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lonomigration of Neutral Phases in lonic Conductors

I.-Wei Chen,* Seung-Wan Kim, Ju Li, Suk-Joong L. Kang, and Fugiang Huang

Without sensing any physical force, a neutral object in an ion conducting
solid can move in a uniform electrochemical field by coupling a global ion
wind with localized counterion diffusion at the interface. This happens to
pores and gas bubbles at 840 °C in a fast O~ conductor, yttria-stabilized
zirconia (YSZ), despite having cations that are essentially frozen with lattice
diffusivities 10'2 times slower than the O%" diffusivity. Through-thickness
migration and massive electro-sintering in thin YSZ ceramics are observed

at voltages similar to those in YSZ fuel cells and electrolysis cells. This effect
should apply to any electrochemically-loaded multiphase ionic conducting
solid, with or without an electric field, and can lead to electrolyte sintering,
phase accumulation and electrode debonding, resulting in unexpected benefit
or damage in electrochemical devices. As the velocity obeys a pseudo Stokes-
Einstein equation, inversely proportional to the object size, an especially

enhanced size effect is expected in nanocomposites.

1. Introduction

Unexpected movement of inclusions (e.g., second phase par-
ticles or pores) due to an external field can have dramatic
outcomes. In metal interconnects of integrated circuits, an
electron wind transfers momentum to atoms, causing neutral
voids to migrate and interconnects to break.!! Momentum
transfers by moving ions in biological liquids can push neutral
nonelectrolytes (like water) around;®?! even counter ions can be
dragged along when tethered to the moving ions by a linker (a
protein called cotransporter),l’! giving rise to neutral salt migra-
tion. Energy gradients can also cause inclusions to migrate. For
example, in a temperature gradient, heat of transport associated
with ionic “molecules” (e.g., UO, in nuclear fuel) causes fission-
gas bubbles to relocate, thus hollows the fuel core, initiates
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columnar grain growth and displaces fuel
elements.l Likewise, in a graded electric/
magnetic field, a neutral object migrates
because its induced dipole is drawn into
the high-field region, thus allowing fluid
demixingl® and object manipulation by
electrical/magnetic/optical tweezers.l But
without any energy gradient or momentum
transfer, can a neutral inclusion in a per-
fectly ionic crystal (i.e., without electronic
conductivity) move under a uniform elec-
tric field? This question is fundamentally
important for such electrochemical devices
as solid oxide fuel cell (SOFC) and solid
oxide electrolytic cell (SOEC)./~)

Unlike ionic transport in sintering,
creep and thermal migration, cations and
anions in electrochemical devices always
move in opposite directions: cations from
anode to cathode, anions from cathode to
anode. Such counter flow does not result in any “molecular”
movement, so it should not lead to any inclusion migration.
However, Kosevich, Geguzin, Krivoglaz and Lifshitz found that
an inclusion can still migrate if the counter flows of oppositely
charged ions go through two separate paths, e.g., one in the
matrix and the other along the inclusion/matrix interface.!%
One example is illustrated in Figure 1, which depicts a pore in
Zr0, having 0%~ as the fast, leftward diffusing species flowing
rapidly through the lattice, and Zr*" as the slow, rightward dif-
fusing species with localized flow limited to the surface. This
allows ZrO, “molecules” to grow on the right and disappear
from the left, thus the pore to move to the left.

Although the original theory of Kosevich et al. was formu-
lated for an inclusion in an electric field E, we can generalize it
to any counter-flow setting by expressing the predicted migra-
tion velocity, V|, in terms of drift velocities v of counter ions
along two separate paths.

VI -3 yérv(L) _B%Uér 1
[(V5, +v3,) + (v5 + vD)] (1)

In the above, the subscript (Zr or O) indicates the drift ion,
the superscript (L for lattice/matrix or S for surface/interface)
indicates the drift path, the underlined quantity carries a pref-
actor O,/r where § is the thickness of the surface diffusion con-
duit and r the radius of the inclusion, and positive V; implies
migration in the direction of O~ flow. The case depicted in
Figure 1 thus corresponds to non-zero v and v, but negli-
gible v§ and v},. Note that, without surface diffusion, V; = 0.
This reaffirms our earlier statement: inasmuch as lattice diffu-
sion alone permits only opposite movement of O~ and Zr*, it
cannot result in any ZrO, movement.
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Zr4+

Pore

Figure 1. Schematic transport mechanism for pore movement. Flow of
O?% (ion wind) by lattice (L) diffusion meets flow of Zr** by surface (S)
diffusion to deposit matter on the right side of a spherical or cylindrical
pore. Electric field (E) pointing right.

The above picture is applicable to any counter-flow environ-
ment enabled by any driving force f (v = (D/kT)f, where D is
the ion self diffusivity and kT has its usual meaning), so long
as f points to opposite directions for oppositely charged ions.
Electric field applied to a SOEC provides such a driving force,
but so does oxygen potential field in a short-circuited SOFC
(no electric field here).™! In general, inclusion migration can
proceed under any electrochemical force in an open system.
(Closed systems, e.g., an open-circuited SOFC with a perfectly
ionic electrolyte, have no transport, hence no inclusion move-
ment.) To emphasize that an electric field is not a prerequi-
site for inclusion movement, we shall term the phenomenon
ionomigration. Moreover, although the inclusion in Figure 1
follows the 0%~ flow, for the opposite case of fast lattice Zr*"
diffusion and slow O?" lattice diffusion, Equation (1) will pre-
dict inclusion migration to follow the Zr* flow. In this regard,
ionomigration is driven by the prevailing ion “wind”.

For perfectly ionic crystals, ionomigration of inclusions has
only been observed in low melting-point (T;,,) compounds (i.e.,
NaCl with T, = 800 °C and LiF with T, = 600 °C) electrically
loaded at temperatures very close (within 50-100 °C) to T,,.'
For widely used 8 mol% Y,0;-stabilized solid solution (8YSZ)
and similar zirconia, ionomigration has never been suspected
under normal SOFC/SOEC operating conditions (0.5-1 V,
800-1000 °C). This is despite the fact that these ceramics do con-
tain pores!'21*l and certainly have robust O?~ flow. The reason
is that zirconia is known to have a very stable microstructure,
due to their very high T, (2600 °C) and very low D" (10"
times lower than Dy at 800-1000 °C).['>1%] Indeed, in similarly
refractory UO,; (T;, = 2850 °C), thermal migration of gas bub-
bles was observed only above 1800 °C.[l Nevertheless, we have
found rampant pore/bubble ionomigration in 8YSZ, accompa-
nied by massive electro-sintering, at temperatures and voltages
(e.g., 840 °C and 2 V) pertinent to electrochemical applications.
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2. Results

2.1. Relative Motion of Pores/Bubbles vs Grain Boundaries
Above 1250 °C

We recently reported pore relocation in initially 95% dense 8YSZ
that was electrically loaded at 1350 °C for 10 h: the density of
the anode half fell below 95% whereas that of the cathode half
rose toward 100% (see Figure 8 of ref. [17]). We have repeated
the above experiment using nearly dense samples that contain
Ar bubbles. (See Figure S3a in the Supporting Information (SI)
for initial microstructure of these samples.) Unlike pores, Ar
bubbles cannot sinter; instead, their total volume will grow if
they coalesce (a phenomenon well known in nuclear fuel).! In
this way, Ar bubbles serve as “self-amplifying” markers. The
micrograph of Figure 2 for a Ar-containing sample, after loaded
under an electric field E = 5.3 x 10° V/m for 5 h at 1250 °C,
shows bubbles along with distorted grain boundaries. The dis-
tortion indicates a relative motion: either bubble motion toward
left or boundary motion toward right, or both. Some bubble-
grain boundary breakaway is also apparent, leaving distorted
boundaries in the wake.

Since grain boundary motion along E is possible in view
of the electrically positive character of YSZ grain boundary,'®l
Figure 2 is no proof of bubble ionomigration. (Pore relocation
to the anode side mentioned earlier did suggest pore ionomi-
gration toward anode.) But grain boundary movement is frozen
below 1150° with or without electric loading,'”! so we repeated
the above experiment around this threshold temperature. To
ensure an accurate temperature measurement, we employed
AC impedance spectroscopy as “in-situ thermometry” based on
the following idea. Impedance spectroscopy can simultaneously
measure the impedance of both the electrolyte (8YSZ) and
the electrode. The electrode impedance typically changes over
time because electrode’s porous microstructure tends to evolve

Figure 2. Migrating Ar bubbles in 8YSZ. Scanning electron micrograph
(SEM) micrograph showing Ar bubbles, many elongated and some (cir-
cled) pulling the grain boundary toward left. Some bubbles have broken
into two halves, one left inside the grain, the other pulling the grain
boundary. E=5.3 x 10® V/m pointing right, 5 h at 1250 °C.
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(c)

Figure 3. Localized zone of Ar bubble migration and grain boundary bowing. (a) Optical micro-
graph showing a cross section where bubbles have relocated and coalesced toward the left, with
E pointing right. (b) A section of (a) viewed in SEM at a higher magnification. (c) Schematic
for one migrating bubble passing through two opposing grain boundaries, causing distortion
of both. (d) A region of (b) toward the left showing larger bubbles and severe grain boundary
bowing (circled, per (c)). (€) Another region of (b) toward the right showing fewer, smaller
bubbles with less grain boundary distortion (circled). Outside this zone the microstructure is
the same as in the pristine material, SI, Figure S3a. (3.0 A/cm?, 2.2 V at 1180 °C for 48 h, size:

1.68 mm? x 1.30 mm; sample 9 in S, Table S1.)

under the combined influence of temperature and electric cur-
rent,’] but the YSZ impedance should remain constant unless
its temperature changes due to Joule heating. (Joule heating
was experienced in our prior work'”! and in the experiment for
Figure 2.) In this way, the YSZ impedance measured by high-
frequency impedance spectroscopy provides a direct reading of
YSZ temperature. In SI, Figure S2 we determined the critical
areal power density that causes Joule heating in our samples:
the YSZ impedance began to fall when the power density
exceeded ~8 W/cm?. We then performed all the experiments
described below with a power density less than the critical value
and the YSZ impedance kept unchanged—before and during
test—as verified by in situ spectroscopy. (See SI, Table S1 for a
listing of sample configurations and test conditions.) To avoid
electrolytic reduction of ZrO,, which occurs at 2.15 V at 1000 °C
in air, we also conducted all the experiments described below at
less than this voltage (per four-point method).

2.2. Localized Bubble Migration at 1180 °C

At 1180 °C under 3.0 A/cm? (2.2 V across 1.3 mm, for 48 h), we
were able to localize relative Ar-bubble/grain boundary move-
ment to within a small zone of some 200 um wide, Figure 3a-b.
Within this well-defined zone, it is clear that bubbles had relo-
cated, becoming accumulated on the left and depleted on the
right (Figure 3a). Such redistribution cannot be explained by a
rightward motion of grain boundaries, which should drag bub-
bles to the right; it can only result from a leftward motion of
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bubbles. As in Figure 2, severely contorted
grain boundaries are numerous in the region
of bubble accumulation (Figure 3d), some
bubbles causing distortion of two opposing
boundaries (schematic in Figure 3c); bounda-
ries are less contorted in the region of bubble
depletion, Figure 3e. This is also supported
by the statistics of grain boundary distortion
shown in SI, Figure S4a. As further shown in
Figure S4b, we reproduced the above obser-
vation but with an expanded zone of relative
bubble/boundary movement after increasing
the current density but otherwise under
nominally similar test conditions. (This latter
sample experienced some Joule heating,
so it is not listed in SI, Table S1.) Further
increasing the current density or the temper-
ature caused the zone to spread and engulf
the entire sample, which had especially pro-
nounced grain distortion and bubble accu-
mulation near the anode.

Having established the connection between
grain distortion and Ar bubble ionomigration,
we reexamined air-sintered samples (initially
95% dense) under electric loading. Shortly
before most pores were sintered away, we often
found a localized zone on the anode side with a
microstructure very similar to that of Figure 3d
(data not shown). This indicates that air-filled
pores also undergo ionomigration, although this
can be observed only within a narrow space-time window because
pores, contrary to Ar-bubbles, are “self-destructing” markers.

2.3. Electro-sintering at 840 °C

Pore/bubble migration under electric loading provides a new
densification mechanism, at least for thin samples: porosity
is removed by sweeping pores toward the anode, then exiting
there. “Electro-sintering” is graphically illustrated in Figure 4a
which is a cross section of a thin, air-fired 8YSZ disk of 70%
initial density (see SI, Figure S3c for initial microstructure). The
disk was Pt-electroded across the center section only, so that
the ion flow was restricted to this section and did not extend
to the rim section. This caused an hour-glass shape to develop
after 24 h at 840 °C under ~0.5 A/cm? (1.9 V across 380 um).
The 29% thickness reduction of the center region relative to
the rim region, which has no change in thickness, suggests the
center region should have reached ~100%. Indeed, microscopy
found the center fully dense (Figure 4b) and the rim unsintered
(Figure 4c). Remarkably, the original grain size (0.22 um) is
maintained throughout the cross section. Since in fine grain
ceramics densification and grain growth are normally con-
trolled by the same diffusion process along the grain boundary,
it is impossible to achieve full densification without grain coars-
ening in conventional sintering of pure ceramic or 8YSZ.["%)
Yet this is readily accomplished by low-temperature electro-
sintering giving an extremely fine grained 8YSZ ceramic, which
is consistent with our picture that ionomigration is controlled
by surface diffusion.
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Figure 4. Electro-sintering of 8YSZ at 840 °C and 1.9 V. (a) SEM of hour-
glass-shaped cross section undergoing electro-sintering in the center,
with 29% thinning; the surrounding rim was not loaded, thus not sin-
tered, having same thickness (380 um) as before test. SEM for the center
(b) and the rim (c) confirm electro-sintering without grain growth. In
(a), YSZ is flatter on the right because of stronger constraint from the Pt
cathode, which causes multiple cracking in (a) initiated at (upper right,
circled) neck region at the YSZ/cathode interface. (0.5 A/cm? and 1.9 V
for 24 h, 840 °C; sample 12 in SI, Table S1.)

Electro-sintering and hour-glass-shaped cross sections were
observed in other 840 °C tests with a similar electrode configu-
ration, e.g., under ~0.3 A/cm? (1.2 V across 270 um) for 24 h.
With thinner samples (e.g., 270 um and 380 um), all pores dis-
appeared throughout the thickness; with thicker samples (e.g.,
500 and 750 um), some pores remained in the mid-thickness sec-
tion but not elsewhere (Figure 5). These results can be explained
as follows. During their long journeys toward the anode some
pores coalesced and became immobile (due to a size effect, to be
described in the Discussion). This fate is most likely met by pores
originating from the cathode side as they have the longest distance
to travel; they tend to be trapped in the mid-thickness section.

2.4. Through-Thickness Bubble Migration at 875 °C

Because grain boundaries are immobile below 1150 °C, bubble/
pore migration does not distort grain boundaries, making
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Figure 5. Thickness effect on electro-sintering and pore migration.
Electro-sintering under the same electric field (40 V/cm), holding
time (24 h) and temperature (850 °C), in samples of different thick-
ness: 250 um (squares), 500 um (circles), and 750 um (triangles). All
three samples had a partial electrode configuration as in Figure 4a and
showed hour-glass-shape cross sections after tests, from which thickness
shrinkage due to electro-sintering was measured and indicated in% in
parentheses next to the data lines; the latter plot density distributions
(measured by counting porosity on the cross section using SEM) from
anode to cathode. Sample 14-16 in SI, Table S1.

it difficult to discern bubble migration in nearly dense Ar-
containing samples. However, using the same electrode con-
figuration as in Figure 4a and making side-by-side comparisons
of electroded and unelectroded regions in these samples, we
detected strikingly different microstructures indicating grain
boundary Ar-bubble-embrittlement occurring in unelectroded
regions only. Embrittlement was evident throughout the 60 um
thick polished cross sections (Figure 6a) which showed numerous
pits made of missing grains with sharp edges (Figure 6c).
These edges are abrupt and flat, indicating grains had fallen
apart because of poor cohesion and not plastic deformation
or polish scratching. On the grain boundaries of the missing
grains, many intergranular cavities reminiscent of creep-
fracture cavities?” are evident (lower left inset of Figure 6c,
at a higher magnification). Apparently, these are Ar bubbles
that grew by Oswald ripening during the 24 h hold at 875 °C,
and it was their internal pressure that caused grain decohesion
during polishing. In contrast, the electroded part, held at the
same temperature and time but under 3.8 A/cm? (1.9 V across
60 um), had a smooth polished section (Figure 6b) with all of
the grains intact (Figure 6d, and the lower left inset at a higher
magnification.) Having witnessed electro-sintering without
grain growth at similar temperatures, we can attribute the
smooth microstructure to ionomigration, which removed most
bubbles from the sample thus preventing their accumulation
at the grain boundaries, hence no embrittlement. A close-up
examination shows most grains in Figure 6d do contain a few
bubbles which were not there before testing (See initial micro-
structure in SI, Figure S3a). They are similar in size as grain
boundary cavities in Figure 6¢ and probably came from bubble
coalescence during ionomigration.

Adv. Energy Mater. 2012, 2, 1383-1389
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Figure 6. Bubble embrittlement vs escape at 875 °C. (a) Unelectroded
region has pitted surface after polishing and suffers from (c) grains
pullout (indicated by arrows) likely due to coalesced bubbles on grain
boundaries (inset at lower left at higher magnification). (b) Electroded
region has smooth surface after polishing with (d) no detached grains.
Although most bubbles in (d) had apparently exited from anode, a few
had coalesced and were left inside the grains (inset at lower left at higher
magnification). Both (a) and (b) span the entire sample thickness. Color
variations come from combining secondary electron detection with a pos-
itive bias (black to orange) and back scattered electron detection (black to
blue), allowing enhanced contrast due to both topography and Zr/Y dis-
tribution. (3.8 Ajcm?, 1.9 V at 875 °C for 24 h; sample 1 in SI, Table S1.)

The above observations are relevant to SOFC and SOEC.
SOEC sees an electric field that drives 0%~ flow from cathode
to anode; its voltage can approach the electrolytic limit, say 2 V.
SOFC sees an electrochemical potential field that drives the
same O%~ flow; the flow rate is at what would be generated by
about 0.5 V, because the oxygen potential (the Nernst poten-
tial ~1.1 V) is opposed by an electric field that reduces the net
potential to about ~50% of the Nernst potential when the cell
is operating at the peak power. Since the 8YSZ membrane of
these devices is typically less than 50 um, even less than 1 pm
in micro SOFC,?! a very large O?~ wind is expected as are pore
migration and electro-sintering. Direct evidence of these effects
is difficult to detect because of the small thickness change and
the absence of grain boundary distortion at low temperatures.
However, pore accumulation in 8YSZ near the anode has been
reported in SOECI? and SOFC,!3l which could be caused by
ionomigration if pores and oxygen bubbles!'* cannot exit at
the anode. Electro-sintering could be beneficial as it removes
residual porosity, but the associated shrinkage stress could
potentially cause cracking. Some interfacial debonding and
cracking at the cathode/YSZ interface are indeed visible in
Figure 4a (red circled). This scenario is supported by fracture
mechanics analysis (Equations S1-S2 in the SI) which finds
debonding to be energetically favorable at the electrode inter-
face when 2% shrinkage is realized in a 10 pm thick 8YSZ.
Such cracking can be avoided by using thinner membranes
(like in micro SOFC) or more compliant electrodes.

3. Discussion

We have found bubble/pore migration and electro-sintering at
temperatures well below what freezes grain boundary mobility,

Adv. Energy Mater. 2012, 2, 1383-1389
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which is controlled by grain boundary Zr*" diffusion. These
results are consistent with Figure 1, which predicts it is surface
Zr* diffusivity D7, (ignoring Y** for simplicity) that controls
ionomigration and electro-sintering. Indeed, in the limit of fast
07 diffusion and r >> §,, Equation (1) reduces to

) EHE) o

In the above, ¢ is the charge of an electron, Q is the volume
of a ZrO, formula unit, D§ is lattice diffusivity of O, and the
second equality in terms of electric current density i is appli-
cable to the general case of electrochemical diffusion domi-
nated by O%~ flow.

Since Equation (2) predicts small bubbles/pores migrate
faster, during any journey the distance traveled is mostly logged
when the bubbles are small; when they collide and coalesce,
they form bigger bubbles that then become dormant. From
Figure 3a, we estimate V; = 1.36 X 10 m/s from the width of
the zone (235 um) and the duration of the experiment (48 h,
which is an overestimate of the travel time for small bubbles),
at 1453 K and a nominal field E = 1.69 x 10° V/m. (The nominal
field is too an overestimate because a portion of the applied
voltage is expended in the electrode, see the tables in the inset
of Figure S2.) In Figure 6b, the estimated V; from the thick-
ness of the sample (60 um) and the duration of the experiment
(24 h, again an overestimate) is 6.94 x 107° m/s at 1148 K
and E = 30.8 x 10° V/m (also an overestimate). According to
Equation (2) and assuming & = Q'3 = 0.31 nm, for a bubble of
r=0.025 um, these estimates give D7, of 1.8 X 10712 m?/s and
3.2 x 107 m?/s, respectively, which are both underestimates.
A similar estimate from another experiment at a higher tem-
perature has also been made (D = 3.7 x 10712 m?/s at 1563
K), and all three results nicely follow an Arrhenius relation,
DJ.= 2.8 X 107% exp(—174 kJ/mol/RT) m?/s, shown in Figure 7.

10°
10

-27
1074 - 8 9

10000/T (K")

Figure 7. Arrhenius plot of surface diffusivities. Zr surface (S) diffusivity
in this work, compared with its lattice (L)["® and boundary (B)? diffusivi-
ties, and with O lattice diffusivity."”] The only other D3, data (shown as
stars) known for cubic zirconia were from in situ experiment (890 °C, with
error band) on undoped ZrO, and grain boundary grooving experiment
(1100 °C) on 8YSZ.123
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Another estimate can be made by analyzing the sintering data
using an anodic pore-exit model described by Equation S4, SI;
it gives D7 = 1.3 x 107 exp(—154 kJ/mol/RT) m?/s, which is
4.6 times faster. This difference can be attributed to the much
smaller (more than 10 times) grain size in the electro-sintering
experiment, which may affect the effective diffusivity. Note that
D3, is smaller than D§ = 3.0 x 1078 exp(~75 kj/mol/RT) m?/s,["’]
consistent with our assumption in Figure 1. Meanwhile, D is
much faster than Zr** diffusivity in the lattice, DJ;= 3.5 x 10™
exp(—478 kJ/mol/RT) m?/s,l!l and in the grain boundary, D2 =
9.6 x 107 exp(—288 kJ/mol/RT) m?/s.??l Having a much smaller
activation energy, D7, can remain active and enable ionomigra-
tion at much lower temperatures. (The reported data of D7, of
cubic zirconia (one for undoped ZrO, at 890 °C, obtained by in
situ observation of neck evolution inside a transmission elec-
tron microscope, the other for 8YSZ at 1000 °C, obtained by
grain boundary grooving measuremetns on ceramic surfaces)??’!
are somewhat lower, which could indicate electric enhancement
of diffusion.['7))

Returning to the SOFC/SOEC and estimating V; using D,
we predict a r = 0.025 pm pore under 0.5 V can cross a 10 pm
membrane of 8YSZ at 500 °C in 11 200 h, about one year. At
26% of T, (3023 K) of YSZ, 500 °C is usually regarded too low
for any microstructure instability. Yet ionomigration and electro-
sintering may persist if lattice O>~-wind is coupled to the very
robust D, via inclusions. Thinner YSZ in micro SOFC can
actually propel a large O%~ current i even at 300 °C.2! Provided
theratio of D,/1388 D5remains favorable (the activation energy of
D7, could decrease at lower temperatures, though), ionomigra-
tion may still be possible according to Equation (2).

Equation (2) predicts smaller pores/bubbles migrate faster.
This explains pore/bubble coalescence in Figure 3a-b (small
pores/bubbles catching up large ones) and residual porosity
in Figure 5 (in the center sections of thicker electro-sintering
samples, large coalescence-formed pores becoming immobile).
As we believe ionomigration should occur in any electrochem-
ical devices made of ionic conducting solids, it also predicts
instability in such devices when the solids are nanocompos-
ites (coalescence of initially well-dispersed second phase/
pores).2*1 The physical origin of the size effect is evident from
Figure 1: as surface Zr*" flows from the western hemisphere to
the eastern hemisphere, it first passes through an annular ring
of a perimeter 27 and a “surface” thickness &, that separates
the two hemispheres, it next spreads out to coat the eastern
hemisphere which has an area 272, The ratio of the ring area
and the hemisphere area is thus reflected in the matter deposi-
tion rate, hence V;, that scales as §,/r. This situation is most
relevant in the low-temperature limit. In the high-temperature
limit (e.g., above 1800 °C), evaporation and gas-phase trans-
port of Zr** may dominate, which allow ion flow from the
western hemisphere directly to the eastern hemisphere. This
results in a size-independent V;, which is not consistent with
our experiments.

In electron/hole-conducting oxides such as Co;_,O, which
has frozen 0?7, pore migration under an oxygen potential gra-
dient is controlled by cation lattice diffusion according to Martin
and Schmalzried.” This conclusion was derived by assuming
infinite v on the pore surface—a case that may be very appro-
priate for open porosity (instant surface oxidation).??l Under
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this assumption, both their analysis and Equation (1) lead to
V; = -3vd;, i.e., pore moves against the cation flow. Extending
the same model to 8YSZ will require assuming infinite v, on
the pore/bubble surface, which leads to V; = 3v§. This predicted
V; has no size dependence and is much too fast to explain our
data, so the model has to be rejected for our experiment.

Lastly, although it is the lattice O?" wind that prevails in
8YSZ, Equation (1) does allow the opposing contribution from
the lattice Zr*" wind. The latter is given by the second term in
the numerator of Equation (1), which corresponds to inclusion
motion following the Zr*" flow. Indeed, ionomigration always
involves two opposite interdiffusion processes around an inclu-
sion, and it is their imbalance (O~ bulk diffusion coupled to
Zr** interfacial diffusion faster than Zr*" bulk diffusion coupled
to O% interfacial diffusion) that results in a net movement.
This is superficially reminiscent of the classical Kirkendall
effect,?’~2% manifest as marker (an inert inclusion) movement
caused by the imbalance of two opposing bulk diffusion fluxes
on the same lattice, from which a vacancy wind results whose
annihilation on preexisting defects causes the “sink-in” of the
lattice and the translation of the entire crystal and the marker.
In this respect, bubble migration in Figure 2-3 is analogous to
marker movement, and the hour-glass distortion in Figure 4 is
analogous to the translation of the external crystal boundary.

4, Conclusion

In summary, the interfacial diffusion-mediated ion-wind effect
provides a new and intrinsically destabilizing mechanism for
all ionic conducting solids: under a uniform electrochemical
field, local short-circuit diffusion coupled to a global ion wind
causes neutral second phase inclusions to migrate, resulting
in a kinetic destabilization—phase aggregation, segregation,
coarsening, densification—of even thermodynamically stable
microstructures. Such ionomigration effects persisting to unex-
pectedly low temperatures and leaving unexpected benefit/
damage challenge the presumption commonly held for ionic
redox fuel/electrolysis cells and related solid-state devices:
they have only one globally diffusing ionic species, thus they
must be intrinsically stable. The inherent size dependence of
ionomigration could also potentially compromise solid-state
ionic nanostructures such as porous composite—based electro-
chemical devices? and thin film ionic switches.’% For all these
devices, reliability assessment using accelerated lifetime tests
based on our linear Vi prediction may be advisable, preferably
aided by a “tracer” such as Ar-bubbles described here.

5. Experimental Section

We prepared YSZ ceramics by spark plasma sintering (SPS), pressing
8YSZ powders (TZ-8Y, Tosoh Corporation, Tokyo, Japan) in a graphite
die under 50 MPa in an Ar atmosphere (0.5 to 0.6 atm), at 1300 °C for
5 min. Decarburized (2 h in air at 1000 °C) ceramics were cut into squares
(~1 mm sides) from 0.06 to 1.6 mm thick, to which platinum wires
were attached using a platinum paste, then air fired (2 h at 1000 °C).
The specimen was heated in air (840-1250 °C) and a constant DC
voltage/current was used to maintain a current density for a prescribed
time. Similar experiments using air-sintered YSZ of 95% (sintered
at 1500 °C, for 2 h) and 70% (sintered at 1300 °C, with no holding)
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were also conducted. The specimen temperature was monitored by an
infrared pyrometer (M90-V, Mikron) and the voltage by the four-point-
probe method. Time traces of current density, voltage and temperature
of a representative experiment are shown in S, Figure S1.

In-situ thermometry was provided by impedance spectroscopy
(Gamry G750) in the four-point configuration from 10 uHz to 300 kHz.
The results expressed in real and imaginary part of the impedance (2)
form one arc as in Sl, Figure S2a, which includes several electric loading
runs at a nominal temperature of 1100 °C. The left intersect of the arc
with Re(Z) corresponds to the high frequency limit and is the Ohmic
resistance of YSZ. The right intersect corresponds to the low frequency
limit (~DC) and is the sum of all the resistances: Ohmic resistance
of YSZ and electrodes, electrode activation, and impedance for gas
diffusion and conversion.l'Zl As discussed in the Sl, during electric-
loading, although the right intersect typically changes with time and
current as the porous electrodes evolve (all the arcs in Sl, Figure S2a
do) which affects all the non-YSZ (solid electrolyte) resistances, the
left intersect remains constant until the YSZ temperature is affected by
electric loading (in S, Figure S2a, the three low current arcs have the
same left intersect) which occurs above a critical power areal density
(in SI, Figure S2a, the intersects of the three high current arcs decrease
with current/voltage/power). Therefore, it is possible to in-situ monitor
the YSZ temperature using the left intersect. We verified this finding at
several nominal temperatures. In Sl, Figure S2b, the YSZ temperature is
maintained at the nominal temperature, 840 °C, because the power areal
density is kept low, as indicated by the same left intersects of all the arcs.
All of the experiments/samples listed in SI, Table ST were conducted
below this critical power density, thus free of Joule heating.

Tested specimens were polished and thermally etched to reveal their
microstructure which was characterized by light microscopy and SEM.
Microstructural features including fraction and size of bubbles, the linear
intercept grain size and the fraction of distorted grains were measured
following the standard stereological procedures.’!l Representative
samples are listed in SI, Table S1 along with their configurations and test
conditions (all of them below critical power density). For comparison,
the starting microstructures of these materials (SPS, 95% dense and
70% dense) are shown in Sl, Figure S3.
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Supporting Information is available from the Wiley Online Library or
from the author.
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