
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 8
:2

6:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Mitigating Ni mig
aDepartment of Materials Science and Engine

Illinois, 60208, USA
bUniv. Grenoble Alpes, CEA, Liten, DTCH, 3
cThermoFisher Scientic, 627 00 Brno, Czec
dDepartment of Materials Science and Engin

48109, MI, USA

Cite this: DOI: 10.1039/d6ta01398h

Received 13th February 2026
Accepted 1st June 2026

DOI: 10.1039/d6ta01398h

rsc.li/materials-a

This journal is © The Royal Society
ration in solid oxide electrolysis by
altering Ni-YSZ electrode composition

Pattiya Pibulchinda, a Hugo Duchêne,b Bartlomiej Winiarski, c
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Nickel migration in nickel-yttria stabilized zirconia (Ni-YSZ) fuel electrodes is a significant degradation

mechanism limiting the lifetime of solid oxide electrolysis cells, but the factors that control Ni migration

are not well understood. Here, we demonstrate that the Ni/YSZ ratio plays an important role in Ni

migration. Ni distribution was compared before and after electrolysis operation in 85% H2O – 15% H2,

800 °C, −1 A cm−2 for 500 hours. After testing, clear Ni depletion was observed near the electrolyte in

the electrode with an initial 70 wt% NiO content (∼38 vol% Ni, 35 vol% YSZ, 27 vol% pore in the reduced

electrode), whereas no Ni depletion was observed in the electrode with an initial 50 wt% NiO content

(∼26 vol% Ni, 57 vol% YSZ, 17 vol% pore in the reduced electrode). Two mechanisms are proposed to

explain this effect. First, the lower Ni content electrode exhibited ∼45% lower polarization resistance

(0.30 vs. 0.54 U cm2 at 800 °C), reducing the overpotential driving force for migration. Second, 3D

microstructural reconstruction revealed that the low-Ni electrode possessed substantially smaller and

more isolated surface area per unit volume of Ni-pore interfaces (average z-length 0.97 mm vs. 2.43 mm),

which limited the ability of Ni to migrate via surface diffusion across appreciable distances. These

findings provide clear design principles for improving SOEC durability through composition optimization.
Introduction

Electrolytic hydrogen plays a key role in plans to achieve net-
zero emissions by storing intermittent renewable energy and
producing renewable fuels for difficult-to-electrify sectors.1

Amongst electrolysis technologies, solid oxide electrolysis cells
(SOECs) have the key advantage of high hydrogen production
efficiency,2,3 such that it is predicted to have a lower cost of
hydrogen than alkaline electrolysis by 2030.4 Although long-
term durability of SOECs has been a concern, signicant prog-
ress has been made.2,5–7 A major degradation issue that remains
is the redistribution of nickel (Ni) in Ni-YSZ fuel electrodes
during electrolysis operation. Specically, Ni is oen seen to
migrate away from the Yttria Stabilized Zirconia (YSZ)
electrolyte,8–18 leading to performance degradation.13

Ni migration is typically attributed to a gradient in the Ni/
YSZ wetting angle within the electrode active region.12

Proposed causes include a fuel-gas composition gradient,
oxygen vacancy buildup at Ni-YSZ interfaces at high electrolysis
potentials, and electrowetting.9–13,19 It has also been suggested
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that Ni migration results from an initial tendency of Ni particles
to become isolated from the surrounding matrix.8 The Ni
transport mechanism is generally believed to be surface diffu-
sion for typical operating temperatures of#800 °C, 10,13 whereas
vapor phase transport via Ni hydroxides may be important at
higher temperature. Understanding andmodeling Ni migration
have been challenging in part due to the divergent results. Table
1 summarizes reported life tests of Ni-YSZ-supported SOECs.
Some reports show no evidence of migration20–22 and in one case
Ni migration towards the electrolyte was observed.17 The widely
varying results are probably partly due to different testing
conditions,15 with temperatures ranging from 750 to 950 °C,
current densities from 0.5 to 2.0 A cm−2, and steam/hydrogen
partial pressure ratios from 50/50 to 90/10. It also seems likely
that the different Ni migration results can be partly attributed to
the different microstructural characteristics of the Ni-YSZ
electrode, including Ni/YSZ/pore volume fractions, feature
sizes, and three-phase boundary (TPB) density. The latter
directly affects the electrode overpotential, which is believed to
provide the driving force for Ni migration.6,10,14,19 Different Ni-
YSZ microstructures may facilitate or retard Ni migration. For
example, Monaco et al. reported that a coarser cermet electrode
strongly promoted Ni migration under electrolysis operation.14

In this paper, we test the hypothesis that the Ni/YSZ/pore
volume fractions in the Ni-YSZ electrode play an important
role in determining Ni migration. As shown in Table 1, which
J. Mater. Chem. A
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Fig. 1 Schematic cell structures of (a) “70j70” with 70 wt% NiO –
30 wt% YSZ on both sides, and (b) “70j50/70” with a 12 mm-thick
50 wt% NiO – 50 wt% YSZ functional layer on the SOEC side replacing
the 70 wt% NiO – 30 wt% YSZ layer.
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summarizes prior Ni migration results, these volume fractions
vary widely and yet there is no clear correlation with Ni migra-
tion. However, such comparisons might not be expected to yield
denitive results because of the variation in testing conditions
and other Ni-YSZ electrodemicrostructural differences. In order
to systematically analyze the effect of the Ni/YSZ/pore volume
fractions, here we characterize the Ni distribution aer SOEC
life testing in Ni-YSZ made with two different NiO/YSZ weight
ratios (the electrode is initially prepared as NiO-YSZ and
subsequently reduced to Ni-YSZ). Values used are at either end
of the typical range shown in Table 1, including 70 wt% NiO
(∼38 vol% Ni, 35 vol% YSZ, and 27 vol% pore in the reduced
electrode) and 50 wt% NiO (∼26 vol% Ni, 57 vol% YSZ, and
17 vol% pore in the reduced electrode). Themicrostructural and
electrochemical characteristics of these two different functional
layers are examined to help understand their different Ni
migration results.
Experimental
Solid oxide cell geometry

Both cell types consisted of a YSZ electrolyte with Ni-YSZ elec-
trodes on both sides, a geometry that simplies cell fabrication,
life testing, and data interpretation. The electrodes were made
from different weights of NiO and YSZ with no pore former;
upon exposure to a H2-rich fuel, the NiO reduces to Ni while the
associated volume reduction produces porosity. In one cell type
denoted “70j70”, shown in Fig. 1a, both electrodes were made
using 70 wt% NiO – 30 wt% YSZ, a composition that yields
sufficient porosity to provide low gas diffusion resistance.24 The
other cell type denoted “70j50/70,” illustrated in Fig. 1b, was the
same except for a 12 mm-thick functional layer on the SOEC side
made using 50 wt%NiO – 50 wt% YSZ. The lower Ni content was
used only in the functional layer because of its relatively low
porosity that would yield an excessive gas diffusion resistance
over the full electrode thickness.24 During high-current SOEC
operation, high gas diffusion resistance can signicantly
decrease the H2O/H2 partial pressure ratio near the electrolyte,
which has been shown to decrease Ni migration.15,25 Thus, the
cell designs in Fig. 1 ensure that Ni migration is tested at the
same H2O/H2 ratio in both cell types, providing a clear
comparison of the effect of functional layer Ni content on Ni
migration.
This journal is © The Royal Society of Chemistry 2026
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Cell manufacturing methods

The symmetric cells were manufactured by tape-casting NiO-
YSZ electrode tapes made using the desired amounts of NiO
(Fuel Cell Materials) and YSZ (Yttria Stabilized Zirconia with
8 mol% Y2O3, Tosoh). The YSZ electrolyte tape contained YSZ
with 1 wt% Fe2O3 (Alfa Aesar) sintering aid. The tapes were
layered to produce the structures shown in Fig. 1 and then hot
pressed at 82 °C and 3 tonnes in−2 for 15 minutes. The lami-
nated structure was cut into 1.5 cm × 1.5 cm green bodies. The
cells were held at 600 °C for 1 hour in air to remove organic
residue, then sintered at 1325 °C for 6 hours in air, with heating
and cooling rates of 3 °C min−1. The cells were reduced in
humidied H2 that was diluted in 97% Ar for 100 hours at 800 °
C. In order to achieve at cells with dense YSZ electrolytes by co-
ring, good shrinkage matching along with full YSZ densica-
tion is required; the measures taken to achieve this for the
different NiO-YSZ compositions are described elsewhere.24

Assuming that the NiO-YSZ layers are fully densied aer
sintering and that a 40% volume contraction occurs upon
reducing NiO to Ni,23 the volume fractions of the reduced
electrodes are expected to be 40% Ni, 33% YSZ, and 27%
porosity for the 70 wt% NiO tapes, versus 28% Ni, 53% YSZ, and
19% porosity for the 50 wt% NiO tapes. As will be seen below,
these values are in reasonable agreement with volume fractions
measured by 3D tomography.
Electrochemical characterization

The cells were precisely laser scribed into 1 cm × 1 cm squares,
following the method developed by Cox26 that avoids shorting
across the thin YSZ electrolyte. Silver current collector wires
(Thermo Scientic Chemicals), were double-twisted and
attached to each side of the cell using silver paste (DAD-87
Shanghai Synthetic Resin Research Institute).

The life tests were done for 500 hours with−1 A cm−2 current
density at 800 °C in 85% H2O – 15% H2 (gas ow rate of 200
sccm), conditions where Ni migration is typically observed in
SOEC mode.12–15 H2 was produced using a Hydrogen G200 H2

generator system (ProtonOnSite) and the H2O/H2 ratio was
controlled by a vapor delivery module (Bronkhorst, VDM Series).
Electrochemical testing was done with a Squidstat™ Plus
(Admiral Instruments). During cell operation with current
applied, one electrode of the cell operated in SOFC mode and
another in SOEC mode.

Electrochemical impedance spectroscopy (EIS) was per-
formed with an excitation amplitude of 20 mV over a frequency
range of 1 MHz–100 mHz, recording 10 steps per decade, in a 4-
point setup at open circuit voltage (OCV). The equivalent circuit
model tting was done using a complex nonlinear least square
(CNLS) solver.27 The quality of the t was calculated by the
residuals between experimentally measured and tted EIS data.
Microstructural characterization

For microscopy, the cells were vacuum inltrated in epoxy
(Buehler Epothin II) to ll the pores, then mechanically pol-
ished to 50 nm alumina suspension. Scanning electron
This journal is © The Royal Society of Chemistry 2026
microscope (SEM) imaging was performed with a JEOL-7900
FLV using backscatter electron detection at 1 kV. To achieve
good statistical accuracy of electrode phase fractions versus
depth, SEM image data from ve different randomly selected
regions, each showing ∼45 mm of electrode–electrolyte inter-
face, were combined. 3D tomography was done using a Helios 5
Hydra Plasma FIB-SEM (ThermoFisher) with through-the-lens
and backscatter detectors. 3D data was smoothed, segmented,
and analyzed as described by Winiarski28 to determine Ni/YSZ/
pore phase fractions, phase mean diameter, and TPB density.
The size of contiguous Ni-pore interfaces is also obtained; this is
important because Ni surface diffusion is expected to occur
mainly on these interfaces and therefore be conned each
contiguous interface. Here we introduce two Ni-pore interfacial
characteristics – average projected length �lz in the z direction

lz ¼
P ðlz � AiÞP

Ai

; (1)

and average interface area �A

A ¼
P

Ai

Nc

; (2)

where Ai is the surface area of a contiguous interface, lz is the
projected length along the direction perpendicular to the elec-
trode–electrolyte interface, and Nc the number the clusters.

To complement the experimental data, articial micro-
structures were generated using the truncated Gaussian
random eld model. As detailed in Moussaoui et al.,29 the
method has been adapted to produce representative three-
dimensional (3D) Ni-YSZ electrode microstructures. The input
parameters used to emulate the two experimental microstruc-
tures were the volume fractions and mean phase diameters of
Ni and YSZ. The volume fractions were deduced from the NiO :
YSZ weight fraction, under the assumption that the electrode is
fully dense in its oxidized state. The obtained Ni and YSZ
volume fractions were found to be in good agreement with
those measured on the 3D reconstructions. Mean phase diam-
eters measured on the two experimental electrode images were
used as initial guesses for generating the synthetic micro-
structure. A loop was added on the algorithm in such a way that
the mean particle size calculated on 2D slices extracted from the
simulated microstructure matched the experimental ones. The
mean Ni and YSZ diameters for other electrode compositions
were obtained by linear extrapolation of the measured values
with NiO weight fraction. The connected TPB densities and the
contiguous Ni-pore interfacial areas were calculated using the
tools described in Moussaoui et al.30 Ni-pore interface size
parameters were calculated based on eqn (1) and (2). All the
microstructural parameters of the synthetic microstructure are
provided in Table S1 of the SI material.
Results
Microstructural evolution

Fig. 2 shows cross sectional SEM images of the 70j70 (a) and
70j50/70 (b) cells aer 500 hours life testing in 85% H2O – 15%
H2 at 800 °C and −1 A cm−2. The backscatter electron detector
J. Mater. Chem. A
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Fig. 2 Cross sectional SEM images showing the (a) 70j70 and (b) 70j50/70 cells after 500 hours life testing at −1 A cm−2 at 800 °C in 85% H2O –
15%H2. Ni has a light grey contrast, pores are black, and YSZ is a darker grey. Also shown are phase fractions versus distance taken from 2D image
analysis for the (c) 70j70 and (d) 70j50/70 cells. Red arrow indicates Ni migrated zone.

Fig. 3 Cell voltage versus time for two different 70j70 and 70j50/70
cells during operation at 85% H2O – 15% H2, 800 °C, −1 A cm−2 for
500 hours. There was a 20 hours current interruption in one of the
70j70 life tests due to an unplanned computer shutdown. Tests #1 and

Journal of Materials Chemistry A Paper
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was used to provide uniform contrasts of all Ni, connected or
isolated. In Fig. 2a, Ni is clearly depleted from the region within
3–4 mm of the electrolyte. A plot of phase fractions versus
distance (Fig. 2c), taken from 2D image analysis for the 70j70
cell, shows a clear decrease in Ni and an increase in pore frac-
tion in this region. A baseline comparison cell from the same
batch, imaged aer reduction for 100 hours without cell oper-
ation, has a uniform Ni content throughout the electrode (see
Fig. S1a). Thus, the Ni redistribution occurred during cell
operation. Similar Ni depletion in was observed in other 70j70
cells life tested under these conditions (see Fig. S2a). Note that
all the phase fraction proles reported here have an apparent
YSZ/Ni-YSZ interface broadening of ∼1.5 mm that results from
measuring phase fractions across interfaces that are not
perfectly planar. The Ni and pore depletions vary in the same
way in the interface region, showing that this is not Ni migra-
tion but rather broadening.

Fig. 2b shows a typical SEM image from the 70j50/70 cell
aer life testing. There is a lower density of Ni particles in the
50 wt% NiO layer, but they appear to be uniformly distributed.
Fig. 2d shows the phase distributions. The 50 wt% NiO layer has
a lower Ni and pore content along with higher YSZ content, in
agreement with expectations based on the weights and NiO
reduction. The Ni, pore, and YSZ phase fractions are reasonably
constant within the functional layer; although there are small
variations in the Ni and pore fractions, they appear to be the
J. Mater. Chem. A
same as that observed for an identical cell before cell operation
(see Fig. S1b). Even if this represents Ni migration, it is clearly
much less than for the 70 wt% NiO electrode. Other life tested
70j50/70 cells show similar results with no signicant Ni
migration observed (see Fig. S2b).

The SOFC-side electrodes were also examined, but since they
are not the focus of this report, they are included in the SI
#2 represent different samples from repeated experiments.

This journal is © The Royal Society of Chemistry 2026
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document. No evidence of Ni redistribution was observed aer
life testing (see Fig. S3). This agrees with many prior reports
where little to no Ni migration was observed in SOFC
operation.9
Electrochemical degradation

Fig. 3 shows the cell voltage versus time for the 70j70 (a) and
70j50/70 (b) cells during operation at 85% H2O – 15% H2, 800 °
C, −1 A cm−2 for ∼500 hours. The initial voltage is ∼20% lower
for the 70j50/70 cell. The voltage increases approximately line-
arly with time in all cases, aer some initial variations over the
rst ∼100 hours. The degradation rate is lower, 0.2 to 0.28 mV
h−1, for the 70j50/70 cells versus 0.4 mV h−1 for the 70j70 cells.
These results indicate a substantially lower resistance and lower
degradation rate for Ni-YSZ electrode made with 50 wt% NiO
versus 70 wt% NiO.

Fig. 4 shows EIS spectra taken from the two cell types prior to
and aer life testing. Comparison of the “before test” spectra
show a much smaller electrode polarization resistance, consis-
tent with the lower initial cell voltage in Fig. 3. Aer testing, the
Fig. 4 Nyquist and Bode plot measured at 800 °C and 85% H2O – 15% H2

Fig. 3) (a and c) are measured before as pristine cells (b and d) are measu
500 hours. Also, shown are fits to the experimental data using an equivale
gas diffusion element (ZW), a transmission line model element (ZTLM), and
responsible for the positive excursion of Zimag at high frequency.

This journal is © The Royal Society of Chemistry 2026
electrode polarization responses increase for both cells, and the
ohmic response increases signicantly for the 70j70 cell. Fits to
the data are shown, based on an equivalent circuit model (see
Fig. S4) that includes in series an electrolyte resistance, an
inductance associated with test setup wiring, a Warburg gas
diffusion element, a transmission line model (TLM) element,
and a high frequency response. This is the same as prior Ni-YSZ
models,31 except for the latter response that is included to t the
high frequency feature seen in some of the data. The trans-
mission line model represents the charge transfer process at
three phase boundaries (TPBs) in concert with ionic transport in
the Ni-YSZ electrode.

Fig. 5 summarizes the resistance values for each impedance
response from the ts. First, we focus on the ohmic and
polarization resistances of the cells before and aer operation
(Fig. 5a). The initial ohmic resistances are the same, but
increase more aer cell operation for the 70j70 cell. As reported
previously,15 this is a key indicator of Ni migration resulting
from the Ni-depleted zone of porous YSZ becoming part of
a thicker electrolyte. As noted above, the initial polarization
resistance is much smaller for the 70j50/70 cell. An increase in
from (a and b) 70j70 and (c and d) 70j50/70 cells (both from tests #2 in
red after SOEC operation at 85% H2O – 15% H2, 800 °C, −1 A cm−2 for
nt circuit model consisting of electrolyte resistor, inductance, Warburg
a high frequency resistance (ZHF). The inductance, not highlighted, is
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Fig. 5 Resistances of 70j70 and 70j50/70 cells before and after cell
operation at 85% H2O – 15% H2, 800 °C, −1 A cm−2 for 500 hours,
derived from the EIS fitting. Ohmic and polarization resistances are
shown in (a), while (b) breaks down the polarization components. Error
bars are based on fitting sensitivity analysis.
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the polarization resistance is seen in both cells and is
presumably the result of early-stage break-in and Ni coarsening
that is oen seen in Ni-YSZ-based cells.17,25,32

Fig. 5b breaks the tting results down further. The TLM
resistance is the dominant part of the electrode polarization,
and is initially much lower for the 70j50/70 cell. This can be
explained by a lower resistance on the 50 wt% NiO (SOEC-side)
electrode of the 70j50/70 cell, as seen in prior EISmeasurements
of symmetric Ni-YSZ cells with these compositions.24 The
increase in TLM resistance aer life testing is actually some-
what larger for the 70j50/70 cell; this may be due to an increased
tendency for Ni and pores to become isolated for low Ni/pore
volume fractions, resulting in reduced connected TPB
density.9 The Warburg resistance values are small for both cells
due to the reasonably high porosity of Ni-YSZ made with 70 wt%
NiO, and any changes aer life testing are generally small
compared to measurement errors. The high frequency resis-
tance only becomes signicant aer life testing the 70j70 cell.
Noting that high frequency responses are typically associated
with interfaces, a possible explanation is an increased grain
boundary resistance in the electrolyte due to void formation.33
Fig. 6 3D volume of Ni-pore interfaces of (a) 50 wt% NiO and (b)
70 wt% NiO electrodes. For clarity, only the 10 largest interfaces are
shown with each isolated Ni-pore interface indicated by a different
color. For more plots, see Fig. S6.
Discussion

In the following discussions, we examine possible reasons for
the difference in Ni migration observations for the two different
J. Mater. Chem. A
Ni-YSZ compositions, including the electrochemical character-
istics and electrode microstructure.
Electrochemical characteristics

Ni-YSZ electrochemical characteristics are important because
Ni migration is driven by the overpotential gradient across the
electrode functional region,6,8,14,15,34,35 which is mainly depen-
dent on the TLM resistance. Fig. 4 and 5 indicate a lower TLM
resistance for the 50 vol% NiO electrode. Thus, the absence of
Ni migration in this lower Ni electrode (Fig. 2) can be explained
at least in part by a lower overpotential gradient, as driving force
for Ni migration.14,34 Reported EIS measurements of Ni-YSZ
electrodes versus Ni content show a TLM resistance that
decreases with decreasing NiO wt% from 70 to 50,24,36 suggest-
ing that there should be a continuous decrease in Ni migration
with decreasing Ni content in Ni-YSZ electrodes.
Electrode microstructure

Ni evolution in a Ni-YSZ microstructure is constrained by the
YSZ phase, and hence is dependent on the specic micro-
structure including Ni, pore, and YSZ volume fractions. For
This journal is © The Royal Society of Chemistry 2026
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Table 2 Measured 3D data from the Ni-YSZ electrodes including phase volume fractions, three phase boundary densities, and Ni-pore interface
characteristics. The latter includes surface-area weighted average Ni-pore surface areas �A and “z-lengths” �lz (see eqn (1) and (2)). Maximum z-
lengths along with maximum and total surface areas are also given

NiO–YSZ
(initial wt%)

Volume fraction [%]
TPB density
[mm−2]

z-length [mm] Surface area [mm2]

Ni YSZ Pore Average Max Average Max Total

50-50 25.6 57.0 17.4 2.44 0.97 3.52 0.80 20.03 16 310
70-30 37.5 34.9 27.6 2.54 2.43 10.50 1.75 127.30 20 400
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example, high-temperature Ni coarsening in Ni-YSZ electrodes
was much slower for lower Ni content (initial NiO : YSZ weight
ratio of 50 : 50 versus 65 : 35).32 It was argued that decreasing
NiO wt% both reduces pore volume and increases YSZ volume,
thereby limiting the space available for Ni movement, increas-
ingly conning the Ni phase. Here we discuss a related aspect –
how Ni content affects the extent of Ni-pore interfaces in the
microstructure. As noted earlier, these are important because Ni
surface diffusion is believed to occur on these interfaces.13

The Ni-pore interfaces in Ni-YSZ electrodes made with 50
and 70 wt% NiO were examined in FIB-SEM-measured 3D
microstructures with size 27 × 28 × 27 mm3 (see Fig. S5). Fig. 6
shows the Ni-pore interfaces in the microstructures – only the
largest ten interfaces are shown for clarity. Table 2 summarizes
the Ni-pore interface characteristics, along with phase volume
Fig. 7 Evolution of the average z-length of Ni-pore interfaces (a) and
TPB density (b) as a function of the NiO content. Microstructural
properties were calculated on 3D artificial microstructures (15 mm3

cubes) generated for two Ni and YSZ particle sizes: dNi = 0.8 mm and
dYSZ= 0.72 mm (for the 50wt%NiO layer of the 70j50/70 cell), and dNi
= 1 mmand dYSZ= 0.69 mm (for the 70wt%NiO layer of the 70j70 cell).

This journal is © The Royal Society of Chemistry 2026
fractions and TPB densities. The low Ni content electrode
(Fig. 6a) has isolated Ni-pore interfaces that are relatively small,
i.e., with projected z-length�lz < 1 mm and area �A < 1 mm2 (see Ni-
pore interface size distribution in Table S2). These interfaces
are too small to allow Ni surface diffusion over the observed Ni
depletion width of 3–4 mm (Fig. 2). The higher Ni content
electrode (Fig. 6b) has larger average and maximum Ni-pore
interface z-length along with a larger average, maximum, and
total interface areas, including many with z-length $10 mm,
providing a network for long-range Ni migration. Note that
lower NiO content decreases Ni-pore interface content because
both Ni and pore volume fractions decrease. Overall, the lower
NiO content should substantially suppress Ni migration, as
observed in Fig. 2.

Table 2 also shows that the active TPB densities in the two
electrodes are almost identical. This is consistent with the lower
TLM resistance of the cell with the 50 wt% NiO electrode
because the higher YSZ content increases ionic transport. This
can be estimated using a standard TLM model in the thick-

electrode limit whereRTLM y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLS=sionrTPB

p
.37 Here, rTPB is the

TPB density, RLS is the TPB line-specic resistance (10 000–30
000 U cm at 800 °C),38 and sion is the ionic conductivity of the
YSZ phase in the electrode given by the YSZ conductivity
(0.01 S cm−1 at 800 °C) multiplied by the YSZ volume fraction
(see Table 2) divided by the YSZ phase tortuosity (estimated to
be 1.03 for 50 wt% NiO and 1.12 for 70 wt% NiO). Using RLS =

20 000 U cm, this yields RTLM z 0.24 U cm2 for 50 wt% NiO and
0.32 U cm2 for 70 wt% NiO. This shows the same trend as the
measured TLM resistances in Fig. 5; the absolute values are in
good agreement considering uncertainties in the input values,
especially RLS. These factors also affect the width d of the elec-
trode active region across which the potential gradient is

present. This active depth is given by dy
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLSsion=rTPB

p
in the

transmission line model, yielding 6.7 mm for 50 wt% NiO and
4.9 mm for 70 wt% NiO using the above-mentioned values. Note
that the latter thickness agrees with the observed Ni depletion
depth of ∼4 mm (Fig. 2c). The larger d for the 50 wt% NiO
electrode combines with its lower overpotential (noted above) to
yield an overall weaker overpotential gradient, decreasing the
driving force for Ni migration.
Articial electrode microstructures

To further investigate Ni-pore interfaces over a wider range of
NiO : YSZ weight fractions, articial 3D microstructures were
generated. Fig. 7a shows that the average z-length lz exhibits
a sharp increase as NiO wt% increases from 55 to 65%, in
J. Mater. Chem. A
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agreement with the large difference in z-lengths between the 50
and 70 wt% electrodes observed experimentally (Table 2). The
results indicate that below ∼55–60 wt% NiO, Ni diffusion
should be limited to very short distances within the electrode,
whereas above this range the microstructure allows diffusion
over a distance larger than observed Ni depletion width. Fig. 7b
shows that the TPB density rTPB has a maximum near 60 wt%
NiO, similar to prior reports.30,36 rTPB for 50 wt% NiO is similar
to that for 70 wt% NiO, in agreement with the experimental
values in Table 2. As noted above, the comparable rTPB

combines with the higher effective ionic conductivity due to
higher YSZ content in the 50 wt% NiO functional layer to yield
a lower transmission-line resistance and larger active layer
depth;39 these combine to reduce the overpotential gradient
driving Ni migration. Although the trends in the simulated lz
and rTPB agree well with the experimental results, the absolute
values differ; this is attributed to differences in particle size
distributions, which exhibit greater variability in real micro-
structures and are difficult to reproduce in synthetic
microstructures.29

Summary and conclusions

In this study, Ni-YSZ electrodes with 70 wt% and 50 wt% initial
NiO content were tested under identical conditions, demon-
strating for the rst time that Ni migration is essentially elim-
inated for the lower NiO content. The results of electrochemical
and microstructural characterization suggest two mechanisms
that can explain this compositional effect. First, the trans-
mission line resistance was substantially lower for the lower
NiO content, resulting in reduced electrode overpotential.
Combined with a larger electrode active region for the lower NiO
content, this yields a substantially reduced overpotential
gradient, reducing the gradient in Ni wetting angle that is
believed to drive Ni migration. Second, Ni-pore interfaces –

believed to be the primary pathways for Ni transport by surface
diffusion – were isolated for the lower Ni content electrodes,
with length substantially less than the observed Ni migration
length. In contrast, the high NiO electrode had Ni-pore interface
widths larger than observed Ni migration lengths, providing
continuous pathways for Ni surface diffusion.

The experimental results are augmented by synthetic
microstructure modeling over a wider range of electrode NiO
contents (45–75 wt%). The results conrm large changes in Ni-
pore interface length with NiO content, revealing a percolation
threshold near 55–60 wt% NiO where Ni-pore interface lengths
increase dramatically. Below this threshold, migration is
inherently limited by the availability of diffusion pathways
regardless of electrochemical conditions, while above it,
migration is possible but depends on electrochemical operating
conditions.

This study provides clear design principles for improving Ni-
YSZ electrode durability, with signicant practical implications.
Ni-YSZ fuel electrodes are oen fabricated with high NiO
contents of ∼70 wt% NiO, with the advantage that they provide
high electronic conductivity. While this works well in solid
oxide fuel cell (SOFC) applications where Ni migration is
J. Mater. Chem. A
typically not observed, they appear to be poorly suited for
industrial SOEC systems where multi-year stable operation is
necessary for economical and energy-efficient renewable
hydrogen/fuel production. Ni-YSZ electrodes made with
∼50 wt% NiO provide superior long-term stability while deliv-
ering sufficient electronic conductivity. This Ni-YSZ composi-
tion adjustment represents a straightforward pathway to
enhanced stability without requiring signicant changes in
SOEC materials or fabrication processes.

Finally, this work establishes a general framework for
understanding how electrode composition affects the micro-
structural and electrochemical characteristics that control
degradation. The principles identied here—reducing driving
force through lower resistance and limiting transport pathway
through microstructural design—may extend beyond Ni
migration to other degradation mechanisms such as particle
coarsening and to a broader range of electrochemical cells.
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