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Stoichiometry Variation in Materials with Three Mobile
Carriers—Thermodynamics and Transport Kinetics
Exemplified for Protons, Oxygen Vacancies, and Holes

D. Poetzsch, R. Merkle,* and J. Maier

Dedicated to Prof. Klaus Funke on the occasion of his 70th birthday.

Materials with three independent mobile charge carriers, in the sense of not
being in local defect-chemical equilibrium though naturally coupled through
electroneutrality, are encountered in various cases of scientific and technolog-
ical relevance. Examples are proton conducting perovskites under conditions
at which hole and also oxygen vacancy conductivity may become significant,
and mixed conducting cathode materials suited for fuel cells using proton
conducting oxide electrolytes. Already the thermodynamics of the equilibrium
situation is complex as a PH,0 increase can lead to proton incorporation by
water uptake (pure acid-base reaction) or by hydrogenation (redox reaction).
As far as the even more complex transport kinetics are concerned, diffusion
equations are derived which are exact for the interaction-free (ideally dilute)
situation. Kinetic implications are discussed and checked by exemplary
numerical simulations. The treatment includes simple sub-cases such as one-
fold relaxation on PH,o change, as well as complex patterns characterized by
the appearance of more than one characteristic time scales (“twofold relaxa-
tion”) or apparent “moving boundary” kinetics. Implications for stability and

of stoichiometry is crucial for defining the
charge carrier concentrations. The process
of stoichiometry variation and hence of
chemical diffusion addressed here is thus
of substantial interest from an applied (e.g.,
tuning material properties by fine-tuning
oxygen nonstoichiometry, or serving as
operation principle in highly selective gas
sensors), from a methodological (diffusion
experiments used as a tool to investigate
defect chemistry and transport), as well as
from a fundamental point of view.

In ionic solids, chemical diffusion pro-
ceeds by ambipolar transport of charged
carriers (point defects) driven by chemical
potential gradients of the neutral compo-
nents.>* Many chemical diffusion pro-
cesses can be described by a single chem-
ical diffusion coefficient which comprises
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functionality of ceramic materials are discussed.

1. Introduction

It is a key characteristic of many functional materials that they
contain mobile ionic and frequently also electronic carriers.[!
This specific feature forms the link between chemical and elec-
trical properties and is hence decisive for electrochemistry and
electrochemical devices such as batteries, fuel cells, or electro-
chemical sensors. The vast majority of functional materials are
not binary. Even if one ionic component is overwhelmingly
responsible for the ionic conductivity, this finite mobility of a fur-
ther component leads to serious, typically unwanted long-time
effects.l”) There are various situations where two ionic species
can be similarly conductive, e.g., in proton conducting oxides.
Though there the peculiarities appear in a most striking form
and can be easily experimentally measured, the treatment to be
outlined is general. It is generally accepted that the definition
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contributions from either one ion sort and
electronic carriers (e.g., chemical diffu-
sion of oxygen)B3 or two ion sorts (e.g.,
chemical diffusion of water).>® This also
holds if the number of defect sorts is larger provided they are
internally in defect-chemical equilibrium, e.g., via Frenkel or
band-band reaction, and even holds if fast internal reactions
complicate the picture.”) However, in systems with more than
two mobile carriers which are not locally in mutual equilib-
rium, unusual relaxation kinetics have been observed, e.g., in
TiO, and donor-doped BaTiO; with contributions from elec-
trons, cation defects, and oxygen vacancies,®’ or in acceptor-
doped perovskites such as Fe-doped SrTiO; or Sr(Ce,Yb)Os.s
where Pr.o changes can result in strong transient concentration
changes of electronic carriers.'3] Depending on the material
and the measured quantity (conductivity, weight change, etc.)
this behavior can lead to monotonic change of the measured
property but obviously with two different time constants,®% or
even to a peculiar nonmonotonic behavior where the regimes
with different time constants are separated by a minimum or
maximum in the measured quantity.'%!3 In situ space-resolved
optical spectroscopy provided a clear picture of the local non-
stoichiometry as it yields space-resolved concentration profiles,
rather than integral values.']
It is also noteworthy that the complex diffusion kinetics in
these cases are not a consequence of applying extremely large
driving forces (which is known to lead to deviations from
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simple diffusion profiles caused by the dependence of the
chemical diffusion coefficient on local stoichiometry)** but
occur even for small changes in component activity. Rather, it is
related to the fact that such systems exhibit an additional degree
of freedom. In contrast to materials with only two mobile car-
riers (the concentrations of which are directly coupled to each
other by the electroneutrality condition), the electroneutrality
condition must here be fulfilled within an ensemble of three
carriers, which breaks up the direct coupling of the carrier con-
centrations. This allows a fast carrier species to respond to an
external driving force without being “delayed” by the motion of
the slowest species in the system, because electroneutrality will
be fulfilled by (transient) concentration changes of one other
comparably fast carrier. Since many materials properties such
as conductivity depend on point defect concentrations, this has
direct consequences for the materials properties.

Substantial contributions to this field have been delivered by
the group of Yoo.B*' Our work goes beyond that treatment
in deriving exact diffusion laws as we will set out below. The
exhaustive treatment though focusing on dilute and interaction-
free conditions will allow us to precisely model the three-carrier
situation numerically for a variety of conditions.

To be specific, let us consider oxides with mixed conduc-
tivity of protons OHp,[*?! oxygen vacancies V¢, and electron
holes h’", which recently gained perceptible interest, as they are
key functional materials (ceramic hydrogen permeation mem-
branes, 18 electrolytes,!'>?% and electrode materials!™ for
protonic ceramic fuel cells H-SOFC). In such perovskites, the
peculiar “twofold” kinetics was interpreted as a decoupling of
normally simultaneously occurring diffusion processes of these
two carriers (despite their different mobilities) which together
constitute the overall stoichiometry change demanded by the
experiment. It is the presence of mobile electronic defects
as a third carrier that leads to an approximately independent
chemical diffusion of H and O. This is qualitatively illustrated
in Figure 1 where for high hole concentration the ambipolar
diffusion of water (V¢ directly coupled to OHy) is replaced by
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Figure 1. Possible stoichiometry relaxation processes upon PH,0 increase
in the gas phase (grey: bulk of the sample; dotted line: surface, assumed
to have sufficiently fast exchange reaction with the gas phase), adapted
from a previous study.l'] An experimental example for the transition from
onefold to twofold kinetics for BaZrygY(,03.5 (varying po, over several
orders of magnitude) is given in the literature.l'3]
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a sequence of fast hydrogen diffusion and subsequent slower
oxygen diffusion. While the overall reaction is the same as
for the onefold relaxation, intermediately the sample is in a
reduced state with transiently greatly decreased h' concentra-
tion (corresponding to a nonmonotonic behavior of [h] in the
course of the relaxation process). This situation is similar to the
formation of intermediates in reaction kinetics the presence of
which is of relevance for the reaction rate. Related phenomena
where a gradient in one component can lead to an “uphill dif-
fusion” of another component were observed in the context of
V5 /OH/h" conducting permeation membranes under simulta-
neous Pmo and Po, gradients.16-18]

In the present article, first the equilibrium thermodynamic
situation is analyzed, then the theoretical framework for diffu-
sion kinetics with three carriers involved is set out, and finally
selected numerical results are discussed. The analysis based
on irreversible thermodynamics will be shown to give exact
diffusion coefficients for ideally dilute situations. The results
reproduce the limiting cases shown in Figure 1, and agree with
the ad hoc assumptions of Yu et al.' (but partly disagree with
analyses found in the literature).'13] All analytical results are
backed up by exemplary numerical simulations, which cover a
range of materials ranging from electrolyte-related oxides with
comparably low h" concentration to mixed V5/OHg/h' con-
ductors with high h’ concentration (all computational details
are given in Appendixes 1-3). Even for conditions which lead to
perceptible decoupling of H and O diffusion a set of two chem-
ical diffusion coefficients is not sufficient to correctly describe
the system. The results also explain naturally the observation
of a “moving boundary” phenomenon that otherwise has to be
invoked in the simple decoupled picture (cf. Fe-doped SrTiOs
in the literature).l'dl Part 11} will explore the relations between
the degree of decoupling and several material parameters, and
investigate also relaxations after po, changes.

To be precise in terminology we will use the term two-
component diffusion to describe the general case (diffusion of
H and O, which degenerates to single component diffusion,
e.g., H,0, under special conditions). The two-component dif-
fusion can be more or less decoupled as outlined above. We
use the term twofold kinetics whenever we explicitly exclude
the single-component case. Furthermore, we assume the
equilibration with changes component activities to be diffu-
sion-controlled, i.e., imply sufficiently fast surface exchange
reactions.

2. Equilibrium Thermodynamics

Before we come to the main discussion of the diffusion
kinetics, we first have to consider the equilibrium situation.
The phenomena arising when three carriers are involved in
defect chemistry and transport kinetics are analyzed in the pre-
sent study for an oxide characterized by oxygen vacancies Vg
and protons OHj, as ionic defects and electron holes h’ as
electronic defect (typical for perovskite proton conductors and
mixed V5/OHy/h' conductors in an extended po, range).'013!
The equilibration of such a material can be expressed by the
oxygenation reaction (square brackets denote concentrations
given as molar fraction; assuming ideally dilute situation)
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X h. 2
120, + V5 = O +2h" K, =0l )
Po, [Vo]
and the hydration reaction
.12
H,0+4 V5 +0) = 20H, Ky=—100el 2
Pu,0[O06][V5]

describing water uptake. Equation (1) is a redox reaction, while
Equation (2) is a pure acid-base reaction. The combination of
both reactions results in proton uptake at the expense of holes

po, [OHL

H,0+20% +2h" = 20H; +1/20 =2
’ ¢ ¢ ’ P00 P[0

Ko = (3)

This hydrogenation reaction conveniently describes the
dominating process in various materials and conditions, never-
theless one of the three reactions is redundant (Ky,o=Kyw /Ko).
Defect concentrations for given Kopg? and Kypuo are cal-
culated numerically considering the electroneutrality condi-
tion [A”] = 2[V5] + [OHg] + [h'] with acceptor concentration [A’]
and oxygen site balance which in the case of perovskites reads
3 =[0g] + [V5] + [OHg), see Appendix 1.

According to the above equations, the defect concentrations
can be varied by the partial pressures pu,o and po, as well as
by the mass action constants Ko,Ky (changing temperature or
the thermodynamic parameters AHg,ASS,AHy,,ASy, of reac-
tions (1) and (2), i.e., changing the material). The defect con-
centrations [V5], [OHp), and [h'] within an extended range of
Kopy® and Kypy, values are shown in Figure 2. Different
regions corresponding to characteristic material properties can
be distinguished. P-type electronic conductors with negligible
ionic conductivity are located in the right corner. In the hind
corner (low Kopg! as well as Ky pu,o values) we find materials
with high oxygen vacancy but negligible proton and hole con-
centrations, i.e., V5 -conducting electrolytes, while proton-con-
ducting electrolytes are located in the left corner. A decrease of
Ky pi,o which can be caused by (i) increasing the temperature
(AGy, becoming less negative owing to the negative ASY),
(ii) decreasing Pm,o, (iii) modifying the materials chemistry

V?° conducting T~

electrolyte

) . %)
OH,, conducting

electrolyte

concentration

@
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(typically, AHY, becoming less negative for less basic mate-
rials)i2921 leads to dehydration and transforms the proton con-
ductor eventually into a V5 conductor. Starting from the hind
corner, an increase of Kopg! (making AHY more negative
by introducing redox-active cations)?>23] leads to mixed V/h’
conductors which are desired, e.g., as cathode materials on
Vs-conducting electrolytes. Finally, a combined increase of
Kopd? and Ky Puo in the front corner leads to mixed OHg/
h* conducting materials (with possibly some Vi conductivity).

Even for materials with low redox activity such as
Ba(Ce,Zr,Y)Oj3. s the combination of high p,, and low hydration
can result in a perceptible hole transference number.?*?° This
can lead to severe complications in the interpretation of elec-
trochemical oxygen reduction kinetics measurements in gas-
symmetrical cells.?®! On the other hand, mixed OHp/h® con-
ductors with reasonably high electronic conductivity are desired
as cathode materials in H-SOFCI'>?"] allowing one to extend the
reaction zone for oxygen reduction. Finding such materials can
be a challenge because [h'] and [OHp] behave antagonistically.
The positive defects compete in the electroneutrality condition
(Figure 2: high concentrations of one defect lead to a decrease
of the other two positive defect concentrations). In addition,
an increased [h’] corresponding to a high oxidation state or
redox-activity of transition metals decreases the basicity of the
material (decreasing the effective negative charge density of the
oxide ions by more covalent metal-oxygen bonding character),
making hydration less favorable. A variation of the cation com-
position to increase K, will tend to decrease Ky, resulting in
nonidealities in the defect chemical behavior. This antagonistic
behavior shows up in Laj ¢St 4(Sc,Fe)O3. s perovskites for which
already the introduction of 5% Fe drastically decreases the
proton uptake. 8!

The thermodynamic response of a material to changes of
Po, (at constant py,) or pu,o (at constant po,) can be expressed
via chemical capacitances (inversely proportional to the thermo-
dynamic factor), normalized to sample volumel?’]

3 = ap? Lo _ _gpr_ V]

dlo RT dln po,

concentration

(b)

Figure 2. Concentrations (molar fraction) of oxygen vacancies V3" (grey), protons OHg (blue), and holes h® (pink) in an acceptor-doped oxide
(IA1 = 1) as functions of Kop(lj/z2 and Kwpu,o. a) linear scale, b) logarithmic concentration scale, the red and blue lines mark the intersections with
[V3'1=[0Hg] and [V5"] = [h*]; also their projections to the base plane are shown.
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Figure 3. Equilibrium response of bulk defect concentrations (OHg: light blue, V3®: grey, h*: pink) to changes in PH,0 a,b); and changes in po,
c,d) calculated from the defect model. The dominating reactions for equilibration with the gas phase in the corresponding regimes are indicated: in
b) proton uptake after pu,0 increase occurs either mainly by acid—base reaction in the hind left section or by hydrogenation in the front right part; in
c) oxidation after po, increase largely occurs by oxygen incorporation (hind right) or by dehydrogenation (front left).

ac J[OH}]
C5 = FZ Y¥H — 2F2 [¢]
H oy RT dln py,o ()

The sensitivity of other defects to pu,o and Ppo, changes
can be expressed by similar partial derivatives o[h’]/dln po,,
Jd[OHy]/dln po,, I[V5]/0ln py,o, and dh']/dln py,o. Figure 3
illustrates the response regimes to a pu,0 or Po, change. For
“electrolyte-type” materials with comparably low [h'] but high
[Vg] and/or [OH}] (located in the left regions of the plots in
Figure 3) an increased Pu,o leads to predominantly water
uptake by acid-base reaction (2): the grey surface in Figure 3b
(change of [V(]) lies much higher than the pink surface ([h]
change).

For materials with high hole conductivity located in the front
right part of the plots in Figure 3, an increase of Pr.0 can lead to
two situations: (i) for materials and conditions characterized by
[Vo] > [ k], despite a perceptible hole concentration, the thermo-
dynamics is still dominated by the acid-base reaction (2) leading
to predominant incorporation of protons and oxide ions (i.e., the
grey surface in Figure 3b representing the [V;] change is still
higher than the pink surface giving the [h’] changes), (ii) for
[Vo] < [h7] protons will mainly be incorporated at expense of
holes by redox reaction (3). Note that for a given material a
sufficiently large change in po, switching the ratio of [V;] and
[h1] will switch thermodynamics between predominant

Adv. Funct. Mater. 2015, 25,1542-1557
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hydration and predominant proton uptake via redox reaction.l
An increase of Po, will lead to increased hole concentration
either by predominant oxygen uptake according to reaction
(1) (low [OHy)], right corner), or by formation of holes at the
expense of protonic defects by inverse reaction (3) (high [OHp),
front corner).

Within the model of ideally dilute defects, the boundary
between the different regimes — proton uptake by redox or
by acid-base reaction as obtained from the partial derivatives
in Figure 3b directly corresponds to the intersection of the
[Vo] and [h'] surfaces (blue line in Figure 2), i.e., the knowl-
edge of [V5] being larger or smaller than [h’] suffices to pre-
dict the proton uptake reaction. A similar relation holds for
the boundary between oxidation after a po, change by either
oxygen uptake (for [V5] > [OH}]) or hydrogen excorporation
(IV5] < [OHy])- Deviations may occur for materials with nondi-
lute defects. These considerations demonstrate that in a system
with three carriers already the thermodynamics of the stoichi-
ometry changes exhibits quite a complex behavior.

3. Diffusion Kinetics for Three Mobile Carriers:
Analytical Relations

In this section we derive the general flux equations for dif-
fusion in a system with three mobile carriers with different

wileyonlinelibrary.com
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mobilities, which in the case of perovskites are protons, oxygen
vacancies, and holes. Here it is important to note that this set
of three defects is characterized by the fact that they are not
necessarily in local defect-chemical equilibrium with each other
(a system of, e.g., protons, holes, and electrons where the latter
are always in equilibrium by the internal band-band reaction
with the holes will behave as a two-carrier system). If interac-
tions between the three carriers are neglected (dilute limit) the
flux equations can, in the standard way, be expressed as propor-
tionalities to the respective gradients in their electrochemical
potentials:[#1149]

Jvs 1 oy /4 0 0 Vitys
Jw |=— F 0 oy 0 Vil (6)
Ju 0 0 o, Vi,

Here for brevity we designate the protonic defects as intersti-
tial protons H; rather than OH~ on O sites (i.e.,, OHp). Even
though the latter is more precise, it is less concise and might
incorrectly suggest OH™ transport. When writing H; we under-
stand the site i to be associated with the regular 0%~ (this is
pretty formal as the radius of OH™ is even smaller than that of

0%). The transition from defect to component level reads.**"!

Vio = Viig. ~2Vii, =~Viy; + 2V,

Vit = Vit + Vi, = Vil - Vi, )
Charge conservation implies

2z =2 + i+ Ji) =0 ®

Using these equations, the electrochemical potential gra-
dient of holes can be expressed in terms of the chemical poten-
tial gradients of the components O and HB!33]

- [
V,Llh. = ?V,UO - tH;V,uH (9)

with t, = 0,/X;0, = transference number of carrier k. Thus,
oxygen vacancy and proton fluxes can be expressed as

_Ow(l=ty) g Ot
]vs - 4F2 Ho + ZFZ Hu (10)
_ H; Vs i\ g
] Oyt Vit - oy (1-t )V/l
ST F* !

Alternatively, Jv; and Ju can be written as functions of water
and oxygen potential gradients (Vo = Vi +2Vuy)

=Tuh gy Sl g
Jv = 4F Ho 4F2 Hu,o 1)
Oty o (1=t
Ju = ZHFZ Vo - = 2F? Vity,o

Up to this point (and apart from a sign mistake in the
first term of Equation (11b) in Kim and Yoo!'3! which should
be “+” not “~”) our treatment is identical to that given in the
same study. In the usual treatment of the two carrier case (and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tentativelly for the three carrier case in the study by Kim and
Yoo)!'3l Vi, (and analogously Vit,o or Viy) is written as
(0to/dco)Veo whereupon (dpo/dco) combined with the pre-
factor to Vo yields the respective diffusion coefficient. How-
ever, in the case of a system with three carriers this is not cor-
rect, rather Vi, is not a unique function of ¢ but also depends
on ¢y, hence

Vit = 2oy, + Moy, (12)
aCo aCH

A precise procedure directly leading to diffusion coeffi-
cients is the following: We convert the component potentials
into chemical potentials of the defects which for dilute condi-
tions solely depend on the respective defect concentrations
(4 = ¢ +RT Inc,). Thus,

Vio ==V, +2Vu,.

13
Vit =V, = Vi, )
where now Vy, =V, -dy, /de, =RT-Ve, /¢, (ideally dilute
situation for the defects). Using the Nernst-Einstein equation
D, = RTG, [ (c,ztF?) this leads to

1 1
Jvs =—Dy; (1=ty;)Vey, +EDH:tV&‘VCH( +5Dh.tV5Vch. =—Jo (14)

Ju: =2Dy; 4. Vey, =Dy (-1, )Vey + Dyt Ve = Ty (15)

with defect diffusivities D, (cf. also Yu et al)l®l Note the
similarity of Equations (14) and (15) to the two carrier situa-
tion, e.g., for the ambipolar motion of vacancies and holes con-
stituting chemical diffusion of oxygen in a proton-free oxide,
described by

Jus = =Dy (1=t )V, +;D 1 Ve, (16)

There, however, because of 2V¢,, =-Vc¢,. a single diffu-
sion coefﬁc1ent D§ results, given by the well-known relation
D{ = (1—ty;)Dy; +t,,D,."3* Another example is the ambipolar
motion of oxygen vacancies and excess protons in an exclusively
ion-conducting perovskite. Here the vacancy flux is given by

1
Jvs =Dy (1—ty;)Vey, +EDH;tV5VCH; (17)

and owmg to electroneutrality the single Dfj, is specified by
Dfio = (1= ty)Dys +tys Doy, For systems with three carriers,
besides Vc,, Equation (14) contains contributions from Ve,.
as well as Vc because both protons and holes together supply
charge compensatlon Local electroneutrality allows us to elimi-
nate one gradient out of three, but we are still left with Jus
depending on two gradients which are not simply proportional
to each other.

In the following we concentrate on the representation in
terms of Ve, and Ve, and the relations for Jy;, o, and
Ji (which is redundant, cf. Equation (8)) are given. The terms

Adv. Funct. Mater. 2015, 25, 1542-1557
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in square brackets correspond to the respective diffusion
coefficients which can be traced back to defect diffusivities
Dy ,Dy;.,D,- and defect concentrations contained in the transfer-
ence numbers

Jvs =_[(1_tv5)Dv5 +tv5Dh']VCv5 _%[tva(Dh' _DH;)]VCH; (18)

Ju = _Z[tH;(Dh' - Dvs)]vcva

_[(1_tH;)DH; +tH}Dh':|VCH§ (19)

Juw = =(-2)[ £ Dys +(1-1,,)D,, |Veys 20)
~(=1)[ Dy +(1—t,)Dy) | Vieyy
This can conveniently be expressed in matrix form where in
the diffusion coefficient Df,, the superscript denotes the spe-
cies whose flux is considered. The subscripts refer to concentra-
tion gradients, the first to the directly driving gradient and the
second (in brackets) to the other gradient

]VS D\\//(H) 1/2 DX(V) VCV-- 21
]H; =- ZD\l}[(H] DE[V) VCH(') J ( )
T ~2Dbuy  —Dhyy i

There are more rows than columns in the matrix because
one of the flux equations is redundant. In other words: four
effective diffusion coefficients (constituting two rows) suffice to
describe the system. Table 1 shows the interrelations between

www.afm-journal.de

them indicating that even an arbitrary selection of four effective
diffusivities suffices. It is important to note that different types
of diffusion coefficients appear:

i. Direct terms Dj,, for the contribution to J; driven by Vc,,
e.g., Dy = (1—ty5)Dys +1ty: D, (more specifically, for a situ-
ation with V¢, #0 but V¢,=0, D,’j(m, determines the flux
Je= —D,i‘(m,Vck of defect k). These direct terms are always posi-
tive. They are isomorphic to diffusivities in two-carrier prob-
lems (e.g., D§ = (1—ty;)Dy; +1ty; D) but not identical to them
as now the transference numbers contain contributions from
a third carrier (1-t,. =t,. +t,)-

ii. Indirect terms Df;) such as D, = t;(D,. — D,;.), which de-
scribes the diffusion coefficient for Vi if Ve, =0 but Ve, is
the driving force. They may have positive or negative signs
depending on the actual defect diffusivities. It is important
to note that the presence of a second concentration gradient
in the flux equations opens the possibility for uphill diffu-
sion of a species as regards its own concentration gradient
as driver. It is not mandatory that indirect terms such as
Dy, become negative, the uphill flux can also be caused by
the corresponding concentration gradient having the oppo-
site sign to the gradient related to the direct diffusion coef-
ficient (as it is the case in the numerical examples given in
Section 4). Of course all processes are still downbhill in terms
of electrochemical potential gradients. Note that Onsager’s
symmetry principle does not apply to the terms in Equation
(21).3°1 1t holds for the representation of ] in terms of trans-
port matrix L and gradient in electrochemical potential Vji
(cf. Equation (6), yet in our case the cross terms are set to
zero corresponding to the absence of defect interactions).

Table 1. Diffusion coefficients from Equations (21)—(32) expressed in terms of defect diffusivities Dy and transference numbers t,. Additionally, all dif-
fusion coefficients D,km are traced back to DV, Hy Dﬂ(v), D,X(V), DU(H) (however, which set of four diffusion coefficients is chosen to express the other

terms is arbitrary). For situations characterized by Dj.

u: Dy;, the D,k(k) indirect terms are positive.

le(m) D,k(m)(tk,Dk,D/,Dm) Interrelations, «to DYy, Dy, DYy D{)
DVin) (1= vz )Dy; +ty; Dy =DMy

DYy tDyg + (1=t )Dpy =Dl = DYy + Dl

Dfv) (1=t )Dyy; + . Dy =Dty

Di, th Dy +(1—the )Dpe =Dfy, =Dfiy,+ D)

DY(ry (1=tvs)Dvs +tvs- Dy =Dyt =D~ Dty

D\H,(h) (1—th: )Dy; +tw; Dvg = Dﬁ(h) = D,ﬁ‘(v) —D\‘{(H) —D\'}(H)
D) ty; (Dp- —Dy;) =DYy,

DY) ty; (D —Dyy) =Dity

Dih) e (D = D) =Dl = Diiv) = DV + Diy) ~ DV
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The fact that the indirect terms Df, show up in Equations
(18), (19), and (21), where the flux is expressed in terms of
charged defects, emphasizes that they appear through the
electrical potential gradient. In the present case D,. —D,;. and
D,. - Dy, are positive. The nonmonotonicity in hole concen-
tration upon Pu,o change (Figures 6 and 7) shows that this
does not require the indirect terms to be negative.

.Finally, there are terms denoted by Dj,, where all
three indices klm differ from each other, such as
Div) =t, Dy +(1—t,.)D,. in J,.. They correspond to the
diffusion coefficient of defect k when V¢, is taken as driv-
ing force and V¢, disappears. They exhibit the same iso-
morphicity to chemical diffusivities of the two-carrier case
and are positive, but they appear with a negative sign in
Equations (20) and (21). This is caused by the fact that they
describe the flux of species k driven by the other two con-
centration gradients ! and m, i.e., coupled by the electroneu-
trality condition leading to a counter flow of defects with
identical sign. Generally, these terms can be written in the

=

ii

O, +0,. Oy O Oy TOy;
form of Zh " ®mH; Dy. +—2D,. and D, +—2—D, .-

Ot ° Ouw O .O O 1ot
However, in contrast to the two-carrier system now

ty+t; =1—ty #t. and therefore Dy, # Dyy). Note
that the relatlons DV(H) DV(H)+2t (D,-—Dy;) and
DH(V, DH(V)+/t (Dy = Dy;) hold, i.e., all defect fluxes
can be expressed by four dlffusivity terms (Table 1). The
difference DYy, — DYy, vields Dijy) =ty (D, = Dy;) which
is the diffusion coefficient describing vacancy flux under a
proton gradient if Vec,=0 (Vc.#20 and Ve, #0 in
Equation (19)).

Let us exemplify the meaning of Equations (18)—(20) for a
hypothetical situation where Vc,, =0 (note that this condition
will hold only for an instantaneous snapshot since in the fur-
ther evolution Ve, #0 may build up, even if [V5],.o = [ V5 Jfinal)-
Then

Jw = _[1/2tv5 (Dy = Dy )]VCH( =-1/2Dgy Vey, (22)
Ju =~ [(1 — bty ) Dy + 1y, Dy ]VCH; = _DII:I[(V)VCH; (23)
Jy == [_th' DH; —-(1-1t,)D,. )]VCH; == (_Dl}-ll(V)VCH; ) (24)

This means that although Ve, =0 the V5 flux does in
general not vanish (it would vanish only for D,. = Dy; or for

- =0, ie., the proton/hole two carrier case). Rather, the
nonzero Jus is the result of the fact that for different proton
and hole diffusivities their fluxes, Equations (23) and (24)—
despite having opposite directions—do not exactly cancel
because of (1-t,.)#t,.. Thus, a V5 flux as described by the
indirect terms in Equations (18) and (22) is required to main-
tain electroneutrality. Depending on the relative magnitudes
of D,.,D,, the direction of Jv; may change. This situation
is depicted in Figure 4. In the presently considered general
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Ve, ==V
H; > > H  m—
h* — h* _ h* _
vy = vy A
(@)D, >D, (®) D, =D, (©) D, <D,

Figure 4. Schematic defect fluxes for Vcu: =—Vene and a situation with
perceptible V3° concentration and mobility (i.e., tvs > 0) but Vcyy =0:
a) Dy > Dyp» b) D =Dypr ©) Dy < Dyg;- The length of the arrows repre-
sents the current zxJk. The direction of Jys is determined by the indirect
term in Equation (18) and changes depending on Dy- being larger or
smaller than Dy;.

case protons as interstitial defects, oxygen vacancies and holes
as electronic defects do not interact, but are coupled via elec-
troneutrality. Site balance is not really an issue owing to the
conditions (even in a real perovskite mixed conductor with
protons being attached to oxide ions and holes possibly being
localized at oxide ions this is a reasonable approximation since
even the highest observed [V5] = 0.5 are low compared to the
three oxygen sites per formula unit and V5 formation will not
restrict formation of OHy and h® via site exhaustion; indirect
mutual influence such as hole concentration affecting proton
uptake via decreasing the basicity of regular oxide ions may
lead to activity coefficients deviating from one). Thus the defect
concentrations and their changes are exclusively coupled by the
electroneutrality condition. However one can imagine different
situations where defects are strongly coupled to each other
additionally by site balance, which could then also lead to cross
terms.

Alternatively, the defect fluxes may also be expressed by any
other pair of defect gradients; the equations are redundant but
given here for completeness

Tys ==[(1=ty)Dys + 1y Dy, |Vieys

~(1/2)[ 5 (D, ~ Dyy) Ve, 23)
Ty =~(=2)[ (1= t,5) Dy, + 1,5, D5 |Vieys 26)
~(-)[(1=t)Dyy; + 11, Dy |V,
Ty ==2[ 1, (Dy; — Dys) |Vieys .
~[tw Dy + (1= 1,,)Dy) [ Ve, 27)
Jvs Dyn) ~1/2Dyy)
’ H H VCVS
Ju [=-| —2Dvwy Dy Ve (28)
T 2DY Dy, "
Tys ==(=1/2)[ (1= t5)Dys +15Dyy. | Ve )

—(-1/2)[ (1-ty5) Dys +1ys D, |Ve,
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T ==[(1=t,)Dyy; + 1, Dy Ve,

(30)
— (=) t,4(D,. = Dys) | Ve,
Jyp = _(_1)[th' (Dy; — Dy )]VCH; (31)
~[tyDys +(1-1,)D;; Ve,
Jos -1/2Dm  —1/2D)w, Ve
Ju |=-| Din - D) [ VcH.‘ ] (32)
]h' _D]k—ll(h) Dl}:(H) g

In total, in Equations (18)—(32), 18 individual diffusivity
terms appear, many of which are identical. The remaining
nine diffusion coefficients can all be traced back to the set of
four diffusivities from Equation (21) as indicated in Table 1.
For the well-known situations where the flux of one carrier is
negligible Equations (18)—(32) converge properly towards the
well-established single chemical diffusion coefficient. For water
incorporation into an electrolyte with negligible hole flux (negli-
gible hole concentration and/or mobility) Vc,. =0 holds, corre-
sponding to Ve, =— %VCH; =—Vcy,0, and thus Equation (18)
transforms into the well-known equation for chemical diffusion
of water __]Hzo = ]ij = _[tH; Dv5 +tv5 DH; ]chg = D](?IZOVCHZO.
Also for the case of pure redox reaction (only chemical
incorporation of H (Vey, =0,t,. =0) or O (Vc,. =0,t,. =0)
into mixed vacancy/hole or proton/hole conductors), simple
single-fold chemical diffusion results from Equations (18)
and  (20):  Jys =—[t,Dy; +t,; D, |Vey =—DiVey,  and
Jis ==[tw Dy +t, Dy [Vey, =—Di Ve,

The necessity of four distinct diffusivities for quantitative
description of the system indicates that the simplistic approach
of independent H and O diffusion (i.e., based on only two diffu-
sivities, approximation of independent diffusion into homoge-
neous medium) cannot reproduce all details of the real system.
This was already recognized in the literature.l'?l leading to the
introduction of a “moving boundary.” Because the flux of one
defect as given by Equations (18)—(32) always depends on the
concentration gradients of two defects which are not connected
by a simple relation (V¢, not directly proportional to V¢, Ve,
and all gradients evolving in time and space), it is obvious that
the fluxes of the different defects are related to each other in
a complex way. These effects will be illustrated by numerical
simulations in Section 4. We notice that even in the interac-
tion-free case (absence of trapping) the situation becomes very
colorful. Interactions can be introduced formally via cross coef-
ficients!*3¢37] or simpler via associates.]

As a result of the two-component diffusion kinetics as
described by Equations (18)—(20), usually a twofold kinetics
after the activity change of one component is expected for a
system with three carriers. Only in specific situations the sim-
pler case of onefold relaxation occurs:

i. The transference number of one of the carriers vanishes.
Then this carrier acts as an immobile dopant, and the system
contains only two mobile carriers.

ii.The defect diffusivities of all three defects are identical

Adv. Funct. Mater. 2015, 25, 1542-1557
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(which, if it occurs at all, would hold only for one particular
temperature since in general the activation energies of defect
diffusivities will differ). Note that in general it does not suffice
that two defect diffusivities are equal; e.g., setting D,. = D,,.
still leaves Jy; depending on both [tH; (D, — Dy )]ché. and
[(1 —ty: ) Dy +t: Dy ]VCH; in Equation (19), and a twofold re-
gion is predicted (cf. Figure A2b,c in Appendix 2).

It is also worth addressing the question whether we deal
with singlefold or twofold kinetics from a thermodynamic
point of view. It goes without saying that twofold kinetics is
met if thermodynamics (comparison between final and initial
state) demands a combination of acid-base and redox reaction
(not only change in H,0 content but in addition also in H or
O content). But even if we meet an approximately pure acid-
base reaction (H,O uptake), twofold kinetics occurs if the third
carrier (h") has sufficient mobility and concentration. Then
the system takes the fastest initial kinetic path for hydrogen,
ie., makes use of hole transport resulting in large transient
effects, although in the final state the hole concentration has
to approach the initial value again. However, once having fol-
lowed that path for hydrogen, the overall relaxation (including
oxygen uptake) might be even slower compared to the onefold
situation (compare Figure 7b to Figure 7a). The fact that not the
fastest option wins is also a peculiar consequence of the three
carrier complexity.

The possible kinetic regimes can be recognized when the
initial OHy and V5 fluxes (t = 0, x = 0) after a stepwise
change of gas composition (corresponding to Apy,o 0r Al )
are calculated from Equation (11). For this very initial situa-
tion, the respective other chemical potential gradient can be
set to zero if the other partial pressure is not changed in the
gas phase, as the defect concentrations in the sample are still
at their initial values (i.e., homogeneously distributed). The
results are shown in Figure 5, in which the three-dimensional
surfaces indicate the initial fluxes J(t = 0, x = 0) of the three
defects. For a Pmo increase in Figure 5a, the initial flux of
protons (light blue mesh) is compensated either mainly by
oxygen vacancies (grey surface) close to the left hind edge,
or by holes (pink surface) in the middle and right part of the
plot. The former corresponds to an initial water flux, the latter
to an initial hydrogen flux. Now we can compare these kineti-
cally derived initial component fluxes J(t = 0, x = 0) with the
overall stoichiometry change expected after the Pmo increase,
which was calculated in Section 2. The solid blue line in the
base plane marks the boundary between overall acid-base
water uptake and hydrogen uptake (cf. Figure 3b). Close to
the right front edge, the fluxes predicted by kinetic arguments
(initial flux of hydrogen) and equilibrium thermodynamics
(overall hydrogen uptake by reaction (3) are consistent with
each other, thus singlefold H-uptake occurs (note that this
region is characterized by t,. =0 owing to the low [V{], cf.
Figure 2b). A similar situation is found close to the left hind
edge: again kinetics (initial water flux) and thermodynamics
(overall water uptake by reaction (2)) correspond to each
other, leading to singlefold water uptake (note that in this
region t,. =0 holds).

However, there is a zone in between where according to the
kinetic consideration J(t=0, x = 0) has changed to initial hydrogen
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Figure 5. Initial fluxes J(t = 0, x = 0) of OHg (light blue surface or mesh), V5 (grey surface), and h" (pink surface or mesh); absolute values, in
arbitrary units. a) after pno increase, b) after po, increase, calculated from Equation (11) with Dy, =10 cm? s, Doy, = 102 cm? 57!, D,
=10"" cm?s™". The dotted lines are a projection of the intersection of the Jv; and J,. surfaces a) and Jy; and Jon; surfaces b) into the base plane.
When the sum of the two highest fluxes does not add up to a flux of the neutral component (H, O, or H,0) which according to the thermodynamic
regime should be taken up (the solid lines, copied from Figure 3, represent the boundary between water and H uptake in a), and between O uptake

and H release in b)), twofold relaxation kinetics is expected—the respective regions are marked red and green in the xy-plane. However, the transition
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between the regimes occurs gradually.

flux (being right of the dashed blue line in Figure 4a) even though
equilibrium thermodynamics still predicts essentially a variation
of the water content only (being left of the solid blue line). As a
consequence, in addition to the initial fast hydrogen uptake, a
second (slower) stage with predominant oxygen uptake is needed
to achieve the required overall stoichiometry change. This cor-
responds exactly to the twofold relaxation process with increased
complexity compared to the onefold process (with H uptake being
faster but O incorporation being slower than chemical diffusion
of water, see numerical examples in Section 4).

Similar arguments hold for a Po, increase, which is shown
in Figure 5b. Here, the regions with singlefold relaxation corre-
spond to O uptake (close to hind right edge, region with t,,. =0)
and H excorporation (front left edge, t,, =0). In between a
zone of twofold oxidation is found where an initial fast outward
flux of hydrogen is followed by a second slower stage of water
uptake. It would be highly interesting to deliberately look for
this—at first glance quite surprising—effect in the relaxation
behavior on Po, changes.

While one of the boundaries between the different kinetic
regimes in Figure 5a,b is given by equilibrium defect thermo-
dynamics (the solid blue or red line), the other (the dashed
line) depends on the ratios of defect mobilities (cf. Appendix
2). Figure 5 provides a qualitative “map” of onefold and two-
fold regimes (based only on defect concentrations and mobili-
ties) but cannot yield a full quantitative description. With
elapsed time the fluxes deviate from the initial values calcu-
lated from Equation (11) because gradients in Vyy,, as well
as Vo develop in the sample. In particular, the initial fluxes
cannot describe the later stage of twofold relaxation (see, e.g.,
the decrease in effective H diffusivity in Figure 6b). Also, the
transition between the regimes is not as abrupt as it may seem
in Figure 5 but occurs gradually, which is illustrated by the
numerical examples in Section 4.

Specifically for the case of water uptake, in ref.'l a set of
two diffusion coefficients (ﬁiH for H uptake, D,y for O) was

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

identified from Equation (11) to describe H and O uptake
after a change in pw,0 which depend on defect concentrations
and mobilities (in o}, t;) as well as thermodynamic factors
(Otm0 /Z)cw).|V _y OMio /9oy, | which can be calculated
from the material's defect model. However, it is not unprob-
lematic to use these definitions for calculating the actual fluxes
in a sample after Puo change according to J,. =-DyVe,.,
Jvs :—f)vHVcVé. because the boundary condition Vy, =0 in
the partial derivatives is typically violated within the sample In
the twofold regime a pu,0o change leads to transient [h* ] gra-
dients and thus even if [ V5 | can approximately be regarded
as constant for short times, uo =—p,, +24,. is not constant
within the material although Po, is kept constant (note that
this statement does not contradict the use of the conditions
Vo =0 or Vi, =0 for calculation of Figure 5: for the initial
instant t = 0 after the partial pressure change the defect con-
centrations inside the sample are still identical to the previous
equilibrium values, and the defect concentrations of the surface
layer are equilibrated with the new gas phase composition in
which one of the pressures is kept constant). Using a boundary
condition V0 =0 corresponds to setting the second term
(Oto [/ dcw)Vey in Equation (12) to zero which is not correct for
the general case. One consequence is that some of the diffusion
coefficients defined in this way can attain values that are signifi-
cantly outside the expected limits (cf. also Figure 1): Dy; meant
to describe Vg diffusion after Pn,o change can drastically drop
below Dy, for high hole concentration; on the other hand Dy
associated with proton diffusion after po,, change can exceed
D,.. For a more detailed discussion see Part II of a previous
study by Poetzsch et al.l%]

4. Exemplary Numerical Results for P10 Changes

We focus here on pmo changes, for which a two-compo-
nent relaxation was observed experimentally.l%13 A detailed

Adv. Funct. Mater. 2015, 25, 1542-1557
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Figure 6. Space-resolved concentration profiles (the sample surface is located at x = 0) for oxygen vacancies (top), protons (middle), and holes
(bottom) at different times after a stepwise pr,o0 increase. They are simulated for a) low, b) intermediate, and c) high hole concentration, corresponding
to a transition from an electrolyte-type material with predominant acid-base thermodynamics to a predominant hole conductor with significant redox
fraction. Red arrows show the difference between initial and final defect concentrations. The defect diffusivity ratios are always Dy =102Dgp; =10%Dy;-
The “moving boundary phenomenon” observed at intermediate hole concentrations is related to the striking changes in slope in the OHg concentra-
tion profiles which occur at the position of the minimum in [h*] as indicated by the vertical dotted lines in b). This slope change is also exemplarily
emphasized by the change from solid to dashed line style for the pink line in b).

numerical evaluation — including po, changes — is beyond the
scope of the present investigation, but will be given in a forth-
coming paper.'”) We concentrate on two aspects which were
discussed already in the theoretical section, and which cannot
be reproduced by the semiquantitative model of two inde-
pendent diffusion processes: (i) The transition from onefold
water uptake to twofold relaxation on increasing hole concen-
tration (realized by varying Kopd.). (ii) The fact that even the
proton uptake can comprise two stages with different effective
diffusivities (initial fast hydrogen uptake, followed by slower
uptake of water, Figure 6b), and the closely related “moving
boundary” phenomenon. The surface reaction is assumed to be
infinitely fast, and D,. > D, = D, unless stated else (to assess
the fundamental characteristics of the relaxation, only the ratios
of defect diffusivities are important). Computational details are
given in Appendix 1.

Figure 6 shows space-resolved defect concentration profiles
developing after a Pm,0 increase for three prototypical mate-
rials with low, intermediate, and high [h’] visualizing the drastic
changes in relaxation kinetics with increasing [h'] that were
semiquantitatively predicted in Figure 5a.

As discussed in Figure 3, for materials with comparably low
hole concentration, the overall reaction will essentially be water
uptake (as in Ba(Zr;.Y,)O3.4132% where stoichiometry changes
due to oxygen exchange reaction (1) are still very small).l’8
According to Figure 5a, for such a material onefold relaxation
is expected. Correspondingly, the concentration profiles in
Figure 6a do not exhibit any peculiar features and have identical
time constants for protons and oxygen vacancies. The transient
changes in [h'] are still tiny. The integral defect concentrations
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(integrated over the whole sample) exhibit a onefold time
dependence (Figure 7a, the t'/2 scaling allows us to directly
determine the respective diffusion coefficients from the linear
region). This curve exactly corresponds to the analytical solu-
tion of Fick’s law yielding Do which varies in-between Dy, .
for low and Dy, for high degree of hydration.[”

With increasing [h'], corresponding to Figures 6b and 7b,
the overall reaction is still predominantly water uptake (the
overall redox fraction defined as —A[h']/A[OHy] remains
below 10%). Nevertheless, the material moves into the two-
fold regime (red area in Figure 5a). The discrepancy between
the ratio of initial V5 and h’ fluxes (to compensate the fast
OH;, uptake) and the ratio of overall V5 and h' uptake
required by equilibrium thermodynamics is also illustrated by
the arrows atop Figure 7. Several closely interrelated changes
occur. The evolution of proton and V5 concentration profiles
occurs with different time constants (much deeper penetra-
tion of the [OHy | profile compared to [V5]), as also shown in
the integrated concentration changes in Figure 7b. The effec-
tive diffusion coefficients Dff of hydrogen in this first stage
of the relaxation is about 10 times higher than D& for oxygen,
corresponding to largely decoupled transport of H and O. D
takes values in-between D, and D},o, i.e., proton uptake at
the expense of holes proceeds faster than hypothetical proton
uptake ambipolarly coupled to the filling of V5 (red Dj,o
curve in Figure 7b). On the other hand D§' is in-between
Df,o and Dy, ie., oxygen uptake (and thus the completion
of the overall relaxation process) is now slower than in the case
of chemical diffusion of water (onefold kinetics). Driven by the
requirement to supply charge compensation for the fast proton
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Figure 7. a) Normalized integral V5, OHp, h® concentration changes (symbols) versus square root of time after PH,0 increase for low, intermediate,
and high [h"] as in Figure 6. Dashed lines correspond to Dy, Doy., and hypothetical Dgzo (simulated with immobile h"), black straight lines in
b) to D,‘f-‘ﬂr and DST. c) [OHg] and [ V5 ] are normalized according to My = (¢, (t)—ck(t = 0))/(ck(t = «=)—c(t = 0)); for convenience [h'] is normalized
to the overall proton uptake ([h*(¢)]—[h"(t=0)])/([OHo (t=0)] —[OHg(t==<)]) . This results in positive normalized concentration changes for all three
defects, despite the fact that after pn,0 increase, [ Vg ] decreases while [ h* ] exhibits a nonmonotonic fast decrease followed by slower partial recovery
(cf. Figures 6 and A1 in Appendix 1). The initial OHp, V5, and h* fluxes (¢t = 0, x = 0) are schematically shown at the top as solid arrows, the overall

composition changes (thermodynamics) are indicated by dashed arrows.

uptake, the transient decrease of [h'}—corresponding to a tran-
sient reduction of the sample—becomes very pronounced and
strongly exceeds the overall A[h’]. Only by the slow reoxidation
(required to complete the overall thermodynamic reaction), the
hole concentration largely comes back to its initial value. This
nonmonotonic behavior is observed for the integrated hole
concentration (Figure 7b) as well as for [h'] at any given locus
during the temporal evolution of the concentration profiles
(Figure 6D). It is interesting to note that after the hole concen-
tration change has passed its maximum, some further proton
uptake occurs, but now with a lower effective diffusivity (linear
region in Figure 7b at large times with smaller slope) and com-
pensated by V5 annihilation, not h* consumption.

Finally, Figures 6¢ and 7c show an example of high [h’].
These conditions are located close to the singlefold H uptake
region in the materials map Figure 5a. For these conditions,
the overall redox fraction strongly increases to 57% (the rela-
tion between hole concentration, redox fraction, and degree
of decoupling will be discussed in Poetzsch et al. in more
detail).l"”! The effective H diffusivity Dfff in the first stage of
the relaxation is identical to D, (proton uptake almost exclu-
sively compensated by holes corresponds to chemical diffu-
sion of hydrogen, and for high h’ concentration and mobility,
D} =Dyy.). DS comes close to Dy, leading to very strong
decoupling with Dff /D§'=0.7- Dy, /Dy The slower reoxida-
tion process slightly increases [ h'] after the maximum transient
reduction, but in accordance with the high redox fraction the
final hole concentration strongly differs from the initial value,
and the annihilation of V§ contributes only to a minor part to
the charge compensation for proton uptake.

After having discussed the changes from onefold to twofold
and back to onefold kinetics on increasing [h’] (via increasing

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Kopd?, see Figure 5a), let us now inspect in more details the
phenomena of different Dff' in the initial and later stage of the
relaxation and the closely related “moving boundary” phenom-
enon, which arise in particular in the twofold kinetics regime.
These features originate from the fact that H and O diffusion
are not independent processes. This is obvious from Equations
(18)—(32) in which the flux of one species is driven by two con-
centration gradients which are not related by a simple propor-
tionality, and consequently also manifests itself in the simu-
lation results. In the time evolution of integral concentration
changes in Figure 7D, the effective H diffusivity at long times
(after the maximum transient [h’] change) is obviously lower
than in the initial stage. The variation in the effective H diffu-
sivity is also clearly visible in the space-resolved concentration
profiles, e.g., Figure 6b. For short to moderate times, the proton
profiles (e.g., pink line in Figure 6b) cannot be described by
a single diffusion coefficient throughout the sample: the pro-
file consists of a steeper initial part (bold) and a flatter section
deeper inside the sample (bold dashed line), cf. also the slopes
of the proton profile in Appendix 3. Since a steeper concentra-
tion profile corresponds to a lower diffusivity, this reflects that
at a given time hydrogen diffusion occurs with different effec-
tive diffusivities in these two parts of the sample. The lower
diffusivity region extends from the surface up to the location
where [h’] takes its minimum value (zone already being reoxi-
dized, cf. the [V5] profile), the higher diffusivity is found in the
inner region of the sample. The boundary between the regions
is defined by the minimum in [h’], which moves further into
the sample with increasing time, and eventually vanishes at
large times. This behavior, which arises here simply from the
coupling of the three defects according to Equations (18)—(32),
naturally explains the “moving boundary” situation which had
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to be heuristically implemented into preceding phenomenolog-
ical simulations to properly describe the concentration profiles
arising in slightly Fe-doped SrTiOj; single crystals after a Pm.o
change.[1?]

The fact that the minimum in [h’] marks the boundary
between the regions with different effective H diffusivities
can be understood, e.g., from Equation (30) giving the proton
flux as function of the gradients in proton and hole concen-
tration. While Dﬁ(h) in the first term is always positive, in
the second term t,.(Dy, — D,.) has a negative sign owing to
D,.> D,,. Thus, close to the surface where Vc,;. has the same
sign as Vc,. the proton flux is decreased by the influence of
the hole gradient, while deeper in the sample it is accelerated
by Vc,. having the opposite sign there. This observation of dif-
ferent effective hydrogen diffusivities in the outer and inner
region of the sample also explains why even for a large D, /
Dy, ratio and hole concentration the transient reduction of the
sample often remains incomplete, i.e., the transient A[h] is
smaller than the overall A{OHj | (more examples can be found
in Poetzsch et al.)'] The lower effective hydrogen diffusivity
in the growing outer (reoxidized) zone acts as a throttle valve
for hydrogen supply to the inner zone with high diffusivity,
and limits the maximum transient reduction developed in the
sample.

All these observations clearly indicate that the approximation
of independent diffusion of H and O (complete decoupling,
corresponding to an independent diffusion of both components
into a homogeneous medium) is insufficient for a complete
and quantitatively correct description. The entire relaxation
behavior cannot be reproduced with a set of only one hydrogen
and oxygen diffusivity such as D, Dy upon a Puo change as
suggested by Kim and Yoo!'®! (or with any other set of a single
piff and pgff); such procedures must remain semiquantita-
tive approximations for the first stage of the overall relaxation
process. The peculiar relaxation behavior has its origin in the
fact that the flux of one particle is always related to two con-
centration gradients (cf. Equation (21)), allowing for uphill
diffusion in terms of its own concentration gradient (such as
the pronounced transient reduction, i.e., nonmonotonic hole
concentration change of the sample although the overall reac-
tion requires only a tiny change in [h"]) and space-dependent
effective diffusivities (e.g., for protons, corresponding to the
“moving boundary” phenomenon). While in two-carrier sys-
tems nonconstant chemical diffusivities occur only under large
driving forces,' these features arise here already for small
driving forces simply due to the fact that the presence of a third
carrier relaxes the otherwise strict direct mutual coupling of
two carrier concentrations (and their gradients) by the electro-
neutrality condition.

5. Relevance for Functional Materials

In the present publication the effects of three carriers contrib-
uting to stoichiometry relaxation are exemplified for the case
of an oxide containing protons, oxygen vacancies, and holes
and the experimental examples given largely refer to electro-
lyte (acceptor-doped (Ba,Sr)(Zr,Ce,Sn,In)O;) and electrode
materials (Mn-, Fe-, and Co-based mixed conducting perovs-
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kites) for proton conducting ceramic fuel cells, as well as to
ceramic hydrogen permeation membranes. Clearly, for these
materials a detailed understanding in terms of their complex
defect chemistry and transport properties is essential in con-
structing efficient devices (suppression of electronic leakage
in the electrolyte materials, but desired mixed electronic/pro-
tonic conductivity for electrodes, permeation membranes). The
understanding of the three-carrier problem is absolutely crucial
for understanding the functionality, and optimizing perfor-
mance. A striking example was the surprising observation of
nonmonotonic effects in the kinetics of stoichiometry changes
in SrTi0;.10

However, similar situations can arise in a large number of
other ionic solids, many of which are important functional
materials. First, we want to emphasize that protons are found
in many more oxides (e.g., zirconia,*! ceria,[*% titania,*!! zinc
oxide),*?! and that owing to their larger mobility (in particular
at low temperature) compared to other defects such as oxygen
vacancies they may affect the conductivity and concentration
of other point defects even if present in small concentrations.
Here it is important to emphasize again that proton uptake
does not necessarily require oxygen vacancies, but that it can
also proceed by a redox reaction as described in Equation (3).
Oxides such as SrTiO; and TiO,*** are intensively explored
for memristive switching. So far these investigations focus on
the role of electrons and oxygen vacancies, but the presence of
some protons is highly plausible, which will react to the applied
chemical and/or electrical driving forces.

Furthermore, situations with relevant contributions from
three mobile carriers are found without protons being involved.
In several functional oxides such as zinc oxide (ab initio calcu-
lations®! and experimental work cited therein), titania,®l and
donor-doped perovskites,”?! in addition to oxygen vacancies also
cation interstitials or vacancies contribute significantly to ionic
transport under certain conditions (where also internal reac-
tions such as the Schottky reactions coupling these defects are
not in equilibrium). Together with electronic carriers, again we
encounter a three carrier situation. Also if the ionic conduc-
tivity of one carrier is comparatively small, it would be grossly
wrong to neglect it in terms of long-time behavior. It can be
anticipated that various ageing phenomena may be explained
by such kinetics.[>46-48]

Thus, a quantitatively precise description of the kinetics of
chemical composition change, not only in simplified limiting
cases but in particular in the complex intermediate situations,
as treated in the present publication is of outmost importance.

6. Summary

Systems with three carriers (in this study: protons, oxygen
vacancies, and electron holes) can exhibit a complex behavior
with respect to equilibrium thermodynamics and diffusion
kinetics after Pmo and Po, changes. According to the defect
chemical model the overall reaction after pm,o increase (at con-
stant Po,) changes from predominant water uptake in materials
with [h'] < [V5] to mainly hydrogen incorporation for [h'] >
[Vo] (with the relative magnitude of the defect concentrations
depending on Ky, Ky).
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For the kinetics of stoichiometry changes, exact diffusion
equations are derived (assuming negligible defect interactions).
Mutual coupling of the defect concentrations by local electro-
neutrality combined with the additional degree of freedom
provided by the presence of a third carrier leads to complex
situations that even allow for “uphill diffusion” of a carrier rela-
tive to its own concentration gradient. To completely describe
the system, four diffusion coefficients are required. While the
direct diffusivity terms are isomorphic (but not identical) to
chemical diffusivities in a two carrier system, the indirect terms
contain differences of defect diffusivities. The relaxation after
Pmo change can be onefold (e.g., chemical diffusion of water)
or twofold (decoupled into fast H incorporation followed by
slower O uptake, leading to pronounced nonmonotonic con-
centration changes for holes) depending on concentration and
mobility of electronic carriers. In a defect-chemical map of
materials, the region of twofold water uptake is unambiguously
identified from the combination of thermodynamic and kinetic
considerations.

Numerical simulations are required for a detailed analysis of
the resulting relaxation kinetics. They visualize the analytical
relations, confirm the results and highlight important details. A
special feature is the nonmonotonic change of one carrier con-
centration acting as a kinetic intermediate. Furthermore, under
conditions of twofold relaxation the effective H diffusivity is
lower in the outer part of the sample. This naturally explains
the experimentally observed “moving boundary” phenomenon,
and indicates that simplistic approaches based on diffusion in a
homogeneous medium are insufficient for a complete quantita-
tive analysis.

Appendix 1: Computational Details

Inserting the electroneutrality condition [A"] = 2[ V5 | + [OHg] +
[h"] with acceptor concentration [A’] = 1 and oxygen site balance
3 =[0g5] + [V5] + [OHp], the mass action constants (1) and (2)
lead to an implicit equation for the V5 concentration

3-[V5]-[OHG ) (A" = 2[V5] - [OHG )’ (33)
(V5]

szzKo = (

where the proton concentration is given by
[OHG]

[V 1PuoKw + (V5 1PmoKw)' = 4pioKwVS1(V51-3) (34)
2

Defect concentrations were calculated numerically from
Equations (33) and (34) using Matlab. Component partial pres-
sures Pu,o and Po, are normalized to 1 bar. The derivatives
OCaesea /OIn p in Figure 2 are calculated as Acgep /Aln p with a
10% change in partial pressure.

For the calculation of the initial fluxes in Figure 5, a value
of Vo (or Vuo) is arbitrarily chosen since it appears
identically in all defect fluxes and only the relative magni-
tude of the fluxes is decisive (however, to be consistent with
the boundaries between the different reactions derived from
small perturbation of equilibrium thermodynamics according
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to Equations (4) and (5), Figure 5 implicitly assumes Vity,0
or Vi, to be comparably small). Conductivities and transfer-
ence numbers are obtained from defect concentrations and
mobilities, the hole flux is obtained from the electroneutrality
condition Equation (8).

The relaxation after Pmo changes were simulated under the
assumption of infinitely fast surface exchange reactions, i.e., the
defect concentrations in the first layer of the material immedi-
ately assume their new equilibrium values (calculated from the
defect model). The one-dimensional symmetrical diffusion into
the sample from both sides was then simulated by finite differ-
ence calculations performed using Matlab. The sample thick-
ness was chosen to be I = 0.002 cm divided into compartments
of width Al = 10 cm (since the surface reaction is assumed
infinitely fast, the actual length does not have any influence on
the trends in relaxation kinetics). For the calculations concen-
tration-independent diffusion coefficients were used, i.e., from
Equations (18) and (19) the diffusion coefficients and cross
terms Dy, Diirv), Diiv), Dviny Were calculated at the beginning
for the initial defect concentrations and transference numbers
and then used throughout the simulation. Test calculations
with these diffusivities depending on the local defect concentra-
tions via local #; in Equations (18) and19) in Poetzsch et al.l!¥]
show that this approximation does not affect the results. This
is to be expected for moderate Pu,o and po, changes because
the defect transference numbers in Equations (18) and (19) will
hardly differ between initial, transient, and final stages of the
relaxation. The flux of V5 and OHy between compartments i
and i + 1 during time increment At was calculated according to
Equations (18) and (19) from

J

:Vii;;:m [V""]"“A; Yol _o5Dy, [OHZ’]"”A; [OHol, (35)

Tz ioint

_ —ZD\?(H) [Vo ]MA; [Vl Dg(v) [OHO]HIA; [OHG); (36)
The concentrations are then updated according to

MV 1= Usi s = o i) )

MOH? 1= 35 U, 12t Jor is) 69

(cf. similar procedure in Merkle et al.)'¥l The hole concentra-
tion is obtained from the electroneutrality condition. In the
present study, the time increments were increased in 4-5 steps
during the simulation to obtain concentration profiles with
good time resolution in the initial stage, while larger incre-
ments suffice towards the end. As long as the changes are
sufficiently small, the magnitude of the concentration change
(typically, Ac did not exceed 107%) does not affect the shape of
the concentrations profiles.l'] For situations where the relaxa-
tion can properly be described by a single diffusion coefficient,
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Figure A1. Time dependence of integrated (mean) defect concentrations

after stepwise PH,0 increase for different values of Kopgf corresponding

to different [ h]. The interval between two minor ticks on the y-axis always corresponds to Ac =2 x 107. a,c,d) have the same input parameters as a),

b), and ¢) in Figures 6 and 7. The evolution of [h7] in Figure Alb illustrates

the obtained concentration profiles and time dependence agree
with the available analytical solutions (cf. the plots of normal-
ized integral defect concentration in Section 4 yielding straight
lines with the expected slopes). Space-dependent concentration
profiles are given in Figure 6, the time dependence of the inte-
grated concentrations in Figure Al.

Effective diffusivities D& and DIf for O and H were
extracted from the slope of the linear region in plots of nor-
malized concentration changes versus t/2 (Figure 7) according
to D = (slope)?7?/16.*) Concentration profiles corresponding
to chemical diffusion in a two-carrier situation (D3,Dg,Dj )
were obtained for the same initial defect concentrations, set-
ting the mobility of the third defect to zero and choosing
appropriate concentration changes (A[h'] = —2A[V(] for D,
Alh’] = —~A[OHy ] for Dj, AJOHg] = —2A[V5] for D ; thus,
they represent to some degree hypothetical quantities, e.g.,
pure water uptake for a material which according to its high
[h’] would exhibit a nonnegligible contribution of H uptake by
redox reaction). The hole concentration is varied in a series of
simulations by inserting different K,pg values into the defect
model at fixed Ky py,0 and acceptor concentration [A’] = 1.

In order to assess the fundamental characteristics of the
relaxation process (singlefold versus twofold kinetics; ratio
of proton versus V5 flux) only the ratios of defect diffusivi-
ties are important. Their absolute values, as well as absolute
sample dimensions are not relevant and can be arbitrarily
chosen. Unless stated else D,. > D, = Dy, is assumed,
motivated by the properties of acceptor-doped perovskites such
as Ba(Zr;.,Y,)05.52%%! SrTi0;,B% 1 or SOFC cathode mate-
rials.2-4 As realistic example, we chose D, = 107 cm? s,
Doy, =107 cm? s7!, D,. =107 em? s7%. Sets of defect concen-
trations (corresponding to different materials, or one material
in a very large Po, and/or T range) are obtained from the defect
model by varying Kopd keeping K,pu,o =0.01 constant.
While this variation affects all defects (the ratio [V5]/[OHg]
is about 4 for the largest Kopy and approaches 1 for the
lowest Ko pg) values covered here), the largest relative changes
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that a nonmonotonic relaxation behavior appears already for [h*] < [OHg].

occur for [h’] which increases from 10* to almost 1. This trans-
forms the material from a OHy/VS conducting electrolyte at
lowest [h] to a sample with predominant hole conduction (but
still perceptible concentration of mobile V5 and OHy).

Appendix 2: Initial Fluxes for Different Defect
Mobility Ratios

It is obvious that the width of the twofold region is related
to the ratio of the respective compensating defect diffusivities,
e.g., D,. /Dy, =10" yields a wider twofold zone for relaxa-
tion after Pmo changes compared to Dy, /Dy, =10° for Po,
changes in Figure 5. Figure A2 compares the initial fluxes
calculated from Equation (11) for different defect diffusivity
ratios. In the middle column, D,. is decreased while in the
right column D, is decreased relative to Figure 5. In all
cases, the thermodynamically determined boundary (between
twofold and onefold H uptake for pm,o change, and between
twofold and onefold H release for po, change) remains unaf-
fected. A decreased hole mobility in Figure A2b leads to a
smaller twofold region (the surface describing the hole flux
is lowered compared to the Vg5 flux, shifting the intersection
which defines the left boundary of the twofold regime to the
right). But only at D,. =D, the twofold region vanishes (cf.
the first term in Equation (19) becoming zero). Interestingly,
a decreased proton mobility (Figure A2c) does not change
the extent of the region where in principle twofold relaxation
occurs (although it will affect the magnitude of decoupling)
because a lower D, does not affect the relative magni-
tude of h' and V5 flux (the intersection of which defined
the boundary). It is noteworthy that also for D, =Dy, in
Figure A2c twofold behavior is predicted as soon as the mate-
rial exhibits a sufficiently high [h’] to develop a perceptible
redox fraction, which means that a part of the proton uptake
is compensated by holes (fast process) but the other part by
Vi (slower). However, the difference between DJ and D
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Figure A2. Initial fluxes J;,, of OHg (light blue surface or mesh), V& (grey surface), and h* (pink surface or mesh); absolute values, in arbitrary
units, calculated from Equation (11). Top row: after PH,0 increase, bottom: after Po, increase. a,d) Dy, =107 cm? s7!, Doy, =107 cm? s™', Dy,
=10"cm? s be) Dy, =107 cm?s™, Doy, =Dy, =102 cm? s ¢f) Dy, =107 =Dgy, =10°cm?s™!, D, =10 cm? 57",

is moderate, and the transient reduction is close to the overall
redox fraction (i.e., there is not much “overshooting” of the
hole concentration).

For Po, changes, a decreased D,. does not affect the width
of the twofold region (Figure A2e). On the other hand, a
decreased D, shifts the intersection of the proton and Vg
surfaces to the left, eventually leading to a vanishing of the two-
fold zone (Figure A2f).

Based on the initial fluxes consideration, the twofold zone
vanishes when the two compensating defects (V5 and h' in
case of Pmo change, V5 and OH; in case of po, change)

have the same mobility. On the other hand, Jvs and Jow, in
Equations (18) and (19) consist of a single term only (which
is the sufficient condition for onefold kinetics) only when
Doy, = Dy; = Dy.. However, numerical simulations show that
still. D& = Dff'. This can be understood from the fact that in
case of Dy, = D;. (for Pmo change), independent of the Dy
value the ratio of the initial H and O fluxes calculated from
Equation (11) is very similar to the overall (equilibrium) H and
O uptake, and thus in this particular situation the OH; and Vg
concentration gradients are directly proportional to each other
(during the whole relaxation) leading to onefold relaxation.

I, =0.0013 [OH,];=0.10 [V, =045 =012 [OH),;=010  [Vy],;=039 [M,=068  [OHGJ,=0.06  [Vy],=013

- 27ps p "
. 2ps [OHgl.rg ‘ [OHy g
g 21ps
2 721 ps

n| B ps | \\\\ |

E Tl

- {OHOl]ml [OHc']ii
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Figure A3. Spatial proton concentration profiles and their derivatives d[QH

x/10%em

x/10%em

o1/dx for a) low, b) intermediate, and c) high [1*] (same parameters as in

Figure 6). The pink arrows in b) indicate the two regions of higher and lower slopes in the pink proton profile.
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Appendix 3: Slope of Spatial Proton Profiles for
“Moving Boundary Phenomenon”

Figure A3a shows the derivative d[ OHg]/dx of the proton pro-
files for low, intermediate, and high [h’], to give a more quan-
titative impression of the characteristic change in the slope
of [OHg]. For low [h7] corresponding to singlefold relaxation
(Figure A3a) the whole profile can be described by a single dif-
fusion coefficient, and correspondingly the slopes of the proton
profiles decrease smoothly without any special features. In
particular for kinetics in the twofold regime (Figure A3b) two
plateaux in the derivative—corresponding to an approximately
stepwise change of the slope—are visible, which indicate the
regions with low (close to the surface) and high (deeper inside
the sample) effective H diffusivity. The boundary between these
regions is given by the location of the [h'] minimum, and pen-
etrates deeper into the sample with increasing time. For mate-
rials with high [h'] (Figure A3c) the difference in effective H
diffusivity in the sample’s inner and outer part becomes less
pronounced (the proton profile in Figure 6¢ smoothly fol-
lows the usual shape, without the visible kink as in Figure 6b)
because the decreasing t,,. decreases the second term in Equa-
tion (30) which causes that difference.
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