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0% and e', yield in (de-)hydration experiments up to four kinetic parameters (diffusion coefficients

and surface reaction constants). In addition, three amplitude factors are obtained, but they have
not been given further consideration because quantitative expressions for their forms are lacking.
In this study, the forms of the amplitude factors are derived based on a simple kinetic approach
and exact definitions for a diffusion-limited and a surface-reaction-limited case are given. In order
to demonstrate the benefits of the approach, the electrical conductivity relaxation behaviour of
lanthanum tungstate (Las 4WO14 1.9.05, LaWO54) was investigated experimentally over the tem-
perature range 923 < T/K < 1223. A switch from two-fold non-monotonic relaxation behaviour
at high temperatures to a two-fold monotonic behaviour at low temperatures upon hydration was
observed. The switch in signs of the fast kinetics’ amplitude factor can be assigned to the electro-
chemical mobility of protons surpassing the electron-hole mobility with decreasing temperature.

1 Introduction

The electrical conductivity relaxation (ECR) technique is widely
used to determine the oxygen transport parameters of mixed
ionic-electronic conducting materials. The two charge carriers
considered are oxygen vacancies or interstitials and electronic de-
fects. In mixed conductors with two types of ionic charge carriers
(oxide ions and protons) and electronic defects, the description
of transport kinetics is more complicated. Yoo et al. 2 extended
the ECR technique and determined the transport parameters of
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hydrogen and oxygen in one measurement by using a step-like
change in partial pressure of water, ApH,0, whilst maintaining a
constant partial pressure of oxygen, i.e. for hydrating and dehy-
drating steps.

The observed two-fold relaxation curve can be described with
a superposition of two single-fold relaxation curves, fy(s) and
fo(t), with amplitude factors for the initial conductivity (4) and
for each curve (B and ©):

o(t)=A+B-fu(t)+C- folr) )

According to Yoo et al., the amplitude factors are functions of
initial and final concentrations and electrochemical mobilities. !
The exact forms of the amplitude factors have been ignored until
now, however, on account of their complexity. If the relaxation
is not only diffusion-controlled™, but also limited by surface re-
actions, the shape function of the diffusion model with diffusion-
limitation can be replaced by the function of the model giving
also respect to the surface reaction.®5 The corresponding analyt-

Journal Name, [year], [vol.],

1|1



ical solution can be found in the appendix.©

In this study we derive the amplitude factors for the diffusion-
limited and for the surface-reaction-limited case. In addition, ECR
experiments were performed on a material for which we expect
significant changes in the amplitude factors, i.e. a material with
two ionic mobile charge carriers together with electronic charge
carriers, and a large change in protonic and electronic contribu-
tion to the conductivity. Las 4WO17 1.9.05 (LAaWO54) is such a ma-
terial. Previously, Solis et al.” performed hydration experiments
and found at low temperature (negligible electronic conductiv-
ity) single-fold relaxation behaviour. In contrast, Ruf et al.® ex-
amined Mo-doped Neodymium tungstate and observed two-fold
non-monotonic behaviour, on account of high electronic conduc-
tivity. In this study we aim to observe both in one system, and
this can be achieved by investigating LaWO54 at low and high
temperatures.

1.1 Structure and Defect Chemistry of Lanthanum Tungstate

Lanthanum tungstate has been identified as a good protonic con-
ductor with high chemical and mechanical stability.2*13/ The gen-
eral chemical formula of fluorite-type lanthanum tungstates can
be written as Layg W4 ,Os4.11.5¢V2_1.5,. With increasing x, struc-
tural oxygen vacancies v are filled with oxygen ions to com-
pensate the excess tungsten (Wr3®), leading to an effective neg-
atively charged oxygen on a structural oxygen vacancy site, O%.
Here, we only consider x = 1 which gives a reduced chemical for-
mula of Las WO |_g2s-2417 The defect chemistry of LaW054
can be described by two perspectives. Erdal et al. described the
first perspective by inherently defective sublattices with fractional
charges.1819 They also stated that some vacancies neighboring
tungsten are only slightly higher in energy and for high temper-
atures, all oxygen sites can be assumed degenerate. The second
perspective consists of an order/disorder transition such as that
observed for spinels?Y. Accordingly, the oxygen species and the
vacancy species of regular oxygen sites and structural vacancies
are in a fixed relation for degenerate lattices. Although excess
tungsten in LaWO54 is an electron donor, it shows — in com-
bination with occupied structural vacancies — the behaviour of
an acceptor-doped p-type mixed conductor with [Acc/|o ~ 1.17
Here, we only consider the latter perspective as it is sufficient to
describe the transport properties. The electroneutrality condition
of LaWO54 with 2[0}] — 3[W}s*] = [Acc/]ef is hence under oxidiz-
ing conditions and considering also protons

(0] +2[v] + [Hf] = [Acclefy 2

In ceramic oxides, protons are bound to oxygen ions forming free
hydroxide-anions, OHg, (compare to the perovskite type oxides
discussed in References?1"23). They can also be described in
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defect-chemical terms as proton interstitials, Hf.“* The oxygen
and hydrogen species in the bulk phase are in equilibrium with
their component chemical activities in the surrounding gas phase
and can be incorporated or released by surface reactions. The
thermodynamics of this system can be specified with two partial
pressures, pH,O and pO,. For water vapor, the insertion reaction
can be formulated as

H,0(g) + vey +0F = 20Hg (= 204 + 2H}) 3)

Under oxidizing conditions and in the presence of electron holes,
the water insertion reaction can be divided into a hydrogen in-
sertion reaction and an oxygen insertion reaction, each with their
own insertion kinetics:

1

2% EHz(g)—l—h' =H; @
1

1x EOg(g) +vy = OF +2h* (5

2 Theory: Amplitude Factors

The amplitude factors in Eq. will first be discussed for a sim-
ple, phenomenological approach followed by the derivation of
the amplitude factors with a general description for a diffusion-
limited or a surface-reaction-limited case. Finally, a combination
of both cases will be discussed.

2.1 Simple Approach

For a first, simple approach, we consider thin samples with the
sample’s half-thickness a, for which the relaxation is limited by
the surface reaction only. The analytical solution is hence a sim-
ple exponential function, and for three mobile charge carriers,
the relaxation is a superposition of two simple exponential func-
tions. The oxygen concentration that is in equilibrium with the
surrounding gas atmosphere is a time-dependent concentration
because the proton interstitial concentration changes with time.
In the simple approach, however, we assume that both hydration-
reactions described in Egs. (4) and (5) are forward-reactions only
and that the incorporation of hydrogen is faster than the incor-
poration of oxygen. Thus, the time dependent oxygen vacancy
concentration is

ey(t) =+ (ST cY). (1 —ejTOt) (6)

and it is dependent on the reactants in Eq. only. In con-
trast, we assume that the equilibrium concentration of hydrogen,
cjf, is a function of the oxygen vacancy concentration, linked by
the electron hole concentration: the incorporation of oxygen in-

creases the electron hole concentration and the hydrogen inser-



tion reaction, Eq. @, is hence shifted farther to the right hand
side. Eq. (6) can be inserted into the equilibrium hydrogen con-
centration in the flux equation for proton interstitials:

Ju=ka {cif [ev()] —cn(0)} 7
i { D+ [~ )] (1) et

Here, the concentration ¢y}l is the final hydrogen concentration,
¢ the initial hydrogen concentration, and ¢} (c9) the final con-
centration of hydrogen that would be in equilibrium with the ini-
tial vacancy concentration (e.g. either deep within the sample or
if the mobility of oxygen vacancies would be zero). The time-
dependent concentration of hydrogen is

eq _ 9.0 _
e — o (c i
CH(I):C(]ZI'F Cqu—c%_HiH(V) (1—677HI> (8)

_ko
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The total conductivity is the sum of the conductivities of all charge
carriers, 0 = FY; (|zi|ujc;). Assuming constant mobilities u; and
fast hydrogen kinetics, 1> ko /ky, the total conductivity is hence
a superposition of two simple exponential functions and a time-
dependent change in electron hole concentration:

c(t):A+B<1—ej%’>+C(l—ej70’) +Ecp(t) (9
with
A=F (|ZH|uHc% + \Zv|uvc(v)>
B =F|zy|uy [C;l (Cg) - ‘%]
€ =Flavlug(¢8* = ) + Flaafun [ e — ()]

E =F |z

Upe

The time-dependent concentration of electron holes is a function
of the oxygen vacancy and hydrogen concentration due to the
electroneutrality condition, Eq. (2):

e (t) =0 —2 [cv(t) - cg} - {CH(I) - cg] (10)

It can be inserted into Eq. (9) and by a combination with the equa-
tions for ¢, (7) and cy(¢), the final equation for the time-dependent

conductivity can be obtained:
c(z):AJrB(lfe’%{’)+C~‘(lfe’k70’) 11
The amplitude factors are:

A :FZ (|z[|uic?> (12)

B=F [ (e) — ey (et = e i) (3)

C=F [qu - c(v)} (|zv|tty — 2|zpe |une) (14)

+ F 657 = i ()] (lznluns — Jae

Upe )

The downside of the simple approach is the fact that the analytical
solution cannot be adapted for a model including both surface
reaction and diffusion limitation, because the boundary condition
linking the surface reaction with the diffusion at the surface, Eq.
in appendix A, does not hold. A more detailed discussion on
the surface boundary condition can be found in section[2.4]

2.2 Diffusion Limitation

The flux of one species is influenced by both the gradient of its
own concentration and the gradient of the concentration of the
second species.22728 The flux of the third mobile species is de-
pendent on the other species via the dynamic electroneutrality
condition 2jyss + jue + jne = 0. As discussed by Poetzsch et al.2Z,
the flux equations for both species are

jHi. = 7DHHVCHF 7DHVVCV6° (15)
jVB’ = 7DVHVCH; — DVVVCV(‘)‘ (16)

In the above diffusion coefficient matrix, the diagonal elements
Dyy and D,y are the chemical diffusion coefficients of H? and
vey under their own concentration gradients, while the cross-
coefficients describe chemical diffusion due to the concentration

gradient of the other species.2Z

The generalized version of Fick’s second law can be written in
vector-form as:

. e D D e
Z= ?Hl _ HH Hv /l;li —pa' a7)
CVE)' DvH va Cv(')'

The two coupled fluxes in Egs. and can be decoupled
by a diagonalization of the diffusion matrix D in Eq. (see ap-
pendix B for a detailed description of the principal axis theorem).
With this method, two eigenvalues are obtained, which are the
effective chemical diffusion coefficients: A; = D¢ and 4, = DEI.
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Additionally, decoupled concentrations ¢, and ¢ are obtained,
both with contributions of protons and oxygen vacancies. The
decoupled versions of Fick’s second law now read

é = llflll &y = /125/2/ (18)
The analytical solution for the diffusion limited concentration
profile® can be used for each equation. By transforming the de-
coupled concentration vector back to the species’ concentrations
(¢ = S%), see appendix B, the time-dependent concentration pro-
files of each species can be calculated:

DHV
(Duu — M1 )%+ D,

CH;(.X,[) = — 'El(ny)Ll) (19)

- DVV_AQ '52(x7t72'2)

D2+ (Dyy — 1)?

Cyer (x,1) = [1 + (DH?IHVM)Z}

1+ (va_12)2:|
Dy

By an integration of the diffusion profiles, mean values of the
concentrations can be calculated, and subsequently the electrical
conductivity relaxation curves can be obtained. They are also su-
perpositions of two relaxation curves with kinetic parameters A,
and A, (the effective diffusion coefficients). Here, also a set of
amplitude factors can be calculated from Eq. . The factor A
remains the same as in Eq. while both B and € now have
two contributions each. The amplitude factors are defined as fol-
lows, with the corresponding elements of the matrix S, defined in
appendix B:

~1/)2
&1 (x,t,A1) (20)

1/2

+ '52()67[72'2)

B=F (|ZH;|MH; — |zhe |une ) S11 <E’Tq —6?) 21
+ F (|zves vy —2|zne[une ) S21 <5‘?q*5(1)>

C =F (Jan sy —lane ) S1o (57— &) 22)
+ F (|zves vy — 2|zne[une ) S22 (Céq *58>

2.3 Surface Reaction Limitation

A more detailed derivation of the amplitude factors for a surface
reaction limited case with exemplary rate determining steps for
the incorporation of water into the bulk phase is done in this
section. The following steps for the incorporation of water are
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assumed to be in pre-equilibrium: a water molecule from the gas
phase is adsorbed at the surface and dissociates into adsorbed
hydrogen and oxygen atoms. We assume furthermore that one
rate determining step is the transfer of an electron hole to the
adsorbed hydrogen atom, incorporating a proton interstitial:

T . ku [Hed
Hy +h® =—=Hf with Ky=-—=_—"1____ (23)
e o Hyg e

For oxygen, two electron holes must be transferred of which the
second electron hole transfer is assumed to be rate determining:

- - 0X]ed[peled

O +v8 0 05 +h* with Ko= ko _ % 24)
ko ko [Oad} q[VO Jed

Upon a small change in pH,0, the defect fractions involved in the

rate determining step are changed by a small amount x for Eq.

and y for Eq. with first order reactions. The new time

dependent concentrations are
[Haa)(#) = [Haa]* —x(¢) [H)(2) = [H7T™ +x(1) (25)
[0yl (1) = [0, = ¥(t)

Vo 1(0) = Vg 1% = x()

The change of the amounts x and y with respect to time are the
changes of hydrogen and oxygen concentrations, respectively, and
can be expressed as

[05]() = [05]° + (1)

[h*)(r) = [0*]% —x(2) +¥(1)

X o (Ml ) (W v 0)— o (B4 26)
% = ;O ([O;ﬂeq _y)([vao}eq —y)— ZO ([Oé]eq +y)([h.}eq —xty)

27)

From these equations, the linear dependent terms can be ex-
pressed with a matrix K:

X _ ki kHy X 8
()l w)() e

ke =— K (10199 + [Hoal™)— &

with

kpy = ko [Hag]®™
kox = ko [05]

Koy =— ko (03] + [V51™)— ko (03] + [n*]°4)



The above equations show that in a system with three charge car-
riers involved, the surface reaction must be described by a (2 x 2)
matrix of surface reaction constants. This matrix can be diag-
onalized in the same way as the diffusion matrix in the previ-
ous section. By integration, two simple exponential functions
are obtained with the eigenvalues as effective surface reaction
constants, p; and p,. The concentration changes of hydrogen
and oxygen are both dependent on both surface reaction con-
stants. This exemplary derivation for two assumed rate determin-
ing steps can be adapted if experimental results suggest other rate
determining steps. It is required, however, that i) two separate re-
actions for the incorporation of oxygen and hydrogen have to be
formulated, ii) that all other reactions are in pre-equilibrium and
iii) linear kinetics can be assumed by choosing small step-sizes for
the changes in water and/or oxygen activities.

2.4 Diffusion and Surface Reaction Limitation

In the previous sections, the exact solutions for a diffusion-limited
and a surface-reaction-limited case have been established. The
commonly used analytical solution for relaxation dependent on
both kinetics [Eq. in the appendix] contains, however, the
surface boundary condition, Eq. (30), linking the diffusion flux
at the surface and the flux caused by the surface reaction. Un-
fortunately, the aforementioned diagonalized concentrations are
not equal itself, i.e. the matrices K and D cannot be diagonalized
simultaneously.

j \Y% A
j,H - ™ k| °H 29)
Jv Vey X Acy
surface surface

with Ac; as the driving force for the surface reaction of species i
dependent on the rate determining step, e.g. the difference be-
tween surface-near concentration in the bulk and the concentra-
tion that would be in equilibrium with the surface coverage of
the adsorbed species in the above example. The time-dependent
concentrations of all other species (here especially oxygen vacan-
cies) have to be considered for the equilibrium-concentration of
the surface coverage. This results in a time-dependent equilib-
rium concentration (see simple approach). Hence, the validity
of the superposition of the relaxation curves dependent on both
kinetics cannot be derived because of the surface boundary con-
dition. However, the amount of hydrogen reacting at the surface
must be equal to the amount of hydrogen diffusing at the surface
(or oxygen, respectively).

3 Experimental

The experimental setup is based on two different gas streams with
defined oxygen and water partial pressures directed into the sam-
ple chamber via a four way valve. The flow rate and mixture

of nitrogen and oxygen (5.0 purity, Westfalen AG, Germany) is
adjusted by two sets of mass flow controllers (MKS Instruments,
Germany). Each mixture is oversaturated in a first water vapor
saturator (Quarz Glas Heinrich GmbH, Germany) and set to the
desired pH,0 in a second water vapor saturator by directing the
gas stream into a heated/cooled reservoir of water over a frit fil-
ter. One of the two gas streams with a constant pO, and pH,O
is directed into the reaction tube over a four way valve (VICI A
90, Valco Instruments Co. Inc., USA with magnetic valve 5420,
Buerkert Fluid Control Systems, Germany), which allows for very
short switching times. The gas lines for humid atmospheres are
heated to prevent condensation. The reactor tube resides within
a furnace with a DC power supply unit (PS8160-04T, Elektro Au-
tomatik GmbH & Co. KG, Germany) to avoid influence of the
commonly used pulsed heating current on the measurement.

The LaWO54 sample is a cuboid ingot with dimension (3.69 x
4.13 x 33.2) mm>. It was prepared by the solid state route de-
scribed in References2?3%, The sample is contacted with gold
wires and paste for four-point DC measurements (2701, Keith-
ley Instruments Inc., USA). The outer contacts provide a constant
current of 20 < 7/uA <500 to the sample (2611B, Keithley Instru-
ments Inc., USA). The potential difference is measured between
the two inner contacts, placed 13 mm apart. Directly downstream
of the sample a potentiometric oxygen sensor (SIRO2 C700, Ce-
ramic Oxide Fabricators Pty. Ltd., Australia) probes the oxygen
partial pressure. The oxygen flow rates have been set to show
minimal difference at the potentiometric oxygen sensor between
both streams. The temperature is measured by a type S ther-
mocouple at the oxygen sensor with a distance to the sample of
approximately 5 mm.

4 Results

4.1 Conductivity Relaxation upon Hydration

First experiments were performed at high temperatures (1223 K)
where lanthanum tungstate shows predominant electronic con-
ductivity2%3! arising from electron holes. The conductivity relax-
ation curve of a hydrating step is shown in Fig. [1] (teal). The tem-
perature (black) and pO, (grey) remain constant throughout the
experiment. The relaxation curve shows two-fold non-monotonic
behaviour: after a step-like increase in pH,O the conductivity
rapidly drops to a minimum at a relaxation time of 37 s and then
increases with slower kinetics until it reaches a constant conduc-
tivity. Following previous studies“#31 we attribute the fast ki-
netics to the incorporation of hydrogen and the slow kinetics to
the incorporation of oxygen. The initial decrease in conductivity
is caused by protons incorporated into the sample at the expense
of highly mobile electron holes according to Eq. (4). Afterwards,
the conductivity slowly increases caused by oxygen incorporation
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into the sample creating electron holes, Eq. (5). In this case, the
final conductivity is higher than the initial conductivity which is
not necessarily the case.

0.100 - 80 T T T

0.098 - 79
S
8|5

(V2]
o | E
Q. ~

©
0.0% 7.8

Temperature - 944
0094 L 7.7
0 2000 4000 6000
t/s

Fig. 1 Experimental conductivity relaxation curve (teal) upon hydration
obtained for a LaWO54 ceramic. T = 1223 K (black); pO, = 200 mbar
(grey); ApH>0O = 20 mbar (10 mbar — 30 mbar).

In order to obtain as much information as possible from a single
measurement, the diffusion model giving respect to diffusion and
surface reaction (see appendix A and section has been cho-
sen. This model can be fitted to the resulting relaxation curve by
a superposition of two single-fold relaxation curves yielding the
effective chemical surface reaction constants for the fast and slow
kinetics, kT and lzgff, respectively, and the effective chemical dif-
fusion coefficients of both kinetics, D¢If and D%ff. The analytical
solution for diffusion in a plane sheet with surface evaporation
for two dimensions has been used. 3233 The relaxation curve
(teal) with fit is shown in Fig. the superposition of the fast
hydrogen kinetics (red dotted line) and of the slow oxygen kinet-
ics (blue dotted line) with initial conductivity ¢ as offset (black
dotted line) is shown in orange. The residual of the fit is shown in
the bottom panel (grey) and shows a good quality of fit with no
systematic errors. Fits with less parameters (constraints ket = k&t
or D¢t = D&t or fits using models giving respect to surface reac-
tion only or diffusion only show systematic errors, leading to the
assumption that both diffusion and surface reaction, follow two
different kinetics.}

The relaxation curves are independent of the flow rate. Thus,
the issues caused by large stoichiometry deviations described in
Reference3¥ do not affect the transport parameters, here. The re-
laxation behaviour upon dehydration has also been investigated.
The obtained transport parameters are comparable because of the
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small step-size in pH,O.
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Fig. 2 ECR curve (teal) with fitted diffusion model: two single-fold relax-
ation curves, fast hydrogen kinetics (red dots) and slow oxygen kinetics
(blue dots), and the resulting superposition (orange) with the initial con-
ductivity as offset (black dots). Bottom panel: residual of the fit with equal
scale.

4.2 Simultaneous Determinability

For single-fold relaxation curves, both parameters, k and D, can
only be determined simultaneously in one measurement if their
ratio matches the sample dimension, —0.5 < log;yL, < 2, with
L, = a-k/D and the sample’s half-thickness, a ~ 0.2 em.34 For
two-fold curves upon hydration, two parameters, L,y and L, 0o,
can be formulated. If L,y and L, o are within the curved region
in Fig. [3} all four transport parameters can be determined simul-
taneously. The distance between L,y and L, o in the logarithmic
plot is a material property. However, both values can be shifted
left or right by decreasing or increasing the sample’s thickness,
respectively. Thus, at least three parameters can be determined
simultaneously if one adjusts the sample’s thickness. The blue and
red line in Fig. [3|show the parameter L, o and L, y, respectively,
for the fit that was performed in Fig. [2 While the parameter L, o
is within the curved region, the parameter L,y is at the verge
to the diffusion controlled region, meaning that it can be deter-
mined but shows rather large errors because of the fit beeing less
sensitive to ky.

4.3 Dependence on Partial Pressure of Oxygen

The same hydration experiment has been conducted whilst de-
creasing the constant pO, for each experiment in the range from
3 < pOy/mbar < 100. The resulting transport parameters are
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Fig. 3 Simultaneous determinability of transport parameters: in the
curved region, k and D can be determined simultaneously. The time con-
stant ¢(t;) is the time after which approx. 97% of the relaxation progress
is achieved.* The blue and red lines represent L,o and L,y for the
transport parameters obtained by fitting the diffusion model to the curve
shown in Fig. E}

shown in Fig. They show only a weak dependence on pO,.
However, with decreasing partial pressure of oxygen, the two-fold
behaviour of the relaxation curve becomes less pronounced, i.e.
the drop in conductivity in the first seconds of the relaxation is
smaller. The amplitude factors of the relaxation curves are shown
in Figure |4} As expected, the initial conductivity increases with
increasing pO, (o «< p0,%%) suggesting electron hole conductiv-
ity. The absolute values of the amplitude factors are increasing
with increasing pO,, i.e. the two-fold relaxation characteristics
are more pronounced. From the amplitude factors defined in the
simple approach, Eq. , the increase in |B| can be assigned to a
larger difference in proton concentration upon hydration assum-
ing constant charge and mobility. The increase in |C| can also
be attributed to a larger difference in oxygen concentration. The
value of |C| is increasing though the attenuation caused by pro-
ton incorporation, shown by the latter term in the definition of C,
should also increase.

4.4 Temperature Dependence

Starting at the conditions described in Fig. the relax-
ation experiments have been performed at various temperatures.
The two-fold behaviour at high temperatures becomes less pro-
nounced at decreasing temperatures until the relaxation became
nearly single-fold for approx. 1000 K (compare to Ref.Z31),
Single-fold behaviour is expected for hydration kinetics with neg-

a T T
) 107 E
102 | 3
T,: 108 E
é I Y [ J ™
S ~
O gl Dy i
D
o (o}
(] [} o
10° ?
b)
03| _
C (slow kinetics) PY
<+—
_ 02+ o ° {s _
e fe °* |
2 o1t 02
IS
S ° —» | £
e initial conductivity | _ ¢<
0.0
H °
4+— e
01 F L
B (fast kinetics) ¢
| L 6
0.01 0.1

pO, / bar

Fig. 4 a) Surface reaction constants (orange) and diffusion coefficients
(teal) of the fast hydrogen kinetics (closed symbols) and slow oxygen
kinetics (open symbols) upon hydration in dependence of constant pO,.
T =1223 K, ApH>0 = 20 mbar (10 mbar — 30 mbar). b) Corresponding
amplitude factors. Black: initial conductivity 6* = A, right scale; red: fast
kinetics B; blue: slow kinetics C, both left scale.

ligible electronic conductivity2. If one further decreases the
temperature, the two-fold relaxation behaviour is recurring —
yet monotonic. The corresponding relaxation curve for 923 K
is shown in Fig. In the first few seconds, the conductivity
increases with fast kinetics, followed by a further increase with
slow kinetics. The quality of fit for the first few seconds is, how-
ever, not as good as for well pronounced non-monotonic curves
at high temperatures. Two-fold monotonic relaxation behaviour
was reported in two scenarios which do not apply here: Preis and
Sittel® described this behaviour for materials with small grain
sizes and a significant difference in bulk and grain boundary dif-
fusivities. The grain size in this study is, however, larger (9 to
24 um compared to 4 um in their article). In addition, the differ-
ence in the obtained diffusivities is not as large as in the article
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mentioned. In the second scenario described by Yoo and Lee,*
the mobile species are of different kind.
The transport parameters are shown in an Arrhenius plot in

1‘45 T T T T T
o e |
140 L _
oobs
135 L _
- 1.24 T T T T
S 123
o B /
wn 130 L _
[ 122 e
~
© 125 | 121 1
120F | £ e
120 | vor 1
1 - 1 1 1 1
o 50 100 150 200 250
1.15 I 1 I 1 |
0 5000 10000 15000 20000 25000 30000
t/s

Fig. 5 Relaxation curve for low temperatures with two-fold monotonic
relaxation behaviour. T = 923 K, pO, = 100 mbar, ApH,O = 20 mbar
(10 mbar — 30 mbar).

Fig. @ For 923 K, ky could not be determined because the fit is
independent of this parameter (log;yL,n > 2, see Fig. . The
parameters of the fast kinetics obtained for 973 K seem to be
overestimated. The contribution of the fast kinetics to the re-
laxation curve is very small and the fit is thus not very sensitive
to these parameters. From the Arrhenius plot, the following ac-
tivation energies have been determined: Ea (ky) = 2.28(22) eV;
Ea (ko) =0.67(2) eV; Ex(Dy) =0.49(7) eV; Ex(Do) = 0.86(12) eV.
The activation energies of the oxygen kinetics are in agreement
with literature.”

The amplitude factors of the temperature dependent relax-
ations are shown in Fig. |§| b). The initial conductivity, 60 = 4,
decreases approximately linear in the Arrhenius plot for the tem-
perature region examined in this work. The amplitude factor of
the slow oxygen kinetics, €, shows no clear trend. It is always
positive for hydrating steps between 0.2 and 0.3 mS cm~!. The
amplitude factor of the fast hydrogen kinetics B, on the other
hand, has a diminished absolute value for lower temperatures as
it is first expected. However, it switches sign between 973 K and
1023 K. Thus, at or above 1023 K, two-fold non-monotonic relax-
ation behaviour can be observed — the amplitude factors B and
C have different signs. At or below 973 K, two-fold monotonic
relaxation behaviour can be observed — both amplitude factors
have the same sign. Between these temperatures, the relaxation
is single-fold. Therefore, a third mobile charge carrier must be
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Fig. 6 Temperature dependence of parameters obtained from ECR mea-
surements for pO, = 100 mbar, ApH,O = 20 mbar (10 mbar — 30 mbar).
a) Surface reaction constants (orange) and diffusion coefficients (teal)
for hydrogen (closed symbols) and for oxygen (open symbols). b) Corre-
sponding amplitude factors. Black: initial conductivity 6° = 4, right scale;
red: fast kinetics B; blue: slow kinetics C, both left scale. The red dotted
line is a guide to the eye.

present, i.e. electron holes enable the splitting of the water incor-
poration reaction.

With the simple, phenomenological definition of the amplitude
factor B, see Eq. , the experimentally observed switch of signs
can be attributed to a specific chemical property: for hydrating
steps, the change in hydrogen concentration is always positive.
For temperatures at or above 1023 K, the second term must hence
be negative. Proton interstitials and electron holes have a con-
stant charge of +1 and the charge does not change with ApH,O.
Therefore, the electrochemical mobility of electron holes must be
larger than the electrochemical mobility of proton interstitials.
For temperatures at or below 973 K, the mobility of proton inter-
stitials must be larger than the mobility of electron holes in order



to render B positive. For a temperature between 973 K and 1023
K, where uy = uy., the relaxation becomes single-fold (B = 0),
although the concentration of hydrogen changes with the fast ki-
netics. However, this effect cannot be observed by monitoring the
total electrical conductivity.

The switch in signs of B can also be explained by the exact def-
initions in the diffusion-limited case when a similar assumption
like in the simple approach is introduced: the flux of oxygen va-
cancies caused by a gradient of proton interstitials is negligible
(Dy < Dyy if ty < 1, see Ref27). This is represented by the or-
thogonal matrix’s element S,, being approximately unity and the
prefactor of the second term in Eq. being negligible, S,; ~ 0.
The oxygen concentration profile is thus independent of ¢;. Both
other elements, S;; and S;,, are usually not near 0 or 1 which
means that the diffusion of hydrogen is dependent on the gradi-
ent of proton interstitials and oxygen vacancies. The same expla-
nation for the switch in signs of B is expressed in Eq. : the
electrochemical mobility of proton interstitials must exceed the
electronic mobility in order to B being positive upon hydration.

For the sake of completeness, there are also two other scenarios
which would result in single-fold ECR behaviour upon hydration:
The first covers equal diffusion coefficients and surface reaction
constants for both species, DT = DT and A = k&, In this sce-
nario, the shape functions are equal and a combined amplitude
factor (B +C) is experimentally accessible. The second scenario
is a negligible electronic contribution to the conductivity, i.e. the
flux of oxygen vacancies is compensated by a flux of protons, with
a chemical diffusion coefficient of water, Dy,o (see Reference”).

5 Concluding Remarks

The amplitude factors that are obtained when evaluating two-
fold ECR curves upon hydration have been derived for a simple,
phenomenological approach and exact definitions for a diffusion-
limited case and for a surface-reaction-limited are given. It is
shown that not only for the diffusion?Z but also for the surface
reaction four different reaction constants can be defined in a sys-
tem with three mobile charge carriers that are involved in the
reaction. By a diagonalization of the flux- or surface-reaction-
matrix, two effective diffusion coefficients or two effective surface
reaction constants are obtained, respectively. The simultaneous
diagonalization for a case where the relaxation is dependent on
both kinetics, however, is not possible as the diagonalized con-
centrations are not equal.

The ECR behaviour of proton conducting lanthanum tungstate
upon hydration was investigated. The shape of the ECR curve
upon hydration changes with temperature in LaWO54: from two-
fold monotonic via single-fold to two-fold non-monotonic relax-
ation behaviour at high temperatures. The origin of the switch
from monotonic to non-monotonic behaviour can be explained

by the electrochemical mobilities of proton interstitials and elec-
tron holes: For high temperatures, electron holes are more mobile
than proton interstitials and for low temperatures, the protonic
mobility is higher. If the electrochemical mobilities of proton in-
terstitials and electron holes are equal, single-fold conductivity
relaxation curves are obtained although a two-fold stoichiometry
relaxation may be present. To monitor this behaviour, another
sample property that is dependent only on the hydrogen content
of the sample must be used.
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Appendix A: Diffusion Model

For a plane sheet, the analytical solution to a diffusion model with
surface reaction and diffusive flux is described in Reference®. The
initial concentrations are uniform, c;(x,t) = c?, the gas concentra-
tion is constant. Within the bulk phase, Fick’s first law describes
the flux of charge carriers. The net flux vanishes in the center
of the sample due to symmetry, j;(f,x = 0) = 0. At the surface
(x = —a and x = a), a first order surface reaction takes place. The
reactive flux at the surface must be equal to the diffusion flux at
the surface,

Jilx=—a) =ki [¢;*—ci(x=—a)| = -D; %

X=—a

(30)

The integrated analytical solution to the diffusion model with two
coupled species, e.g. 2jye = —jpe, and their corresponding am-
bipolar diffusion coefficient D can be expressed by©32138

gi(t)—c) | i 2L2 -exp {—B?Dta=?}
? B (B? + 13 +La)

i 6 i=1

BD

with the solutions f3; for L, = Btan 8 = akD~! and ¢; as the average
concentration over the sample. For a cuboid ingot with dimen-
sions ¢ > a ~ b that is used in the experimental setup, an addi-
tional summand for the second dimension must be formed.32%34
For relaxations upon hydration with three mobile charge carri-
ers, however, the diffusion model becomes more complicated (see
text).

Appendix B: Diagonalization of Diffusion Co-
efficients

The matrix of diffusion coefficients described above is a symmet-
ric matrix with real elements only. Here, the principal axis theo-
rem can be used to find the orthogonal (effective) diffusion coef-
ficients, i.e. for the decoupled fluxes. In the first step, the eigen-
value A must be found which sets the determinant of the flux
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matrix zero:
DHV

DVH Dyy — A

The two solutions for Eq. (32)) are

2
Dy +D Dy +D
Mo = HH W 4 \/ < HH W) — DyuDyy +DuyDyn (33)

(32)

2 2

The two corresponding eigenvectors ¥; for Dx; = A;x; with i =
{1,2} are obtained by solving the linear equations and contain
a free parameter as their second element, each. They are normal-
ized to a length of unity with normalization factors m and n, e.g.

(mx(1y)? +m? = 1 for the first eigenvector, and form an orthog-

onal matrix S as column vectors, S = [mX] nxy].

Duy _ Dy~
V/(Dun—21)2+ D, \/D3H+(Dw—/12)2

oG] o]

With the orthogonal matrix S and its transposed counterpart, S7,
the diffusion matrix D can be diagonalized, resulting in a new
version of Fick’s second law, S7¢ = STDS(S”¢"), where STDS is
the diagonalized diffusion matrix. A new concentration vector
has thus been defined, & = S”¢, with decoupled concentrations as
its elements, ¢;, where each concentration ¢; has a contribution of
oxygen vacancies and protons.

(34
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