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Abstract
The effect of electrolysis operations onNi-YSZ fuel electrode stability was studied at different current
densities and fuelmixtures during 1000 h life tests. For a typical electrolysismixture of 50%H2/50%
H2O and 0.6 A cm−2 current density, cell ohmic resistance values were reasonably stable and no
structural changes occurred.However, formore reducing conditions (97%H2/3%H2O), increasing
the current density above 0.4 A cm−2 increased the ohmic resistance accompanied by significant
electrolyte degradation including fracture and void formation at grain boundaries. Numerical analysis
was carried out to determine the effective oxygen partial pressure across the electrolyte. The results
show that the oxygen partial pressure values at high current density and low steam contentmay be low
enough to reduce zirconia to form aNi-Zr alloy product, initiating the observed electrolyte structural
degradation.

Introduction

Solid oxide fuel cells (SOFCs) have been extensively developed for efficiently converting fuels into electricity [1],
but recent interest has also focused on solid oxide electrolysis cells (SOECs) [2–4]. This is largely driven by the
increasing utilization of intermittent renewable electricity production; SOECs can be used for storing renewable
excess electricity by converting to various chemical fuels (so-called ‘Power-to-X’), thereby avoiding the need to
curtail renewable resources [5–7]. Among different energy storagemethods, SOECs have the potential for
relatively high efficiency, low energy storage cost, and scalable energy capacity [8].

Long-term durability is a crucial challenge for the commercialization of SOECs, because a number of new
degradationmechanisms have been observed that are not normally seen in SOFCmode [9].Many SOEC studies
have focused on oxygen electrode degradation [10–12], where the high oxygen activity present during
electrolysis leads to fracture, delamination, or oxygen bubble formation. In addition, degradation has been
associatedwith structural changes observed in theNi-YSZ fuel electrode and the yttria-stabilized zirconia (YSZ)
electrolyte. Depletion ofNi from theNi-YSZ near the interface with YSZ has been observed [13]. Void formation
onYSZ electrolyte grain boundaries has been observed after electrolysis life tests [14–16], alongwith an increase
in ohmic resistasnce [16]. Another report showed significant fuel-electrode polarization resistance increases for
current densities>1 A cm−2 at 800 °Cor 850 °C, associatedwith the formation of ZrO2 nanoparticles onNi
particles; this was explained by zirconia reduction at the very low oxygen partial pressures pO2

that can arise
during electrolysis [17].Most tests of steam electrolysis have been carried out in relatively high steam contents
ranging from40% to 90%. It is desirable, from a systemperspective, to achieve high steamutilization, and hence
low steam conditions near the fuel outlet, but few life tests have been done under such conditions.

Here we report results from life tests carried outwith 97%H2/3%H2O at different constant current values.
This very low steam content is unlikely to be present in a steam electrolyzer, but it is used here as away to
accelerate degradation effects resulting fromhighly reducing conditions. A comparison test at 50%H2/50%
H2O is also reported. SymmetricNi-YSZ/YSZ/Ni-YSZ cells were utilized for these fundamental studies of
degradation for a few reasons: (1) effects arising from the oxygen electrode, present in full cell tests, are
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eliminated, simplifying the interpretation of the results; (2) effects arising from interconnectors and gas seals are
not present; and (3) one electrode in the symmetric cell operates in electrolysismode, while the other is in fuel
cellmode, allowing a direct comparison of these operatingmodes. The cells were fabricated by tape casting and
co-sintering processingmethods similar to thewidely-usedNi-YSZ-supported full cells, with similar
microstructures and layer thicknesses; thus, the results should be relevant to these full cells. Cell performance
changes and electrochemical impedance spectroscopy (EIS) results are discussedwith input from cell
microstructural observations. Numerical analysis of the effective oxygen partial pressure across the cell was
carried out and used to help explain observed degradation effects.

Experimental

The symmetric cells were processed as described elsewhere [18]. A∼25–30 μmthick YSZ electrolyte was
sandwiched between identical Ni-YSZ electrodes, eachwith an∼20μmthick functional layer with composition
50:50wt.%NiO:YSZ and a∼150μmthick support layer. The support layer had the same composition as the
functional layer, but an additional pore formerwas added to the support layer to improve gas transport. These
structures were prepared by tape casting, laminating, and co-sintering in air at 1400 °C for 4 h.Note all the
thicknesses given aboveweremeasured after sintering. All cells were then heated in a 5%H2/3%H2O/92%Ar
gasmixture at 800 °C for 3 h to fully reduceNiO.

Life tests were performed at 800 °C in a 97%H2/3%H2Oor 50%H2/50%H2Ogasmixture. In both cases,
hydrogen gas was passed through a bubbler containing pure deionizedH2O. For 97%H2/3%H2O, the bubbler
was kept at 28 °C,whereas for 50%H2/50%H2O the bubbler wasmaintained at 82 °C.Direct current was
applied using aKeithley sourcemeter controlled by Labview. The current density jwasmaintained constant in
each long-term test, at 0.4, 0.6 or 0.8 A cm−2. The current was paused at∼24 h intervals for EISmeasurements
from106 to 10−1 Hz at open circuit voltage using a Zahner IM6 electrochemical testing station.Half-cell area-
specificOhmic resistance (RΩ) values are estimated from theNyquist plots as the first intercept with the Zreal
axis, while polarization resistance (RP) is taken as the difference between the high and low frequency intercepts,
and dividing themeasured impedances by 2 andnormalizing to the electrode area. These intercept values, used
for expedience due to the large amount of EIS data, agreewithin±2.5% error of those obtained from the EIS
fitting (mostly due to inductance effects at high frequency), and the error is consistent throughout the tests. Note
that it was not practical to use a potential probe in these thin electrolyte cells, and the division by two effectively
assumes that both electrodes have the same impedance; while this is presumably true for the identical electrodes
at the beginning of the life test, if the two electrodes degrade differently, this assumptionmay beflawed. In
particular, since no degradationwas expected or observed on the fuel cell side of the cells, it is assumed that
observed increases in cell operating voltage and resistance arose solely from the electrolysis-side electrode.

Fracture cross-sections of selected cells were imaged by a scanning electronmicroscope (SEM,Hitachi
SU8030) at 20.0 kV accelerating voltage using a secondary electron detector. 3D tomography and electron
channeling contrast imaging (ECCI)were acquired, from cells that were prepared by cross sectioning, epoxy
infiltrating, andmechanically polishing, in an FEIHelios Focused ion beam—scanning electronmicroscope
(FIB-SEM). 3D tomographywas donewith an accelerating voltage 5.0 kV and the backscattered electron
detector. Image segmentation and 3D reconstruction of serial sectioning images were done as described
elsewhere [19]. ECCI across the YSZ electrolyte wasfirst startedwith surface cleaning under focused ion beam,
with accelerating voltage of 30 kV and high beam current of 2.8 nA. After that, imagingwas also accomplished
under focused ion beamwith a 30 kV accelerating voltage, low beam current at 28 pA and in secondary electron
mode. This ECCI imaging provides good grain orientation contrast [20].

Results

Electrochemical characterization
Figure 1 shows the cell voltage versus timemeasured during the life tests done at different current densities and
gas compositions. The cell operated in 50%H2/50%H2O and j=0.6 A cm−2 showed an initial voltage that
decreasedwith time early in the life test and then stabilized (aside from the test interruption at∼350 h). The tests
done in 97%H2/3%H2O showed higher voltages that increased rapidly in the first 50 h but thenmore slowly.
For the j=0.4 A cm−2 case, the voltage stabilized after∼500 h, but the degradation continued throughout the
tests for the higher j. Note that extended break-in periods of a few hundred hours have been observed for cells
withNi-YSZ fuel electrodes [17], and the early-stage voltage changes observed here are likely such an effect.
However, the continuing voltage increase, seen in the low steam and higher j conditions, appears to indicate cell
degradation.
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Figure 2 shows an example of EIS datameasured at zero current during brief interruptions of the life test
carried out at 0.8 A cm−2 in 97%H2/3%H2O. TheNyquist plot shows a slight increase in the low-frequency
intercept with time, consistent with the cell voltage increase seen infigure 1. The high frequency intercept
increasesmore rapidly with time, indicating that the ohmic resistanceRΩ increases with timewhile the
polarization resistanceRP decreases with time. The EIS data were fittedwith an equivalent circuitmodel
containing an inductance and a resistor in series with twoR-CPE elements (presented infigure 2) as previously

Figure 1.Total cell voltage versus time during the life tests carried out at 0.4, 0.6, and 0.8 A cm−2 in 97%H2/3%H2O, and at
0.6 A cm−2 in 50%H2/50%H2O.An interruption of this latter test due to a power outage at∼350 h ismarked by an arrow.

Figure 2.Nyquist (a) andBode (b) plots of selected EIS data during life tests performedwith 0.8 A cm−2 in 97%H2/3%H2O. EISfits
are shown as solid lines, alongwith the contribution of each individual element for the cell test at 963 h.
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used tomodelNi-YSZ electrodes [18]. [21, 22]Thefit agrees verywell with the EIS data as shown in figure 2. A
breakdownof thefit is illustrated for the case of the cell tested for 963 h. The RQ response at∼10 Hz can be
associatedwith the gas diffusion process, and the∼100 HzRQ response is related to an electrochemical process
in theNi-YSZ electrode. From the Bode plot infigure 2, the response centered at∼10 Hz decreases with time,
mostly after∼400 h, and shifts to a lower frequency. The response at∼100 Hz also decreases with time, but shifts
to higher frequency.

Figure 3 plotsRΩ (a) andRP (b) versus time for all four life tests, taken fromEIS data such as that shown in
figure 2. The initialRΩ values (figure 3(a)) are similar, since the electrolyte thicknesses were all 25–30μm. For the
cell operated at 0.4 A cm−2 in 97%H2/3%H2O,RΩ increased in the first 400 h and then became relatively stable.
On the other hand, for the tests in 97%H2/3%H2O at 0.6 and 0.8 A cm−2,RΩ increased steadily during the
entire test, yielding a factor of 3–4 increase over 1000 h.However, during the test in 50%H2/50%H2O and
0.6 A cm−2,RΩwas fairly stable from50 to 350 h, abruptly increased at 350 h due to a power outage, and then
remained relatively stable throughout the rest of the test.RP (figure 3(b)) decreased gradually and continuously
during all the tests, aside from the artifact introduced by the interruption of the higher-steam test.

Microstructural observations
Figure 4 shows fracture cross sectional SEM images of the electrolyte of various cells after life testing. Figures 4(a)
–(c) show the low steam tests at increasing j, with an un-tested as-reduced electrolyte shown for comparison in
figure 4(d). The relatively featureless YSZ fracture surface, almost dense with a few isolated pores infigure 4(d),
gives way to an increasing tendency for intergranular fracturewith increasing j, andfinally an opening or crack
across the electrolyte near the SOEC electrode for the highest j. Figure 4(e) shows that the electrolyte after the
higher-steam test is featureless similar to the un-tested electrolyte. Figure 4(f) shows a higher-magnification view
of a region near the center of the electrolyte from figure 4(c) (0.8 A cm−2)where voids are clearly present along
the grain boundaries produced during sample fracture for SEM imaging. These pores presumably weaken the
grain boundaries, resulting in the characteristic intergranular fracture.

Figure 3.Ohmic resistance (a) and polarization resistance (b)measured during life tests performedwith 0.4, 0.6, 0.8 A cm−2 in 97%
H2/3%H2O, andwith 0.6 A cm−2 in 50%H2/50%H2O (a disturbance frompower outage at around 350 hwasmarked by red
arrow).
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Figure 5 shows cross sectional ECCI images of polished YSZ electrolyte surfaces from the cells. Figures 5(a)–
(c) show the low steam tests at increasing j, with an un-tested as-reduced electrolyte shown for comparison in
figure 5(d). The ECCI imaging gives good grain contrast but the electrolyte is otherwise featureless except for a
few isolated pores infigure 5(d). The intergranular fracture seen infigure 4 is of course not observed in these
polished cross-sections, and the grain-boundary pores are not so evident because the grain boundaries are not
exposed. Figure 5(a) shows small extended pores on the electrolysis-side of the electrolyte that becomemore
extensive at higher j (figure 5(b)) and then extend to produce a nearly complete separation in the electrolyte at
j=0.8 A cm−2 (figure 5(c)), alongwith secondary lines of extended pores. Greater than 90%of the electrolyte

Figure 4. Fracture cross sectional images of the cells after long-term tests in 97%H2/3%H2Ogas condition at 0.4 (a), 0.6 (b) and
0.8 A cm−2 (c), in the as-reduced state (d), and after the long-term test in 50%H2/50%H2O at 0.6 A cm−2 (e). Finally, (f) shows a
higher-magnification view of the region indicated by the yellow box in (c), after long-term testing at 0.8 A cm−2. For all the images
except (f), the SOEC electrode is at the top and the SOFC electrode is at the bottom.
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Figure 5.Representative polished cross sectional electron channeling contrast (ECCI) SEM images of the YSZ electrolyte after long-
term tests in 97%H2/3%H2O gas condition at 0.4 (a), 0.6 (b) and 0.8 (c)A cm−2, in the as-reduced state (d), and after the long-term
test in 50%H2/50%H2O at 0.6 (e)A cm−2. For all the images, the SOEC electrode is at the top and the SOFC electrode is at the
bottom.
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length observed by SEMwas separated in this case. Figure 5(e) shows that the electrolyte after the higher-steam
test is similar to the un-tested electrolyte, i.e., there are no observable structural changes.

Figure 6 summarizes SEM-EDS data from the cell after the 0.8 A cm−2 life test, but taken at a different
region. Similar to the image shown infigure 5(c), figure 6(a) shows an extended crack alongwith twominor
crack lines on the SOEC side. The EDS elemental intensitymap revealsNi enrichment along large crack; Ni
enhancement is also detected along the smaller crack lines, although it is barely visible infigure 6(b).

Figure 7 presents representative FIB-SEM2D images fromSOEC-side (a), SOFC-side (b) after the
0.8 A cm−2 life test comparedwith an as-reduced (c) electrode. The functional layer is shown alongwith a small
portion of electrolyte on the left. Both electrodes show the expectedNi (lighter grey), YSZ (darker grey), and pore
(black) phases, and there is little obvious difference between themicrostructures. Phase volume fractions
obtained from the FIB-SEMdata set are shown as a function of distance from the electrolyte for the SOEC side
(d), SOFC side (e) and as-reduced (f) electrodes. The overall region sampledwas from∼1.5 to 11.5μmfrom the

Figure 6.Polished cross sectional SEM images showing theNi-YSZ electrolyte after 0.8 A cm−2 test: Secondary electron image (a) and
the corresponding EDS elemental distribution ofNi (b), Y(c) andZr (d).

Figure 7.Representative cross sectional images fromFIB-SEM3D reconstruction datasets comparing theNi-YSZ SOEC electrode (a)
and SOFC electrode (b) of the cell life tested at 0.8 A cm−2 with an as-reduced electrode (c). Ni, YSZ, and pore volume fractions versus
distance from electrolyte for the SOEC (d), SOFC (e) and as-reduced (f) electrodes, calculated from the FIB-SEM3Ddatasets in the
four regions indicated in (a), (b) and (c).
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YSZ electrolyte (orange box in solid line in a or b). The values were obtained in four equally-partitioned volumes
(indicated by the blue dashed lines in a, b and c) in the functional layer. In both the SOEC and SOFC electrodes,
there appears to be a slightly lowerNi volume fraction and slightly higher pore volume fraction near the
electrolyte, comparedwith the as-reduced electrode. Given that the present changes are barely beyond
measurement errors and are not expected inNi-YSZ operated as a SOFC electrode, it is unclear whether theNi
depletion is real or is ameasurement artifact. Based on prior reports [13], onemight expectNi loss near the
electrolyte in the SOEC electrode. The lack of an obvious change in the present experimentsmay be the result of
themuch shorter life test times of 1000 h, compared to∼10 000 h in the prior report.

Figure 8 shows fracture cross sectional SEM images of theNi-YSZ taken near the electrode/electrolyte
interfaces, of both electrodes after test in 3%H2O/97%H2with 0.6 A cm−2. Nanoparticles are observed on both
sides, but their density is higher on the SOEC side than on the SOFC side. Nanoparticles can often be observed in
Ni-YSZ after anode-supported SOFCoperation; this was explained by the small solubility ofNiO inYSZ during
high-temperature firing; upon reduction of the electrode, Ni exsolves from the YSZ, formingNimetal
nanoparticles on the surface [23]. However, the higher nanoparticle density in the SOEC electrode indicates that
some additional process is present.

Discussion

Three differentmicrostructural changes were observed here—voids formed primarily on grain boundaries in
the YSZ electrolyte, extended separation in the electrolyte near the SOEC-side electrode, and nanoparticle
formationwithin theNi-YSZ electrode. In the following, each of these changes are discussed, alongwith their
anticipated effect on long-term SOECdegradation. Ni depletion from theNi-YSZ functional layer, often
observed after SOEC life tests, was too small to be definitively confirmed here. Thismay be explained by the low
H2Opressure used in these experiments, whereasNi depletion is typically explained by the formation of volatile
Ni-containing compounds in high-steam conditions [24–26]. Electrochemical degradation is observed at a
current density of�0.6 A cm−2 for 3%H2O, but not for 50%H2O, suggesting that the low steam conditions
accelerate degradation.

Since SOEC fuel electrode evolution has been associatedwith an extremely lowoxygen partial pressure P ,O2

amodel calculation is used here to determine the P .O2
(Themodel used here has been described in detail

elsewhere [27, 28]. Briefly, it accounts for oxygen vacancy, electron, and hole transport across the electrolyte in
order to calculate the electric potential and PO2

as a function of position across the electrolyte. Boundary
conditions are given by the electrode overpotentials, which are estimated based on themeasured polarization
resistance values [27]. Figure 9 shows PO2

versus position across the YSZ electrolyte. Electrolysis operation
drives PO2

to lower values on the SOEC sidewith increasing j, due to higher overpotentials. Shifting from3% to
50%H2Omoderates the PO2

value, both because of the higher effective PO2
value in the gas phase and reduced

electrode overpotentials.
Figure 9 indicates the critical PO2

where zirconia reduction to formNi-Zr phases is expected [17, 29]; this is
shown as a range of values due to the uncertainty in the thermodynamic data. Nonetheless, it can be seen
qualitatively that increasing j or decreasing theH2O content can decrease PO2

into the rangewhere zirconia

Figure 8. Fractured cross section of electrode-electrolyte interface after test under 0.6 A cm−2 test in 3%H2O/97%H2 gasmixture at
SOEC side (a), SOFC side (b).
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reduction can be expected. This zirconia reduction effect was previously used to explain nanoparticle formation
in theNi-YSZ functional layer during electrolysis [17, 29], andmay also explain the present observation of
nanoparticles (figure 8). Furthermore, the steady decrease inRPwith time during the life tests (figure 3(b))may
be explained by an increase in TPBdensity associatedwith the nanoparticle formation.However, in longer-term
SOECoperation the continued re-structuring of theNi-YSZ electrode could lead to damage near the electrode/
electrolyte interface, similar to that observed during reversing current operationwhere nanoparticle formation
ismore extensive [18, 29].

The formation of electrolyte grain-boundary voids is detected primarily because it causes intergranular
fractures during sample preparation for SEMobservation (figure 4(e)); they are not evident in the polished SEM
images (figure 5). Note that these voids should not be confusedwith the grain-boundary voids observed near the
oxygen electrode after the electrolysis operation; these are explained by high PO2

values that are not present
under fuel-electrode conditions. Themechanism for void formation is unclear, but presumably cation transport
is involved. A possible driving force for cation transport is the relatively large electric field present during
electrolysis. Such transport would result in cation vacancies that could agglomerate on grain boundaries.
Alternatively, cation transportmay occur preferentially on grain boundaries due to a highermobility, resulting
in void formation. The grain-boundary void density appears to be too low to play a direct role in the increases in
electrolyte resistance observed at higher j values (figure 3(a)). However, the continued build-up of voidsmay
weaken the grain boundaries sufficiently to allowmechanical failure after longer-term operation. A similar
phenomenonwas observed after a SOFC life test, with the ultimate intergranular fracture in the YSZ electrolyte
apparently related toMn enrichment (from the oxygen electrode) at grain boundaries [30].

The partial or complete separation observed on the SOEC side of the YSZ electrolyte is the likely cause of the
observedRΩ increase during life tests (figure 3(a)). Similar increases in ohmic resistance are observed to result
fromoxygen-electrode delamination [14, 15, 31]. However, themechanism causing the electrolyte separation is
unclear.

We explored the possibility that elastic strains, arising fromYSZ oxygen loss and associated lattice expansion
in the highly reducing conditions near the SOEC electrode (left side infigure 9), could cause fractures. The lattice
parameter at vacancy concentrationCV is estimated using a Taylor series expansion about the lattice parameter
value at the reference state with concentration CV

0 [32]. The expansion is done using the first and second order
coefficients that are estimated by fittingwith experimental data forGd-dopedCeria (GDC) [33], because the
experimental data for YSZ is lacking. Using a relationship between oxygen partial pressure and oxygen vacancy
concentration, obtained via amathematicalmodel described elsewhere [34], the oxygen partial pressure versus
lattice expansion of YSZ is obtained. For a current density of 0.8 A cm−2 and 3%H2O, pO2

at the SOEC side is
1.45×10−28 atm (figure 9) and the oxygen loss is 0.74%. The associated lattice expansion of 0.08% relative to
the higher oxygen partial pressure part of the electrolyte produces a stress of 1.5×108 Nm−2, given that the
Young’smodulus of YSZ is 1.9×1011 Nm−2 [34]. According to the discussion in [35, 36], the critical stress for
crack propagationwith aflaw size of 1μm inYSZ is∼2×109 Nm−2. Thus, the predicted stresses in our
experimentsmay be too low to cause fracture in YSZ. In order to reach stress levels sufficient to cause fracture by
thismechanism, an oxygen partial pressure<10−33 atmwould be required, a value that could only be reached at
very high electrolysis overpotentials.

Figure 9. PO2 versus position across the YSZ electrolyte from the SOEC side (left) to the SOFC side (right), for the different current
densities and gas compositions in the present life tests.
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Other possible explanations arise from the observation ofNi at the electrolyte separation (figure 6(b)). NiO is
dissolved in YSZ at∼1–5 mol% levels during high-temperature YSZ/Ni-YSZ co-firing [23]. The reducing
conditions during the solid oxide electrolyzer cell operation are known to reduceNiO tometallicNi [29, 36]; this
occurs preferentially at free surfaces such as the pre-existing pores or voids formed during the electrolysis
operation, where the energy barrier for nucleation is low.One possible explanation is as follows: for sufficiently
low PO2

conditions, (near the SOEC electrode infigure 9), zirconia can be reduced to formNi-Zr [17], thereby
consuming some of the YSZ electrolyte leading to growth of the voids.With continued growth, the voidsmay
join to form a crack-like object. Note that the electrolyte separations (figures 4–6), occur at the locationwhere
the PO2

value becomes low enough for zirconia reduction (figure 9), providing circumstantial evidence for this
proposedmechanism. Another possiblemechanism involves tensile and radial elastic stresses at voids that are
filledwithNi. In this case, the stress can become large enough to induce crack propagation. A possible source of
the stress is the lattice parametermismatch coherency strain among the differentmaterials (Ni, YSZ, andNi-
dopedYSZ) at the void. Note that this crack generation and propagation can be coupledwithNiO compositional
gradients in YSZnear in newly created crack structures wheremetallic Ni precipitates [37].

Summary and conclusions

Solid oxide electrolysis cell life tests were carried out in different gasmixtures at various current densities onNi-
YSZ/YSZ/Ni-YSZ electrode-supported symmetric cells. The following conclusions can bemade:

(1) Increases in ohmic resistance during life tests in 97% H2/3% H2O at current density �0.6 A cm−2 were
explained by growth of electrolyte voids leading, in themost extreme case, to extended separations in the
electrolyte;

(2) The formation of grain-boundary voids in YSZ and nanoparticles in Ni-YSZ were also observed after life
tests under 3%H2O and high current density conditions.While the former apparently had little effect on
degradation, and the latter appeared to actually reduce polarization resistance, these effectsmay lead to
degradation during longer-term operation;

(3) Model calculations suggest that the microstructural changes are driven by the strong electric potential
gradient and the very low oxygen pressure that develops across the electrolyte during electrolysis;

(4) Electrolysis operation under low-steam conditions was found to strongly accelerate degradation compared
to the high steam electrolysis life test where no degradationwas observed.While this can be useful for
accelerated testing, it also illustrates the importance of avoiding high steamutilization in practical SOECs.
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