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ABSTRACTS

The behaviour of ionic compound crystals under combined chemical and externally applied electrical potential gradients is dis-
cussed. Firstly, a systematic overview is given. Then a formal analysis follows. The transport equations of the ions and the ele ¢-
tric defects predict that even with reversible electrodes demixing, and in particular decomposition of the compound will occur i {
the applied d.c. current density is sufficiently high. These predictions are illustrated by appropriate experiments. With the he Ip of
the solid solution (Me, Fe)O, where Fe-ions are the dilute species, we investigate experimentally the behaviour of a ternary ion ic
crystal under a d.c. electric current load. All the compounds were placed in a galvanic cell, and the internal reactions which t hen
could be observed were driven by the electric field in this cell. In addition, we discuss the influence of the electric field on the
classical solid state reaction AX+BX=ABX,, if again the reaction couple is placed in a galvanic cell.
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1. Introduction

he d.c.-electrical behaviour of (multicomponent) ionic

compounds is given by their ionic and electronic bulk
transport coefficients and the thermodynamic and kinetic
coefficients established at the (phase) boundaries. The
essential (isothermal) boundary conditions are: 1) Fixation
of the component chemical potentials only (without elec-
trodes). 2) Fixation of a)reversible and b)irreversible elec-
trodes.

Since the early investigations by Tubandt, Jost and Wag-
ner this field of problems has again and again attracted the
interest of solid state physical chemists. ¥ Many details are
still far from being understood.

In the first case (open circuit), no net electric current
flows, which means that, since

2z, F-j=11=0 )

(z, = charge of species i, F = Faraday constant, j, = flux den-
sity). Disregarding specific electrochemical processes at the
electrodes for the moment being, case 2) is characterized by
I = I° = constant in the bulk of the ionic crystal in view of
the fact that div I=0. Before analyzing case 2) in more
detail, let us briefly summarize some aspects of case 1) as
the basis of chemical transport in ionic compounds. Since

@

one can with the help of eq. (1) and the condition I =0 elim-
inate the electric potential gradient V ¢ in eq. (2), which
vields for example for a compound AX_ with only cationic

j1 = _L1'An1 = —L\. V ( “’i+zi'(b)
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and electronie conduction
Ja =Lyt Vil @

where (L, =L, is the chemical potential of the metal ([)
component, A, and t, is the electronic transference number
defined as t = ziz L./ (lei2 L).i=e. (n what follows we will
always deal with one ionic and one electronic flux only. In
practice these are the fluxes with the highest transport coef-
ficlents. This restriction does not invalidate the generality
of the discussion). Eg. 3 says that the compound AX
exposed to a chemical potential gradient transports ions
(here cations) to the extent that electrons (holes) allow for
charge compensation. In semiconductiong AX (t, = 1), the
metal flux is simply j, = — L,-V . If t, = 0, there is no mass
transport.

In compound ionic crystals it is the ionic disorder (point
defects) which is responsible for the ionic mobility, There-
fore, in most of the cases |+ (; (ion)) is constant in the gra-
dient of i, (or Ky, and we have in view of u, = Byeet 24 He

Vi = Vi, zVo (t,=1) )
V @ is equivalent to a diffusion potential.

This is all well known. The scope of this investigation is
different. We ask for the influence of an electric field which
is externally applied if electrodes of different kind are
attached to a multicomponent phase or a sequence of
phases. Before treating two practically important cases in
some depth, let us start by illustrating the limiting cases of
chemical transport and reaction in Fig. 1.

a) Without an electric field, this is simply the permeation
of the A-component across a phase sequence. If D y<<D,, Dy,
the X-sublattice (laboratory frame) is fixed. If we disregard
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Fig. 1. Schematic overview on galvanic cells with various phase sequences which are to be studied under electrical current load

morphological instabilities of the boundaries, no changes
are observed in case (a,), whereas in case (a,) AX will grow
at the oxidizing boundary AX/Me, X, and will be consumed
at the reducing boundary.

However, depending on the ratio y=D, /Dy in ABX, the
boundaries of the compound will move relative to the labo-
ratory frame. If y= 0, ABX, is moving relative to the labora-
tory frame, and if y= -, ABX, is stationary.

b) This is the classic compound forming solid state reac-
tion, although with the additional imposition of a chemical
potential gradient. Only as long as My (1= ;.LXZ(Z), this
reaction has been fully treated. ? In all other instances, addi-
tional component fluxes occur in AX and BX resulting in
additional motions of the boundaries which depend on .

¢) This illustrates the exposure of a solid solution to a
chemical potential gradient with different boundary condi-
tions. Disregarding the boundary reactions proper, assum-
ing instead local thermodynamic equilibrium throughout,
this transport problem has been treated in the literature ¥
and is known as kinetic demixing.

Generally spoken, all the reactions of Fig. 1 are fully
determined by their transport equations of the components
in the respective phases and the unambiguously given
boundary conditions.

In what follows we will investigate these reactions if an
additional externally provided electric field is superim-
posed. To this end we treat two cases to some depth: 1) The
behaviour of the classical solid state reaction and 2) The
behaviour of a ternary solid solution such as (Mg, Fe)O
under the influence of the d.c. field applied to the bound-
aries (1) and (2). Let us mention in passing that in principle
the application of the electric field is similar to the applica-
tion of other thermodynamic potential gradients, e.g. VP or
V T (Ludwig-Soret-effect).

2. The Reaction Couple AX/ABX,/BX in
an Electric Field

Fig. 2 gives the two essential experimental situations in
this context. The reaction AX + BX =ABX, is taking place
while the phases involved are part of the electric circuit (we
assume here that D <<D,, D;). The constraining conditions

1 2 3 4
x ¥ B
®' A|AX | ABXz|BX |B ©
Pt Pt"
Ja Ja
®
P’ Mgl AX ABXz BX |Me ®u
b) f Pt

Fig. 2. Reaction couple AX/ABX,/BX in an electric field.
a) Reversible electrodes attached, b) inert electrodes
attached.

ig VI=0 or with eq. (1):

Sz, Foj, =1 (la)

This equation has to be integrated, taking into account
the proper boundary conditions and using the fluxes defined
in eq. (2) explicitly. From the boundary conditions we con-
clude:

®)

Eq. (5) can be used to eliminate the electric potential gra-
dient Vo (F- Vo) from the flux equations. If we now rein-
sert V¢ and note that

a=ip=ih+ih=TV/F =

dA v
1/Vapy,* f = (74 ~ip) (6)
we obtain for the reaction rate
dAg _ o_4Ls- L AG
av = VaBx, {(tA“tB)'J TT, 4Ly AE @

From eq. (7) we can draw a number of conclusions:

1) In case of galvanic contact, the electric field influences
the reaction rate through j°. This influence of the external
field is additively superimposed to the chemical reaction
proper, which is represented by the second term in eq. (7).
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(t, = transference number ; AE = thickness of ABX ; AG° =
Gibbs energy of reaction).

2) If t, = tp, the electric field has no influence on the reac-
tion, rate, but on the displacement of the reaction layer in
the laboratory frame.

3) It is possible to extend the calculations to semiconduc-
tiong compounds. If t, = 1 and Apy  between the electrodes
vanishes, then there is no influence of the electric field on
the reaction whatsoever. For more details see ref. [1]. Not
very many esperimental studies are available. Some experi-
ments which have been performed in this context are ambig-
uoug. The reagon ig that if the experiments are performed
with polycrystalline material, the local current densities are
inhomogeneous. This, as will be shown in the next section,
may violate the condition VI =0, If this condition is not met,
internal reactions occur and the structure of the crystals is
altered. This then is the theme of the next section.

3. Effects induced by an Electric
Current in Mixed Conductors
(Ionic Crystals)

The experimental situation is illustrated in Fig. lc. As an
example, let us place, e.g. Mg, Fe)O (A, B)X) between IP't-
electrodes. Under load, one has for the flux of A-lons in the
semiconducting solid solution ( t, # 0) instead of eq.(3):

H -~ s 2
ja =Lyt Via+ts ) /2 ®)

5 A is the equivalent flux, z, is the valence of A in the crys-
tal. As in eq. (7), the chemical and the electrical contribu-
tions to the flux are additively superimposed. Eq. (8) is
again derived form the flux equations and the condition (1a)
by eliminating V.

However, let us now also consider the case that, in view of
internal demixing (D, # Dg!), we have an inhomogeneous
composition and thus t, is locally not constant. In this case,
ja I8 not necegsarily locally constant either. But in case that
Vja#0(= r,), one has internal decomposition. From eq.
(8) we then have:

vty = ~V(Ly-t,- Via)+ Vty -] /23 ©)

Since in the extented solid solution we may approximately
set V{ia = Vi, we have in the steady state without decom-
position (r,=0) instead of eq. (9)

~V(Ly t, V) +V, i /23 =0 (10)

Under working conditions we may formulate that
Vita=Vu, =RT-Vin x, sothat

-Ly-t,-RT-VIn xe+tA-50/zi=const (11)
and t, = - x,<<1.Therefore,
In x,(8) =G, Ly, T) iy = £G Ls T) (12)

The solution 50, L,, T) is more complicated if L, = L, (iL,)
=1,(E). This is the case if the diffusion coefficient depends
on the component potentials of if, for example, the sample is
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doped inhomogeneously. Eq. (12) tells us that u (&) and
thus 1, (&) is a function of the d.c. current load. A number of
publications have dealt with this problem experimentally
and theoretically. Janek and coworkers and others have
shown how to experimentally determine 11 (&) [4,5]. For sta-
bilized zirconia calculations have been performed on the
basis of eqs. (1) and (2) to arrive at p (&) analytically® with
the help of an equivalent circuit. K

If jo is chosen by the applied voltage so that p, > uz ,
metal A will precipitate, ie. ry#0. If we neglect small
changes in stoichiometry, r, = -Vj, is the production of A
inside the AX -crystal at those locations where [, (&) > ui\.
In other words, electrically driven internal chemical reac-
tions (oxidation or reduction) are taking place.

From eq. (12) we conclude that W, (€) = f(jo) and poA(E_,*)Z
f(jcw, &%) . Therefore, for i° >jo*, ry# 0 at £*. Thus one has
to work out r, as a function of j°. To this end one has to
know the local reaction kinetics for the A-formation (precip-
itation) from the reactions between the structure elements
of the crystal. Without a detailed knowledge about this reac-
tion mechanism, which is normally not available, we may in
aﬁ0 zefoq}h ~0c:){:rdelc approach phenomenologically set for
(3 =3 )/] <<1by linearizing:

ry = k- (fa-{a) 13)
rok

which would allow to solve eq. (9). However, if (50 -3 ) JTO*
is not small, then the local reaction kinetics between struc-
ture element in order to form elemental A is normally not
linear in terms of ., (or p). This has been discussed in.*”
Any further discussion beyond this point must be specific.

[
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Fig. 3. The course of various thermodynamic potentials in the
phase sequence A/AX/AY/A under electric load, if the
transference numbers for electronic defects differ in
AX and AY.
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Fig. 4. Schematic phase diagram n,/(n,+1,.) vs. logay at
T=90°C of the ternary system ﬂ/[g Fe-0, calculated
from the equilibrium conditions of the following reac-
tions:

Fel¥ (sp) + Mg™ (w) = Mgl (sp) + Fe?'(w)  (K=0.51)
ez+(w) + Fes;(sp) = Fegzt(sp) + Fe3+(w) (K;=2 - 1079
e2+(w)+%Oz = 2Fe”" (W) + Vyg, (W) (K,=208.86)
Platinumwire (@ 300 um)
ez l"“‘\--‘_ > v T

Ay \
Q.

o
2 T T77 77777, /_J

Fig. 5. Schematic plot of the geometry of the polarization cell
Pt, O/(Mg, Fe)O/Pt ,, the sample dimensions are
1900>< 700x200 pm®,

The simplest possible situation for a driven internal decom-
position 1s shown in Fig. 3. Let us assume that the elec-
trodes A/AX and AY/A are reversible and nonpolarizable.
Instead of AY we can also use AX (doped), if doping changes
the transport coefficients and the dopant is immobile. In
addition let us assume that both AX and AY have a small
range of homogeneity with an excess of cations (5) Local
equ111br1um at the 1nterface AX/AY means that A(AX)
(=ui(b)) = ph AV (=ub (b)) . If t“> B, the calculatlons
outlined earlier in this section yjeld Tl A(b) 1 A(b) < U3 A
As long as ps(b)<p,*(b), which is the value at which
nucleation of metal A occurs at b, we may exploit eq.(11) in
order to caleulaten, (&) in the galvanic cell under load
] (I ) In particular, if we know L, * (b), we can then calcu-
late ] , Le. the current density at which the crystals
decompose by reduction at the boundary b.

Experimental investigations which resulted in internal
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a)
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Fig. 6. Results of polarization experiments in the (Mg, Fe)O-
system in air at T=900°C with an applied feld of E=
1.5 kV-em™ and no preoxidation of the homogeneously
doped (%,,,=1.2:10°) samples; cross-sections viewed by
transmission optical microscopy. a) Polarization time
t=30 h, b) Polarization time t=20 h, ¢) Polarization
time t=10 h, d) Schematic cross-section; zone 1: Fe-
depleted, thin and colourless region; zone 2a: Region
with spinel precipitates decorating dislocation lines-
due to the electrically driven internal reaction; zone
2b: Coloured region showing spinel precipitates due to
the simultaneously running internal oxidation by the
surrounding gas atmosphere of high oxygen activity;
zone 3: No precipitates visible; zone 4: Porous area
adjacent to the Pt-anode.

field driven reactions were reported in [10] and [11]. Both
systems (AgBr; stabilized zirconia) are (or have been treated
ag) binary ones. The crucial point in the understanding of
the driven chemical process inside the crystal bulk is the
interplay of the various structure elements which eventu-
ally leads to the precipitation of the supersaturated compo-
nent. The main theme of the rest of this paper, however, is
the study of an electrically driven internal reaction in a pro-
totype ternary system. Ternary systems are prototypes for
multicomponent systems in the sense that their phase
boundaries are not necessarily equipotential surfaces. They
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have many practical applications, in particular oxide sys-
tems (ceramics) which are used as resistors, insulators or
electrolyte material in electrical circuits. We will therefore
investigate in particular the behaviour of Mg, Fe)O in dif-
ferent oxygen potential atmospheres under electric load at
elevated temperatures. Internal reactions in (Mg, Fe)O
without application of an electric load have been studied
before, e.g.'?

The crystal (Mg, Fe)O is placed between essentially irre-
versible Pt-electrodes, applying high voltages far beyond the
decomposition voltage. Fig. 4 shows the (schematic) phase
diagram of the system. Fig. 5 depicts the experimental set-
up. The crystals were single-crystalline. The Fe-content was
1.2%. The experiments were performed either in air or in
reducing gas atmosphers (CO/CO ;aq =10"%). A number of
samples were internally oxidized *'® by keeping them suffi-
ciently long in air at temperatures of 900°C, before the
external voltage was applied. Figs. 6-8 show typical experi-
mental results.

The main features found are the following : If the polariza-
tion experiment is performed in air, four different zones
evolve between cathode and anode, see Fig. 6. Disregarding
some erratic features near the (irreversible) Pt-electrodes
exposed to air, the first zone (1) near the cathode is thin and
colourless. The next zone (2) is red-brownish coloured. In
the inside of this zone spinel precipitates decorate disloca-
tion lines and small angle grain boundaries. The third zone
ig again almost colourless. It becomes smaller the more the
second zone grows with time, but it is normally found even

m— 100 m

Fig. 7. Crosg-section viewed by transmission optical micros-
copy; the polarization experiment (air, T=900°C, E=1.5
kV-em™, x;,,=1.2-10%) has been performed after a pre-
oxidation time of 100 h in air at T=900°C.
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after very long times. The fourth zone is dark brown and
irregular in form, it is adjacent to the anode.

If the experiments are performed in a strongly reducing
atmosphere, the tendency for internal reactions to occur is
far less. Fig. 8 illustrates the experimental results.

4. Discussion

Following the early work of Tubandt, Jost and Wagner,
polarization experiments with solid electrolytes .are inten-
sively studied and discussed. '***'? It is the aim of this paper
to draw attention to the possibility of electrically driven
internal solid state reactions which are always based on oxi-
dation or reduction processes. Let us refer to the following
scheme of the galvanic cell under external load: (+)A/
AXHBX/AX/AX(+CX)/A[), the electrolyte AX of which is
doped in such a way that with B, X, dopant n-type conduc-
tion and with C,X dopant p-type conduction is enhanced, see
Fig. 9. Under electric load, and without decomposition, we
have j,(£) = const, which results in V(B(E_,) = const in the
bulk phases. Since we assume that undoped AX is an ionic
conductor with only a very small electronic transference,

-—Lh(V +V@)andj =-L (V + V@) must vanish every-
where Therefore Vo = Vuh = V . , resulting in a decre-
ase of |, near the anode and an increase near the cathode
(note that uj& g =My ].L:,: =y + iy ). The resulting over-
all course of the component potentials is schematically
depicted in Fig. 9. The particular course in the undoped part
of AX depends on the mobilities of h and e and on the relax-
ation times for their trapping and annihilation.

Applying these basic ideas to the ternary crystal (Mg,
Fe), ;O brought between the two Pt-electrodes, we expect
the following features to become visible: A zone (1) which
exhibits a very low electronic conductivity near the cathode
because of the following reasons: 1) The low oxygen poten-
tial near the 1nterface (Mg, Fe)O/Pt( —) ensures that Flz\,[g
predominates. 2) If Dre > DMg > Dy, , Fe-ions are depleted
in (Mg, Fe)O from a region near the cathode (zone (1)). 3) If
DMg > DFe new MgO will form near the cathode since the
crystal is surrounded by an oxidizing gas. This newly
formed crystal has been seen by electron microscopy. Zone
(1) of low electronic conduction is clearly seen in all the

s 100 M

Fig. 8. Cross-section viewed by transmission optical micros-
copy; experimental condltlons logay =-8, T=900°C, E=
1.5 kV-em™, %,,=1.2-107 and no preox1dat1on of the
sample.
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Fig. 9. Course of the various thermodynamic potentials in the
galvanic cell Pt, X/AX(+B,X YAX/AX(+C,X)/Pt, X, un-

der electric load (schematic). A=Mg, X=0, for example.

experiments, see Fig. 7.

In front of zone (1) towards the anode we have zone (2)
with a higher oxygen potential and p-type conduction due to
Fi/;rg . Since j, = 0 in view of the blocking of holes in the adja-
cent ionic zone (1) near the cathode, as discussed above
(V V —-V@). When the oxygen potential, i.e. the electron
hole potentlal in this zone has reached a certain lumit,
MgFe, O, will precipitate according to the SE-reaction
scheme.

Fatg + 2F, + Vyg + 405 = MgFe,0,

and we note in passing that in V1ew of the structure ele-
ment reaction Q = Oé +VM +2h’, the chemical poten-
tial W~ 1y ~ “F: LV in iron doped MgO. Zone (2) with
spinel precipitates is found experimentally and is well illus-
trated for example in Figs. 6 and 7.

We note, however, that the slope of pg is positive in zone
(2), which means that in this zone the oxygen potential is
lowered towards to anode. This tendency must be reversed
at some point near to the anode because eventually the
highest oxygen potential is by necessity to be found near the
anode.

We also observe that the spinel precipitates in zone (2)
form preferentially at dislocations and decorate them. This
agrees with earlier observations on other systems which
undergo driven internal reactions. '*'® Occasionally one can
find the decorated lines to penetrate beyond zone (2)
towards zone (1), indicating the dislocations to be high diffu-
sivity paths for matter transport.

Zone (3), according to the former reasoning, has a lower
oxygen potential than zone (2), although it is closer to the
anode. In the early stage of the driven reactions this is due
to the fact that the internal oxidation zone (2) has not yet
sufficiently progressed. At the later stages, however, one
has to take into account that if (Mg, Fe)O is oxidized, not
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only spinel precipitates will form, but defect associates such
as (V, MgFei’,I )" occur, which, in the internal electric field,
migrate towards the anode. This may contribute to a deple-
tion of Fe’ in zone (3) towards the anode. In any case, the
overall transport scheme in the different regions of the (Mg,
Fe)O-crystalline solution may be quite complicate in view of
these defect associates. ™

Finally, zone (4) near the anode consists of porous mate-
rial, and the iron ions are expected to exist in form of Fe *
The porosity stems from the morphological instability of the
anodic interface.? The interface reaction is

”

2= 2 -
04 +Mg1\{g+}_fMg=2h = {Vo Vpgeh +

2+
Mgy +1/20,

and creates empty lattice molecules { } which cluster to
form macroscopic pores that penetrate into the crystal.
These pores along with an increase in Fe-concentration can
be observed by analytical electron microscopy. Further
details will be given in a forthcoming publication. 2

5. Conclusion

Little work has been done yet concerning the influence of
external driving forces on the combined reaction and trans-
port behaviour of nonmetallic compounds and solid solu-
tions. This is in particular true for systems with more than
two components. Some work that concerns the spinel forma-
tion in this context can be found in. ®

A proper analysis of this influence requires some knowl-
edge of the basic thermodynamics of the system including a
valid phase diagram of the second kind. ™ With the help of
this phase diagram one can at least obtain a qualitative
notion of the reaction path. For ternary and higher systems
these diagrams are often not available, if one or more com-
ponents are metalloids.

We have demonstrated for the important ceramic system
(Mg, Fe)O the implications to be expected if electrodes are
attached and an external voltage is applied to the sample.
In contrast to binary systems, the occurrence of internal
reaction (oxidation and reduction) are the rule if only the
applied voltage is sufficiently high.

If thermodynamic and kinetic properties of the electrodes
and of the crystal under load are known, it is in principle
possible to solve the transport/reaction problem unambigu-
ously.

For Mg, Fe)O it has been shown that an initially homoge-
neous crystal will become inhomogeneous under the action
of the d.c. electric field. The subsequent local variationg in
the ionic and electronic transference numbers lead to a non-
monotonic course of the oxygen chemieal potential inside
the crystal and a sequence of reducing and oxidizing zones,
in which spinel formation takes place. The morphology of
the samples in a quasi-steady state depends to some extent
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on the oxygen potential of the surrounding atmosphere and
the pretreatment of the (internally oxidized) sample.
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