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Takaaki Sakai, b Toshiaki Yamaguchi c and Haruo Kishimoto *a

Solid oxide cells (SOCs) utilized for power generation and hydrogen production via electrolysis coupledwith

renewable energy sources are promising technologies for enabling the transition into a zero-carbon

society. To ensure the long-term performance of SOCs under fuel cell and electrolysis operation,

elucidating the factors governing degradation of the cell's core components such as the electrodes and

electrolytes is crucial to accelerating their practical implementation. In this study, the degradation

behavior driven by nickel oxide (NiO) dissolution during co-sintering process used in typical cell

preparation is comprehensively investigated for state-of-the-art 8 mol% yttria-stabilized zirconia (8YSZ)

electrolytes with Ni-YSZ cermet support. Employing advanced characterization techniques including 18O

oxygen isotope exchange technique with high-resolution secondary ion mass spectrometry (SIMS)

imaging, micro-Raman spectroscopy, and scanning/transmission electron microscopy (S/TEM), it is

revealed that the degradation of oxide ion diffusivity of 8YSZ proceeds via two distinct pathways. The

first pathway is activated by the instantaneous reduction of NiO to metallic Ni in the 8YSZ bulk, resulting

in a drastic drop in oxide ion diffusivity; the second one proceeds with a decay time constant which is

dependent on the reduction temperature. For the high-temperature regime of 900 °C, an accelerated

and extensive phase transformation of 8YSZ from cubic to tetragonal phase occurs. This is accompanied

by a preferential precipitation of metallic Ni both within the bulk and grain boundaries of 8YSZ and

a relatively fast degradation of oxide ion diffusivity. On the other hand, for the intermediate-temperature

regime of 700 °C, even if there is no obvious phase transformation nor Ni precipitation, a gradual

progression of degradation of the oxide ion diffusivity of 8YSZ is nevertheless observed. Understanding

these underlying degradation mechanisms provides useful insights into the long-term stability of 8YSZ

electrolytes and their impact on the long-term performance of SOCs.
1 Introduction

Society's energy transition from over-reliance on fossil fuels
towards adoption of renewable energies and zero-carbon based
energy sources will be steered by technologies which are effi-
cient, cost-cutting, and reliable. High-temperature solid oxide
cells (SOCs), operated in fuel cell mode to generate power, or
electrolysis mode for converting steam and/or carbon dioxide to
hydrogen/carbon monoxide syngas, are potential technologies
that can signicantly contribute to this energy transition. The
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f Chemistry 2025
commercial competitiveness of SOC technologies, however,
needs to be further boosted by drastically reducing capital
expenditure (CAPEX) and operational expenditure (OPEX).
Towards this goal, understanding and mitigating factors
affecting degradation of performance in long-term operation
are necessary steps to accelerate the widespread implementa-
tion of SOC technologies. To date, durability projects on stacks/
cells operated in fuel cell mode1–3 and electrolysis mode4–6 have
revealed a variety of degradation phenomena associated with
the core components of the cells, namely electrodes and elec-
trolytes. Interestingly, the accelerated increase in the ohmic
resistance has been reported to be the main contributor to the
degradation of stacks.7,8 Ohmic resistance in both fuel cell and
electrolysis operation can increase due to various factors,
including material degradation,9 electrolyte conductivity
degradation,1,10,11 and operating conditions.12–14

Cubic-stabilized zirconia doped with 8 mol% Y2O3 (8YSZ) is
a state-of-the-art electrolyte material frequently utilized for
SOCs due to its high oxide ionic conductivity, high chemical
J. Mater. Chem. A, 2025, 13, 40139–40152 | 40139
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stability and high mechanical strength.15–18 To fulll the
requirement for gas tightness and high open circuit voltage
(OCV) values, fabrication using conventional processing
methods such as screen printing requires sintering at temper-
atures exceeding 1300 °C in order to obtain dense and pinhole-
free 8YSZ layers. Pinhole formation can result in gas leakage
and localized temperature increase, leading to low OCV values
as well as inaccurate evaluation of performance.19 For the case
of fuel-electrode-supported cells, 8YSZ electrolytes are also
typically co-sintered with the NiO-YSZ support at similarly high
temperatures. On the other hand, high processing temperatures
invariably promote accelerated cation interdiffusion across
interfaces and consequently degrade the oxide ion conductivity
of 8YSZ.10,11 Previous studies have indicated that 8YSZ electro-
lytes intentionally doped with NiO exhibit phase transformation
from cubic to tetragonal phase upon reduction in hydrogen
atmosphere and is associated with the oxygen potential distri-
bution in the 8YSZ.10,11,20 Nevertheless, these studies are mostly
limited to bulk samples intentionally doped with NiO and other
oxide materials. Currently, there is still a lack of systematic
investigation of this phenomenon in 8YSZ electrolytes co-
sintered with Ni-YSZ-supported cell structures typically
utilized in SOCs. Additionally, it is extremely difficult to
measure the conductivity of a thin electrolyte, especially one
which is in contact with conductive materials such as electrode
materials. While NiO dissolution into 8YSZ itself is not a new
phenomenon, how the Ni distribution evolves with operating
conditions, and the consequences of this behavior on electro-
lyte properties are still unknown. Elucidating the factors that
govern degradation behavior of 8YSZ electrolytes will be indis-
pensable towards the selection of appropriate fabrication
conditions to improve the performance and stability of cell
components.

Towards the goal of understanding the degradation
phenomena occurring in 8YSZ electrolytes used in Ni-YSZ-
supported cells, in this study, a systematic investigation of the
correlation between NiO dissolution and the stability of 8YSZ
electrolytes by varying sintering temperature as well as reduc-
tion temperature and time is performed. We examined in detail
the impact of NiO dissolution in the 8YSZ electrolytes by visu-
alizing oxide ion transport, Ni distribution and microstructural
changes, using a combination of micro-Raman spectroscopy,
18O isotope exchange technique in conjunction with high-
resolution secondary ion mass spectrometry (SIMS) imaging,
and scanning/transmission electron microscopy (S/TEM), and
correlate these results to the oen-reported phenomenon of
phase transformation of 8YSZ from cubic to tetragonal phase.
Given the inherent difficulties in directly evaluating the
conductivity (s) of 8YSZ electrolytes within a typical SOC
structure, we employed an alternative approach based on oxide
ion diffusivity (D*), derived from tting the 18O isotope
exchange depth proles using SIMS. This method enables
a more precise assessment of the 8YSZ electrolyte degradation,
independent of other factors inuencing ohmic resistance and
overall cell performance. Moreover, this approach enables
a systematic assessment of the impact of NiO dissolution and
its correlation with the degradation of the 8YSZ electrolyte. Our
40140 | J. Mater. Chem. A, 2025, 13, 40139–40152
ndings reveal that there are two distinct pathways that govern
the degradation behavior of 8YSZ with dissolved NiO: the rst is
a fast process activated instantaneously upon the onset of NiO
reduction, and the second proceeds with a decay time constant
dependent on the temperature of reduction. In the high-
temperature regime of 900 °C, where the decay time constant
is relatively short, this is accompanied by a rapid drop in oxygen
diffusivity due to the phase transformation of 8YSZ from cubic
to tetragonal and preferential precipitation of metallic Ni. In the
intermediate-temperature regime of 700 °C, where the decay
time constant is relatively long, there is neither phase trans-
formation nor Ni precipitation observed, nevertheless, the
oxygen diffusivity degradation still gradually progresses with
time. These processes are considered to contribute to the
observed degradation of the 8YSZ electrolyte conductivity and
offer insights into possible mitigation strategies to enhance
stability and performance of YSZ-based SOCs.
2 Experimental
2.1 Sample preparation

NiO-YSZ cermet supports were prepared via the extrusion
method, with NiO-YSZ functional layers (FLs) prepared using
the dip-coating method (60 wt% NiO, 40 wt% YSZ) and calcined
at 1000 °C for 1 h. 8YSZ electrolytes were subsequently prepared
on the NiO-YSZ-supported substrates using the dip-coating
method, with sintering performed at 1370 °C, 1450 °C, and
1550 °C for 2 hours each. The nal thicknesses obtained were
∼20–30 mm. The samples were then individually reduced at
900 °C and 700 °C under a ow of 50 ccm dry H2 for various
lengths of time ranging from 5, 100, and 300 hours.
2.2 Characterization

Isotope exchange was performed for the samples by pre-
annealing rst in pure 16O2 gas at 400 °C for 14 minutes;
aerwards, the atmosphere was abruptly changed to 18O2 and
the exchange lasted for 10 minutes. The cells were then rapidly
quenched to room temperature. Specimens for analyses were
prepared by mounting the samples with resin and metal alloy
inside holders, then nely polishing the cross-sections. The
samples were rst analyzed using micro-Raman spectroscopy
(JASCO, NR-3100 with 532 nm excitation laser) to detect the
phase transformation occurring in the 8YSZ electrolytes. For
succeeding microscopy and SIMS analyses, the samples were
additionally coated with a thin layer (∼3 nm) of conductive Os
coating evaporated at room temperature. The samples were
imaged using dual-beam plasma focused ion beam-scanning
electron microscopy (pFIB-SEM, Helios 5 Hydra CX, Thermo-
Fisher) operated at an acceleration voltage of 5 kV. The
measurements were performed across the cross-section of each
sample.

The elemental distribution across the cross-sections of the
samples was further evaluated using high-resolution SIMS
imaging (NanoSIMS 50L, Ametek CAMECA). NanoSIMS
measurements were performed using a primary ion beam of Cs+

accelerated at 8 kV, and simultaneous detection of secondary
This journal is © The Royal Society of Chemistry 2025
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ions of 16O−, 18O−, 58Ni−, 89Y16O−, and 94Zr16O− was conducted
using a multicollection system. Raster sizes were varied from 50
mm to 10 mm. The acquired images were processed using Win-
Image 4.6 (Ametek CAMECA).

Specimens for S/TEM analyses were prepared using pFIB-
SEM (Helios 5 Hydra CX, ThermoFisher) using Xe+ ions accel-
erated at a maximum voltage of 30 kV, with nal thinning to
<100 nm performed with Ar+ ions accelerated at 8 kV. S/TEM
(Tecnai Osiris, FEI) analyses were performed at room tempera-
ture using a beam acceleration voltage of 200 kV. Energy
dispersive X-ray spectroscopy (EDX) was performed using four
windowless silicon dri detectors (FEI SuperX) equipped in the
S/TEM system.
3 Results and discussion
3.1 Microstructural evolution and phase transformation

Typical cross-sectional SEM backscattered electron images ob-
tained from the various samples in this study are shown in
Fig. 1 Typical SEM backscattered electron images of 8YSZ/Ni-YSZ half ce
C for 100 h (bottom row: d–f). (a) and (d): sintered at 1370 °C; (b) and (e

This journal is © The Royal Society of Chemistry 2025
Fig. 1. The top row shows the samples reduced at 700 °C for
100 h, whereas the bottom row shows those reduced at 900 °C
for 100 h. Samples sintered at 1370 °C, 1450 °C, and 1550 °C are
shown in Fig. 1a–f, respectively. From these results we can
extract the following observations: rst, all 8YSZ electrolytes
exhibit a uniformly dense microstructure with well-connected
grains and demonstrate good interfacial contact with their
respective Ni-YSZ FLs; secondly, the higher the sintering
temperature, the larger the grain sizes of the 8YSZ electrolytes.
For the sample sintered at the lowest temperature of 1370 °C,
the largest grains have sizes of only a few micrometers; for the
sample sintered at the highest temperature of 1550 °C, the
largest grains exhibit sizes exceeding 10 mm. Lastly, a similar
grain growth can be seen for the FL, wherein relatively larger
8YSZ grains (distinguished by their brighter contrast in
comparison to the slightly darker Ni grains) could be observed
for samples sintered at higher temperatures. This also results in
overall lower porosities especially at the 8YSZ electrolyte-FL
interfaces. However, aside from the obvious grain growth it is
lls obtained after reducing at 700 °C for 100 h (top row: a–c) and 900 °
): sintered at 1450 °C, and (c) and (f): sintered at 1550 °C.

J. Mater. Chem. A, 2025, 13, 40139–40152 | 40141
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difficult to ascertain if there are any other microstructural
changes. Within the resolution of the SEM instrument there
does not seem to be any obvious precipitation nor secondary
phase formations at the grain boundaries of the 8YSZ electro-
lytes. Based solely on morphological features, it is difficult to
verify whether there are any indications of electrolyte
degradation.

Fig. 2 shows the Raman spectra obtained from the cross-
sections of the 8YSZ electrolytes prepared at various condi-
tions. Fig. 2a–c show the Raman spectra for 8YSZ electrolytes
sintered at various temperatures of 1370 °C, 1450 °C, and 1550 °
C, respectively. The samples reduced at 700 °C for 100 h are
depicted by the top spectra shown in blue; the corresponding
samples reduced at 900 °C are depicted by the bottom spectra
shown in red. Here, the peaks marked with a square (-) are
attributed to the cubic phase, whereas those marked with a star
(+) are attributed to the tetragonal phase.1,10,11 There is,
however, an overlap of the peaks attributed to the cubic and
tetragonal phases occurring at ∼610–620 cm−1, rendering
quantication of the phases inherently difficult. Regardless of
the sintering temperature which inuences the amount of
Fig. 2 Raman spectra of 8YSZ electrolytes sintered on Ni-YSZ support:
depicted in blue) and 900 °C for 100 h (bottom spectra, depicted in red
1450 °C and 1550 °C, respectively; (d) comparison of 8YSZ electrolytes as-
300 h); (e) comparison of 8YSZ electrolytes as-sintered at 1450 °C and red
a square (-) are attributed to the cubic phase, whereas those marked w

40142 | J. Mater. Chem. A, 2025, 13, 40139–40152
diffused NiO in the 8YSZ electrolytes, all samples reduced at
700 °C for 100 h exhibit relatively high stability of the cubic
phase of 8YSZ. By contrast, all samples reduced at 900 °C for
100 h exhibit prominent peaks attributable to the tetragonal
phase of 8YSZ. Based on these results, the phase transformation
of 8YSZ is remarkably accelerated with increased reduction
temperature. In addition, as indicated by the Raman spectra for
samples sintered at 1450 °C and reduced at 700 °C (Fig. 2d) and
900 °C (Fig. 2e) at various times, 8YSZ electrolytes remain
mostly cubic when reduced at a relatively low temperature of
700 °C, but consistently undergo a rapid phase transformation
to tetragonal phase at a relatively higher reduction temperature
of 900 °C. The peaks attributed to the tetragonal phase, such as
the peaks at 255 cm−1 and 145 cm−1, are already visible for the
sample reduced at 900 °C even at relatively brief time of 5 h
(Fig. 2e). The relative intensities of these peaks are also
observed to increase with time, indicating the continuous
progression of the transformation into the tetragonal phase.

Fig. 3 shows the distribution of Ni as evaluated using
NanoSIMS (raster area: 30 mm × 30 mm) for 8YSZ electrolytes
sintered at different temperatures and reduced at 700 °C and
(a) sintered at 1370 °C and reduced at 700 °C for 100 h (top spectra,
); (b) and (c): corresponding spectra for 8YSZ electrolytes sintered at
sintered at 1450 °C and reduced at 700 °C for various times (5, 100, and
uced at 900 °C for various times (5, 100, and 300 h). Peaksmarkedwith
ith a star (+) are attributed to the tetragonal phase.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 NanoSIMS images depicting the distribution of Ni (58Ni− secondary ion intensities normalized by 94Zr16O−), for 8YSZ/Ni-YSZ samples
sintered at 1370 °C (a and d), 1450 °C (b and e), and 1550 °C (c and f). Samples depicted in the top row (a–c) were reduced at 700 °C for 100 h;
those in the bottom row (d–f) were reduced at 900 °C for 100 h. Raster area: 30 mm × 30 mm.
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900 °C for 100 h each. Here, the 58Ni− secondary ion intensities
are normalized by 94Zr16O− for a semi-quantitative comparison
across samples. According to the scale bar shown, red regions
correspond to higher concentrations, whereas blue regions
correspond to lower concentrations. Samples which were sin-
tered at lower temperatures, e.g., 1370 °C, exhibit relatively
lower concentrations of Ni (as depicted by blue-colored regions)
whereas those sintered at higher temperatures exhibit higher
concentrations of Ni, as depicted by green-colored regions near
the vicinity of the Ni-YSZ. The NanoSIMS normalized signals
were further used to determine semi-quantitatively the
concentration of NiO dissolved in the 8YSZ electrolytes by using
reference bulk samples with known concentrations (Fig. S1, SI).
Line proles obtained from the NanoSIMS images shown in
Fig. S1b indicate nearly two times higher relative concentration
of Ni near the Ni-YSZ for the samples sintered at 1550 °C
compared to those sintered at a lower temperature of 1370 °C.
The 1550 °C samples, however, exhibit the steepest concentra-
tion gradient across the thickness of the 8YSZ electrolyte, e.g.,
the relative concentration drops by almost 50%. Nevertheless,
there are no particular changes in the relative concentration of
Ni as a function of reduction temperature or time (Fig. S1c–e).
These results indicate that the amount of NiO dissolved into the
8YSZ electrolyte is fully determined during the co-sintering
process.21 The concentration gradient only becomes apparent
because of the relatively thick layers used in this study, though
this is not likely to be an issue for most 8YSZ electrolytes
employed in fuel-electrode-supported cells, which typically have
thicknesses in the range of approximately 2 to 5 mm. Further-
more, the degradation of electrical conductivity of 8YSZ elec-
trolyte does not differ signicantly at such low concentrations,
i.e., the difference between the conductivity degradation
This journal is © The Royal Society of Chemistry 2025
behavior of an 8YSZ doped with 1 mol% NiO and one doped
with 0.5 mol% NiO is not very signicant (Fig. S3, SI).

Interestingly, although a gradient in Ni concentration along
the 8YSZ electrolyte thickness is observed, the grain boundaries
appear to have relatively lower concentrations of Ni compared
to the bulk. On the other hand, irrespective of the sintering
temperature, all samples reduced at 900 °C exhibit prominent
Ni precipitation at the grain boundaries. Further details can be
seen in images acquired at a smaller raster size as shown in
Fig. 4 (raster area: 10 mm × 10 mm). A similar behavior has been
reported previously by Coors et al., where discrete Ni metallic
precipitates were observed in reduced 1 wt%NiO-8YSZ bulk
samples.22 This phenomenon is presumably related to the
reduction of Ni in the lattice from Ni2+ to Ni0, resulting in the
precipitation of metallic Ni at the grain boundaries of 8YSZ.
Further discussion on this mechanism will be presented later.
Nevertheless, it is observed that a signicant amount of Ni still
remains within the 8YSZ bulk, which is most noticeable for the
case of the 8YSZ sintered at the highest temperature of 1550 °C
(Fig. 4c and f).

Given that the phase transformation seems more strongly
inuenced by the reduction temperature, we focus more closely
on the 8YSZ electrolytes sintered at 1450 °C. Fig. 5 shows the
STEM-HAADF (high-angle annular dark-eld) images and
STEM-EDX mapping for Ni, Zr, and Y obtained for the 8YSZ
electrolytes as-sintered at 1450 °C (Fig. 5a) and subsequently
reduced at 700 °C for 300 h (Fig. 5b), and 900 °C for 300 h
(Fig. 5c). Additional data obtained for the 8YSZ samples reduced
at 700 °C for 100 h and 900 °C for 100 h are presented in Fig. S2
(SI). Here, we can observe that the Zr and Y distributions are
homogeneous for all samples, suggesting that there is no
signicant host cation redistribution resulting from the
J. Mater. Chem. A, 2025, 13, 40139–40152 | 40143
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Fig. 4 NanoSIMS images depicting the distribution of Ni (58Ni− secondary ion intensities normalized by 94Zr16O−) within the 8YSZ layers sintered
at 1370 °C (a and d), 1450 °C (b and e), and 1550 °C (c and f). Samples depicted in the top row (a–c) were reduced at 700 °C for 100 h; those in the
bottom row (d–f) were reduced at 900 °C for 100 h. For samples reduced at 900 °C, preferential precipitation of Ni at the grain boundaries of
8YSZ can be observed. Raster area: 10 mm × 10 mm.

Fig. 5 STEM-HAADF (leftmost panel) and STEM-EDX mapping for Ni, Zr, and Y obtained for 8YSZ electrolytes as-sintered at 1450 °C (a) and
subsequently reduced at 700 °C/300 h (b), and 900 °C/300 h (c). The distributions of Zr and Y appear homogeneous for all samples. Unlike
samples reduced at 700 °C, those reduced at 900 °C exhibit preferential precipitation of Ni at the grain boundaries and the bulk of 8YSZ.

40144 | J. Mater. Chem. A, 2025, 13, 40139–40152 This journal is © The Royal Society of Chemistry 2025
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reduction process. On the other hand, these images reveal
a remarkable difference between the 700 °C and 900 °C-reduced
8YSZ in terms of the Ni distribution. In particular, Ni appears
homogeneously distributed across the bulk and the grain
boundaries of the sample reduced at 700 °C, whereas there is
a preferential precipitation of Ni at the grain boundaries and
the bulk of the one reduced at 900 °C. These ndings are
consistent with the NanoSIMS images presented in Fig. 3 and 4.
Correlating these results with the Raman spectra, the phase
transformation of 8YSZ into tetragonal phase seems to occur
simultaneously with the Ni out-diffusion behavior, lending
further support to the conclusion that the phase transformation
originates from the reduction of the dissolved NiO within the
8YSZ bulk.

Fig. 6 shows the high-magnication STEM-EDX mapping
obtained from a region within a grain in the 8YSZ electrolyte
reduced at 900 °C for 300 h. Here, we can observe the presence
of Ni precipitates adjacent to closed voids in the grain interior.
The overlay image of the STEM-HAADF and Ni mapping shows
the exact location of the Ni precipitates and their distribution,
and the Y and Zr mapping do not indicate any particular
inhomogeneities nor correlation with the distribution of either
Ni or the closed voids. However, this may be a limitation of the
resolution of the instrument used and more advanced analysis
with higher resolution in future investigations may be able to
Fig. 6 (a) Overlay of the STEM-HAADF and Ni mapping acquired on a gr
(depicted in red) are located adjacent to closed voids (black regions) wit
acquired in the same region shown in (a).

This journal is © The Royal Society of Chemistry 2025
provide additional information on the cation distribution at the
atomic scale.

Fig. 7 shows a typical selected area electron diffraction
(SAED) pattern measured on the 8YSZ electrolyte reduced at
900 °C for 300 h. The strong reections in Fig. 7a are attributed
to the cubic phase of 8YSZ. The SAED pattern also exhibits weak
reections (marked by white circles) forbidden in the 8YSZ
cubic uorite structure; these reections are ascribed to the
tetragonal phase. Following the method described in previous
studies, dark-eld TEM imaging with a {112} reection was
conducted to evaluate the distribution of the tetragonal
phase.23,24 Fig. 7b shows the bright-eld TEM image acquired on
a single 8YSZ grain which exhibits several embedded Ni
precipitates, similar to the one shown in Fig. 6a. In this image,
the Ni precipitates appear within closed voids shown in bright
contrast (some examples are marked with black arrows) in the
8YSZ grain interior. The corresponding dark-eld TEM image
with {112} reection acquired in the same region of interest is
shown in Fig. 7c; regions attributed to the tetragonal phase are
shown in bright contrast, whereas those attributed to the cubic
phase are shown in dark contrast. Here we can observe that the
tetragonal phase regions are comprised of spheroidal particles
of ∼10–20 nm in size, and their locations do not necessarily
coincide with those of Ni precipitates but appear as randomly
distributed nanodomains. While it is difficult to estimate the
ain of the 8YSZ electrolyte reduced at 900 °C for 300 h. Ni precipitates
hin the grain. (b)–(d) Elemental mapping for Ni, Y, and Zr, respectively,
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Fig. 7 (a) SAED pattern along the [111]-zone axis of 8YSZ reduced at 900 °C for 300 h. A few locations of diffraction spots forbidden in the cubic
fluorite structure are marked by white circles. (b) Bright-field TEM image of a representative region exhibiting Ni precipitates at pore areas. Some
examples of pores are marked by black arrows. (c) Corresponding dark-field TEM image acquired with a {112} reflection. Bright-contrast regions
are attributed to the tetragonal phase; dark-contrast regions are attributed to the cubic phase. (d) High-magnification TEM image of a repre-
sentative region; some Ni precipitates embedded in the 8YSZ lattice are indicated by white dashed circles.
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percentage of 8YSZ that has transformed to the tetragonal
phase, from the TEM image it is clear that the phase trans-
formation progresses with the formation of tetragonal phase
nanodomains randomly interspersed with the cubic phase.
Lastly, Fig. 7d shows a high-magnication TEM image of
a representative region, depicting some Ni precipitates
embedded in the 8YSZ bulk (indicated by white dashed circles).
The Ni precipitates appear distinct from the 8YSZ lattice and
there are no apparent strains or dislocations observed in the
vicinity of each precipitate.

Similar SAED and TEM analyses were also performed for the
sample reduced at 700 °C and 300 h; the results are presented in
Fig. S4, SI. The SAED pattern shown in Fig. S4a displays
prominent diffraction spots characteristic of the cubic phase of
8YSZ. While weak, diffuse spots corresponding to the forbidden
reection seem apparent, they are signicantly less pronounced
than those observed in the 900 °C sample (Fig. 7a), making the
assessment of the presence of the tetragonal phase in the
sample difficult. Furthermore, representative TEM images in
Fig. S4b and c – acquired at the same magnication as Fig. 7d –
40146 | J. Mater. Chem. A, 2025, 13, 40139–40152
show no clear evidence of Ni precipitation, either at grain
boundaries or within grain interiors. Additional regions exam-
ined within the same sample similarly revealed no obvious
signs of Ni precipitation. These ndings further support the
lack of accelerated tetragonal phase formation or obvious Ni
precipitation in this sample.
3.2 Evaluation of the diffusion coefficient D*

Based on the results presented so far, it has been revealed that
the features of Ni distribution within the 8YSZ electrolytes are
determined by the temperature at which reduction is per-
formed. For long-term SOC operation, it is of high importance
to understand how the dissolution and diffusion of Ni
contributes to the degradation of the ionic conductivity of 8YSZ.
For this purpose, 18O isotope exchange was conducted for each
of the samples sintered at 1450 °C and subsequently reduced at
700 °C and 900 °C for various lengths of time. For comparison,
an as-sintered sample was also isotopically exchanged under
the same conditions. Fig. 8a shows the NanoSIMS images ob-
tained in the vicinity of the 8YSZ/Ni-YSZ interfaces for the
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Top row images: NanoSIMS images depicting the distribution of Ni (normalized by 94Zr16O−) for the as-sintered samples and those
reduced at 700 °C (a) and 900 °C (b) for various times. Bottom row images: corresponding images depicting the normalized fraction of the 18O
isotopic tracer, c18O, given by eqn (1).
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samples reduced at 700 °C. The top row depicts the distribution
of Ni (normalized intensities), whereas the bottom row depicts
the corresponding distribution of the normalized fraction of the
18O− concentration, c18O, expressed by the following equation:

c18O ¼
18O�

18O�þ16O� (1)

where 18O− and 16O− are the secondary ion intensities
measured using NanoSIMS. As can be seen in Fig. 8a, for the as-
sintered 8YSZ there is no detectable 18O− tracer incorporated
from the oxygen isotope exchange, which is as expected due to
the absence of pores in the NiO-YSZ support structure for gas
diffusion. On the other hand, gradients in c18O distribution can
be clearly observed across the layers of the H2-reduced samples.
Here, high concentrations of 18O are observed for the Ni-YSZ
regions (shown in orange or red in the mapping); towards the
This journal is © The Royal Society of Chemistry 2025
8YSZ region, however, we can observe a noticeable decrease in
the c18O. Fig. 8b shows the corresponding images for the
samples reduced at 900 °C. Here, the analyzed region of the as-
sintered sample shown corresponds to the area near its surface,
where a thin layer of Pt was applied as an active electrode. This
is to facilitate the isotope exchange on the as-sintered 8YSZ
electrolyte and obtain a similar 18O diffusion prole. Like the
700 °C samples, those reduced at 900 °C similarly show rela-
tively high concentrations of c18O near the 8YSZ/Ni-YSZ inter-
faces and exhibit a sharp decrease heading towards the 8YSZ
electrolyte region.

To quantitatively analyze the diffusion proles of c18O, line
scan analyses were performed for each of the samples as shown
in Fig. 9. An example of a line scan analysis is shown by the inset
image, where the analyzed region is dened by an arrow starting
from the Ni-YSZ region and extending into the 8YSZ electrolyte.
J. Mater. Chem. A, 2025, 13, 40139–40152 | 40147
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Fig. 9 Profiles of the normalized fraction of the 18O isotopic tracer, c18O for samples reduced at 700 °C (a) and 900 °C (b). Respective insets show
examples of line scan analysis performed for each sample. The line profile for the as-sintered sample was obtained at the surface of the 8YSZ
layer in contact with Pt electrode. (c) Diffusion coefficient, D* as a function of reduction time. The time constants are obtained from the fitting of
the data with the decay curve equation shown in eqn (3). (d) Arrhenius plot of the decay time constants, sT derived for undoped 8YSZ and NiO-
doped 8YSZ electrolytes as reported in literature.26–29 Data obtained in this study (indicated by red and blue stars) are collinear with data reported
in literature for NiO-doped 8YSZ annealed in H2 atmosphere (depicted with a red line).
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In Fig. 9a, we can observe that compared to the as-sintered
sample, those reduced at 700 °C exhibit a monotonic increase
of c18O with longer reduction time, however, the concentration
proles eventually converge at distances greater than ∼3 mm
and nally level off to the natural abundance concentration of
18O (c18O = 0.002). For the samples reduced at 900 °C (Fig. 9b),
not only are the c18O values relatively lower than those for 700 °
C, but the proles also exhibit a more drastic decrease within
relatively shorter distances.

To evaluate the diffusion coefficient D*, we adopted the
conventional analysis for the interaction of a gas phase with
a solid surface, using Crank's solution to the diffusion equation
for a semi-innite medium with a rst-order surface exchange
limitation16,25 given by:
40148 | J. Mater. Chem. A, 2025, 13, 40139–40152
c18O ¼
 
Cbg þ

�
Cg � Cbg

� 
erfc

�
x

2
ffiffiffiffiffiffiffiffi
D*t

p
�

�
"
exp

�
k*x

D*
þ k*2t

D*

�
erfc

 
x

2
ffiffiffiffiffiffiffiffi
D*t

p þ k*

ffiffiffiffiffiffiffi
t

D*

r !#!!
(2)

where k* is the oxygen surface exchange coefficient, Cbg is the
relative isotopic abundance of 18O (Cbg= 0.002), Cg is the partial
pressure of oxygen (Cg = 1), x is the depth, and t is the sample
annealing time in 18O2 atmosphere.

The extracted diffusion coefficients are plotted as a function
of reduction time in Fig. 9c. It is worth noting that the D* of the
reduced samples at a relatively short time of 5 h are already
about 40% lower compared to that of the as-sintered sample.
This journal is © The Royal Society of Chemistry 2025
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This indicates a rapid degradation in the ionic diffusivity
occurring instantaneously from the onset of NiO reduction.

The obtained data were then tted using a decay curve given
as follows:

D* ¼ D*
0 þ AT exp

�
� ðt� t0Þ

sT

�
(3)

where D*
0 is the diffusion coefficient at an initial time of t0 = 5,

AT is a dimensionless tting parameter, and sT is the time
constant for the decay curve. From the tting, sT is calculated to
be 1336 h and 33 h for the samples reduced at 700 °C and 900 °
C, respectively. In other words, in comparison to the samples
reduced at 700 °C, theoretically the degradation is about 40
times accelerated for the case of samples reduced at 900 °C.

D* is directly proportional to conductivity, s, through the
following equation:

s ¼ Nq2D*

KBT
(4)

where N is the concentration of charge carriers, q is the charge
number, KB is the Boltzmann constant, and T is temperature.
Therefore, we can assume that the degradation of s is directly
proportional to the degradation of D*, and the decay time
constants can be directly compared. In Fig. 9d, the decay time
constants obtained for the conductivities of undoped 8YSZ
annealed in air and NiO-doped 8YSZ annealed in H2 atmo-
sphere as reported in literature are shown in an Arrhenius-type
plot.26–29 The decay time constants for the undoped 8YSZ
samples are approximately two orders of magnitude higher than
those of NiO-doped 8YSZ, but both plots can be tted by lines
with approximately equivalent slopes. This suggests that the
degradation behavior is comparable for both undoped 8YSZ
and NiO-doped 8YSZ; the only difference being that the degra-
dation is more accelerated for the latter. This strongly suggests
that the presence of NiO itself in the 8YSZ lattice greatly accel-
erates the degradation of conductivity. The decay time
constants sT obtained in this study are shown in Fig. 9d by blue
and red stars for the samples reduced at 700 °C (sT = 1336 h)
and 900 °C (sT = 33 h), respectively. The present data are
collinear with the data reported for NiO-doped bulk 8YSZ
samples reduced in H2, suggesting that the oxide ion diffusivity
degradation behavior is similar for both 8YSZ electrolytes sin-
tered on Ni-YSZ support and bulk 8YSZ samples intentionally
doped with NiO.

From these results it can be inferred that there are at least
two pathways for the progression of degradation behavior of
NiO-dissolved 8YSZ. The rst pathway is a rapid degradation
process featuring a sharp drop in oxide ion diffusivity by as
much as approximately 40% from the onset of reduction (i.e., at
t = 0 to ∼5 h). This reaches an inection point which marks the
onset of the second pathway, at which the degradation either
proceeds at an approximately similar accelerated rate (high-
temperature regime, short decay time constant) or a much
slower rate (intermediate-temperature regime, long decay time
constant). During the accelerated-rate process, the phase
transformation from cubic to tetragonal phase is induced, and
the oxide ion diffusivity degrades further by about 60% and
This journal is © The Royal Society of Chemistry 2025
saturates at this level. On the other hand, for the slower-rate
process, such phase transformation behavior could not be
detected within the same length of time, owing to the signi-
cantly longer time it would require attaining the same levels as
with the accelerated condition.
3.3 Mechanisms governing the degradation of oxide ion
diffusivity of 8YSZ

NiO dissolution into the 8YSZ lattice is known to decrease the
initial ionic conductivity of as-sintered samples; for instance,
with the incorporation of 1.5 mol% NiO content in 8YSZ, its
conductivity has been reported to decrease by as much as 20%
in air. When the atmosphere was changed from air/H2O to N2/
H2/H2O, however, a drastic reduction in conductivity is further
exhibited by NiO-doped 8YSZ samples annealed at 1000 °C.24

When the reduction temperature is in the range of 900 °C and
above, this results in a phase transformation from cubic to
tetragonal, accompanied by Ni precipitation.22–24,28 The reported
behavior aligns well with that observed in the present study for
the 8YSZ samples which were reduced at a higher temperature
of 900 °C. However, as we have seen in the preceding results,
when the reduction temperature is at an intermediate value of
700 °C, a gradual decrease in conductivity is still evident despite
being unable to conrm the occurrence of phase trans-
formation nor Ni precipitation in the 8YSZ samples. This
temperature regime is of particular interest, considering that
typical SOC devices are normally operated at these intermediate
temperatures.

NiO dissolution in the 8YSZ lattice is considered to stabilize
the cubic phase from the generation of oxygen vacancies, as
described by the following defect reaction (in Kröger–Vink
notation):10,30,31

NiO����!
YSZ

Ni
0 0
Zr þ V$$

O þO�
O (5)

Upon subsequent reduction of NiO in H2 atmosphere, zer-
ovalent Ni forms in the 8YSZ lattice while also generating
oxygen vacancies, as follows:

Ni
0 0
Zr þO�

O/Ni
0 0 0 0
Zr þ V$$

O þ 1

2
O2 (6)

Here, V::
O (including those already present initially) will strongly

interact with the formed zerovalent Ni due to its large Coulomb
force. This will result in oxygen vacancy localization32 or oxygen
vacancy ordering which will induce some displacements of
cations in 8YSZ, for instance leading to signicant enrichment
of Y atoms within individual grains.33 This mechanism likely
governs the degradation behavior for the rst pathway charac-
terized by a rapid drop in oxygen diffusivity at the onset of
reduction.

As mentioned earlier, the subsequent degradation behavior
upon prolonged reduction then reaches an inection point, and
from here on the progression will be highly dependent on the
reduction temperature. This is because cation diffusion within
the 8YSZ lattice is expected to be much faster in the high-
temperature regime in comparison to that in the
J. Mater. Chem. A, 2025, 13, 40139–40152 | 40149
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intermediate-temperature regime. SIMS studies on Zr and Ni
diffusion in YSZ revealed that their diffusion coefficients
increase by approximately one order of magnitude when the
temperature is increased by 100 °C.34,35 In other words, theo-
retically we could expect a difference of about two orders of
magnitude for the cation diffusivities between 8YSZ samples
reduced at 700 °C and 900 °C. Moreover, it has been reported
that the activation enthalpy (DH) of 3.8 ± 0.3 eV for Ni diffusion
in YSZ is lower by 1–2 eV compared to the host cations' (Y and
Zr) diffusion.35 This suggests that Ni diffusion is more ther-
modynamically favorable compared to either Y or Zr and
therefore plays a more critical role in determining the degra-
dation behavior of 8YSZ.

The formation of zerovalent Ni is also considered to lead to
the creation of vacant Zr4+ sites accompanied by defect clusters
described by Morrissey et al., as follows:31

Ni
0 0
Zr þ 2e

0
gb þ V$$

O4Ni0gb þ
�
V

0 0 0 0
Zr þ V$$

O

	00 (7)

where ðV00 00
Zr þ V$$

O Þ00 refers to the defect cluster, and Ni0gb is the
metallic Ni preferentially formed at the grain boundary sites. In
this case, the preferential precipitation of metallic Ni at grain
boundaries is likely promoted by a higher availability of oxygen
vacancies at these sites.36,37 Due to the Ni diffusion, cation
vacancies are consequently generated within the 8YSZ lattice,
leading to cation rearrangement or local lattice distortion.38

This is a plausible scenario given that V
0 0 0 0
Zr are identied as the

most probable point defects responsible for Zr diffusion as
suggested by tracer diffusion experiments.34 When this lattice
rearrangement or distortion occurs over a sufficiently wide
range, it can then be detected using Raman spectroscopy as
tetragonal phase transformation. This corresponds with the
region of cation-diffusionless phase transition as described by
Yashima et al., where phase decomposition of YSZ into a cubic
and tetragonal two-phase coexisting region at intermediate
temperatures occurs.39 Later studies by Yokokawa et al. also
conjectured that a coherent tetragonal phase (t’’ or tetragonal
symmetry domains) coexists with the cubic phase due to the Y-
diffusion in the intermediate temperature regime where slow
NiO reduction occurs.20 This metastable phase could not be
distinguished from a cubic phase using usual X-ray diffraction
analysis because its cell parameters ratio is equal to unity.40

Raman spectroscopy, on the other hand, is highly sensitive to
distortion of oxide ions, enabling detection of such metastable
tetragonal phases.10

With longer reduction time, zerovalent Ni formed within the
8YSZ grain interior will eventually precipitate inside closed
voids as well. This may be described by a reaction where more
vacant Zr4+ sites are created:31�

V
0 0 0 0
Zr þ V$$

O

	0 0 þNi
0 0
Zr þ 2e

0 þ V$$
O4Ni0 þ V

0 0 0 0
Zr þ

�
V

0 0 0 0
Zr þ 2V$$

O

��
(8)

where Ni0 refers to the metallic Ni formed in the vicinity of 8YSZ
voids. Here, the cumulative loss of Zr sites could satisfactorily
account for the void formation accompanying the precipitation
of the metallic Ni particles within the 8YSZ grain interior. As
40150 | J. Mater. Chem. A, 2025, 13, 40139–40152
proposed by Morrissey et al.,31 a plausible explanation is that
this process is effectively activated only where a critical
concentration of vacancy clusters that serve as nucleation sites
for Ni0 is attained. As a case in point, a comparison of the Ni
mapping for the 8YSZ samples reduced at 900 °C for 100 h and
300 h shows a much higher density of Ni precipitates within the
grain interior of the latter, indicating the proliferation of Ni
nucleation sites with longer reduction time. This is further
corroborated by the observation of a precipitate-free zone of
∼100 nm adjacent to either side of the grain boundaries, see for
example the Ni mapping depicted in Fig. 5c. This precipitate-
free zone could not be accounted for by a calculated diffusion
distance for Ni2+ as predicted by Fick's laws and is likely to be
due to the relative absence here of oxygen vacancies required for
nucleation.

When the temperature is sufficiently high, i.e., in the range
of 900 °C and above, these processes occur relatively fast,
resulting in a phase transformation and dramatic decrease in
oxide ion diffusivity within a relatively brief period of time.
Analysis of the sample reduced at 900 °C for 5 h reveals early
signs of tetragonal phase formation in the Raman spectra
(Fig. 2). Nonetheless, NanoSIMS analysis of the same sample
shows no evidence of Ni precipitation at this stage (Fig. 8). Ni
precipitation was subsequently conrmed in the sample
reduced for 100 h, where the Raman spectra also exhibitedmore
pronounced tetragonal phase peaks, indicating progression of
the phase transformation over time. These observations suggest
that both tetragonal phase transformation and Ni precipitation
are driven by the reduction of NiO to Ni and its subsequent
diffusion out of the YSZ lattice. Thus, the relationship between
Ni precipitation and phase transformation is not causal, but
rather correlative – both are outcomes of the same underlying
mechanism. By contrast, at intermediate temperatures for
operating SOCs, viz., 700–750 °C, cation diffusion will be
comparatively slower and therefore these processes would take
a signicantly longer time to advance. Within the limits of our
study, no phase transformation could be observed for the 8YSZ
samples reduced at 700 °C for up to 300 h. In future studies, it
would be instructive to conrm if similar behavior could be
observed over signicantly longer time scales, e.g. in the order
of 10 000 hours or more. Furthermore, future investigations
incorporating numerical computations – such as atomistic
simulations – and empirical observations would provide robust
support for the proposed defect mechanism. Specically,
advanced techniques like atom probe tomography (APT) could
be employed to visualize or quantify vacancy localization and
ordering, as well as the associated yttrium enrichment, thereby
complementing and strengthening the current ndings.

In summary, the oxide ion diffusivity of 8YSZ with dissolved
NiO could therefore be expected to degrade progressively with
time at a rate much faster compared to that of pure 8YSZ. The
rate of this progression is inuenced largely by the operating
temperature. This could partially account for the commonly
observed degradation of the cell's ohmic resistance under long-
term operation of SOCs.
This journal is © The Royal Society of Chemistry 2025
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4 Conclusions

Due to the widespread use of Ni-YSZ as fuel electrodes in SOCs,
the dissolution of NiO into 8YSZ electrolytes is a common
occurrence during high-temperature co-sintering. In this study,
the impact of NiO dissolution in 8YSZ electrolytes was investi-
gated through advanced characterization techniques, revealing
changes in oxide ion transport, Ni distribution, and micro-
structure. Given the limitations of direct conductivity
measurements in SOC structures, oxide ion diffusivity derived
from 18O isotope exchange depth proling was employed,
providing empirical evidence of electrolyte degradation, and
thereby clarifying its contribution to the degradation of cell
performance. It is further revealed that the degradation of oxide
ion diffusivity of 8YSZ proceeds via distinct pathways. The rst
pathway instantaneously occurs from the onset of reduction,
characterized by a fast degradation process whereby NiO is
reduced to zerovalent Ni in the 8YSZ bulk. With prolonged
reduction, the second pathway will then progress at a time scale
commensurate with the reduction temperature: the higher the
reduction temperature, the faster the progression of degrada-
tion. For the high-temperature regime of 900 °C, a rapid and
extensive phase transformation of 8YSZ from cubic to tetrag-
onal phase and preferential precipitation of metallic Ni both
within grain boundaries and closed voids in the grain interior of
8YSZ are observed. This results in further drastic reduction in
oxide ion diffusivity. On the other hand, for the intermediate-
temperature regime of 700 °C, no apparent phase trans-
formation nor Ni precipitation could be conrmed within the
same length of time; nevertheless, a progressive degradation of
the oxide ion diffusivity of 8YSZ is observed. Hence, even
without any apparent phase transformation, there is still
a gradual decrease in ionic conductivity triggered by the NiO
reduction within the 8YSZ lattice. This is especially relevant for
SOCs which are normally operated at intermediate tempera-
tures of 700–750 °C. To prevent or minimize the electrolyte
degradation in long-term operation, it is thus necessary to
mitigate the NiO dissolution into the 8YSZ electrolyte during
cell processing. One possible solution is to entirely avoid the
high-temperature sintering used for conventional cell process-
ing and employ low-temperature physical vapor deposition
processes like pulsed laser deposition, sputtering, etc.41–43

Whilst these methods may raise CAPEX due to the inherent
complexities in the required equipment (e.g., high-vacuum
systems), mitigation of the electrolyte degradation behavior is
nevertheless expected to offset total costs by lowering OPEX due
to improved cell performance and stability. Another solution is
to utilize zirconia compositions which are more stable for pro-
longed operation, e.g., Y2O3 content above 8 mol%.44 Under-
standing these underlyingmechanisms provides useful insights
into the long-term stability of 8YSZ electrolytes and their impact
on the long-term performance of SOCs.
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