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ABSTRACT: Ceramic solid electrolytes conducting primarily aspmtbut with minuscule electron How solid electrolytes fail?
leakage are used in many electrochemical devices. Their degradation phenomena radyrie clagai
two broad categories slow transverse mode accumulating damage normal to the ionic @rfeyt
direction and a fast longitudinal mode accumulating degradation parallel to the current dipefi
Examples of the transverse mode include oxygen bubbles on transverse grain boundari€s} i
electrolyte cracking in solid oxide electrolysis cells, and cathodic reduction of beta-alumina electroIES precipitate

in Na S batteries. Examples of the longitudinal mode include short-circuiting dendrite formation in

metal batteries of both the N&type and the all-solid-state lithium metal type. Analogous instability modes are alstilseen in
assisted ceramic processing, dielectric devices, and memristors. These phenomenological similagtiest atzoseg]i
operating conditions, and technologies, as well as the origins of their damage mechanisms, can be understood in terms of the
nonlinear spatial distributions of the minority carriers (electron/hole) and the chemical potential of the equivalent charge-neut
species such as;Buch distributions can in turn cause or exacerbate damaging concentrations of stress alus.eldusic

review also outlines strategies for improving material designs to mitigate degradation, which will be especially important
operations and applications under extreme electrochemical conditions.

Dgndrite

spouy

1. INTRODUCTION origin of electrolyte degradation is important for electro-

Ceramic solid electrolytes as fast ion conductors have foufigemical applications of ceramic solid electrolytes.

many electrochemical applications in solid oxide fuel cells/ Microstructurally, itis convenient to distinguish two types of
electrolysis cells (SOFCs/SOECs), oxygen sensors, protofigdradation phenomena inrameic solid electrolytes, a
ceramic fuel cells/electrolysis cells (PCFCs/PCECs), all-solitengitudinal mode that accumulates damage along the current
state batteries, and solid-state ion pumpEo serve these direction and a transverse mode that accumulates damage
applications, they must be good ionic conductors and pogerpendicular to the current direction. Within each mode, the
electronic conductors under normal operation conditions, i.@lamage phenomena found inedént devices under vastly
having an ionic transference number very close to one. Howedirerent operating conditions are surprisingly similar to each
electronic leakage may arise at more extreme redox conditiafiter. For example, degradations with a similar appearance are
which denes the electrolytic window for normal operation, andeen in SOFCs/SOECs at 82000°C, Na S batteries at
operation outside the window will result in a lowered open-300°C, and all-solid-state batteries at ambient temperatures. It
circuit voltage (OCV) as well as lowered Faradagrey and  ns out the phenomenological analogy also extends to

energy eciency. Electrolyte degradation may ensue in sug ructural evolutions found ield-assisted ceramic processing

operations, but it may also occur over an extended service “f%lpove 1000C, ambient dielectrics under a high voltage, and

relatively normal operations. Moreover, more rapid degradation . . e ; L
Holm ceramic memristors manifesting resistance switching

happens under excessive/extreme conditions, for example, %

current densities of the SOEC and PCEC and high-ratechargl‘?l abled by either ion dision or mixed ion/electron

of alkali metal batteries. Historically, one oftevell-known  conduction. Understanding such commonality will help
examples of electrolyte degradation is dendrite formation in
beta-alumina solid electrolytes in Sldatteries, and the same Received: January 31, 2022
phenomena have been seen in oxidedesuand halide Revised: May 24, 2022
electrolytes in all-solid-state lithium metal batteries réceéntly. Published: June 27, 2022
Another well-known example is cracking in yttria-stabilized

zirconia (YSZ) electrolytes in SOEC after many duty

cycles:*® 2 Clearly, understanding the phenomenology and
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design/engineer new damage-mitigating strategies and matst&bility window. In contrast, ceria-based electrolytes (e.g., Gd-

als/devices. doped Ce@ GDC) have a smaller electrolytic window, limited
Fundamentally, degradation is triggered by some instabilityby electron conductivity that arises frofit0eCe’* reduction,

solid electrolytes when the lasteondition is far from ideal in  but it can still be used at 6(8D0°C to utilize its higher ©

the following ways. First, the redox potential inside theonductivity. Meanwhile, because of a better chemical

electrolyte may severely deviate from a linear interpolati@mpatibility than Y3Z the GDC electrolyte, ora GDC éu

between the two electrode potentials; indeed, it may assumtager alone (between YSZ and cathodes), allows more active and

shock-like distribution along the electrolyte-thickness directiofhus more ecient cathodes (e.g., o3l L0 F& O3

The redox potential here is the electronic electrochemicaSCF, and BaSk o, 56 05 , BSCF) to be used. As a

potential or Fermi enerBy, which consists of not only a nearly result, the electrode overpotentials are lowered, which helps

linear electrostatic contribution but also a highly nonlinear termitigate internal damage in general. Another promising

that is strongly dependent on the electron/hole concentrationslectrolyte is doped LaGa(.g., LasSk Ga Mgy Os

These concentrations reach local thermodynamic equilibriun8GM), which is under development for intermediate-temper-

with ionic disorders (vacancies and interstitials) commonlgture applicatiori8.* Its negligible electronic conductivity

illustrated using the Brouwer diagram. The nonlinearitgnd high ionic conductivity in a broad range of temperatures and

originates in the Brouwer diagram that correlates the ionisxygen partial pressdfesake LSGM more stable than GDC,

disordering witRO,, the oxygen partial pressure, and it featuregspecially on the reducing side.

an extremely shafy@-shapetdminimum of the electromole Since the half-cell reactions in SOFC and SOEC proceed in

concentration/conductivity at an intermed?tg or its Na/ opposite directions, their electrode overpotentials have opposite

Li equivalent. Second, the stress inside the electrolyte may Bins. For example, ifisl fed on the fuel electrode side and air

be zero; instead it may be nonuniformly distributed, sometime® the oxygen electrode side, then the magnitude of oxygen

with an acute concentration at certain defects or discontinuitigsstential o, (i-e., the chemical potential of oxygen molegple O

Third, the electriceld and current inside the electrolyte may . hich is related to the equilibriuP®,) at the oxygen

not be uniform either when the cell is not at a steady-state Cgrectrodeelectrolyte interface under efient operation

again, when there am@ws. ; ECs OCVy SOFC
As will become clear later, synergism between the above th%%des ranks in the order ng) > o > o ;andthe

may complicate and exacerbate the nonideal conditions. A§9en potential at the fuel electradectrolyte interface
simpli cation, theeld and current in the solid electrolyte can befollows 3>5¢ < 8%V < 8°FC Physically, this means that,
considered to be one-dimensional, which sets the direction@mpared to SOFC, SOE®xygen electrode side is more
the current along the coordinate This is because the oxidizing and its fuel electrode side more reducing, and moreso
electrolyte is usually a thin membrane operating mostly in thike larger the imposed SOEC current density. Inasmuch as these
ohmic regime with a resistance proportional to the thitknessoxygen potentials set the boundary conditions of the electrolyte
and inversely proportional to the akedhus, as long as the and more extreme boundary conditions will likely lead to more
membrane is processable and mechanically strong erdugh, itdegradations, one should expect more degradation in high-
Aratio is kept small to minimize the internal loss and the voltaggirrent-density SOECs.

load. In such a geometry, transverse degradation is the same ®githin the electrolyte,ZOmoves from the oxygen electrode
in-plane damage; for example, in-plane cracking of thethe fuel electrode in SOFC, and in SOEC the directicn of O
membrane is a transverse degradation. In contrast, a crossw as well as that of the electrie#d is reversed. Despite the
electrode dendrite is a longitudinal degradation. Below we wfdict that the electrolyte is a fast ion conductor, in reality, in both
show that the majority of known degradation types in variol8OFC and SOEC there is always a minor electronic current
applications belong to one of these two modes, while most of titaus a small electronic leakage currem)ing from the
remaining types may be thought of as either a mixed-modgygen electrode to the fuel electrode through the solid
degradation due to modmode coupling or a damage-mode- electrolyte. The direction is set by the elestetectrochemical
induced interface instability. We will also show that a typicgbtential, which is always higher on the fuel electrode side than
origin of these degradation modes resides in the departure of tiethe air electrode sitig(The electronic current is delivered
redox potential and stresslfl/current distributions from the by either positively charged hole polarons in the same direction

ideal condition. of the current or negatively charged electron polarons in the
opposite direction of the current.) At an ideal steady state where
2. SOFC/SOEC there can be no Faradaic reaction internally, the ionic and

2.1. Overview of Damage MechanismsSOFC converts  electronic currents must be locally divergence-fiee) and
the chemical energy of oxidizing a fuel, often in the gas form, tek.= 0. With the one-dimensional approximation, we therefore
electricity. Being separated by a dense ion-conducting and nearlyst havd = Je, andJ, = le,, whereg, is the unit vector and
electron-insulating ceramic electrolyte, the two porous electfesth] andl arex-independent constants. Whiteuld be very
des conduct the two half-cell reactions separatdfjation in small in magnitude compared]tat is nonzero because the
the fuel electrode and reduction in the air electrifdes electronic conductivity, while very small compared to the ionic
forcing the electronic current tow in the external circuit. conductivity and spatially highly nonuniform, is never zero
SOFC can also be reversely operated by applying an extemraywhere according to the Brouwer diagram. Irj{ege,
voltage exceeding the OCV. This enables electrolysis, and suchrest and J(x) = const must be present to maintain local
cell is known as an SOEC, which uses electricity to produeguilibrium inside the electrolyte. Becdge= «X)( E/
chemicals. For?Obased SOFCs/SOECs that operate above X)/ § where the electronic conductiviffx) > 0 is highly
800°C, YSZ is the preferred electrolyte material because of itenuniform inkaccording to the Brouwer diagram (sigo
high G conductivity and low electronic conductivir = J(PO,(X)) with a typical power-law dependenceRinx)
both electron and holeover a very large electrochemical itself changes inside the electrolyte alongBa(k)), the

5750 https://doi.org/10.1021/acs.chemmater.2c00329
Chem. Mater2022, 34, 57495765


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

O
o
O
N

N
)
2
G
_
e

O?

-
o
[

Conductivity (S/cm)
3 3
Oxygen potential (eV)

110°®

Hole

14010

31 soFc, 1 Alem? 110 Electron
ocv

/ 11020

5L SOEC, -1 A/lcm?
110% 1012

00 02 04 06 08 10 5 4 3 2 1 0 0 02 04 06 08 10
Normalized distance to fuel electrode Oxygen potential (eV) Normalized distance to fuel electrode

107}

Oxygen potential (eV)

~

o & A &

Figure 1.(a) Calculated oxygen potential distribution inside mitBick YSZ electrolyte under OCV, SOFC (at 1 A/and SOEC (at 1 A/

cn) modes at 806C. Boundary oxygen potentials were set.@831 eV at the fuel electrode/electrolyte interfacedatw#3 eV at the oxygen
electrode/electrolyte interface under OGN3959 eV at the fuel electrode/electrolyte interface®aB@iL5 eV at the oxygen electrode/electrolyte
interface under SOFC, and.1103 eV at the fuel electrode/electrolyte interface and 0.2129 eV at the oxygen electrode/electrolyte interface und
SOEC. Oxygen potential set as 0 eV at 1 atm oxygen partial pressure. (b) Condutthatgaifad, and hole of YSZ at a function of oxygen
potential at 808C taken from r&fl. (c) Comparison of a sigmoidal vs a linear oxygen potentalphaded regions denote the regions with oxygen
potential above0.5 eV.

implication of the solution const X)( E</ X)/ eis that electrolyte, and its magnitude and steepness increase with the

E/ x must be highly nonuniform asreathing a maximum current density and with increasing electrode overpotential. As
near the"V-shaped population minimum of the electronic the operating temperature of SOFC/SOEC is lowered, the
disorder in the Brouwer diagram. Thus, it is the ionic anélectrode kinetics become more sluggish and the electrode
electronic conductivities together that dictate the steady-staieerpotential must increase. This will drive toward a more
spatial distribution of the oxygen potengigk) = o,+kgT In extreme oxygen-potential transition. However, such a transition
PO,(X) andE«(X) pro les. may take a longer time. to (_Jlevelop_ _because, at lower

It turns out that as the electrode-overpotential/currentemperatures, the electronic/ionic mobilities are so slow that
increases, the oxygen potential increasingly takes a m#ré di cultto reach the steady state and local equilibrium: To
nonlinear sigmoidal shape as showfignre a'%%° To establish a prée like inFigure it,thergneedstobealong—range
understand the origin of the nonlinearity, we recall that a gooiansport of charge-neutrab @side the electrolyte, by
fast-ion conducting electrolyte such as YSZ at the operatig@nsporting ions and electrons simultaneously. Note that,
temperature of SOFC/SOEC has a set of very high and constafiflike the electronjg n diode, there is no signant space-
0? concentrations and?Cconductivities, so its electritd is charge region at thginctiori interface in the solid electrolyte.
very small. Therefore, to drive even a tiny but neverthele§§e sharp jump occurs in the part of the concentration-
spatially uniform nonzero electronic current everywhere, tif¢pendent chemical potential, not in the electrostatic potential.
driving force must mainly come from the concentration-gradient The implication of the sharp 189, or oxygen potential
term of the electronic disorder thakas EJ x (i.e., transition on damage development is profound. Despite the tiny
concentration polarization, recalling that electronic-disord@tagnitude of the electronic current, it serveshsrécircut
and ionic-disorder concentrations are correlated). As shownGHrrent that makes almost the entire oxygen-electrode half of the
Figure &, somewhere in the middle of the electrolyte, thiglectrolyte experience the same oxygen potential of the oxygen
gradient becomes especially large, and the potential takes @lectrode, andice versa the other half. Therefore, any
shape of a concentration shock. This is because the V-shapgiglation-caused damage normally expected only at or near the
electronic conductivity minimum (far lower than the corre-0xygen-electrode/electrolyte interface now becomes possible
sponding ionic conductiyjit in the Brouwer diagrath, throughout the entire oxygen-electrode half. Similarly extensive
depicted irFigure b, occurs right there, thus necessitating aréduction-caused damages are also expected throughout the
maximal driving force at that location. Indeed, as shown heduction/fuel-electrode half. This is schematically illustrated in
Figure &, the potential is almost shaped like a step function. It [Sgure € comparing a sigmoidal vs a linear oxygen potential
this step-like potential that allows (a) the Rghhalf to distribution assuming the same damage threshold se¢ct a
oxidize and support the electronic current by a relativelgxygen potential. It is clear that the at-risk region is much wider
abundant population of holes, (b) the Ridy-half to reduce  when there is a sigmoidal potential. In particular, if the boundary
and support the electronic current by a relatively abundankygen potentials at electrode/electrolyte interfaegsr-
population of electrons, and (c) the I&Q@gdrop across (a) mined by the sum of atmospheric potential and the electrode
and (b) to support a mixed electron/hole current despite th@verpotential, the latter increasing with increasing current,
very low local populations (hence conductivities) of electronidecreasing temperature, decreasing electretmay, and
charge carriers at the V-shaped minimum in the Brower diagratecreasing electrégle ective area and triple-phase-boundary

In e ect, the electrolyte in the above steady state behaves likensity are high enough, then the entire oxygen-electrode half
ap njunction, the higRO, half is thep-region, the lowO, of the electrolyte can be at risk.
half is then-region, and the V-shaped minimum in the The above expectation is supported by experimental
conductivity of electrons and holes (set by when theiobservations. In SOEC, common degradations under a high
populations are nearly equal in the Brouwer diagram) is traxygen potential are in the form of pressurized oxygen bubbles
junction. Such a large and abrupt oxygen potential drop with gorecipitated from a disproportionation reaction of the peroxide
associated large and ab%k) increase, referred to as an group (3)? in an oxidized electrolgte While they are most
oxygen-potential transitionjs expected in every good commonly seen at the oxygen electrode/electrolyte interface,
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Figure 2.(a) Formation of oxygen bubbles preferentially at transverse grain boundaries and (b, c) in-plane (transverse) cracking inside the
electrolyte after high-current-density SOEC operation. The dense electrolytes do not have grain boundary pores or cracks befordyell operation
Reproduced with permission fromLeiCopyright 2011 Elsevier B.V. (c) Reproduced with permission fténCagdyright 2012 Elsevier B.V.
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Figure 3.Calculated oxygen potential distribution inside edtfick*polycrystallifey SZ electrolyte under (a, b) SOEC (atA/cn?) and (c)

SOFC (at 1 A/lcrf) modes at 808C. Three grain boundaries were equally spaced at 0.25, 0.5, and 0.75 normalized distances to the fuel electrode. C
grain boundarythe one at 0.75 in (a) and the blue curve in (c), and the one at 0.25 in (b) and the gray curwemdssigned to be highfy O

blocking (10*of the lattice & conductivity), while others have?idi the lattice & conductivity. Boundary oxygen potentials were seid63

eV at the fuel electrode/electrolyte interface and 0.2129 eV at the oxygen electrode/electrolyte interface. Oxygen potential set assheV at 1 atm o
partial pressure. For more details, please refer to Figures 3 angb4 in ref

they have also been seen at grain boundaries well inside $it@te, an extra driving force in the oxygen potential is locally
electrolyté;'**?% including ones in the midsection of the needed at the boundary to keep the current continuous across it.
electrolyte far removed from the electrode/electrolyte interfadehis translates to an oxygen potential jump across the transverse
(Figure a). Moreover, it was found that once the damagéoundary” as shown irrigure &; there is no such jump at
threshold is exceeded, which is certainly the case when oxylpegitudinal boundaries because no current crosses them. It is
bubbles already appeared, the bubble population shows a rathesh a potential jump that provides the additional thermody-
weak dependence on the distance to the oxygen electrode, wiriaimic driving force making transverse boundaries the favorable
is consistent with the step-like peoof oxygen potential sites for bubble nucleation and stress-induced sliding/cracking.
depicted for the oxidizing half figure #&,c. As bubbles The same also applies to the Ray-half where the oxygen
accumulate and grow, the cell degrades and cell impedapotential dips across a transverse boundaguire B, which
increases; eventually, they may lead to electrolyte crackimnguld favor the nucleation of reduction voids. Therefore, in
(Figure B,c) and catastrophic failat€On the reducing half, addition to the step-like oxygen potential that serves to extend
reduction voids at grain boundaries and in the grain interiothe spatial range of the electrode overpotentials to well inside the
have also been reported; once again they are consistent vétactrolyte, these potential jumps/dips at transverse grain
Figure &,c in that their population has a weak dependence droundaries (as well as other transversely blocking defects)
the distance to the fuel electrode (see Figure 72dj.ref further exacerbate the odds of damage nucleation throughout
As already mentioned, oxygen bubbles on grain boundartae electrolyte and make the transverse mode of degradation a
are a common form of degradation inside SOEC electrolytdsading cause of long-term damage in high-current-density
Importantly, they preferentially form at transverse bound&OECs. Similar degradation phenomena are also seen in
ries7*?which also explains why they may eventually lead to iSOFCs, though to a lesser extent. This is because (a) the
plane cracking as showhigure b,c. Preferential formation of electrode overpotentials are generally smaller in SOFC as we
bubbles on grain boundaries may be attributed to heterogeneal®ady pointed out before and (b) although the direction of the
nucleation (i.e., interfacial energy lowering the nucleaticglectronic leakage current is the same in SOFC and SOEC, the
barrier) and/or a growth advantage (i.e., grain boundariedirection of the ionic current is opposite in the two devices,
being fast dusion paths), but if this is the case then bubblesvhich makes overshoots, i.e., jumps and dips, of oxygen
should form on grain boundaries of all orientations. Thereforpotentials at transverse boundary impossible in SOFC. This is
there must be a thermodynamic advantage that favors transvetsawn inFigure 8 and further explained in 2&f
boundaries. In YSZ and in most other oxide ceramics, grainA key consideration relevant to degradations is the interplay
boundaries are electrically blocking (to electronic and/or ionibetween redox potentials and stredds. Oxidation and
charge carriers) to various extent because of the presence oéduction (e.g., change @ MO,, inanominally 1:1 metal
Schottky barrier and/or spacharge esct. So, at the steady oxide) of the solid electrolyte phase are accompanied by a
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change in lattice parameters, which is known as chemitaundaries to remove ionic bottleneck, which would lower the
expansion/contraction. As a result, a synergigtat ef cell resistance, increase theiency, and improve the stability.
chemical potential distribution on stress distribution can ariseor example, epitaxially oriented PLD BHgJ0; Ims

This is most relevant to ceria-based electrolytes that are knotvave been demonstrated to be an excellent proton coAdjuctor.
to suer large volume expansions upon reducti¢m. (3) Periodically include some brief periods of the SOFC mode
contrast, the chemical expansion of zirconia-based electrolytkging a prolonged SOEC operation to reverse theign
though measurableghere is a slight contraction under hence lowering and reversing the excessively high potential
reduction’ is practically negligible perhaps.) Physically, distribution and possibly eveeversing oxygen-bubble
manifests itself as ionic disorder, e.g., oxgen vacancies inrtheleation/growth. As these processes will take time to rebuild,
electrolyte. The equilibrium (stress-free) lattice parametsome'safety windotmay thus be providéd®

a9 ), oxygen potentialo,( ) = const +kgT In POSY ) Beyond these measures, tuning electronic conduction
(obtained from the tangent extrapolation of Gibbs free enerdy©vides another fundamental solution. This is because the
curve of the solid electroly@X, = (L )/(2 + )), the ot cause qf the sjep-hke oxygen pres.su.re. transition is th_e V-
redox potentia( ), and all have a one-to-one relationship shaped minimum in electronic conductivity; thus, smoothing

with each other. A large stress buildup, compressive on tg? minimum and increasing the minimal electronic con-
reduced half and tensile on the oxidized half, is thus eXpeCteHa’ccttl\r/cl;[lil/’t ewwi?lt}u%?jgn?gn?aﬁwi\ﬁgo&yoml?#;eofyorgggp:t;rﬁ?igl
especially whep the oxygen potengjl) _tr_ans!non Is abrupt transition and the magnitude of the attendant overshiWwes.
and large (which means () transition is abrupt and  are of the opinion that the electronic conductivity of YSZ in
large). In addition, at the outer (lateral) edge of an electrolytg,tjlayer SOFC/SOEC electrolytes is too low, and its damage
membrane subject to the potential transition, hence, th@lerance may be improved by a slight increase of the electronic
tension/compression transition, there is a stress concentratighnductivity.) Moreover, taking advantage of solute segregation,
that can nucleate cracks that veer into the tensile side (th@e can selectively dope grain boundaries to modify their space
oxidized side in a ceria) of the electrolyte after propagatingarge, Schottky barrier, and electron and hole conductivity,
inward a short initial distance along the transition boundarghich will inuence not only the potential overshoots there but
This is thus a mode of longitudinal degradation, and it tends {9so the entire potential distribution throughout the electrolyte
proceed very fast once the crack forms. Consistent with thacause of its ect on overall steady-state electric current
above stress analysis of the origin of crack formation and craghsity.
location/direction, catastrophic cell failures were reported for os mentioned before, residual stresses may arise from
high-current-density SOEC with a trilayer GDC/zirconia/GDCchemical expansion/contraction, and in layered structures,
electrolyte operated at below 760and were attributed t0  dj erent chemistries and thermal expansioncigs may
longitudinal cracking from the fuel electrode/electrolytenake matters worse. Such residual stresses and stress
interface toward the air electréde. concentrations cannot be avoided in a standard electrolyte
2.2. Strategies to Mitigate Damage.The almost step-like  con guration that is compositionally uniform and geometrically
oxygen potential prie and its overshoots at ion-blocking at. However, a graded composition may help smooth out the
transverse boundaries provide an important lesson: It is néffess gradient and, thus, lessen stress concentrations. Another
prudent to assume that the redox potential in the electrolyte issgproach is to use a wavy interlayer or undulating composition,
linear interpolation between electrode potentials. Infact, itis n@hich is known to limit the spatial range of the stress
prudent to assume evieixygen pressure inside the electrolyteconcentration to the scale of the wavelength, and on fracture
willnevebecome higher than the pressure corresponding to thehergy ground, a short enough undulation wavelength will make
electrode potential of the oxygen electrodeedbwer than crack nucleation no longer possibié.This combined
corresponding to the electrode potential of the hydrogegeometric/compositional solution is recommended for electro-
electrode, irrespective of which mode or condition for the celjtes that sier large chemical expansions. The same geometric/
operatiof'® as there are certainly such violatioRgjime 8,b  compositional solution outlined above is alsctige for
attransverse boundaries. On the other hand, knowing the origiiitigating cracking at multilayer interfaces, such as ones
of these unexpected high and spatially extended oxygeéserved in a trilayer GDC/zirconia/GDC electrolyte men-
potentials, one can now design better materials and follawned abové’ (The same chemical expansion should also arise
better practice to mitigate damage. at transverse grain boundaries with oxygen potential over-
Some strategies are already known, chief among them besh@ots/jumps. However, since grains in a typical electrolyte are
the following: (1) Improve the electrodecincy and  usually 210 times smaller than the membrane thickness, by
electrodeelectrolyte contact to lower the electrode overtself the stress range at grain boundaries may not be long
potential, which can extend well inside the electrolyte especialyough to initiate cracking.)
when the magnitude of the overpotential is large. Likewise,One should also be cognizant of the possibility of interface
lowering the resistance of internal interfaces (sucheas bu embrittlement caused by electrochemical loading via chemical/
layers) by better wetting will lower the overall potential undestructural weakening due to, e.g., solute segregation or
the same current density, thus lowering the risk of internelectrolytic changes to interfacial bonding. (Under a large
damage. For example, a pulsed-laser deposited (PL®hic current, nonequilibrium solute segregation may become
PrBa Sph Lo £ 05, interlayer has been reported to appreciable due to the i@olute coupling.) For example, we
improve the contact between the protonic electrolyteecently observed a fracture-mode transition in a high-current-
BazZry sCeq 4Yg 1YDby 103 and the cathode density PCEC electrolyte, Baf® Yo Yy ©Os; , from
PrBa sSh ££0;, F Os. , Which lowers the ohmic and polar- intragranular fracture before testing to intergranular fracture
ization resistances and improves the stability of tfie(2pll.  after testing, at all boundaries regardless of oriertatRes.
Develop columnar grain structure with mostly transverse grédupplementary Figure S13 of3&j Another possibility is
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electrolytically enhancedaigr boundary corrosion. For markets soon. Having a high-energy-density lithium metal anode
example, in direct carbon fuel cells with liquid metallic antimorgnd no ammable organic liquid electrolyte, these new batteries
anodes (the anodic reactions being 2SK*+836K0; + 6e hold the promise of better performance and safety. Ceramic
and C + 2Sj0,; = 3CO, + 6Sb), antimony corrosion of the YSZ solid electrolytes under investigation include oxidefgssul
and GDC electrolytes along grain boundaries of all orientatioaad halides, and a variety of degradation phenomena are already
was reported; no corrosion was seen in single-crystal Y&&Ill-known. Historically, in rechargeable batteries ceramic solid
electrolyté? Again, compositional engineering at the interfacelectrolytesrst appeared in N& batteries operating at 300
and smoothing of current concentrations, as well as avoidance©f they were from a family of Na/beta-alumina ceramics, and
a better control of embrittling impurities, may be needed.  they too suered from degradation. Below, we will apply our
Lastly, we emphasize that the above strategies should dygopsis of SOFC/SOEC datgtion to anticipate the
practiced holistically. For example, strategies that enhance geliradation modes in solid electrolytes in metal batteries. We
performance, say by using moreient electrodes, may will next conduct 4ailure analysisn several case studies to
inadvertently introduce aew source of degradation as petter understand the phenomenology.
illustrated below. Several engineering designs of bilayer/oyr synopsis of SOFC/SOEC makes it clear that a
multilayer electrolytes have provedctve for enhancing fundamental cause of electrode degradation is the unexpectedly
SOFC/SOEC performance. One approach uses a bilayer YS¢h, abrupt, and spatially extended oxygen potential distribu-
GDC electrolyte to suppress chemical reactions that woujghn inside the oxide electrolyte, which originates from the
otherwise occur, forming insulating SgZatd LaZrzOé (slightly) mixed conducting nature of the electrolyte. This can
between a single-layer YSZ electrolyte and oxygen eféctrodge further exacerbated at kinetic bottlenecks, transverse grain
Meanwhile, a bilayer GDCZB, O electrolyte can utilize  poyndaries in particular, but also at residual pores and cracks.
the high @ conductivity of ErBi Oz without subjecting itto  \when chemical expansion/contraction is present, the abrupt-
low oxygen potentials that would causgBErRO; to ness of the potential distribution also gives rise to a stress

decorr)lpos%f], arr:'d hgotrila%er QDC/?irconia/S:Z)C _tlellglc:trﬁ!yte distribution and stress concentrations at the locale of the
can utilize the high®Oconductivity of GDC while still blocking 5 nsition where ol (X)) is the largest. The excessive

the electronic (electron) leakage of Gb@lthough these _ . .
structures can enhance cell performance, they ney Supotent|al can cause oxygen accumulation forming oxygen

unintended degradation because layer interfaces being ph2idebles or oxygen depletion forming reduction voids, and the
boundaries are more likely than not ionically blocking, whicFress concentrations can nucleate cracks that may further grow
makes them prone to oxygen potential overshoots, thiy accumulating oxygen bubbles. Logically, the same reasoning
nucleating damage? Oxygen-bubble formation and in- applies to solid electrolytes in metal batteries. (a) There is
plane cracking/delamination were indeed observed at sugivays some minute electronic conduction in a solid electrolyte,
interfaces, although one cannot rule out the possibility that th@jpd their inherent redox dependence favoring electron
were due to mismatched thermal/chemical expansion coé&@nduction on the reducing side and hole conduction on the
cients or a weak interfacial strength (which implies a higpxidizing side will necessarily result in a V-shaped minimum in
interfacial energy, thus lowering the barrier for bubbléhe electronic conductivity ina rifd,*{ )/ Ex( ) pointinthe
nucleation.) Therefore, performance-enhancing layer desidg#f@uwer diagram as depicte#igure b. (b) Since~igure a
need to incorporate additional interface engineering describtsdlows~igure b, there must be a steep, sigmoidal, or even step-
earlier to deliver a holistic improvement. function-like distribution of redox potential (which has an
To summarize, transverse degradation is the main degragkectrostatic term that all ions/electrons/holes see, plus a
tion mode for SOFC/SOEC electrolytes. It mostly occurs irchemical-potential contribution that depends on the electron/
high-current-density opeoais and/or prolonged SOEC hole concentrations) incorporating all the electrode over-
service lives, as it is a gradual degradation mode that procegokentials (on top of the extremely reducing metal anodes and
by the nucleation and growth of oxygen bubbles or reductiaxidizing high-voltage cathodedpveloped in the solid
voids with an initially slow damage accumulation. Given enouglectrolyte. (c) Whereas the redox potefiah SOFC/
time, however, it may reach an advanced stage when bub)EC pertains to oxygen partial pressure, the redox detential
void coalescence and linkage take hold that will soon lead to inimetal batteries pertains to the equivalent chemical potential of
plane cracking, resulting in rapid crack propagation arnte electrode metal, e.g., Na or Li. Therefore, just like oxygen
catastrophic failure. Fast longitudinal degradation is lebabbles are expected in high oxygen potentials in SOFC/SOEC,
common in SOFCs and SOECs, although it could arise froMa or Li metal precipitates are expected in high Na/Li chemical
stress-nucleated cracking due to redox forces if the operatpgentials in Na/Li batteries. These precipitates, often named
conditions become much more severe than the ones used totldgndrite’s have already been widely reported since the early
(OCV 11V for H SOFC at 80C°C). This can be days of NaS batteries, and their reporting continues through
particularly problematic at lower temperatures when stresise recent development of all-solid-state Li baftetie§.At
relaxation and crack blunting/healing are lessties, as transverse grain boundaries that are ionic bottlenecks, a higher
already seen in the catastrophic failure of a SOEC with a trilaygéctrostatic-potential drop can build up. In a good electrolyte

GDC/zirconia/GDC electrolyté. that has a high though neastgd concentration of ionic charge
carriers, this electrostatic potential drop translates to a redox-
3. SOLID-STATE ALKALI METAL BATTERIES potential jump, as depicted frigure &, which further

3.1. Overview of Damage MechanismsSimilar degra-  exacerbates the potential excess making transverse boundaries
dation modes are expected in solid electrolytes in solid-stdle preferred sites of Na/Li precipitation. This, too, has been
metal batteries. While most commercial rechargeable metiserved since the early days ofS\Nhatteries through the
batteries use liquid electrolytes, all-solid-state lithium metacent development of all-solid-state lithium metal bat-
batteries are under rapid development and may enter soregies**%‘° (e) The redox of solid electrolytes causes a
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Figure 4(a) Lithium penetration through the polycrystallihgP$ electrolyte. (b) Lithiufweld formation at grain boundaries of polycrystalline
Lig 2Alp od-a5Zr,04, electrolyte. (¢, d) Lithium precipitation inside closed pores (dark spots) in polycrystallin€absZr, 74Nbg 240,
electrolyte. (a) Reproduced with permission frofd.r€bpyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Reproduced with
permission from réB Copyright 2016 Elsevier Ltd. (c, d) Reproduced with permission feo@agyright 2017 American Chemical Society.

synergistic change in the equilibrium (stress-free) lattioghich is the case in SOFC/SOEC and has the same issue of
parameter distributioa®{ (x)), referred to as chemical crack nucleation as for bubble nucleation.) As will be explained
expansion/contraction before, hence an elastic strain distrithelow, longitudinal dendrites have been widely observed since
tion that mirrors the redox potential distribugn(x)). Since the early days of N& batteries through the recent develop-
the overall internal stress must add up to zero, the oxidized sident of all-solid-state battefié¥'" “3this is in contrast to the
and the reduced side must have opposite stresses with a strass occurrence of longitudinal cracking in SOFC/SOEC. As a
concentration at the outer edges of their junction. Stressesult of the frequent occurrence of longitudinal degradation,
induced electrolyte cracking has also been observed in metalde coupling between longitudinal and transverse degradation
batteries, and we will cite the literature after further analysis.also becomes much more frequent in metal batteries, which is
While the above establishes the analogy between SOF&lAborated below. (v) Metal precipitation causes a volume
SOEC and metal batteries, there are importaaetedces  expansion locally, which leaves a residual compressive stress on
between them. (i) Metal batteries operating at ambienthe reduced half of the solid electrolyte. In analogy to chemical
temperatures are likely to have a much lower electronéxpansion, this will induce a residual tensile stress on the
conductivity than SOFC/SOEC operating at >@0Since oxidized half, setting up stress concentration in the midsection
the abruptness of the redox potential distribuEon(x)) between them. This is another example of the synergistic e
comes from the need to maintain local equilibrium, which musf chemical potential distribution on stress distribution. Later,
involve electronic conduction, the steady state and, hence, the will analyze a recent example of spallation cracking in a
abrupt potential distribution will take more time to establishLi5PSgCI electrolyte (see case (D) below) which belongs to this
(The initial state of the redox potential in the electrolys is  cas€. But we will also analyze a more complicated (and more
and identical to that seen in a virgin battery, with abrupt jumgateresting) stress distribution that causes circumferential
to match the electroderedox potentials at electrolyte/ cracking in dopedLiaZr,0;,(see case (E) belo#Similar
electrode interfaces. From this state, it will gradually evoleases are seen in plate-like metal coating at grain boundaries
into the steady state.) Therefore, the incubation time befogenerating stress concentrations at and near their edges that can
redox-induced degradation develops may be quite long in matalise further microcracking, often to fall on grain boundaries as
batteries. In fact, during fast charging/discharging, the steastgll® Indeed, metal plating into a crack can generate additional
state may never be established, which poses a problem for usingss concentrations in front of the crack tip, providing the
accelerated tests to simulate degradation development in melt@ing force for the crack to propagate (or more cracks to
batteries. (ii) In contrast to (i), the slow kinetics at ambientnucleate) ahead of metding. This form of cracking, called
temperatures may severely limit the electrodierey, thus  displacement-controlled Mode-I cracking in fracture mechanics,
necessitating an extreme overpotential, which will be carriisdan observation that was emphasized in severaf$tlidies.
over into the electrolyte as already described by (b) in our 3.1.1. Case Studi€8) Inthe Na S batteries studied by De
reasoning above. This will lead to a more severe redox-indudetighe et &f. in 1981, Na/beta-alumina solid electrolytes
degradation. An example is batteries operated at friggthowed longitudinal degradation in the form of Na dendrites,
temperatures; they tend to degrade faster. (iii) Extremehich lled a Na-lled crack and propagated rapidly through the
operating conditions such as high current densities and highlid electrolyte, leading to short-circuiting and immediate
electrode potentials may encroach the electrolytic window, thizslure (called mode lunrelated to the classation in fracture
increasing electronic conduction and hastening the develapechanics mentioned abowsy De Jonghe etl) They also
ment of the steady-state shock-like lgpran (i). (iv) In showed transverse degradation in the form of slow internal
ceramics, metal nucleation is much easier than oxygen-buliggosition of Na metal islands inside the solid electrolyte, which
nucleation because cation-to-metal transformation does rintreased the electronic conductivity of the electrolyte and
entail a huge volume expansion as in agéstransformation caused electronic leakage and self-discharge (De Jonghe et al.
(e.g., oxygen evolution reaction typically entails a large kinetilled it mode Il, again unrelated to the ctad®in in fracture
overpotential); in addition, the metadramic interface is likely mechanics). Importantly, as shown by Figure Hottrefe is a
to be less energetic than the gasamic interface, both sharp, planar boundary between the reduced regime with
decreasing the nucleation barrier of metal precipitation. Thigecipitated metallic Na and the unreduced regime, and the
applies to both transverse degradation and longitudinebundary moved from Na electrode to S electrode after
degradation. (Longitudinal degradation in metal batteriesxtended cycling (i.e., with more transferred charge). These
mostly involves metal dendrites instead of longitudinal crackirage the essential features for slow yet progressing transverse
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Figure 5Lithiation and stress analysis using E&hgdzianken experiment. (a) Experimental setup using a point electrode to lithiate radially in a half-
sphere. (b) Equivalent full-space problem with the point current source at the center. (c) Eshelby protiieginéios®on of the enlarged,

lithiated sphere. It can be made tain by applying a uniform, compressive surface traction. (d) When the fiergdmiycompressed sphere is

allowed to relax in the matrix by removing the (internal) surface traction, it expands part way but still under some pressure. (e) Sulnkce traction o
equatorial half-plane viewed in a free-body diagram, which maintains the same stress state in the lower half-space as in (e). (f) Barface tractior
above free-body diagram is canceled out by applying an opposite surface traction, making the surface traction-free, hence back tddhe same expe
state as in (a). (g) Radial tension left at the bottom boundary of the lithiated half-sphere is the cause of circumferential cracking.

degradation despite the concurrent presence of longitudirfaktor K., in fracture mechanics, which is a material property
dendrites. The metallic Na precipitates at grain boundaries alsmecifying the fracture toughness of the material. Note that the
caused grain-boundary microcracking, which can be coupledttiical current density reported is typically the nominal density,
longitudinal degradation and initiate out-of-plane cracks, assisthe local current density at the electrode/electrolyte interface,
the case seen in all-solid-state lithium metal batteries. which is usually porous, should be higher. This points to the
(B) In all-solid-state lithium metal batteries, the shortimportance of good wetting at the metal-anode/solid-electrolyte
circuiting event takes place rapidly, once some threshold curranierfacé** “° Poor interfacial wetting, either due to intrinsic
density, known as the critical current density (more on this imaterials properties or unintentional/unattended surface
(D)), is exceeded. Above the critical current density, rapidontamination, will decrease the true contact®dreaease
lithium growth/penetration across the solid electrolyte ishe overpotential, and cause electeid/current concen-
lamentary in nature and follows the direction of the electritrations, thus leading to larger impedance, lower (nominal)
eld *3 (Figure 4; also see Figure 1 and Supplementangritical current density, and faster cell failure.
Video S1 of refil3. This makes it a longitudinal mode of (C) Because metal precipitates are like virtual electrodes and
degradation. The above eventis likely mediated by metal platingn generate electrield/current concentrations, which alter
which nucleates an initial crack, followed by additional metahd concentrate the redox potentials that cause further metal
plating in the crack to build up a large enough stresprecipitation and stress concentrations, mode coupling is much
concentration that leads to the formation of tted, short- more common in solid electrolytes in metal batteries than in
circuiting, metal-plated crack. In this connection, the critic®@OFC/SOEC. This is especially true when metallic phases
current density is likely correlated to the critical stress intensipyecipitate out on grain boundaries because of the proximity of
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neighboring boundaries and the propensity of metal precideposition and cracking in a dopeg.&¥r,0,, solid
itation on them. For example, a three-dimensional lithalin electrolyte utilized a point electrode, which generates a radial
decorating the grain boundary netwbBi(re #) was seen in eld causing Li penetration and/or internal precipitation inside
(doped) LiLaZr,0;, electrolyted’ *° Such a web could a half-sphere as schematically depickéglire &. The stress
develop in the following way: Li dendrites grow from the metaitate inside and at the edge of the half-sphere can be analyzed
electrode along longitudinal boundariss, and the eld using Eshelby “gedanken experiment as follows. First,
concentrations at their three/four-grain junctions cause platirggnsider a full-space problem, including a full-sphere that is to
of the transverse boundaries between them. Alternativebg lithiated by a point source at the ceftigiufe 5). Second,
internal precipitation of metallic Li triggered by the high Lilithiate the sphere, which enlarges it radially, but also apply a
potential occurs at transverse boundasggsand the lowered  uniform, compressive surface traction to force the sphere back to
impedance and theld concentrations at their three/four-grain the original size to maintain théFigure 8). Third, release the
junctions cause electrical plating of the (longitudinal)internal) surface traction and let go of the sphere, which will
boundaries between them. Note that initial internal precigexpand. However, because of the elastic constraint of the
itation and/or lament nucleation from the electrode/electro- surrounding, the expansion will stop before reaching the fully
lyte interface is likely to occur at interface asperities and/dithiated size, leaving the sphere again in a pressurized state
residue pores neartiidure 4,d for lithium-lled closed pores  (though less so thanfiigure 8). Meanwhile, its surrounding
inside the solid electrolytésy. This could pose a deult also experiences a radial pressure but a tangential tension,
problem for engineers: a rough surface is often needed atthough their magnitude will decay with the radial distance
promote electrode adhesion, yet it may provide uncommon(yrigure 8). Fourth, on the equatorial plane of the full-space
favorable sites for metal precipitation, and internal pores may(serresponding to the surface of the lower half-space), the only
very di culttoremove completely in processing/sintering whilesurface traction is one normal to the surface, and it is uniformly
trying to maintain the optimal chemistry and microstructure. compressive on the sphere and tensile though radially decaying
(D) Because of metal insertion, the initial internalaround the sphererigure &, which is called a free-body
precipitation orlament nucleation at the electrode/electrolytediagram in mechanics). Fifth, to cancel the above surface
interface will immediately generate a stress concentratiblaction, add an opposite set of normal tractiensile on the
locally. Such stress cortcation is most acute at any sphere and compressive though radially decaying around the
compositional discontinuity. For example, ir83eft the spherefigure §), leaving the equatorial planar surface traction-
edge of lithium plating or the planar reduction fromtedby free. Six, now that the (lower) half-space Heefasurface, it
the edge of the contact Li/Na-metal electrode, electrodean be removed from the other (upper) half-space, and its stress
(LisPSCI, Na-beta-alumina,;N) “spallatioh (along with state exactly corresponds to what is obtained by lithiation in the
chipping, see their Figure S3) was observed, leaving a shaxrtual experiment &figure a. Because the surface tensile
longitudinal crack behind (though the authors 88illed it traction in the center éfigure Htries to pull the half-sphere
a“vertical crackor “transverse cragkNext, the short crack away from the lower half-space, there is a maximal Mode-| stress
was coated by Li/Na, and a virtual electrode formed theréntensity factdf at the bottom of the half-spherejfSgere §.
Third, the above processst occurring at the electrode/ (There is also a Mode-II stress intensity f&gtat the upper
electrolyte interface is repeated at this new latedecrack (surface) edge of the half-sphere.) This maxinas
tip where there is an electrd/current concentration, thus proportional to the product of the square root of the half-
renewing the process of forming and extendiagpantary Li/ sphere radius and the lithiation stress, namely, the pressure in
Na dendrite. Fourth, mechanically, once a long enough dendriteyure 8, same as the normal tractioRigure &,f. Eventually,
is formed, Li/Na plating along the dendrite, working like aas lithiation continues and the half-sphere grows large enough,
thickening wedge, can provide the requisite stress concentratibis maximak; will reachK,c, and cracking is initiated at the
to pry open the crack further, which opens a section of fredlottom and goes around the half-sphere, forming a circum-
crack without any Li/Na plating; the new section is capable dérential crack. (The situation here is analogous to indentation
receiving metal plating. (This is crack displacement-controlledacking of ceramics, in which the circumferential crack, called
Mode-I cracking in fracture mechanics, mentioned befordateral crack, develops not during indentation, i.e., loading, but
Fifth, as this process continues, eventually, the crack lengibon indent removal, i.e., unloading.) Circumferential cracking
becomes swiently long and the Li/Na plating in its wake around a lithiated half-sphere was observeddi teis also
su ciently thick, so much so that the stress intensity fdgtor ( interesting to note three other events. First, as lithiation
reachegc and the fracture toughness (a material property) oproceeds without cracking, the stress will build up continuously
the electrolyte is overcome, leading to a sudden rapightil it reaches the critical stress for Li extrusion, which appears
propagation of the crack. If the electrolyte is thick enough, tteess Li metal ngers growing out of the solid electrolyte as
crack under the displacement control will everituedlgut of observed in ref0. (The extrusion stress is proportional to the
stearhand stop. This happens when it has extended far enoudbformation resistance, i.e., the yield stress, of Li, but it is higher
so that the crack tip no longer provides a high-stress region, dnda factor of about 3 or more because of the multiaxial nature of
the stress intensity is no longer above criticaK(irewv falls the extrusion process and the friction encountered during
belowKc). Sixth, over time, this crack will itself be coated by Lifextrusion.) Second, once cracking occurs, the lithiation stress is
Na to increase the crack-face displacement and turn into a moedieved; hence, extrusion stops, which was also observed in ref
fully grown dendrite, which increases the stress intensity agaid@ Third, the circumferential crack is inittallgar, without
cause more crack propagation, and the process will repeat itaaif Li. However, since it is a transverse boundary blocking the
during charge/discharge cycles until the cell fails. electric current, it will begin to accumulate Li, which was also
(E) The interplay of metal plating or metal internal observed in refO.
precipitation, stress concentration, cracking, and dendrite is3.2. Strategies to Mitigate Damage. The above case
next analyzed using another geometry. The studg@dfref studies make it clear that, in order to improve the integrity of
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metal batteries, it is important to improve the chemicalhich must be maintained over a large area. In materials
microstructural, and ultimately electric-transport uniformitgngineering, one well-known approach to solving this kind of
inside the solid electrolyteshich will minimize kinetic interfacial contact problem is surface mations> Recently,
bottlenecks, the number of nucleation sites for metal coating/was demonstrated that ALD@ can react with Li metal to
precipitation, and stress concentrationsToward this end, substantially lower the contact resistance of
for the bulk solid electrolyte, one would generally prefeili;La, 76Ca 11 7Nby 401, or LLCZN) garnet electrolyte/
electrolyte materials with a wider electrochemical stabilityi electrodé.
window, better processability/sinterability, and higher mechan-There are other examples of interfacial wethns by thin-
ical robustness. High density and a uniform microstructure wittim techniques. First, thitm Li* solid electrolyte LiPON
few pores or other macroscopic defects are crucial to avgitepared by sputtering,RO, in N, is known to have
blocking sites of ion transport, preferential sites for early stagxceptional stability and extended cyclé® IBecond, as
metal precipitation and later-stage degradations, and strezgntioned before, highly textured PLis of BaZygYy O3
concentrators that initiate mechanical damage. Grain-sizen enhance protonic conductivityThird, the PLD
uniformity is another important factor that has not beerPrBg St Lo, ¢ Os, interlayer can improve the contact
adequately addressed in the literature. It matters becausiween BagiCe, Yy Yy O3 , a protonic electrolyte, and
abnormally large grains are again preferential sites five cathod&’Fourth, maintaining a good stoichiometry of PLD
degradation. Moreover, they are often related to in-grainis Al 482,01, has been reported to enable high ionic
pores, which break away from fast-growing grain boundarf@nductivity in thindm-type Li garnet electrolytéLastly, in
during sintering, and once detached they lose access to graiéidition to being of use for surface nuadion, thin-Im
boundary diusion, thus becoming very dilt to sinter electrolytes in thinkm electrochemical cells may be of interest.
further>° In general, a higher fracture toughness, e.g., imparté@r example, a thilm YSZ electrolyte can allow SOFC to
by transformation toughenitigs benecial. The addition of ~ operate at as low as 3@’
second-phase particles of tetragonal (such as yttria-stabilizedjvhile the above strategies of interfacial engineering are
zirconia has been demonstrated to transformation-tough@romising, it could still be challenging to ensure good interfacial
beta-alumina electrolyte in Nebatterie However, it should ~ properties, such as wetting, throughout the battery lifetime,
be noted that thermodynamically the transformation toughneg#ich must endure electrochemical cycling. The concern is
will decrease with increasing temperature as the tetragonal phaiBether cell degradation will ensue and rapidly progress to
becomes more stable and, thus, less susceptible to stress-asélgi® once some loss of contact has started. Some lessons may
transformation’ Another side ect of adding zirconia particles be drawn from dielectric breakdown, which has been well
comes from boundary pinning, which homogenizes thetudied (more on this later). Because of the current
microstructur®? which has been recently shown to improveconcentration, the local current density will dramatically
interfacial wetting between beta alumina and sodium metaliitcrease at the worst contact point, which leads to its failure;
Na S batterie$: Appropriate doping to expressly tune the after that, the current concentration shifts to the next worst
space charge at grain bound&riesorder to control grain ~ contact points nearby, and the above event repeats there. Once
growth and to minimize the potential jumps at these bottleneckdtiated, this chain reaction generally propagates very fast and is
is also an approach that should be loéaieLastly, since Li and known to lead to very rapid device failures. This could well be
Na are volatile during high-temperature processing, it is critidgf case in metal batteries.
to minimize or (by compositional design) allow for their loss in
order to maintain the intended stoichiometry of the solid*. FIELD ASSISTED CERAMIC PROCESSING
electrolyte. This can be done, for example, by introducing 8everal densiation techniques have been developed to
excess-Li source such g B{ implement high throughput porosity reduction of ceramic
Microstructure design goes beyond a monolithic electrolyimpacts using an electric or electromagnelic thus
layer. One promising design is to construct, from a monolithigchieving rapid heating and sintering. Spark plasma sintering
solid electrolyte, a porous/dense/porous structure thagthough no spark actually exists) is one such technique, in which
transitions the two electrodes with an electrolyte layer, tremodest voltage L0 V) drives a large electric current to pass
dense layer, between them. This dense layer, (a), has a very thidugh a set of electronically conductive graphite dies within
e ective electrolyte thickness and is in intimate contact with thehich a ceramic compact is electrically heated and mechanically
metal anode, (b), and the Li cathode, (c), because both metabmpressed at the same time. As most of the current bypasses
and Li can respectively penetrate the two porous layers (b, c) the much less conductive ceramic, the cuwearg through
their sides. As aresult of the thin thickness of (a) and a very large sample and the resultant Joule heating are not large. But
e ective contact area between (a) and (b) and between (a) argbntact heating is already so intense that completeadenisi
(c), faster transport kinetics (thus higher current densities) isan be achieved within seconds thanks to mechanical
readily achieved. Yet the battery is overall robust despite the veoysolidation at high temperatures. A pressureless version of
thin electrolyte (a) because (a) is bonded to and, thusthe above is the so-callesh sintering technidftfan which
mechanically supported/protected by (b) and (c) on twothe ceramic compact sees no die pressure but is under a constant
side$® voltage (which is very large in some sfiijiesile the furnace
Not surprisingly, ensuring a good contact between theemperature is being ramped up. As the ceramic conductivity
metallic anode and the solid electrolyte has been known to mreases with temperature, at some point the Joule heating will
important, and stack pressure has been applied toward this exd¢eed furnace heating and a positive feedback loop of
of increasing the true contact area. But its application to largaereasing temperature and Joule heating is entered under a
scale practical cells remains problematic. In fact, thenstantvoltage. This triggers a thermal rundvagnd once
fundamental problem lies not only in mechanical contact batgain full dengiation can be achieved within seconds. Clear
also in nanoscale wetting at the metattrolyte interface, evidence of electrochemicatas has been seen in samples
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Figure 6.(a) Microstructure of cubic YSZ after high-temperature DC-electrical loading. Inset of (a): Measured grain size distribution of (a) as
function of normalized distance to the cathode. (b) Microstructure of tetragonal YSZ after high-temperature DC-electrical loadingaic) Measured ¢
size of (b) as a function of normalized distance to the cathode. Higlvatiagninages show (d) the transition region and (e) the anode side. (a)
Reproduced with permission fron2€e€opyright 2018 Acta Materialia Inc. Published by Elsevier ledR@produced with permission from ref

74. Copyright 2017 The American Ceramic Society.

prepared by these techniques, and the best examples came fposference, e.g., reduction voids formed at transverse grain
ash sintering in which a microstructure gradient in the currebbundarie§*® Electrode conditions are obviously important.
direction is a common observation, seen, for example, in culyig lessen oxygen potential gradients and to produce samples
YSZ;*tetragonal YSZ,/°Zn0O,/*"®and TiQ,’’Amuchlarger  with a more uniform microstructure, better electrodes with
grain size was found on the cathode side in cubic Yz, and figher oxygen reduction/evolution reaction (ORR/OER)
grain-size transition can be astonishingly sfigrpe @) 5ctivities should be used. In fact, in cubic YSZ single crystals
suggestive of a solid-state electrochemical shock front. Since\figre there is no grain boundary damage but there is a
known that grain growth in zirconia (and several other Sim"arhﬁeasurable movement of the reduction front under a DC

structured oxides) is faster under reducing conditions, the ab cﬁtage a largeect of electrode &iency on the movement
grain-size transition provides direct evidence of the sharp oxygel '

' - ibcity is readily observable.
potential o (X)) = const +kgT In POZY (x)) transition Regarding the longitudinal mode of degradation in ceramic

depicted irFigure & and discussed $rection 2(These data  samples undergoing rapid heating and electrochemical reduc-
also provided evidence for an association of electron and hqlg, oxidation, such a mode is typically associated with obvious

polarons with lattice oxygens and vacancies, which can be strpagy yijities such as the formation of hot spots and reduction
under extreme reducing and oxidizing condffipise same laments, which are exacerbated by larger voltages/current

observation made in tetragonal YgZigure 6 e) provided densities and poorer electrode/sample contacts. (More on

even more daitive proof of thdO,°Y E transition. This is . S X ; s )
because in this ceramic the grain boundary mobility is controllwtap"'ty irSection 3J These [nstabllltles can lead to localized
sintering and abnormal microstructure as well as sample

by (cation) solute drag that involves latticesibn® and any . . :
enhanced grain growth must be mediated by acaigfiy dlstortlon§ and frgctures. Examp!es are F|gl_Jre 5.19% ref
enhanced cation mobility in the lattice. Therefore, the grain-si#¥ YSZ, Figure 5 in rédfor GDC, Figures 340 in reB1for
transition implicates an abrupt transition of the lattice mobilitf\20s and Figure 5 in réfor BaTiQ, _
of CationS, which can 0n|y come from an abrupt transition in UtIIIZIng eleCtromagnetlc waves, laser-assisted surface treat-
POSY ) Ex( ). ment and welding of ceramics is anothedd-assisted

The analogy with the oxygen potential transition is apt nqerocessing techniqtie® It too produces microstructures
only for zirconia but also for GDGQY, BaTiQ, SrTiQ,, and similar to those observed lfigure @. Sharp grain size
BaZp Ce ;Yo Yy O; (aproton conductor after hydration): transitions are also ideetl (see examples of YSZ in Figure
At ash sintering temperatures, which must be well exceediggin reB3 inset of Figure 1ain &4 and Figure 3d in r&),
1000°C, they all have high*Oconductivity and relatively low which cannot be explained by the thernestt@lone, given the
electronic conductivity and, thus, can be treated as solgnoothly varying temperature fgpcapped by melting, in the
electrolytes. In fact, the situationsaish sintering more often process zone. (However, rapid scldion after melting/
than not correspond to the extreme redox conditions descnbg@ding could leave a directionally selitinicrostructure.) In

in Sections and3, for several reasons. First, a large voltage i§eqe techniques, since only a shallow surface layer is melted

used in mostash sintering experiments, which will atleast pusfyjje the substrate is not, very likely there is a severe oxygen loss

the electrodes outside the electro_lytical window. Sec_ond, | Pthe melt surface, but the loss next to the substrate should be
thermal runaway, the current density can reach very high values ’

(upto 100 Alcn? much higher than the values bA/c?in negligible. If so, itwould set up a steep reduction gradient similar

a typical SOFC/SOEC at <100D), so the electrode/sample to that of c;athodic r_eduction imsh sintering, anq such an
interfaces must very rapidly convert the electronic current in tf§&rem&0,°Y E-gradient can cause a correspondingly extreme
external circuit to the ionic current in the sample, which is like§Fadientin catlgr;?obnﬁ?thus producing a drastically graded

to require a huge overpotential. As this overpotential iicrostructuré? °> Reduced, often-colored ceramics with
transferred into the interior of the electrolyte sample via th@ugely enhanced room-temperature electronic conductivity
process describeddaction 2extreme redox conditions are set have been reported for YSZ as well as, @&0s;, TiO,,

up, which can cause transverse and longitudinal damages. Ng®s, NiO, ZnO, FgO3, V;03, and NiO?* Similar eects could
surprisingly, cracking and cavitation at grain boundaries haleo be present in ceramics deddby other fast sintering and
been observed, ’® and they manifest an orientation processing techniqiés.
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Figure 7 Electro-coloration of (a) BaTj6ingle crystal (dark region reduced), (b) YSZ polycrystal (dark region reduced), and (c) Fe-dgped SrTiO
tricrystal (dark region oxidized). (a) Reproduced with permission fe@mQebyright 2007 American Institute of Physics. (b) Reproduced with
permission from réfl. Copyright 1999 Published by Elsevier Science B.V. (c) Reproduced with permissioh €opyréght 2017 Elsevier Ltd.

5. CERAMIC CAPACITORS AND MEMRISTORS concentration. Regarding the oxygen potential distribution,

Ipich is important and will be discussed in detail later, we note

High permittivity ceramics such as titanates are widely used l%% . . ST
capacitors. The most demanding application comes in the foftfi"® Fhat it can obviously baeemeq by .the.' dlstnb_uuon of
pact Ing applicat ! electric eld. Importantly, the electrield distribution in these

of multilayer ceramic capacitors (MLCCs). In each MLCC,d . de of hiahly insulati des is distinctl i
hundreds of thin oxide layers are packed aretiosith metal evices made of highly insulating oxides IS disunctly nonunitorm

electrodes, which take a comb-like guanation to connect all to the extent that it also tends to kementary. We draw this

the ceramic layers in parallel, resulting in a very high capacitaﬁegdus'on from the following observations on zirconia and
per unit volume. The same type of titanate ceramics is beignates. .
developed for storing capacitive energy for fast discharge, and f6°th Zirconia (such as cubic and tetragonal YSZ) and
certain power applications, they must withstand not only a hi%‘ﬁanates (SUCh. as Sr-g'&md BaTi@, two prominent members
eld but also a moderately high temperature. Anothé the perovskite family), when loaded under a constant voltage
application is the gate oxide in a complementary ma¢e &t @ modest temperature between 200 antC30@d their
semiconductor (CMOS), usually made of amorphous HfO resistance gradually decreases and leakage gradually increases as
again an oxide of high permittivity. Titanates are Sempfthere is gunlform degi%gggatlon |n_the sa.mple. This is the test of
conductors, but their oxygen vacancies, though slower, are Sifif €lectrical degradation,” which is routinely conducted to
mobile at modest temperatures. Like zirconiaand YSE& &f0  Predict the service life. However, at an eleetdcomparable
wide bandgap insulator and oxygen-vacancy conductor. On fRdhat in actual device applications, the tested sarbptes
other hand, while the electr@d in the above applications is Single crystals asfiure @ for BaTiQand polycrystals as in
higher or at least the same as in SOFC/SOEC and metgj9ure b for cubic YSZ display anger-like redox front that is
batteries, there is little electronic current (leakage) at thewSible gglcayse of electro-coloration of redox-sensitive color
operating temperatures, i.e., these materials work as insulafef8ters: Similar nger-like redox fronts were also observed
Interestingly, all the above insulators as well as many otHBrboth SITIQ®” and YSZ’ single crystals at comparable
ceramics have been developed into memristors, with a typigigctric elds. o _
thickness of less than 100 nm, which are purposely made to'he above nger-like“interface morphology is actually
“leak electrons rst by a high-voltage induced breakdownexpected from the following stability analysis of the potential
process calletforming. After this initiation process, two frontin standardeld equations and transport equations. First,
voltage-switchable resistance states can often develop, and Bb@ insulator, a planar equipotential surface of the electric
of them remain nonvolatile even after the (switching/readingjotential satisfying the Poisson equation is inherently unstable.
voltage is removed. The conducting paths in memristors at&is is seen in atmospheric lightning, which is an ionization/
lamentary. Since the memristor material started as an insulsd#icharge process manifestingraentary electric drivingid.
yet, once formed, the device does conduct electrons well at fheecically, as the plane front of the equipotential is perturbed
ambient temperature, most likely the actual current density i8 become wavy, any protrusion on it will becomelca
the lament is much higher than the nominal current densityconcentrator, which leads to a higher letdthat in turn leads
The present understanding of memristors is incomplete becat@ea higher local conductivity (which is the case both in
of the nanoscale nature of conduction. But much is alreatightening due to ionization and in an insulator due to dielectric
known about the dielectric degradation of titanate capacitors.breakdown), thus localizing theld further. This is the
addition, thanks to electro-coloration, direct visual observati@tectrical basis of instability. Second, a planar conduction front
of dielectric degradation can be made on the surfaces s#tisfying the dision-transport equation is also inherently
polycrystals, and even three-dimensional observations have b&gtable. As the planar front is perturbed to become wavy, a
made using transparent single crystals. Below we will utilizestrusion having a smaller radius of curvature than the planar
these direct studies and our general understanding &bnt sees a shorter dsion distance (being of the order of the
degradation in solid electrolytes to paint a plausible picture t#dius of curvature); thus, it will receive moteirallowing the
degradation and other mechanisms in capacitors and mepiotrusion to grow faster and further. This is thasidin/
ristors. transport basis of instability. Inasmuch DC electrical degrada-
To begin with, we do not believe stress plays a vergaigni  tion is no doubt driven by the electiétd and involves charge
role here. This is because in capacitors and memristors chemiidsport, the inherent instabilities above dictate that the
expansion/compression is likely to be small, internal bubbtiegradation paths tend to degenerate iatoentary ones,
formation and metal deposition are minimal, and thelithin ~ which are seen ifigure @,b as well as in iEand reB2 Not
geometry will further limit the spatial range of stressurprisingly, a strongeeld/current/nonlinearity makes the
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Figure 8(a) Finger-/needle-like grain structure developed in DC-loaded tetragonal YSZ (3 mol % yttria-stabilized zirconia). (b) Enlarged view of t
dashed box in (a). Loading conditions: DC current density 25fa/@@ h in air. Furnace temperature: 220@ample thickness: 1.1 mm. Before
high-temperature DC loading, the sample (prepared using TZ-3Y-E, Tosoh Co., Tokyo, Japan) was presifi@iffed 52 h3@0reach full

density.

instability more dicult to suppress, and it will rapidly lead to potential transition vividly illustrateérigure € is reminiscent
lamentary growth across the two electrodes initinglevices  of the oxygen potential jump/drog-igure a,b, even though it
such as MLCCs and memristors. This type of longitudinal modgin a somewhat @irent transport regime from that in YSZ, for
of degradation is prominent in highly insulating ceramics andYSZ as well as any good electrolyte has a nearly constant oxygen-
commonly termed, loosely, dielectric breakdown. As mentionedcancy concentration throughout, which is not seen in
already, a typical memristor must go through a forming stefitanates. Therefore, oxygen potential transitions and jumps at
which breaks down the highly insulating initial state into a mudhansverse boundaries are also possible in titanate (and most
less resistivelamentary state, which makes the formedlikely other) semiconductors even though they are not fast ion
memristor switchable under a bipolar set of voltages. Th®nductors, and their steady-state ionic disorder concentration
forming process and the development of the conductingan also vary by orders of magnitude.
lament no doubt go through the above instability process.  We have reasons to believe such transverse grain boundaries
We now turn to the distribution BD,®Y Er. First, consider can nucleate degradation. First, oxygen bubbles have been
the case of ionic-conductivity dominance, such as YSZ and Hf@bserved at the anodsectrode interface in SrgiO so the
in which the same oxygen potential transition discussed $ame possibility cannot be ruled out at oxygen-ion-blocking
Section Aand depicted iRigure & should appear. However, in transverse grain boundaries. Moreover, it is known that the
view of the low service temperature of capacitors amgharp redox transition between the cathode and the anode due
memristors, one might expect a long transient time before the electrode blocking ectively turns the initially uniform
steady-state potential is developed. But this may not be the cagsmiconductor intga njunction, with @-region on the anode
at all because of the much higher eleatitand the much side andrregion on the cathode side, and only the junction
shorter sample thicknedhe latter translates into a much between the two regions is highly resistive and mostly
shorter transient time since theudion time is proportionalto  responsible for the residual resistance of the degraded sample.
the square of the dision distance. Second, consider the case @&o the redox potential transition is at least directly responsible
electronic-conduction dominance, such as samiOBaTiQ for DC electrical degradation. Lastly, as DC resistance
in which electronic conduction is primarily driven by the electridegradation enters thaal stage, we have observed oxygen
eld and not by the redox potential. While one might concludegress from the anode in Sriégle crystai$which is likely
that this would render the oxygen potential transition irrelevardue to the coalescence of the above-mentioned oxygen bubbles,
this is not the case at all, as can be seen from the followindnich makes an initially impenetrable electiedky. We
consideration. In all the perovskites and many semiconductiwguld expect the same to occur at transverse boundaries in a
oxides, oxygen vacancies are much more mobile than catigr@dycrystal, which would portend grain boundary degradation
and over time they migrate toward the cathode and accumulated even cracking. Thus, we believe there is a complete analogy
there because, at the service temperatures of capacitors afiiedox potential transition and damage development between
memristors, cathodes being a metal are typically impenetrabla#miconducting ceramics and fast ion electrolytes.
oxygen. This has been vediin SrTiQ#%%°3 As a result of The above development of redox potential is relevant to
vacancy redistribution, an oxygen potential transition from theemristor§®®’ Although nonlamentary electronic memris-
cathode to the anode is set up, and it eventually becomes stégs not involving redox reactions are kribiris generally
enough to completely suppress the oxygen-vaoan8uch  agreed thatiamentary memristors in which the inite@nent
redox proles that manifest in electro-coloration have beeiis formed by cation movement must continue to rely on cation
veri ed many times in the literatfi?8%°2° |n addition to ~ movement to reconnect thement lament disconnect in
electrodes, grain boundaries can also block ogygéwhich this case is due to Joule-heat-induced melting. (The other
is made evident in a model tricrystal experiment on;SrTiOmemristor type that forms the initidament by anion
(Figure ©): It shows abruptly dérent redox potentials movement may be subsequently switched largely electronically,
manifested in sharply contrasting electro-coloraiiotwo by taking advantage of the polarity ofpthejunction if the
sides of the two (transverse) grain bound4riEse redox  junction is very close to the forming aniddSuch reconnect
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action is very likely to occur in one short section (we will call iteramic capacitors and memristors to anticipate and rationalize
“gap below) only, since the two halves of a disconnectetheir damage phenomenology; in the case of memristors, they
lament may be regarded as virtual electrodes, electricallgo explain the memtisms of forming andlament
connected to one electrode each. While the gap distance is likelgonnection. Furthermore, these lessons are relewadt to
to be already short in a memristor,“thective gap distarice  assisted ceramic processing that relies on nonequilibrium,
could be even shorter if a robust redox potential transition can tiough somewhat controllable, techniques. General and speci
established between them. This is becausetiieethickness  strategies to mitigate damage and improve performance are
of the redox electrodes is actually close to the half-thicknesgpedposed; the most intriguing among them and potentially
the electrolyte as showirigure &: On each side of tR®,°Y reaping the most rewards is by purposeful doping that aims to
E-transition, the redox potential is essentially the same as thappécisely control global and local electronic conductivities.
the electrode. Obviously, if a much shoreative gap distance  Other strategies, some already proven successful, include
can be realized, it will make switching much faster. For this geveloping new solid electrolytes or composites with increased
happen, the eld-transport-induced potential transition mustelectrochemical and mechanical stabilities, designing better and
closely follow the footstep of the instability, sincégtimentis  more durable electrodelectrolyte interfaces with good contact
itself a product of theeld/transport instability. This is indeed and wetting that last for the entire service life, and lowering
the case as illustratedHigure §taken from a tetragonal YSZ electrode overpotentials by developing and better integrating
similarly DC electrically loaded as the cubic YSZ shown Highly active ecient electrodes and/or electrode catalysts. The
Figure 6 Within the fully developed instability of very longahove understanding and mitigation strategies are expected to
ngers (more like needles, with aspect ratios upO@), we  he most useful when the technology extends to more extreme
nd their grain sizes many times those of the grains outside; thgq demanding operation conditions, which are rapidly

latter had not grown at all since tetragonal YSZ, as mentiongghterializing in rechargeable metal batt€raesl emerging
before, has a very robust solute drag mechanism that can v€Bttrochemical devices.

e ectively suppress grain growth under normal circumstances.
Yet the hugely enhanced grain growth inside thgees is
irrefutable evidence that the solute drag is rendered completely AUTHOR INFORMATION
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