedance measurements, carried out at OCV. The
spectra are presented in Fig. 2 B. The ohmic resistance of the TT-
wpsCGO cell is lower than the ohmic resistance of the commercial FCM
cell. Generally, the values of 0.15—0.20 Q cm? are obtained at 750 °C.
Recalculated for the electrolyte thickness of 10 pm (including both the
CGO and YSZ), the resulting specific conductivity value is ~5—10 mS
cm™, which is slightly below the conductivity of pure YSZ (~20 mS cm’
1) and CGO (~60 mS cm™). The ohmic resistance also includes, how-
ever, contributions from the non-ideal contacts, the porosity of both
electrolytes, etc. Adversely, the polarisation resistance of the TT-
wpsCGO cell is higher. The sum of the ohmic and polarisation re-
sistances is the same for the two cells, resulting in the same perfor-
mance. Based on the DRT analysis (the inset of Fig. 2 B), the individual
processes on both cells differ: the high (P1~1000 Hz) and medium
(P2~ 20 Hz) frequency process alters their relative intensities. The low
frequency process (P3~0.1 Hz) remains similar for the two cells.

Based on the available literature, the process between 1000-10,000
Hz can possibly be ascribed to the Ni/YSZ triple phase boundary, while
the processes at 100-1000 Hz to the oxygen electrode. The process at
100-10 Hz can be related to gas diffusion, while the processes at fre-
quencies < 10 Hz to gas conversion [39-41]. For a relatively small cell
size, gas conversion has a small effect [42]. This is however only a
generalised, simplistic view of the complex electrodes in a full fuel cell.
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Fig. 2. Electrochemical performance of the cells with powder processed CGO layers: A) current-voltage and power density characteristics, B) impedance spectro-
scopy, C and D) SEM cross-section analysis of FCM commercial and TT-wpsCGO cell, respectively, E and F) EDS elemental line scan analyses of FCM commercial and

TT-wpsCGO cell, respectively.

An equivalent circuit consisting of as many as six frequency-dependent
processes is used to determine cell spectra in the literature [40,42].

In the DRT spectra presented in the inset in Fig. 2 B, the predicted
contribution from the oxygen electrode (characteristic frequency be-
tween 100-1000 Hz) is not distinguishable. One reason is that it has a
very small magnitude. Indeed, based on CGO-based symmetrical elec-
trode measurements of the porous LSCF electrode, low polarisation
resistances (< 20 mQ c¢m?) at 750 °C can be achieved [43]. Though the
measurements from the symmetrical cells are not directly applicable for
fuel cell performance determination, they indicate very high perfor-
mance of the LSCF electrode. The contribution of the oxygen electrode
to the total polarisation of the fuel cell can be thus summarised as very
small [44].

The microstructures of the commercial and in-house developed cells
are presented in Fig. 2 C-D. The commercial cell has a ~5 pm thick
CGO layer with porosity ~30 %. The in-house developed cell shows a
more porous and slightly thicker CGO layer. Line-scans across the CGO/
YSZ interfaces are shown in Fig. 2 E-F. There is only a very small, but
nonetheless noticeable increase of the Sr signal at the CGO/YSZ inter-
face. As has been reported, it most probably comes from the sintering
step, where the layers are exposed to high temperatures. Kiebach et al.
has shown that a SrZrO; layer forms upon sintering of a LSCF/CGO
electrode (sintered at 1250 °C), and does not progress further during a
1600 h cell test at 0.5 A cm ™2 [4].

The application of a porous CGO barrier layer, achievable by rela-
tively simple powder-processing routes, results in a two-fold order of
magnitude increase in power density in comparison to a cell without
the barrier layer. Even though the layer can be quite porous, it is still
effective at blocking the formation of the SrZrO; phase.

3.4. CGO barrier layers produced by spray-pyrolysis

Spray-pyrolysis was used to deposit CGO barrier layers and compare
their properties with the powder-processed ones. The main advantage
of the spray-pyrolysis process is that it is possible to fabricate ceramic
layers at reduced temperatures, e.g. at ~400 °C. For screening pur-
poses, samples with three different thicknesses of the barrier layer were
produced. Different thicknesses were achieved by spraying different
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amounts of the precursor-solution onto the samples. Cells with thick-
nesses of ~300 nm, ~700 nm, and ~1500 nm were produced and
studied. The thicknesses used for the description of the samples are
average CGO thicknesses, as determined from several SEM images.
Generally, the thickness has some variation (max = 20 %) caused
mainly by the surface irregularities. On very flat surfaces (e.g. single
crystals), spray-pyrolysis produces very flat and uniform layers. On
surfaces with some irregularities, deposits tend to be thicker at convex
surfaces (in the “valleys”). As the YSZ electrolyte has some irregularities
in thickness (in the range of = 10 %), it is also visible in the CGO
thickness variability.

The effect of the CGO thickness on the electrochemical performance
is presented in Fig. 3 A. The lowest performance among the cells is
shown, expectedly, by the cell with the ~300 nm thick CGO, which has
a maximum power density of ~700 mW cm ™2, The best performance is
achieved by the cell with the ~700 nm thick ceria layer. In this case,
the maximum power density reaches ~1 W cm ™ 2. For the cell with the
thickest CGO barrier layer (~1500 nm), an intermediate value of the
power density is achieved. The results were confirmed based on mea-
surements of several cells. Specifically, the ~1500 nm CGO barrier
layer resulted in lowered performance.

The results of the impedance analysis of the three cells, measured at
OCV, are presented in Fig. 3 B. The cell with the thinnest CGO layer
shows the highest ohmic resistance (~0.14 Q cm?) and the largest
polarisation resistance (~0.15 Q cm?). The two cells with thicker CGO
layers have a quite low series resistance (90-100 mQ cm?), which
would correspond to the specific conductivity of ~11 mS cm™'.
Slightly lower ohmic resistance has been obtained for the 700 nm cells,
which resulted in higher performance under a current load. This is a
visible improvement over the samples with the powder-processed CGO
barrier layer. As evidenced in Fig. 1, the spray-pyrolysis produced
layers have a dense microstructure and are quite thin. Both of these
features contribute towards the lower ohmic resistance.

The polarisation resistance of the cells with ~700 nm and ~1500
nm thick CGO barrier layers is quite similar, i.e. 0.12 Q cm? at OCV.
The electrode performance at OCV is thus the same for both cells. The
resulting performance is better for the cell with the ~700 nm CGO
layer. The comparison of the individual contributions to the spectra
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Fig. 3. Electrochemical performance of CGO barrier layers prepared by spray pyrolysis: A) current-voltage and power density characteristics, B) impedance spectra of

cells, C) DRT analysis of spectra shown in B).

presented in Fig. 3 B shows different behaviour, especially for the low
frequency process.

The overall resistance of the cells (measured in 50 % steam/50 % H,
at OCV), including the series and polarisation contributions, is ~0.2
Qcm? for the cells with the ~700 nm, and ~ 1500 nm thick CGO, and
~0.3 Q cm? for the cell with the ~300 nm CGO.

Even though the performance of the cells with 700 nm and 1500 nm
CGO layers is quite similar at OCV, they differ under the current load.
The cell with ~1500 nm CGO layer shows larger activation polarisation
than the cell with ~700 nm thick CGO, which results in different
performance at higher current densities. To take that into account, in
addition to performance parameters determined by impedance spec-
troscopy at OCV, ASR has been also calculated based on the current-
voltage plot (Fig. 3 A). The slope of the curves has been determined in
the voltage range 800 mV - 700 mV and is included in Table 2 as the
“Tangent ASR” values.

The parameters of the cells based on the impedance and current-
voltage measurements are summarised in Table 2.

The higher performance of the cells with 700 nm thick CGO layers
in comparison to the cells with 1500 nm thick CGO layer is noteworthy.
The tangent ASR values obtained for these two cells are considerably
different. We hypothesize, that one of the possible reasons can be a
large number of (resistive) grain boundaries in the spray-pyrolysis
produced layers, resulting in their low total conductivity [32] (but in
general still better than for the thick and highly porous powder pro-
cessed layers). So the positive effect of the barrier layer is visible when
the negative interdiffusion is blocked, but a further increase of the
barrier layer thickness does not result in performance improvements.

The microstructures and respective elemental line-scans of the three
cells are presented in Fig. 4. Even though the resolution of EDS is ty-
pically within = 0.5 um, it can be used to qualitatively analyse the
reactivity of the fabricated barrier layers, as also confirmed in the lit-
erature [4]. The different thicknesses of the CGO barrier layers are
confirmed in the EDS line-scans as broader and more intense profiles of
Ce. For the cell with a ~300 nm CGO, a sort of delamination/disin-
tegration of the CGO can be noticed. A small part of the barrier layer
separated at the bottom almost as a continuous layer. It is probably
caused by some reaction between the YSZ and Sr-containing oxygen
electrode. The Sr signal extends further than the La signal in the line-

Table 2
Parameters of the cells with different barrier layers.

scan, confirming the reaction. In the case of the ~700 nm thick CGO,
the ceria separates the YSZ from the LSCF more clearly, which is even
more clear for the thicker layer. For the ~700 nm CGO layer, the Sr
profile also extends into the barrier layer. For the two thicker CGO
barrier layers (~300 nm and ~700 nm), no signs of reaction were
detected (seen as possible discolouration in the SEM images).

Based on the results presented in Figs. 2,3,4, and the data sum-
marised in Table 2, we conclude that the improvement in cell perfor-
mance comes from the decreased ohmic resistance of the cell, achieved
by application of a relatively thin and dense CGO barrier layer by spray
pyrolysis.

3.5. Durability of the cells with the implemented barrier layer

Based on the analyses presented above, the cell with the ~700 nm
thick CGO was selected for further studies. The current-voltage char-
acteristics of the cell in electrolysis cell (EC) and fuel cell (FC) modes
are presented in Fig. 5. The characterisation was performed in gases
containing different amounts of steam and hydrogen, from dry H, to 90
vol.% H20+ 10 % H,.

The cell shows reversible behaviour (no change of slope when
switching between FC/EC modes), showing high performance in elec-
trolysis mode. In an atmosphere containing 50 % steam with 50 % Ho,
the current obtained at thermoneutral voltage is -1.25 A cm™2 In a
higher steam content atmosphere with 90 % steam, the current at Vy,
exceeds -1.75 A cm ™ 2. For cells operating at 750 °C, these are very good
results. For comparison, a state-of-the-art cell with an infiltrated hy-
drogen electrode has shown a current density of -1 A at 1.15 V in 90/10
H,0/H, at 800 °C (70 % steam conversion), whereas our cells show a
slightly higher performance even at 750 °C (but at much lower con-
version, < 10 %). The fuel cell performance is also good; a maximum
power density of ~1 W cm ™2 can be achieved. The cell loses power
only slightly when operated in 50:50 steam:H, gas in comparison to
pure hydrogen.

The impedance spectra measured at OCV as a function of the steam
content are presented in Fig. 5 C, and the respective DRT plots are
presented in Fig. 5 D. The pH,O has an effect on the higher frequency
and lower frequency processes, which might indicate that these pro-
cesses are related to the hydrogen electrode (as the gas on the oxygen

Cell name: Description Ohmic resistance: Polarisation resistance: Total ASR at OCV: Tangent ASR: Maximum power density:
mQ cm? mQ cm? meQ cm? mQ cm? mW cm ™2

Cell-0 No barrier layer (800 °C) 82 17,300 17,382 ~39,100 8

Cell-1 Commercial cell 184 305 489 325 800

Cell-2 Powder-processed CGO 173 136 309 325 800

Cell-3 ~300 nm CGO 140 154 294 324 730

Cell-4 ~700 nm CGO 95 114 209 235 990

Cell-5 ~1500 nm CGO 100 106 206 306 810
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Fig. 4. Microstructure and elemental line-scans of the cells with CGO prepared by spray pyrolysis: A and B) with 300 nm CGO; C and D) with ~700 nm CGO; E and F)

with ~1500 nm CGO.

side was not changed). P1 has been ascribed to the Ni/YSZ-tpb reaction,
whereas the P2 and P3 can be possibly ascribed to gas conversion. In-
terestingly, P1 intensity decreases monotonically with the pH,O in-
crease. For P2 and P3, the increase of pH,O from 0% to 50 % also
results in decreasing intensity of the peaks, which increases again for a
steam rich atmosphere.

The cell was tested for durability in fuel cell working mode. After
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the initial testing, the cell was operated at current densities of 100 mA
cm ™2, 250 mA cm~?, and 500 mA cm ™2 for 10 h, 90 h, and ~420 h,
reaching ~520 h in total. The voltage development of the cell during
operation is presented in Fig. 6 A. The initial power density reached a
value of ~1050 mW cm ™2 after some initial increase in the first few
hours. After ~520 h, the power density is lowered to ~600 mW cm ™2
as shown in Fig. 6 B. The cell degraded quite considerably during the
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Fig. 5. Electrochemical performance of cell with ~700 nm CGO layer prepared by spray pyrolysis: A) power density characteristics, B) current-voltage char-

acteristics, C) impedance spectra, D) DRT analysis of spectra shown in C).
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Fig. 6. Results of longer term performance test: A) cell potential / power density vs. time and current load, B) current voltage and power density characteristics, C)
impedance spectra and DRT analysis, D) microstructure of the aged cell and hydrogen electrode active regions: E) before and F) after aging.

first 300 h, but then the degradation rate lowered and flattened for the
last ~100 h. Comparing the impedance plots shown in Fig. 6 C, changes
in the ohmic resistance and electrode polarisation can be seen. The
ohmic resistance increases from ~100 mQ cm? to 122 mQ cm?, which
constitutes a 30 % relative increase. The inset of Fig. 6 C shows DRT
plots of the impedance spectra. As seen in the spectra, a large increase
of the higher frequency electrode polarisation process (P1) occurred.
The resistance of this process almost tripled. The lower frequency
contributions (P2 and P3) have very similar values before and after
aging.

The P1 process, being connected to Ni/YSZ-tpb, drives the de-
gradation of the fuel cell. The degradation is caused by nickel segre-
gation, coarsening etc, and is a typical degradation process observed for
nickel-YSZ electrodes [44,45].

Microstructural analysis of the cell after aging confirmed changes in
hydrogen electrode microstructure and no visible change in the CGO
barrier layer microstructure (Fig. 6 D and Figure S2). Comparing the
electrochemically active region of the hydrogen electrode (close to the
interface with the YSZ electrolyte) between the cell before aging
(Fig. 6E) and after aging (Fig. 6F), nickel agglomeration can be ob-
served. In the initial state, some nickel particles could be found directly
at the interface with YSZ, but after aging, the number of these particles
seems to be visibly lower.

4. Conclusions

In this work, several types of CGO barrier layers were evaluated for
their effectiveness in blocking the interdiffusion between an Sr-con-
taining oxygen electrode and a YSZ electrolyte. A cell with no barrier
layer showed high electrode polarisation resulting in very low power
density. Powder-processed CGO layers, with thicknesses in the range
5—10 pum, on both a commercial and in-house developed cell showed
good performance, however they show a small diffusion of Sr to the
YSZ, which probably occurred during the high temperature sintering of
the layers (> 1000 °C). Alternative, low-temperature processed barrier
layers were produced by the spray-pyrolysis process. These layers
showed high efficiency in blocking the interdiffusion. The thinnest
evaluated barrier layer, ~300 nm thick, resulted in performance only
slightly inferior to the powder processed layers. The thicker layers, with
thicknesses of ~700 nm and 1500 nm, resulted in improved perfor-
mance. The overall best performance was found for the ~700 nm thick
CGO barrier layer. It showed low ohmic resistance, low electrode
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polarisation and resulted in a power density ~1 W ecm™2 at 750 °C.
Based on the results, the main advantage of using spray-pyrolysis bar-
rier layers is their low ohmic resistance, resulting directly in increased
cell performance. Detailed studies of the in-house developed cell (at
TaipeiTech) with the ~700 nm CGO barrier layer were performed,
including tests in fuel cell and electrolysis modes. The cell showed high
current densities in electrolysis mode. At a thermoneutral voltage of
1.29 V, the current density exceeded 1.7 A cm ™2 at 750 °C (in 90 % H,0
+10 % Hy). The durability of the cell was studied in fuel cell mode. The
500 -h-long test showed degradation, decreasing the power output from
the initial 1000 mW cm ™2 to ~600 mW cm ~ 2. This is likely caused by
Ni/YSZ-tpb degradation, not directly related to the barrier layers.
Therefore, the spray-pyrolysis developed barrier layers are very pro-
mising candidates for high performance cells, offering performances
higher than those achieved for typical, powder-processed barrier layers.
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