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Introduction

»I am applying a voltage to stones.« — This is what I usually reply to family and friends asking
about my research. A stone is commonly the epitome of a dead material, but it is not, considering
numerous applications using solid state materials nowadays. Not only the (physical) magnetic and
electronic properties but also physico-chemical properties like diffusion or phase change are of in-
terest. This work is focusing on diffusion in solids. In the last 150 years, a large field of research has
been established describing diffusion in solids in terms of quantity and quality and there is still a
lot to discover. The phenomenon of diffusion is used in the tiniest parts of information technol-
ogy, e.g. in phase change materials for resistive random access memory, in length scales of a few
nanometers. This effect can also be utilized in large scale fossil power plants or chemical reactors
in the form of gas separation membranes, e.g. oxygen transport membranes (OTMs) or hydrogen
transport membranes (HTMs). With the introduction of renewable energy sources like wind power
and photovoltaics, the need for energy storage systems arose in recent years. In electrolyzer cells
for chemical energy storage and in batteries, diffusion is the key effect beside the electrochemical
potential, enabling these storage technologies.

Finding materials with high diffusivities of the desired species — which are preferably chemically
and mechanically stable to satisfy the engineers — is crucial for the development of these tech-
nologies. The most important characteristic is the diffusion coefficient. If it is necessary to interact
with the gas phase (e.g. in gas separation membranes), also the surface reaction rate is of inter-
est. Experimental and computational methods have been developed to quantify these coeflicients.
For the experimental methods, isotope exchange depth profiles (IEDPs) analyzed by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) and relaxation experiments are the most common

techniques (the first yielding tracer coeflicients while the latter yields ambipolar coefficients; details
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follow in the theory section of this work).

In order to optimize, for example, a membrane, knowledge of the kinetic transport parameters,
namely the diffusion coefficient and the surface reaction rate, is required. For example, if the bot-
tleneck of a membrane is the bulk diffusion, an optimization by applying catalytic surfaces to in-
crease the surface reaction coeflicient is of no effect, or, in the opposite case, if the membrane is
surface reaction limited, a decrease of the membrane’s thickness to improve the diffusion length is
irrelevant. The bottleneck can be identified, e.g. by modeling plants using these parameters in finite
element method (FEM) calculations.

In this work, the fluorite type oxide lanthanum tungstate — Las 4WOyy;_9,s (LaWO54) — has
been investigated using the electrical conductivity relaxation (ECR) technique. LaWO54 is a mixed
ionic-electronic conductor (MIEC) with high protonic conductivity. It combines good permeation
behavior with chemical and mechanical stability and is therefore a candidate for future applications.
In the low temperature regime it can be utilized as an electrolyte material with proton conductiv-
ity and in high temperature applications it can be used as an electrode material or as a membrane
material in gas separation membranes as well as in chemical reactors.

With the ECR technique, the transport parameters for protons and oxygen ions in LaWO54 have
been determined. Another focus of this work lies on methodological questions regarding ECR —
or relaxation techniques in general — when analyzing hydration behavior instead of the commonly

investigated behavior upon oxidation.



Lanthanum Tungstate — Structure and Defect
Chemistry

Lanthanum tungstate is an MIEC with high protonic and electronic conductivity[1], both between
107 and 107> Scm™! in a temperature range from 700 °C to 900 °C[2, 3]. Its mechanical and chem-
ical stability against relevant process gases such as hydrocarbons, carbon dioxide and water, make
LaWO54 an interesting material for high temperature applications.[2, 4] At temperatures below
750 °C and in humid atmospheres, LaWO54 is predominantly a protonic conductor with low elec-
tronic contribution to the conductivity.[5] Thus, it is an interesting electrolyte material for proton
conducting solid oxide fuel cells (PC-SOFCs), competitive to BaZrO3; when deposited as a thin
film.[6] At high temperatures LaWO54 is also an electronic conductor and a suitable material for
gas separation membranes (HTM)[7] or for cathodes in solid oxide fuel cells (SOFCs)[8].

The defect chemistry shows not typical behavior and a detailed examination of its structure is re-
quired. In this section, the crystal structure will be described first and the resulting effects on lan-
thanum tungstate’s defect chemistry required for understanding the effects discussed in Chapters
3 and 4 will be described afterwards. Finally, an overview of the electrochemical properties, which

have been published in literature, will be provided.
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2.1 Structure

Lanthanum tungstate is a solid solution of lanthanum(III) oxide, La,0O3, and tungsten(VI) ox-
ide, WOs3, with a lanthanum/tungsten ratio of approximately 5.4. The phase diagram of this
system has been described by Yoshimura and Rouanet[9] forty years ago. Works on the crystal
structure and stable region of LaWO54 have been initiated after identifying this material as a
high temperature protonic conductor.[1, 2] The stoichiometric composition follows the formula
Lasg W4 xOs4415xV2-15x and contains two structural vacancies (v) in the anion sublattice.[3] The
undoped composition (x = 0, with a lanthanum/tungsten ratio of 7) is not stable but by increasing
the tungsten content (x ~ 1 with La/W = 5.4), this structure can be stabilized.[3, 10] It crystallizes

in the fluorite structure.

2.1.1 Single Phase Solid Solution

In the crystal structure of LaWO54 two differ-

11.20 : : ent Wyckoff-positions for La** exist (see Tab.
Lag}iﬂgggi;m REcIoN L I:ff}gi;ﬁg 2.1), Lal and La2. Increasing the tungsten con-

11.19+ : : 5 tent by x = 1, i.e. replacing one lanthanum on

a La2-48h site by tungsten, leads to a compo-

< 11.18- sition of Las 4WOy; 1, normalized to tungsten.
? ‘ : By X-ray diffraction (XRD) measurements of
11174 o% lanthanum tungstates with different La/W ra-

o © ' : tios the stable region of the solid solution has

45 50 52 54 56 58 6o beenidentified[3] (see Fig. 2.1): the lattice pa-
nominal La/W ratio rameter, a, is dependent on the La/W ratio in

Figure 2.1: LaWO phases dependent on the lan- the single phase region. If the ratio is higher,

thanum/tungsten ratio: in region II a single phase of 2 lanthanum(III) oxide phase appears and the

lanthanum tungstate is stable. In regions I and ITI sec- lattice parameter of lanthanum tungstate is un-
ond phases appear. Triangles are the results of a second changed with increasing lanthanum content; if

synthesis. They sintered the powders at 1500 °Ciin air. it jg Jower, a tungsten rich phase (LagW,0s)

Reproduced from Ref. [3] with permission from The appears. The lattice parameter of lanthanum

Royal Society of Chemistry. tungstate is constant with increasing tungsten
content. This experiment has been repeated
with different firing temperatures and hereby it has been shown that the solubility of tungsten on a
La2 position is temperature-dependent.[10] It was shown by Yoshimura and Rouanet that the solid
solutions depicted with a blue background in Fig. 2.2 are in fact a single phase of the solid solution.
A new phase diagram has been created by Magraso et al.[10] based on the XRD measurements from
Ref. [3], shown in Fig. 2.3. Depending on the firing temperature, the single phase region of the solid

solution has La/W ratios between 5 and 6.[10]
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Figure 2.2: Phase diagram of the system Figure 2.3: Revised phase diagram in air

by Magraso et al. taken from Reference [10]
(adapted; published by The Royal Society of
Chemistry). The four vertical lines repre-
sent a La/W ratio of 6.0, 5.7, 5.3 and 5.0.

La, O3 — WOs in air reprinted from Refer-
ence [9], with permission from Elsevier. A
blue background is added to the stable sin-
gle phase region. Temperatures in °C.

2.1.2 Crystal Structure

LaWO54 crystallizes in the fluorite structure with a lattice parameter, a, between 11.17 Aand11.19 A.
In a first study of the structure, XRD patterns were described by space group (s.g.) F43m (216)[3]
but later publications of the same group[10, 11] suggested that the crystal structure can be described
by s.g. F43m (216) or Fm3m (225). At the same time Scherb[12] described low temperature syn-
chrotron XRD profiles with s.g. Fm3m but neutron scattering data showed bad agreement with this
s.g. Thus, the cation ordering can be described by s.g. Fm3m but the oxygen ions, which have been
uncovered in neutron diffraction data, cannot be described sufficiently in this s.g. A new model
with s.g. F43m (216) has been proposed showing good agreement with neutron and synchrotron
data. In a later publication, Scherb et al.[13] improved the crystal structure to a fluorite supercell
with s.g. Pa3 (205). In parallel, Kalland ef al.[14] suggested that the crystal structure cannot be
described by an average symmetric structure.
Rietveld refinement of XRD data of powders and samples used in this work, however, show a better
agreement of the cation sublattice (XRD is not sensitive to oxygen because of the low atomic form

factor) to the first model of Scherb[12] (see Section 6.1.3) using s.g. Fm3m. As the s.gs. mentioned
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Figure 2.4: Structure of LaWO54. Light green: lanthanum (Lal), dark green: lanthanum (La2 split

sites), red: oxygen, light gray: tungsten, dark gray: tungsten on a lanthanum split site (W2, W13°).

are very similar to each other, the structure will be presented in the more general s.g. Fm3m here.
The lower symmetry of the other s.gs. can alternatively be described in s.g. 225 by lower site occu-
pancy factors (sofs). The s.g. 225 has a higher multiplicity of oxygen sites and thus only a part of
them are occupied. Seeger' et al.[15] suggest the first model of Scherb. The structural information is
summarized in Tab. 2.1 with the lattice parameter gained from Rietveld refinement and other struc-
tural information such as assignment of Wyckoft positions, sofs and isotropic temperature factors,
Biso, taken from Reference [12]. The structure is depicted in Fig. 2.4. Tungsten (W1) is coordinated
cubic by oxygen (O1) and occupies the corners and the face centers of the unit cell (0 0 0, light gray
atoms and coordination polyhedron in Fig. 2.4). The coordination number is 6, resulting from a sof
of oxygen on Ol site of » 0.75.[12] According to Diot et al.[16], tungsten (W1) is coordinated cubic
with two vacancies on diagonal sites, [WOgO, |. The structure is therefore called an ‘ordered defec-
tive fluorite structure’[2, 16, 17] with 56 remaining anion sites (64 regular sites per unit cell minus
4 x 2 oxygen vacancies next to the W1 site). As mentioned before, two different lanthanum sites
exist, Lal in the center and on the edges of the cubic cell, coordinated cubic by oxygen (O1) (light

green atoms and coordination polyhedron). The second lanthanum site (approx. 01/4 1/4, shown

'T. Seeger prepared the bar samples used for ECR measurements in this work.
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in dark green) is distortedly coordinated rhombic prismatic by oxygen (O1 and O2). The position
of lanthanum is slightly off-site (x = y ~ 0.235 instead of 0.25), causing split sites due to symmetry.
The site is thus fully occupied with a sof of 0.5.[12] The split position is caused by oxygen vacancies
at the W1 polyhedron and depending on the local oxygen environment of La2 (or W2, see later),
either one or the other split position is occupied.[12] Oxygen is coordinated tetrahedrally either
by lanthanum (O2) or tungsten and lanthanum (O1). All 32 O2 sites are fully occupied whereas 8
of the 32 Ol sites are vacant (sof (O1) = 0.75, see above). Furthermore, two of the remaining 56
anion sites are vacant due to stoichiometry, described by v;_; 5, in Lasg xWaixOs41155V2-15x in
the undoped material, i.e. x = 0. According to Erdal et al., density functional theory calculations
indicated that oxygen vacancies neighboring tungsten are slightly higher in energy. However, for
temperatures used in this work — which are typical for applications of ion conductors (T > 500 °C)
— it can be assumed that the 56 sites of the perfect lattice are degenerate and statistically occupied
by 54 oxygen anions and 2 structural vacancies.[18] The two vacancies in the vicinity of W1 can be
treated as structural vacancies — though the only constraint is that they are located diagonally to
each other — and do not contribute to the order/disorder equilibrium.

In LaWO54, one lanthanum on a La2 site per unit cell is replaced by tungsten (W2, x = 1). Like
lanthanum, tungsten is also distortedly coordinated rhombic prismatic by oxygen. By replacing one
lanthanum by tungsten, additional 1.5 of the two structural vacancy sites are occupied by oxygen to
maintain charge neutrality. The ionic radius of tungsten on this site is much smaller: the Shannon
radius of lanthanum is between r(¥'La*") = 1.032 A and r(V"'La3") = 1.160 A, and the radius of
tungsten is r(YIW®*) = 0.60 A.[19] Magras¢ et al., however, allocated the solubility of tungsten on
the La2 site to its highly distorted oxygen environment.[20] Scherb proposed a sevenfold coordina-
tion polyhedron for both cations, La2 and W2, considering the occupation numbers of oxygen and
the experimentally derived coordination number of La2 and W2 of » 7.[12] The W2 — O distances
are equal to the regular W1 - O distances[20] and the lattice positions of La2 and W2 are almost

equal, shown by computational simulations[20] and diffraction methods[12].

2.2 Defect Chemistry

Defects in the crystal structure of materials are crucial for the transport of species in solid state ma-
terials. This work focuses on bulk properties of solid state materials and thus only zero-dimensional
defects (point defects) are described in the following, although one- and multi-dimensional defects
also enable transport phenomena.[21, 22] Point defects are typically written in the Kroger-Vink
notation[23], using charges relative to the perfect crystal: ‘o’ for a relative positive charge, 7’ for a
relative negative charge and ‘x’ as relative neutral. v’ denotes a vacancy and ‘i’ an interstitial posi-
tion. In this work, ‘v’ is used to distinguish a structural vacancy from a vacancy of a regular oxygen
site, v. The notation uses the element or species that is creating the defect, S, with the relative charge,

q, as superscript and the lattice position in the perfect crystal, p, as subscript: . Example: yttrium

2.2
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Table 2.1: Phase information for the Rietveld refinement (see Section 6.1.3) of lanthanum tungstate

taken from Reference [12].

Site Wyckoff Coordinates Bis0/0.01 A? sof  Occupancy
X y z

W1 4a 0 0 0 0.457 1.000 0.02083
Lal 4b 0.5 0.5 0.5 1.125 0.979 0.02040
W2 48h 0 0.23520 0.23520 0.776 0.018 0.00450
La2 48h 0 0.23520 0.23520 0.776 0.482 0.12050
O1 32f 0.0971 0.0971 0.0971 8.26 0.729 0.12150
02 32f 0.3663 0.3663 0.3663 1.39 0.967 0.16117
Space group Fm3m (225)

Lattice parameter a =111716 A

(Y>*) doped into zirconia, ZrO,, by replacing one zirconium(IV) cation with an yttrium(III) cation
has the notation Y7, . It is also possible to describe electronic defects by free electrons in the con-
duction band, ¢/, and electron holes in the valence band, h*.

The defect fraction, [def], is the fraction of the defect relative to the stoichiometric composition.
E.g. an acceptor doped (Accy,) oxide with the stoichiometric composition MO has a defect fraction,
[Accy], of Nacer, /Nmo with the amounts N; of species i (or equivalent, the concentration of defects
in mole per mole oxide). The volume concentration of the defect, cq4ef, can be set into relation to
the defect fraction, [def], by

[def]-Z

Cdef = ———, 2.1
def Nx Voo (2.1)

with the number of formula units per unit cell, Z, the Avogadro number, Nj, and the volume of

the unit cell, Vyc.

OC.)Dopg O * O : O ° ren OC.)OQOO chottk OO

O
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Figure 2.5: Point defects in an exemplary crystal lattice. o: cation; O: anion; e: lesser valent dopant; 0

vacancy. Please compare to Reference [24].
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2.2.1 Point Defects in Lanthanum Tungstate
2.2.1.1 Donor Doping with Tungsten

The single-phase solid solution is — as discussed above — stabilized by doping with an additional
tungsten on a La2 site per unit cell. Consequently, it contains four regular tungsten species on
tungsten sites, Wy, and one tungsten (W®") on a lanthanum (La>") site, W1s°. In the temperature
range where transport kinetics are examined in this thesis, i.e. T < 950 °C, the mobility of tungsten
and lanthanum can be assumed zero (compare to cation diffusion in other fluorites[25, 26]). The
concentration of tungsten and lanthanum in the samples is, hence, constant throughout space and
time. XPS analysis by Erdal et al. has shown that lanthanum and tungsten have their maximum
positive charge, La>* and W®*.[18] Therefore, doping with tungsten leads to three relative positive

charges compensated by 1.5 additional oxygen:

1
La28W4054 + WO3 id La27W5055,5 + ELazog (2.2)

2.2.1.2 Oxygen

In the stoichiometric composition two types of intrinsic oxygen defects can be created to increase
configurational entropy, Schottky disorder[27] and anti-Frenkel disorder[28]. Schottky disorder
consists of defects involving multiple oppositely charged ions creating vacancies by adding ions to

the surface according to

My + O = vy + Vo + M2+ O with Ks = [vym][vey ] (2.3)

for an exemplary divalent metal oxide with the Schottky equilibrium constant Ks. Anti-Frenkel dis-
order in oxides is formed by an oxygen vacancy and an oxygen interstitial, O;’, with the equilibrium

constant K,r and the reaction
o5 +vi =vy +0! with Kar = [O][vS] (2.4)

Additionally, an equilibrium with oxygen of the surrounding gas atmosphere, dependent on the
partial pressure of oxygen, pO,, is present. Oxygen from the surrounding gas atmosphere can be

incorporated into or be released from the solid oxide according to the following surface equilibrium:

1 . O% 4 ohe . [06][h*]?
~05(g) +vyy = 0F +2h with Ko, = ——2—— (2.5)
2R T VNS

Oxygen from an oxygen molecule in the gas phase is incorporated onto a surface near oxygen va-
cancy, creating two electron holes (see Section 2.2.1.4 for further considerations about electronic
defects). The formation of (thermal) oxygen vacancies leads to an oxygen non-stoichiometry in the

material, described by the value § in the material’s chemical formula, MO;_s.

2.2
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In the case of lanthanum tungstate, two different types of oxygen vacancies are present: 2 — 1.5x
structural vacancies on the anion sublattice per unit cell due to stoichiometry, v}, depending on
excess tungsten concentration x; and § thermal oxygen vacancies per unit cell, v¢y, depending on
temperature and partial pressure of oxygen (and, to anticipate Chapter 3, on partial pressure of
water). Both types of vacancies can also be occupied, subsequently forming the defect either oxygen
on a structural vacancy site, O;, or a regular oxygen on oxygen site, Of. As mentioned in the
previous sections, the remaining 56 anion lattice sites are degenerate at high temperatures[18], and
as a consequence, one cannot distinguish between oxygen on an oxygen site or on a structural
vacancy site and also not between a vacancy on an oxygen site and on a structural vacancy site.

In this work, the oxygen sublattice is thus split according to the composition of LaWO54,
Layg x W4 xOs4415xV2-15x, into two virtual sublattices with a ratio of 54 : 2. The defect frac-
tions of the components occupying the 56 anion sublattice sites, O, vy, O}, and v}, are in the

following relation:
(071 +[v5]=2 (2.6)
[00] +[vo'] = 54 (2.7)

It is important to keep in mind that no anti-Frenkel equilibrium is present between both virtual
sublattices because the sites are degenerate at high temperatures. It can be seen as an order-disorder-

transition with the following quasi-chemical reaction:

X X e . [v& 1005]
O +vy =vy +0)  with Ko/do = [Ooé]ﬁ (2.8)

It is comparable to the reversible order-disorder-transition in spinels where the ‘normal” spinel
structure (e.g. Ni;GeOy) or ‘inverse’ spinel structure exist at low and medium temperatures. At
high temperatures the cations are distributed to the A-site and B-site depending on the equilibrium
temperature.[29] For lanthanum tungstate, the Gibbs energy of the quasi-chemical reaction, AR G®
of Eq. (2.8), is assumed to be small compared to RT at high temperatures: exp{-ArRG®/RT} ~ 1.
The equilibrium constant of the order-disorder-transition of the oxygen sublattice is approximately
unity and the combined sites of both sublattices are statistically occupied by oxygen. The total de-
fect fractions of oxygen, ([O} ]+ [Og]), and vacancies, ([v} ] + [vg']), by combining the two virtual
sublattices can thus directly be inserted into the laws of mass action for the incorporation equations
that will be presented in Chapter 3. Additionally, oxygen on structural vacancy sites and oxygen on
regular oxygen sites and structural vacancies and oxygen vacancies are in the following relationship
due to the splitting into the virtual sublattices and the order-disorder-transition, derived from Eq.
(2.8):
2

54

03] and  [v}]= =[] (2.9)

OII
(0] -

v
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1) 56 anion sites 2) 2 virtual subl.
56 54 2

4) La,W.O 6) high T: degenerate and La, W, O

5~ 555

Figure 2.6: Oxygen sublattice of LaWO54 (vacancies in 3)-6) white, oxygen red): 1) 56 anion sites can

be occupied by oxygen. 2) This sublattice is split into two virtual sublattices. 3) In the stoichiometric
composition at 0 K two structural vacancies exist while the first sublattice is occupied by 54 regular
oxygen. 4) Doping with one tungsten fills 1.5 structural vacancies with oxygen. 5) At high temperatures
all oxygen sites are degenerate. 6) Above zero temperature oxygen vacancies (oxygen non-stoichiometry

0) are created to increase configurational entropy.

Norby suggested a new approach to the Kroger-Vink nomenclature of such crystal structures by
using fractional charges (statistical charge of the lattice site) and fractional lattice sites as a result
of combining the two virtual sublattices of the defective structure described above.[30] This takes
also into account that there is no anti-Frenkel equilibrium between oxygen vacancies and structural
vacancies. It is beneficial in Norby’s nomenclature that less defect reactions must be formulated (see
Section 3.1).

Erdal et al.[18] have presented the defect chemistry of LaWO54 based on the model of Norby[30]:

108 108 o
the combined oxygen sublattice can be described by the occupied defect O ?,Z o and the vacancy V5 ‘o
56

with a charge relative to the statistical ideal charge of —108/56.

2.2
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2.2.1.3 Protonic defects

Many solid state oxide materials are able to dissolve protons. Studies on proton conductivity on
perovskite type materials by Kreuer[31, 32] revealed that protons are bound to oxygen. Depending

on the distance between oxygen ions, d, three types of bonds can be categorized:

 Large O — O distances (d > 280 pm): protons are strongly bound to oxygen ions with a bond
distance lower than 100 pm. Thus, the proton is embedded in the electron shell of oxygen

(Shannon crystal radius of oxygen: 121 pm to 128 pm[19]).

« Medium distances (250 pm < d < 280 pm): hydrogen shows a strong (mainly covalent) bond

to one of the oxygen ions and a weak hydrogen bond to the other.
« Short distances (d < 250 pm): the proton is bound to both oxygen ions by covalent bonds.

Kinetic Monte Carlo simulations by Bjorketun et al.[33] have shown that the minimum O-H dis-
tance is 98 pm in barium zirconate and that the bond is oriented along the angle bisector between
the oxygen ion and the two neighboring barium ions that are not diagonal to each other. By reori-
entation of the cation polyhedra the distance between two oxygen ions can be shorter at a specific
time (‘instant configuration’) and temporary hydrogen bonds to nearest-neighbor oxygen ions are
possible.[32] Using s.g. Fm3m (225) with lattice parameter a = 11.1716 A and no further distortion
of the coordination polyhedra, the oxygen-oxygen distances in LaWO54 are d(O1 — Ol) = 217 pm,
d(02-02) =298 pm and d(O1 - O2) = 306 pm. In instant configurations, other oxygen-oxygen
distances occur than in the average configuration. It can be assumed that protons in the vicinity of
tungsten have a covalent bond to two oxygen Ol ions. In instant configurations, hydrogen bonds
to oxygen O2 ions might be possible. In the average configuration, the hydrogen bond breaks and
the proton is bound to a single oxygen ion, if oriented towards an O2 oxygen ion. There are two
different notations for the same protonic defect: one describes the proton in the electron shell of
oxygen forming a hydroxy anion on an oxygen lattice site, OHg). The other notation defines the
proton as an interstitial, H (which must be in the vicinity of an oxygen ion, O).

For lanthanum tungstate the notation of hydroxy anions is either OH, for the first virtual sublattice

and OH], for the second virtual sublattice or in Norby’s notation for inherently defective sublattices

52,
OHZ{ |.[18, 30] However, describing the proton as an interstitial, Hf, is always valid.
56

The migration of protons — reorientation and transfer processes — will be discussed in Section
3.2.1.1.
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2.2.1.4 Electronic Defects

In solid state materials the energy levels of molecule orbitals are so close together that one can define
them as a band.[34] The highest occupied band at zero temperature is called the valence band and
the lowest unoccupied band is called the conduction band. Semiconductors like LaWO54 possess
a (not too large) band gap between both bands, and the Fermi energy, €, is located within the
band gap. Above zero temperature, electrons follow the Fermi-Dirac distribution, causing valence
electrons to be excited into the conduction band. Thus, free electrons are located in the conduction
band, €', leaving an electron hole, h®, behind. Recombination of free electrons and electron holes

is also possible. The electronic equilibrium is defined by
nil=¢ +h*  with Ke = [€'][h*] (2.10)

At the stoichiometric point, the concentrations of electronic defects are equal, [e'] = [h*®]. At partial
pressures of oxygen higher than the stoichiometric point (p-type regime), electron holes, h®, are
electronic majority defects due to the oxygen incorporation equation. At partial pressures below
the stoichiometric point (n-type regime), free electrons, €’, are electronic majority defects.[24] For
the first case, the oxygen incorporation equation (2.5) can be formulated while for the second case,

it can be reformulated by combining with Eq. (2.10) to
[05]

VPO Vg ][e']?

1
Eoz(g) +vo +2¢' =05  with Ko, = (211)

2.2.2 Electroneutrality Condition

The concentrations of all charged point defects are set into relation to each other in the electroneu-
trality condition. All positive charges must be compensated by negative charges — regardless if
declared as absolute or relative charges. First, the complete electroneutrality condition will be pre-
sented, including intrinsic defects such as Frenkel, anti-Frenkel and Schottky disorder. The elec-
troneutrality condition can be simplified by neglecting defects with very small concentrations, de-
pending on the conditions that will be examined and on the material.

The complete list of defects for lanthanum tungstate is:
« Tungsten dopant, W73°
o Electronic defects, e’ and h*®
« Thermal oxygen vacancies, v¢y

« Oxygen ions on structural vacancy sites, O/

« Proton interstitials, Hf

Frenkel defects, v{”/ + La?** and v¥, + W?*, and anti-Frenkel defects, vy + O/

2.2
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o Schottky defects, v/ + L.5ve and vy, + 3vey.

The full electroneutrality condition is accordingly

3[Wre*] + [h*] +2[ve] + [HT] + 3[La*] + 6[W?*] (2.12)
= 2[07] +2[Of"] + 3[v{,] + 6[viy] + [¢]

The following simplifications for lanthanum tungstate and the experimental conditions analyzed
in this work are valid: the oxygen sublattice of fluorites and perovskites is not close packed and
defects in this sublattice are dominating over defects in the cation sublattice. Hence, Schottky and
anti-/Frenkel type defects are minority defects and can be neglected in the electroneutrality condi-
tion.[24] At the temperatures and pO,s examined in this work the simplifications of oxidizing con-
ditions can be applied (see below). Consequently, electronic majority defects in the p-type regime
are electron holes. Free electrons, €/, can be neglected. As the temperature range is higher than
the commonly used range up to approx. 700 °C, electronic defects that are neglected in the work
of Erdal et al.[18] cannot be neglected here (see a later publication of the same group, Magrasé et
al.[10]). N.B.: The ‘high’ temperature range (above 1500 °C) enables cation diffusion. Such high
temperatures are only used for sintering in this work.

With these simplifications a new electroneutrality condition for intermediate temperatures can be
formulated:

3[Wist] + [h*] +2[vy] + [HT] = 2[0)] (2.13)

1 v

This equation can also be written in Norby’s notation for inherently defective sublattices[30] (com-
pare to Erdal et al.[18]):

108

WL+ [0+ 2 [vidg |+ (71 = o [0 @1

Lanthanum tungstate is donor doped with tungsten but the oxygen ions occupying structural va-
cancies, compensating the positive charges of tungsten and, at high pO, and intermediate temper-
atures, of electron holes, render lanthanum tungstate an effectively acceptor doped material[10]:
with [W13*] =1and [O]] » 2-55.5/56 ~ 2 equivalent to an effective acceptor with concentration
[Acclz] ~ 1 and relative charge of —55.5/56 ~ —1.
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2.2.3 Defect Concentrations and Brouwer Diagram

The amount of tungsten dopant is constant in the entire pO, and temperature range. The total
oxygen sublattice is occupied by approximately 55.5 oxygen ions and can be assumed constant
(LazyWs0Os55_5 with § <« 55.5). The concentration of the other defects is mainly dependent on

the partial pressure of oxygen and can be divided into three regions:

1. Reducing conditions (low pO,):
The following concentrations are negligible at extremely reducing conditions: electron holes,
tungsten dopant and oxygen on structural vacancy sites, while the latter can also be expressed
as an effective acceptor dopant as already discussed before, which is also negligible compared
to oxygen vacancies. Thus, the electroneutrality condition, Eq. (2.13), including free electrons

for this regime, ¢, can be simplified to
2[vg]=1[€] (2.15)

The equilibrium constant for the oxygen incorporation equation in the n-type regime, Eq.

(2.11), can be written as
K ([og]+107]) 54 2-555
O, = = —_"
VPO([vy ]+ [ DIe’]> 56 \/pOs[e']?

Please compare this to the general equation (2.11) and the p-type equation for lanthanum

(2.16)

tungstate in Chapter 3, Eq. (3.4) combined with Eq. (2.9). The slope of the concentrations of
free electrons and oxygen vacancies in the extremely reducing regime is —1/6 and the electron

hole concentration in the (double logarithmic) Brouwer diagram has a slope of +1/6.

2. Stoichiometric region (medium pO,):
Electronic defects, ¢’ and h®, can be neglected when close to the stoichiometric point. The
concentration of oxygen vacancies is compensated by oxygen on structural vacancy sites
which also compensate the tungsten dopant. When regarding the system as effectively ac-
ceptor doped, oxygen vacancies are compensated by effective acceptor dopands. The elec-

troneutrality condition, Eq. (2.13), reduces to
2[vy] = (2[07] - 3[Wis"]) = [Accq] (217)

The equilibrium constant can be expressed by

o - ([O0c]+[0/) 54 2-55.5
O /p0a([vg] + DT 56 /pOs[Acc [P

The slope of the concentrations of electronic defects is thus —1/4 and +1/4 for free electrons

(2.18)

and electron holes, respectively. As the concentration of oxygen vacancies is dependent on

the acceptor concentration, it is constant in this region.

2.2
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3. Oxidizing conditions (high pO,):
In the oxidizing region the concentrations of oxygen vacancies and free electrons can be

neglected in the electroneutrality condition, resulting in
[h°] = (2[07] - 3[Wi3°]) = [Acceg] (2.19)

Tungsten dopant and oxygen on structural vacancies can be treated as effective acceptor
dopants as discussed before. Electron holes are thus compensated by these acceptors and
their concentration is constant in this region. The concentration of oxygen vacancies can be

calculated by the law of mass action:

Ko, = — o - . _eff] (2.20)
P56 \/pOalvy] 56 \/pOs[ve]
The concentrations of electronic defects are constant as well as the concentration of the ef-

fective acceptor. The slope of the concentration of oxygen vacancies is —1/2 in this region.

From these considerations a sketch of the Brouwer diagram is generated in Fig. 2.7. Partial pres-
sure of water or hydrogen and thus proton concentration is zero in this treatment. By increas-
ing the temperature, the region for medium pO, (around the stoichiometric point) is shrinked
and shifted towards higher pO, (compare Fig. 2.11). This shows that oxidation is favored over
reduction in lanthanum tungstate (enthalpies of quasi-chemical oxygen incorporation reactions
An-typeH > Dy typeH).[35]

stoichiometric |

reducing | | oxidizing
| region |
| |
| |
| |
| |
o I I
[J] I | !
© | | Acceff
o -
o [ Vo

stoichiometric .V Ml ...
point

log (pO, / bar)

Figure 2.7: Sketch of the Brouwer diagram (double logarithmic [def],pO,-diagram) of lanthanum
tungstate for pH,O = 0.

For the oxidizing region it is possible to calculate the defect fractions with the equilibrium con-

stants Ko, and Ky, 0 (see Egs. (3.4) and (3.16)), including the proton concentration and the partial



Defect Chemistry

pressure of water into the treatment.[36] The concentration of oxygen over the total anion sublat-

tice is 55.5 and it is regarded as approximately constant in the entire pO, and pH,O regime. The

concentrations of protons, oxygen vacancies and electron holes are consequently:

28 - K Ko, - 0, \2
[H]=- — 109 ,p,0. 1+02—pz (2.21)
4.27-55.5 KHZO : szo
28 - K K 0, \?
4.27 ?505'sz0' g e
.27 -55. H,0 - pPH20
1
2
28KH20 17 328KH20 (11}
+—"22 . pH,0-[O —F—— - pH,0 - [W
27555 20- [0y 2.27-55.5 20 [Wiy']
vy 555 54 [HF]?
[VO]:K '5'[ ] (2.22)
H,0 pHO
. Ko, 56 0o )2
[h]=(55;'§'~/P02'[V0]) (2.23)

pO,- (Fig. 2.8) and pH,O- (Fig. 2.9) dependent concentration diagrams can be simulated with

arbitrary equilibrium constants and a tungsten dopant concentration of one. N.B.: The defect frac-

tion is referred to the complete unit cell of lanthanum tungstate consisting of 32 cation sites and 56

anion sites that can be occupied.

h'0.0124
AAAA

-6 i " : " : " 1

25 20 -15 10 5 0
log (pO,/bar)

Figure 2.8: Defect fractions for the arbitrary
equilibrium constants Ko, = 1000 and Ky, =
87 under oxidizing conditions with one tung-
sten on a La2 site per unit cell. pH,O =

30 mbar.
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Figure 2.9: Defect fractions for the arbitrary
equilibrium constants Ko, = 1000 and Ky,0 =
87 under oxidizing conditions with one tung-
sten on a La2 site per unit cell. pO, = 30 mbar.
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2.3 Material Properties

In this section an overview of recent publications about the electrochemical properties of lan-
thanum tungstate will be given. The focus lies on publications regarding lanthanum tungstate as
a material for gas separation membranes and as an electrode or electrolyte material in SOFCs/solid

oxide electrolyzer cells (SOECs).

2.3.1 Conductivity

The electrical conductivity and permeation rates of lanthanum tungstate as a protonic conductor
were first investigated by Shimura et al.[1]: temperature-dependent conductivity measurements in
humid gases — air, H, and D, — suggested that LaWO54 is a protonic conductor because the
electrical conductivity in a humid deuterium atmosphere is lower than in a humid hydrogen atmo-
sphere. A more detailed analysis by Haugsrud and Kjelseth shown in Fig. 2.10, which is taken from
Reference [5], indicates that protonic charge carriers are dominating under approx. 800 °C, while
above, the electronic contribution to the total conductivity dominates. The electrical conductivity
between 600 °C and 1000 °C is reported to be I x 107> Scm™ to 2 x 1072 Scm ™. pO,-dependent
measurements of the total conductivity in a range from log(pO,/atm) = —20 to 0 have shown
that lanthanum tungstate has a broad stoichiometric region with dominating ionic conductivity.
The n-type and p-type regions concatenated to the stoichiometric region at reducing and oxidiz-
ing conditions, respectively, show slopes of less than 1/4 or 1/6. Partial pressures of oxygen for
the fully p-type oxidizing or n-type reducing regions could not be reached. This substantiated the
assumption that the electronic contribution to the total conductivity is low for low temperatures.[1]
However, conductivity measurements at higher temperatures over a large pO, range by Haugsrud
and Kjolseth revealed that the electronic contribution to the total conductivity is increased at tem-
peratures at or above 800 °C, shown in Fig. 2.11 taken from Reference [5].

Doping with other cations, e.g. molybdenum, results in a significant increase of the electronic con-
ductivity in the n-type regime as shown by Amsif et al.[37] This is especially interesting for the ap-
plication in gas separation membranes which operate at extremely reducing conditions: electronic
conductivity is required to enable hydrogen flux without second phases that are electronic conduc-
tors or electrodes. The ionic conductivity is almost unchanged by doping with molybdenum. In
the oxidizing regime that is analyzed in this work, however, the total conductivity is decreased by
doping.[37] Doping lanthanum tungstate with calcium leads to steeper slopes in a log o,log pO,-

diagram at reducing and oxidizing conditions but the total conductivity decreases significantly.[2]
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Figure 2.10: Total conductivity mea-
surements of lanthanum tungstate in differ-
ent atmospheres reprinted from Reference
[5], with permission from Elsevier. The
large difference between the humid (solid
and short dashed lines) and the less humid
(long dashed line) atmosphere at low tem-

peratures proves that lanthanum tungstate

Oxygen pressure, p02/ atm

Figure 2.11:  Temperature and pO,-
dependent measurements of the total con-
ductivity of lanthanum tungstate reprinted
from Reference [5], with permission from
Elsevier. At elevated temperatures the slope
of the conductivity in the oxidizing regime
of the double-logarithmic diagram and thus

the electronic contribution increases.

is a protonic conductor. However, at ele-
vated temperatures, the electronic contri-
bution gains significance and all three lines

combine.

2.3.2 Transport Kinetics and Permeation

The transport kinetics of lanthanum tungstate have already been analyzed by IEDP followed by
ToF-SIMS[39], mass relaxation studies by thermogravimetry[40, 41] and ECR[38]. The latter two
studies yielded chemical transport parameters which are also investigated in this work.

ECR experiments by Solis et al.[38] were performed in a temperature range between 680 °C and
750 °C in the oxidizing regime. The kinetics of oxidative and reductive steps as well as hydrating
and dehydrating steps were evaluated. They have observed single fold relaxation behavior in all
cases. They have not observed the expected two-fold relaxation behavior, which will be discussed
in detail in Section 4.6. Thy attributed it to the fact that the electronic contribution to the con-
ductivity is low in lanthanum tungstate. In Fig. 2.12, chemical diffusion coefficients and chemical
surface reaction constants are shown, taken from Reference [38]. Hydration and dehydration kinet-

ics are significantly slower than oxidation and reduction kinetics. Chemical diffusion coefficients
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land1x107°

. The corresponding activation energies were determined to be

for hydration are between 4 x 1076 cm? s~ cm?s™! and chemical surface reaction rates

are approximately 1 x 107 cms™
0.57(10) eV and 0.58(20) eV, respectively. Oxidative and reductive steps as well as hydration and
dehydration steps yielded almost the same parameters, which may be attributed to the fact that the
step size is rather small and/or the relaxation is not hindered by limited mass transport (compare
to Refs. [42] and [43]). The difference between dry and wet oxidative steps seems also small (see
Fig. 2.12) and, therefore, it has been stated that the hydration does not interfere with the oxygen

diffusion.[38]

Chemical and tracer diffusion coeflicients and
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Figure 2.12: Chemical surface reaction rates and
perature range between 550°C and 800°C

chemical diffusion coefficients of lanthanum tungstate
yielded chemical diffusion coefficients between
1x1077 Yand1x 107

tivation energy of 1.24(4) eV and chemical sur-

obtained by ECR measurements. Reprinted with per-

cm?s” cm? s~ with an ac-

mission from Reference [38]. Copyright 2011 Ameri-
can Chemical Society.

face reaction rates between 2 x 10~ cm s and
1x1073
reducing conditions.[40] In a later study they have analyzed hydration enthalpy and entropy by
o = 90(10) kJ mol™! and

For the analyzed temperature range between 400 °C and 700 °C

cms™! with an activation energy of 0.50(1) eV for oxidizing conditions and 0.25(3) eV for
thermogravimetry and differential scanning calorimetry yielding AHp
AS§ o = —110(10) Jmol ' K.
equilibrium constants between -1 < log Kyj,0 < 1.5 were obtained.[41] Simultaneously, the same
group has performed IEDP experiments analyzed by ToF-SIMS with ¥0 and deuterium as tracer.
The obtained tracer diffusion coeflicients and tracer surface reaction rates were in agreement with

the values obtained by thermogravimetric relaxation measurements.[39, 40]

The permeation flux of hydrogen in a gas separation membrane setup was analyzed by Escolastico
et al.[44] A layer of lanthanum tungstate (900 um) was coated with platinum ink to improve the
surface reaction. Highest hydrogen flux was achieved at a temperature of 1000 °C under humid air

(pH,0 = 0.025atm on feed and sweep side) with values above 0.04 mLcm™ min~.[44] A later
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study of the same group improved the hydrogen flux to values up to 0.12mLcm™ min™" for the
composition (Nds/sLn; s WOy 25_5) with Ln = La, Ce, Eu, Pr, Tb. They explained that the improve-
ment of the ambipolar conductivity by cation substitution is the reason for the drastic increase of
the hydrogen flux.[7]

Preparation of thin layer dense lanthanum tungstate (30 um) on a porous support by Gil et al.[45]
led to comparable hydrogen fluxes of approximately 0.15mLcm ™2 min~!. The flux is in the same
order of magnitude as for acceptor doped strontium cerate perovskite membranes, which show
currently one of the highest hydrogen fluxes.[45, 46]

At low temperatures the electronic contribution to the total conductivity is low enough to use lan-
thanum tungstate as an electrolyte material in SOFCs/SOECs setups. Resistances and microstruc-
tural analyses with various cathode and anode materials have been published by Balaguer et al.[8]
and Zayas-Rey et al.[6] The latter publication also included power density curves with a maximum
power density of 140 mW cm ™2 at 900 °C and a comparison to perovskite type materials: while the
power density is comparable to the power density for BaZr( 9Y(10;_s, the power density achieved
by BaZry1Ce7Y01Ybo105_s is unrivaled.[6, 47, 48]
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Hydrogen Incorporation and Permeation

Many fluorite- and perovskite-type oxide materials show a pO,-dependent concentration of oxy-
gen vacancies. Some of them also show a solubility of protons originating from hydrogen or water
in the surrounding gas phase. Proton permeability is usually higher than oxygen permeability (e.g.
barium zirconate or lanthanum tungstate), thus PC-SOFCs are favored over regular SOFCs trans-
porting oxygen (or their vacancies). Though all proton conducting solid oxides also show good oxy-
gen permeation behavior. Highest oxygen permeability does not necessarily correlate with highest
proton permeability.

In this chapter, the incorporation of protons originating from hydrogen and water from the gas
phase as well as the permeation of protons within the bulk phase will be discussed. The treatment
of oxygen incorporation and permeation is, however, inevitable for understanding the relaxation
behavior this work is focusing on and will be discussed in this chapter first. Finally, the composition
of the gas phase will be calculated as the chemical potentials of the species involved are responsible
for the equilibrium content of protons and oxygen in the bulk.

There are multiple possible driving forces for chemical transport in solids. In this work, only gra-
dients in the activity of a species, i.e. a gradient in concentration or partial pressure, will be treated.
Other driving forces may be gradients in temperature, electric or magnetic fields, mechanical stress

etc.
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3.1 Surface Reactions

A first glimpse at the surface reactions taking place at solid oxide surfaces has already been dis-
cussed in Chapter 2, e.g. Eq. (2.5). Quasi-chemical reactions can be defined using the Kroger-Vink
notation. The kinetics of such incorporation equations are usually of first order, meaning that the
reaction rate is linear proportional to the concentration of the ionic species. The exact mechanism
of the incorporation reaction, however, is not known. Some works introduce suggestions of mech-
anisms based on experimental evidence.[49, 50] In principle, the incorporation of gas molecules

into a solid oxide consist of the following steps:
» Convection and diffusion in the gas phase.
« Film diffusion in the surface-near gas phase (no slip condition).

« Adsorption of the gas molecule. The exact orientation of the molecule and number of bonds

to the surface is usually unknown.

« Dissociation and, in the case of hydrogen and oxygen, electron transfer. The exact order of

the steps and the exact nature (bonds and charges) of the species is unknown.

« Incorporation into a surface near vacancy or, in the case of protons, to a surface near oxygen

ion.
o Bulk diffusion.

For the incorporation of a water molecule, the steps are schematically shown in Fig. 3.1 and are
discussed in Section 3.1.3. The steps 3, 4 and 5, i.e. the surface reaction, are summarized in the
incorporation equation. The incorporation equations will first be described for a general acceptor
doped (p-type) system followed by the case of lanthanum tungstate for each compound, i.e. oxygen,
hydrogen and water. With the recombination of electrons and electron holes, e’ + h® = nil, n-type
and p-type incorporations can be transformed into each other. The kinetics of the surface reactions

are similar to each other and will be discussed afterwards in Section 3.1.4.

3.1.1 Oxygen

The oxygen incorporation equation has already been mentioned in Chapter 2. Half of an oxygen
molecule is incorporated onto a surface-near vacancy forming oxygen on a regular oxygen site and
two electron holes. The oxidation number of oxygen is thus reduced from 0 to —2. Therefore, two
electrons have to be transferred to the adsorbed oxygen species before it can be incorporated into
the crystal lattice. The second oxygen atom from the oxygen molecule should also be adsorbed and

can be incorporated in the same way. The general incorporation equation and the corresponding
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law of mass action is:

O*1h® 2
%Oz(g) +vy = 0§ +2h* with Ko, = 19]Ih" 1" (3.1)

VPO:[vE]
In the case of lanthanum tungstate oxygen can be incorporated onto a thermal or a structural
oxygen vacancy leading to two different incorporation equations. The equation for lanthanum
tungstate, however, can also be formulated by the above equation combined with the order-
disorder-transition, Eq. (2.8). The incorporation equations for the statistically occupied two virtual

sublattices are as follows:

Ox ho 2
lOz(g) +vy =04 +2h* with Ko, 1= M (3.2)
2 V POZ[VQ ]
14 ]2
1oz(g) +u) =0 +2h° with Ko, 2= Lo][h* ) (3.3)
2 v PO2[v5]

Dividing both laws of mass action from Egs. (3.2) and (3.3) yields the law of mass action of the
order-disorder-transition, Eq. (2.8). As K4, ~ 1, the equilibrium constants of both incorporation
equations mentioned above are equal, Ko,, ; ~ Ko,, 2. Combining both virtual sublattices and with
Eq. (2.9) the law of mass action of the oxygen incorporation equations can be condensed to

_([05] +[OoyD[h*] (3.4)

R0 = pon(var] + [02))

For the sake of completeness the incorporation equation for lanthanum tungstate can also be es-

tablished with fractional charges and fractional oxygen lattice sites supposed by Erdal et al.[18]:

108

1 108 o 4
EOz(g) +vE 0% +2h*  with Ko, =

54 54
56 o 56 o

(3.5)

3.1.2 Hydrogen

Lanthanum tungstate can, among other oxides, incorporate hydrogen in form of proton interstitials
or, equivalently, as hydroxy-anions (see Section 2.2.1.3). A hydrogen molecule can be adsorbed at
the surface. After breaking the bond and transferring an electron to the bulk (or removing an
electron hole from the bulk), a proton can form a hydroxy-anion with a surface-near oxygen ion.

The incorporation equation can be formulated as

1 H!
EHZ(g) +045+h* = OHy =0g +H; with Ky _H] (3.6)

* T /pH[h?]

The proton is usually located within the electron shell of oxygen with a distance of approximately

100 pm (see Section 2.2.1.3). In the case of lanthanum tungstate, the proton can be assigned to

3.1
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an oxygen ion on an oxygen site, O, or to an oxygen ion occupying a structural vacancy, O}.
The relative charge is reduced by one and the hydroxy-anion has thus a charge of +1 for a regular
site, OHY), and a charge of —1 for a hydroxy-anion on a structural vacancy, OH},. The permuted

incorporation equations for both virtual sublattices are thus:
1
EHz(g) +0g5+h®* = OHg =05 +H (3.7)
1
EHz(g) +0) +h* = OH, =0; +H} (3.8)

If the proton, however, is defined as an interstitial proton, Hf, oxygen is canceled in the law of mass
action so that the oxygen species to which the proton is assigned to is irrelevant, leaving the law of
mass action unchanged.
With the use of fractional charges and fractional oxygen lattice sites both equations can be reduced
to

1 = N 2o Ly o

EHz(g) + O%o +h* = OH%O = O%o +H; (3.9)
If the oxygen partial pressure is not negligible, the water equilibrium in the gas phase that will be
discussed in Section 3.3 has to be considered. In the presence of oxygen, hydrogen is almost entirely

oxidized to water.

3.1.3 Water

Hydration and dehydration kinetics are the main topic of this work. The incorporation of water
into the bulk is the essential incorporation equation. The solubility, reaction and first kinetic studies
go back to Wagner in the late 1960s.[51] The incorporation requires a vacancy and an oxygen ion

forming two hydroxy-anions according to

O3 I[H: P
HZO(g) + 06 + V(')' = ZOH(.) = 206 + 2H1. with KH o= [ O][ 1]

=1 1- 3.10
0= pH,0[ve] (310

Although there is no direct change in electron hole concentration, the oxygen equilibrium has to
be taken into account upon hydration with constant pO,: the concentration of oxygen vacancies
decreases and thereby, from Eq. (3.1), the concentration of electron holes decreases as well. The
ratio of proton interstitials and electron holes can be described, using both equilibrium constants,

KOZ and KHzo, by

[H?] | Kmo pH20
o] ‘ Ko, /0o (3.11)

This equation has already been used to describe the defect fraction of proton interstitials in Eq.

(2.21). Please compare this also to Reference [36].
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The incorporation of water can be split into two elementary reactions. In the next section, the
necessity of splitting this reaction will become evident when kinetics are treated. The incorporation
reaction, Eq. (3.10), is the sum of Eq. (3.1) and two times Eq. (3.6):

2x  1H,(g) + O +h® = OHY)

Ix  305(g) + vy = OF +2h*

H,0(g) + OF + v& = 20HY,

In the case of lanthanum tungstate, four permutations of Eq. (3.10) are possible when the anion
sublattice is divided, but they can also be achieved by inserting the equation for the order-disorder-

transition, Eq. (2.8), into the water incorporation reaction, Eq. (3.10).

H,O(g) + O5 + vy = 20HY, (3.12)
H,0(g) + Ol + v} = 20H), (3.13)
H,0(g) + O§ + v, = OHY + OH,, (3.14)
H,0(g) + O} + vy = OHY + OH,, (3.15)

Analogously to the law of mass action for the incorporation of oxygen, Eq. (3.4), and hydrogen, Eq.

(3.6), the law of mass action for the incorporation of water can be established:

_ ([105]+ [OL)[#;
0 pi0(v ]+ [v7) G0

The use of fractional charges and fractional oxygen lattice sites reduces Eq.s (3.12-3.15) to

EL % %/ o i [ 56 i
HZO(g)+O%O+V%O :ZOH%0520%0+2Hi with Ky, 0 = T,
szO I:Vifojl

56

ox’ | [mrp
O] (3.17)

3.1.4 Kinetics of Surface Reactions

A brief overview of the steps involved when a molecule is incorporated into a bulk sample is already
given in Section 3.1. The surface reaction is usually assumed to be a first order reaction. If multiple
species are present, multiple first order reactions are assumed. The flux j; of species i (e.g. of oxygen)
at the surface can be described by[49]

ji = k(s = vy, (3.18)

with the ambipolar surface reaction rate k; as proportionality constant and the concentrations of

surf

species i, ¢;° and ¢;"". ¢;° is the concentration that would be present if the bulk phase is in equi-

surf

librium with the gas phase. ¢;"" is the concentration of species i of the bulk at the surface.

3.1
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The time-dependent concentration assuming infinitely fast diffusion can be described by a sim-
ple exponential function. For example, the equation for a finite medium, here a plane sheet with

thickness 24, can be derived by integration of Eq. (3.18) from —a to a.
:l—e a. 5 (319)

with the initial concentration of species i, c?. In Egs. (3.18) and (3.19), k; or sometimes written kcpem
or k? is the chemical surface reaction rate with the dimension of length per time. The chemical
surface reaction rate can be equal to the tracer surface reaction rate, k', or orders of magnitude
higher. A relationship between both rates has been extensively discussed by Maier.[52]

The rate determining step within the surface reaction is unknown. However, the rate determining
step is assumed to be a first order reaction and all other steps are in pre-equilibrium and thus irrele-
vant for the kinetics of the surface reaction. This is at least valid for oxidation or reduction kinetics.
On the other hand, as will be discussed in the results of this work, a surface reaction with two differ-
ent first order kinetics for the incorporation of water upon hydration or dehydration are present. It
can be assumed that protons can easily be incorporated into the lattice. Oxygen or hydroxy-anions,
on the other hand, show a slow and similar incorporation reaction (compare to the vehicle mecha-
nism described in Section 3.2.1.1). A further discussion will be presented in the results of the ECR
experiments.

Previous works in our group by Pietrowski and by Kessel have shown that the origin of the oxygen
species is important for the surface reaction rate. For yttria stabilized zirconia, Y,Zr_xO, (YSZ),
oxygen can easier be incorporated from a water molecule than from an oxygen molecule.[53, 54]
This topic will be treated in the results section as well. In the case of lanthanum tungstate, an incor-
poration of oxygen onto a thermal or structural vacancy should be indistinguishable as both sites
are degenerate in the temperature range used here.

The surface reaction upon hydration is schematically shown in Fig. 3.1. It should be noted that this is
only one possible pathway and the fact that the incorporation into the lattice is the rate determining
step is only an assumption.

Possible pathways of the incorporation of oxygen into iron-doped strontium titanate single crystals
have been analyzed by Merkle and Maier, including kinetic studies in order to identify possible rate

determining steps by experimental evidence.[49]
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surface

Figure 3.1: Surface reaction of water incorporation: 1: convection in the gas phase; 2: film diffusion to
the surface; 3: adsorption of a water molecule; 4: dissociation: a) into a proton and a hydroxy anion or
b) into two protons and an oxygen ion; 5: surface reaction of proton(s) and a) a hydroxy anion or b) an
oxygen anion into the lattice; 6: diffusion with a) the Grotthuss mechanism by hydrogen bonds or b)
the vehicle mechanism of mobile hydroxy anions and simple oxygen migration.

3.2 Diffusion in Solids

Diffusion processes are based on the Brownian motion of atoms and molecules and have been in-
vestigated in the early 19th century for gases and liquids and in the late 19th century for solids by
Roberts-Austen after first diffusion phenomena in solids had been observed by Boyle.[55] In crys-
tals, diffusion is enabled by the motion of point defects.[24] The mobility of point defects is very
low compared to the fast motion of atoms or molecules in the gas phase and the rather slow motion
within liquids. The mobility is increased with increasing temperature (see Section 3.2.2, Eq. (3.30)).
Diffusion of oxygen in perovskite or fluorite type oxides, which is needed for application, requires
elevated temperatures (e.g. for SOFCs above 450 °C, usually about 750 °C) and cation diffusion re-
quires very high temperatures in these oxides. Tammann’s rule of thumb states that solids should be
sintered at 2/3 of the melting point, which is ~ 1600 °C for many oxides with fluorite or perovskite
structure. Cation mobility is essential for the sintering process.

Depending on the environment of the diffusing species, various types of diffusion can be defined:
in homogeneous materials, self-diffusion leads to an exchange of atoms or ions within the crystal.
The material remains homogeneous, meaning that no concentration gradients are developed. Self-
diffusion can be observed by marking a defect with an isotope. The so-called tracer-diffusion can
be analyzed e.g. by ToF-SIMS after an exchange anneal where the surrounding gas atmosphere is
replaced by an isotope enriched gas and all thermodynamic properties are unchanged.[56-58]

If the material shows a concentration gradient in a chemical component, chemical diffusion leads to

3.2
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an equalization of the concentration of that component. If two concentration gradients in opposite
direction are present, the chemical diffusion can be specified as ‘interdiffusion’ The Kirkendall-
effect describes the diffusion process when two species are present with two different diffusion co-
efficients on the same sublattice.[59]

External driving forces can affect diffusion processes, e.g. if a constant external oxygen potential
gradient exists — typical for gas separation membranes — diffusion does not lead to an equalization
of the concentrations but it leads instead to a steady-state, where the electrochemical potential is in
equilibrium for the entire system but concentration gradients still exist. Other driving forces may
be electrical or magnetic fields or temperature gradients, etc. If an external field is applied as the

external driving force, the diffusion is extended by a so called drift.

3.2.1 Diffusion Mechanisms

Opposite to the gas phase and liquids, the diffusion in a crystal is limited to discrete diffusion paths
following specific diffusion mechanisms as the defects cannot move freely. Depending on the crystal
structure and ionic radii, one of the mechanisms is favorable in migration energy, Ep;g, — not
necessarily the same mechanism for each material. Typical mechanisms for the diffusion of oxygen
are depicted in Fig. 3.2 and include the vacancy mechanism where an oxygen ion passes cations
and jumps onto an adjacent oxygen vacancy (left mechanism), the interstitial mechanism where an
interstitial oxygen ion moves to an adjacent unoccupied interstitial position (top center), and the
interstitialcy mechanism, where an interstitial oxygen ion pushes a regular oxygen ion to the next

interstitial position and the interstitial oxygen occupies the regular site (bottom center). Additional

mechanisms may be divacancy, collective, etc.[60]

Figure 3.2: Sketch of bulk diffusion mechanisms for oxygen (left/center) and for hydrogen (top right)

or hydroxy-anions (bottom right). e: cation; O: anion; O: vacancy; O, O: tracer ion; e: proton.
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3.2.1.1 Proton Conductivity

The diffusion of protons is based on three different mechanisms. The first is the rotational diffusion
of a proton around an oxygen ion. Protons are relaxing to one of four positions around an oxygen
ion in perovskite type oxides calculated by computational methods (compare to Section 2.2.1.3).
Rotational diffusion — the reorientation of the proton to one of the other adjacent sites around
the same oxygen ion — is a prerequisite for macroscopic diffusion via the second mechanism, the
Grotthuss mechanism, which will be discussed in more detail in the following paragraph. The third
mechanism is the vehicle mechanism, which is equivalent to one of the oxygen mechanisms but

instead of an oxygen ion a hydroxy-ion moves. This will be discussed in the paragraph thereafter.

Grotthuss Mechanism

For a macroscopic diffusion, at least one rotational diffusion step must be inserted between two
Grotthuss mechanism steps so that the proton does not move back and forth. By reorientation (‘ro-
tational diffusion’[32]) the proton can be realigned to one of the other three possible angle bisectors.
The activation energy for the reorientation process is generally very low([32], e.g. E5 = 0.18 ¢V for
indium doped barium zirconate[33] or 0.065 eV for barium cerate[61].

By the Grotthuss[62] mechanism, the proton can be transferred to an adjacent oxygen ion. The
Grotthuss mechanism is based on hydrogen bonds, where the proton has a covalent bond to the
oxygen ion, referred to as ‘free OH’ (Fig. 3.3(a)). If the oxygen ions have a smaller distance to each
other in an instant configuration, e.g. by thermal motion or due to the electrostatic attraction to the
proton, a strong hydrogen bond to an adjacent oxygen ion is established (Fig. 3.3(b)). With a very
low energy barrier, the hydrogen bond and the covalent bond can be interchanged (Fig. 3.3(c)).
When the oxygen ions are separated again, either the hydrogen bond or the covalent bond breaks
and the proton is again covalent bound to one oxygen ion (free OH, Fig. 3.3(d)). For protonated
water (H3ogaq)), Agmon proposed that the cleavage of the hydrogen bond is the rate determining
step in the Grotthuss mechanism.[63] It is possible that the proton remains at the first oxygen ion but
also a proton transfer to the adjacent oxygen ion is possible.[32] In MIECs, the transfer of protons

is compensated by a transfer of electronic defects.

Vehicle Mechanism

A proton that is migrating as a passenger on a vehicle, i.e. attached to another species, e.g. an oxygen
ion, also leads to proton permeability, but the mobility is governed by the mobility of the vehicle.
A hydroxy-anion, OHg,), is migrating to an adjacent vacancy, leaving a vacancy behind. The vehicle

mechanism is schematically shown in Fig. 3.2 (bottom right mechanism).

3.2
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Figure 3.3: Sketch of the Grotthuss mechanism. (a) The hydrogen is bound covalent to an oxygen ion,
forming a free hydroxy group, OH. (b) In an instant configuration, two neighboring oxygen ions are
closer together and a hydrogen bond to the other oxygen ion is established. (c) Covalent and hydrogen
bond are interchanged with a low barrier. (d) The oxygen ions are separated again and the hydrogen

bond to the oxygen ion, to which the proton was originally bound to, breaks.

3.2.2 Fickian Diffusion

As mentioned above, diffusion is a statistical effect based on the Brownian motion of molecules
and atoms. The mathematical description of diffusion processes is based on the works of Fick in
the 19th century. The mathematics of diffusion is very similar to the mathematics of heat transport
(compare to Section 4.2). In most cases, the diffusion is not based on the direction of the motion, i.e.
the medium, in which the diffusion occurs, is isotropic[60], and the flux of species can be described

by FicK’s first law (for simplicity reasons here in a one-dimensional system):

dc

D (3.20)

j =
For transient processes, the diffusion equation can be obtained by the help of the equation of con-
tinuity: for a small given volume, the influx minus the out-flux is equal to the rate of accumulation
of the diffusing species within the volume, written
dj dc
ox ot

(3.21)

Combining FicK’s first law, Eq. (3.20), and the equation of continuity, Eq. (3.21), the diffusion

equation is yielded, Fick’s second law, assuming a constant diffusion coefficient:

dc o%c
—=D— 3.22
ot 0x? (3.22)
The diffusion coefficient in Fick’s laws is the proportionality constant to link e.g. the flux, j, with
the driving force, dc/dx. In most solids, the diffusion coefficient shows an Arrhenius-type tem-

perature dependence[64] and is a function of the activation enthalpy of diffusion, ApH, and a
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pre-exponential factor, D®:[64]

ADH}
RT

D(T) = D° exp {— (3.23)

From irreversible thermodynamics[65] FicK’s first law, Eq. (3.20), can be expressed by a gradient in

chemical potential instead of a gradient in concentration by

DiC,‘ ay,
ek b N i1 3.24
Ji RT ox (3.24)
With op;/dx = 0ui/dc; - dci/dx and du; = RTdIn a; Eq. (3.24) can be written as
. DiC,‘ ay, E)ci dln a; E)ci
=i OFE 04 p, 2R N 3.25
J RT oJ¢; oJx dlnc¢; Jx (3:25)

The expression d1ln a;/d1n ¢; is called the thermodynamic factor, ;. The thermodynamic factor of
oxygen is defined as

10lna0,

Yo = 2 dlnco

(3.26)

The driving force for the diffusion of charged species is, likewise to the surface reaction, not the
gradient in chemical potential, y, but the gradient in electrochemical potential, # or i.[66] The
fluxes of two mobile charge carriers can be described in an isothermal system by[24, 64, 67]
. Dic; 9 Dic; (aMi 8¢)
N N N e 327
Ji RT ox RT \ox " ox (3.27)
with the electric potential ¢. The negative gradient in electric potential is called the Nernst field.
In a typical oxide with mobile oxygen vacancies and, e.g., highly mobile electron holes, the oxygen
vacancies are accelerated by the Nernst field and the electron holes are slowed down.
The Nernst field for a MIEC with mobile oxygen ions can be calculated by the fluxes of h® and vy
and the relation jhe + 2jyee = 0, which is required for maintaining local charge neutrality.
2Dyse cyme 28 | Dy cpe 22
_p0¢ _ I T he Che ~ox
ox Dyecpezpe + 2DV6’ CV(-)O ZVE)-

(3.28)

With the fluxes Jvee and jpe and the relations jhe = -2 Jvers Jo = —jvers Vo = 2V pe — Vityes and
duo = (RT/2)d1n aO,, the ambipolar chemical diffusion coefficient of oxygen, Do, can be written
as[64]

. Dygp cvee Dhe che ( 191In a0, )

D 3.29
o 2 o0 (3.29)

4DV(.). Cv(')‘ + Dpecpe
All derivatives with respect to depth x in this section can also be written with the nabla operator, V,
for a three-dimensional treatment. The second derivative with respect to depth x can accordingly

be described by the squared nabla operator, V2, or the LaPlace operator, A.
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The diffusion coefficient of species i can be set into relation with the electrochemical mobility, u;,

using the Nernst-Einstein equation:

kT
D; = BkgT = 2582 (3.30)
zZje

with the mechanical mobility B; of the charge carrier i, which is defined by the electrochemical
mobility u; and charge z;e of the charge carrier by B; = u;/(z;e). The mechanical mobility is

sometimes denoted as 4 and the electrochemical mobility as .

3.2.3 Three Mobile Charge Carriers

The above mathematics of diffusion are valid for two mobile charge carriers, i.e. an electronic defect
and an ionic species. In a MIEC with additional protonic conductivity three independent mobile
charge carriers are present (see also Section 2.2.2): oxygen vacancies, protons and electron holes.
Each species is not coupled with one but with two species for charge compensation in the elec-
troneutrality condition. First conductivity relaxation experiments on systems with three mobile
charge carriers — in this case oxygen vacancies, titanium vacancies, and electron holes — were
performed by Yoo and Lee[68], extracting chemical diffusion coefficients for titanium and oxygen.
In a later study, Yoo et al.[69] examined hydration and oxidation kinetics of a proton conducting
MIEC.

The flux equations for proton interstitials and oxygen vacancies can be established using the chem-

ical potentials upon hydration and oxidation.[70, 71]

. GVB. the Gva’ tHi‘

g = a2 Vo + AR Vin,0 (3.31)
OHe the ope (1 - tye)

e = — - 3.32

jny = — - VHo Sp2 VA0 (3.32)

However, the flux equations become more complex if a gradient in defect concentration is consid-
ered instead of a gradient in chemical potential. In the following equations, the fluxes are described
by gradients in oxygen vacancy concentration and in proton interstitial concentration. They may
also be expressed by other concentration gradients, but the equations can be transformed into each
other.[71]

jv(-)- = _DVVVCVE). - DVHVCH; (3.33)
jue = —DuvVeyes — DunVeps (3.34)

The four chemical diffusion coefficients with the diffusing species and the gradient that is consid-
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ered as subscript[71] are defined as follows:

DVV = (1 — tVE).)DV(.). + tVE). Dh. (335)
1

Dvyy = Etvz)‘(Dh’ — DHio) (3.36)

Dyvy = 2tHi’ (Dh' - Dva’) (3.37)

Dyy = (1 — tH;)DH: + tHi- Dy (3.38)

In principle, the concentrations of v¢y, Hf and h® show two-fold depth profiles. This behavior
is different for extreme cases, e.g. if all diffusivities are equal or if one of the charge carriers is
immobile, resulting in single fold concentration profiles of the other species. The two-fold profiles
can, however, be described by two effective diffusion coeflicients if the electron hole concentration
is high, DS and DET.[71]

3.3 Composition of Gas Atmosphere

In Chapter 2 the defect chemistry of the bulk phase has been discussed. As the sample’s oxygen
and hydrogen content is in equilibrium with the gas phase — see Egs. (3.1), (3.6) and (3.10) —, the
knowledge of the composition of the gas phase is primal.

In the experiments, the samples were surrounded by gas streams of nitrogen and oxygen, saturated
with water. The total pressure is assumed constant at 1 bar, which is the ambient pressure of the open
ended experimental setup. Nitrogen can be assumed to be inert, and water is in an equilibrium with
hydrogen and oxygen, where the additional oxygen is shifting the equilibrium towards water. In
the following section the partial pressure of hydrogen, pH,, will be calculated for high temperature
experiments.

If the equilibrium is significantly shifted to the left side, pO, and pH,O are affected. As the pO, will
be set so that the voltage of the potentiometric O, sensor is constant and ApO, = 0, the former can
be neglected as will be discussed later. A change in pH,O is not wanted because the pH,O is one
of the variables for which the kinetic transport parameters are provided. Furthermore, if pH, has
a significant fraction, it would be necessary to discuss if the reactive protonic species is hydrogen
or water and/or if different kinetics are effective. The Gibbs energy can be calculated by the heat

capacities of the components at constant pressure and the reaction enthalpy.
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3.3.1 Gibbs Energy, Equilibrium Constant and Resulting Partial Pressure of Hydrogen

The formation enthalpy of water vapor at room temperature and the corresponding equilibrium

reaction are defined as
1
H(g) + Eoz(g) = H,0(g) AfH(298.15K) = —241.82kJ mol ! (3.39)

For the calculation of the equilibrium constant, the Gibbs energy of the reaction in dependency of

the temperature is required
ARG®(T) = ARH®(T) - TARS®(T), (3.40)

using the temperature-dependent change of the molar heat capacity of the reaction at constant

pressure,
ARCH(T) = > vicpi(T), (3.41)
i

with the stoichiometric coeflicient of species i, v;, which is negative for reactants. The temperature-
dependent molar heat capacities, cp( T), of H,, O, and H,O were taken from Reference [72] and
are depicted in Fig. 3.4 together with the heat capacity of the Reaction (3.39) and the corresponding
Gibbs energy, calculated by numeric integration of the reaction enthalpy and entropy.

The equilibrium constant, K, can be calculated by the Gibbs energy of the reaction,

ARG(T
Ink = - 2rG(T) (3.42)
RT
The law of mass action for this reaction using partial pressures can be expressed as
H,0
P (3.43)

K = pV, =
? zz: " pHy-\/pO;
The equilibrium constant, which is plotted in Fig. 3.5, is linked with the equilibrium constant of the
partial pressures by
_(O) 2V Vi
K=(p°) =" Tlle" K, (3.44)
i
As the total pressure is p = 1bar, the fugacity coefficients, ¢;, can be assumed to be 1, approximating

for this reaction:
K ~ K, -bar™ (3.45)

The calculation of the resulting partial pressure of hydrogen is exemplary performed for an initial
water vapor pressure of pH,0® = 0.03bar and an initial oxygen pressure of pO, vrc = 0.03 bar.
By increasing the pO,, the equilibrium is shifted to the product side so that the partial pressure

of hydrogen is decreased significantly compared to oxygen-free atmospheres. Nitrogen is inert
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Figure 3.4: Temperature-dependent molar heat capacities at constant pressure and the resulting heat

capacity of Eq. (3.39) (top). Corresponding temperature-dependent Gibbs energy (bottom).

and can be canceled in the law of mass action. The resulting partial pressure of oxygen is pO, =
pO2,k, + pO2,mrc, meaning the sum of the initial partial pressure of oxygen provided by the mass
flow controller, increased by the oxygen partial pressure formed by the equilibrium reaction. The
partial pressure of hydrogen is two times the partial pressure of oxygen formed by the equilibrium
reaction, pH; = 2pOz,KP.

The total pressure, neglecting inert nitrogen, is
p = pH20% + pOymrc + 0.5pH, = pH0 + 15pH, + pOymec (3.46)

with an increase of 0.5pH; due to the change in stoichiometric coefficients, Avg = ~0.5. The equi-

librium can be written as
B szO B 2 1.5pH2 - pOz,MFC B szoO - sz
Ky = = 05 05 (3.47)
PH2-\/PO2  pH, (pOsk, + pO2mec) PpH, (0.5pH; + pOs mrc)

The partial pressure of hydrogen can be obtained by a numerical solution of this equation, depicted
in Fig. 3.6.

All experiments are performed in a temperature range between 650 °C and 950 °C. The partial

pressure of hydrogen in this regime is approximately between 1072 bar and 1078 bar. Compared
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Figure 3.5: Equilibrium constant, K, of the
reaction (3.39).
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Figure 3.6: Partial pressure of hydrogen
with 30 mbar water and oxygen partial pres-

sures.

to the pO, provided by the gas stream, the oxygen formed in the equilibrium reaction, pO,/x,, is

negligible. In the experiment, the overall pO, is monitored and controlled in operando so that the

required ApO, = 0 (see Chapter 4) is easy to achieve. However, if the equilibrium would be shifted

significantly to the left side, the resulting pH,O had to be monitored experimentally.
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The Electrical Conductivity Relaxation Technique

Relaxation techniques are a widely used method to obtain the chemical diffusion coefficient D
and/or the surface reaction constant k of a species in a solid state sample. First relaxation studies on
solid state materials were performed almost a century ago by Diinwald and Wagner.[73] They are
based on monitoring a sample’s property as a function of time after disturbing the equilibrium (i.e.
a step-like change in the activity of oxygen in the gas phase surrounding the sample). The property
monitored is not necessarily the electrical conductivity[74-76] but can also be the color[77-79]
or weight[80] of a sample — or any property proportional to the concentration of the monitored
species in the sample. By fitting the diffusion model (see Section 4.3) that reflects the experimental
setup and physics to the resulting experimental relaxation curve, one can obtain the rate limiting
kinetic transport parameters of the species for the corresponding material. The determinability of
the transport parameters will be discussed in Section 4.4.

The relaxation technique upon hydration and dehydration is based on the theory of oxidative and
reductive steps and their equilibration. The principle will be discussed first for the latter, followed

by the considerations that have to be made for (de-)hydration kinetics.
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4.1 Electrical Conductivity as an Observable

The electrical conductivity is an easily accessible sample property. Measurement devices (typically
digital multimeters in combination with constant current sources) are comparatively low priced
and provide data with high precision. The electrical conductivity, o, is a function of the charges, z;,

electrochemical mobilities, #;, and concentrations, c;, of all charge carriers i:
0= Zai :FZ(|zi|u,'ci) (4.1)
i i

If the step in oxygen activity is small, the charge and electrochemical mobility can be assumed
constant during the entire experiment thus rendering the conductivity a direct observable of the
concentration of all charge carriers, 0(t) o ¥, ¢;(t). The concentration within the bulk phase,
however, is not only a function of time but also a function of space, ¢(x,t). If one divides the
cross-sectional area of a bulk phase into infinitesimal lengths for a one-dimensional treatment the
conductivity can be obtained by integration over length x.[81] Thus, the conductivity is more pre-
cisely proportional to the average concentration of all charge carriers, o(t) o« Y; ¢;(t). With the
electroneutrality condition the concentrations of the charge carriers can be set into relation. For
typical acceptor doped oxides with oxygen non-stoichiometry and p-type conductivity, the elec-

troneutrality condition can be expressed as:
2[vey ]+ [h*] = [Acc] (4.2)

The concentration of acceptors is constant throughout the experiment while the concentration of
electron holes, h®, and oxygen vacancies, v¢y, change over time according to the corresponding

oxygen incorporation equation

1

EOz(g) +vy =04 +2h* (4.3)
Eq. (4.1) becomes

o(t)=F Z (]zi\uic?) + F\zv6-|uva-AEV3(t) + Flzpe|upe Ache (1), (4.4)
i

and with Egs. (2.1), (4.2) and (4.3) the concentration changes of oxygen vacancies and electron
holes can be set into relation, Acyes (1) = —2Acpe (1), simplifying Eq. (4.4) to

(1) = 0° + F (|zyes|uyee — 2|z une ) Adyee (1) (4.5)

The time-dependent electrical conductivity, a(¢), is thus a function of the time-dependent average
oxygen vacancy concentration with the initial conductivity, 6°, as offset and Faraday’s constant,
charges and electrochemical mobilities as proportionality constant. By a normalization function
the observable can be directly connected to the average concentration:
= 0
o(t) - o o (t) - Cyee
Onorm = = = > (4-6)

0-00 - 00 C\?go - ng).
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with the initial conductivity ¢° for ¢ = 0 and the conductivity in equilibrium ¢* for t - co. In
the following formulae in this work, a superset ‘0" and ‘co’ denote the initial or equilibrium value,
respectively. These values are usually constant over x and the usage of average values is superfluous.
A more detailed discussion including considerations for the n-type regime can be found else-
where[82]. In the case of lanthanum tungstate, both the fact that two mobile ionic species are
present and its electroneutrality condition (Eq. (2.13)) is different to Eq. (4.2) add to a more

complex behavior that will be discussed in Section 7.2.2.

4.2 Principle of Electrical Conductivity Relaxation Measurements

The electrical conductivity, o, of a sample that is in equilibrium with the surrounding gas atmo-
sphere is monitored as a function of time. At time zero, t = 0, an instantaneous change of the
activity of the surrounding gas, e.g. a step-like change in pO,, initializes the relaxation process. As
a consequence, the sample takes up or releases oxygen according to Eq. (4.3) until the sample is in
equilibrium with the new pO,. For ceramic samples usually a four point DC conductivity measure-
ment is used (the van der Pauw method[83, 84] is favorable for ECR on thin films). The resulting
curve is then fitted to a diffusion model corresponding to the geometry of the sample (e.g. plane
sheet, cylinder). Analytic solutions to diffusion models with various geometries and boundary con-
ditions are summarized in the book of J. Crank[85] based on the book of Carslaw and Jaeger[86]
for the transport of heat in solids. A typical normalized conductivity relaxation curve and the ideal

step-like change in oxygen partial pressure is shown in Fig. 4.1.

4.2.1 Prerequisites

In order to determine transport parameters with the ECR technique, a few prerequisites must be
tulfilled.

i. The material must be a MIEC when investigating the relaxation behavior upon oxidation.
Electronic conductivity is required for charge compensation within the bulk phase. As a
consequence, the ECR technique cannot be used to determine oxygen conductivity in elec-
trolyte materials. In this case, other techniques, e.g. IEDP followed by ToF-SIMS, are used to
determine the tracer diffusion coefficient in order to describe the transport efficiency. How-
ever, in the presence of protons, charge compensation is also possible by ionic species only.
In this case, the charge carriers cannot move independently and a single diffusion coefhicient
of water, DHZO, will be determined in a relaxation experiment. Thus, relaxation upon (de-
)hydration — if the material shows a solubility for protons — can always be measured with
the ECR technique.

ii. Itis necessary that the total electrical conductivity changes with a change in oxygen activity.

This is usually given near the n-type and p-type regime, though the change in total conduc-
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norm

2norm ’

pO

t/s

Figure 4.1: Typical relaxation curves: normalized pO,, pO3 norm = (pO2(t)—p03)/(pO5° - p0Y), and
normalized conductivity, both as a function of time. In this example the kinetic transport parameters
for the simulated curve (Eq. (4.18)) are k = 1.5x10"*cms™, D = 3.0 x 10 cm?s™" and a = 0.2 cm.
Normalized curves start at zero and end at one as time approaches infinity, independent if the step is
oxidative or reductive and if the absolute electrical conductivity is consequently increased or decreased.
The change in partial pressure of oxygen is defined to be instantaneous.

tivity near the n-type regime is negative for increasing pO, while it is positive near the p-type
regime. Near the stoichiometric point (see Figs. 2.7 and 2.11), the change in total conductivity

is zero.

iii. The disturbance of the equilibrium, i.e. the step-size of the change in partial pressure of
oxygen, must be small. From an experimental point of view it must be large enough to yield a
significant change in sample property to improve the signal-to-noise ratio. The charge, z;,[87]
and electrochemical mobility, u;, (from Nernst-Einstein equation, Eq. (3.30)) may be pO,-
dependent, thus the electrical conductivity is only an observable of the vacancy concentration

for small step-sizes.

For small steps in pO,, the diffusion process and the surface reaction are within the linear
regime in a j, Ac-diagram, i.e. Fickian diffusion as well as a first order surface reaction are
present. If the step-size is too large, diffusion and surface reaction may leave the linear regime.
The limits of the linear regime can be different for both parameters and have been analyzed
for k[88] and D[89] of strontium titanate.

Additionally, k and D are usually dependent on pO, and the diffusion model assumes con-
stant transport parameters. A detailed analysis of the suggested step-sizes of an ECR experi-

ment has been discussed by Wang et al.[90] Usually, step-sizes of half an order of magnitude
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in pO; are chosen. N.B.: The transport parameters determined in an ECR experiment are

the transport parameters in the new equilibrium for t — oo.

The diffusion model used for fitting the experimental relaxation curve to obtain k and D re-
quires a step-like change in oxygen activity. A change in oxygen activity is usually achieved
by changing the partial pressure of oxygen whilst the flow rate is maintained constant, i.e.
the composition of the gas stream is changed. However, in an experimental setup, an instan-
taneous change in oxygen activity is hard to achieve but the change follows a simple expo-
nential function, f(t) = 1— exp{—t/7aoro}, with the time constant, 7, as the flush time
of the reactor. If the flush time is much shorter than the relaxation time, 7., the diffusion
model described hereafter can directly be used to fit the relaxation data. If the flush time is
an order of magnitude shorter than the relaxation time, 107y < 7y, it is possible to correct
the flush time by a convolution theorem introduced by den Otter et al. If the flush time ap-
proaches the relaxation time constant, 7o ~ 7,, the sample acts like an oxygen sensor and

ECR measurements are not possible.[91]

If the change in non-stoichiometry, AJ, upon a step-like change in pO,, is large along with
large transport parameters, ko and Do, the relaxation can be affected by a limited gas phase
mass transport. In an oxidative step, the provided oxygen can severely be reduced in the
vicinity of the sample by an uptake of oxygen or, in a reductive step, the sample releases
huge amounts of oxygen that are not transported away from the sample’s surface in order
to maintain a constant outer oxygen activity. This effect has first been identified by Preis et

al.[92] and a finite element study has later been performed by Lohne et al.[42].

In a recent article we have discussed how this effect can be identified to be relevant and pos-
sibilities to alleviate this effect for a material with large transport parameters and oxygen

non-stoichiometry, e.g. Bag 5Sro5Cog sFep205_s.[43] The constraint can be formulated by

hsample < ’;lcell (4.7)

The amount of oxygen that is released or taken up by the sample per time unit must be much
smaller than the amount of oxygen provided by the carrier gas stream per time unit. With
knowledge of the thermodynamic factor, yo, the change in oxygen non-stoichiometry, Ad,
upon a reductive or oxidative step can be calculated. By a multiplication of the differentiated
normalized conductivity relaxation curve with the total amount of oxygen released or taken

up by the sample, Angample, the amount of oxygen leaving the sample per time unit can be

4.2
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calculated:
: vV pO
Reell = 5 P_ez (4.8)
Vm p
In pO5° |
NS = f — dln pO, (4.9)
2)/0
In pOY
1 Viample - A0 - Z
A”sample = _E : sa‘rr/lvlplz—'m (4.10)
. d (o(t)-0°
Nsample = Ansample : E (h) (4.11)

With the flow rate V of the carrier gas stream, the gases molar volume, Vp,, the thermo-
dynamic factor, yo, the sample’s volume, Vsample> the volume of the unit cell, Vyyc, and the

number of formula units per unit cell, Z.

For Bag 551 5Coq sFe 205_s, it was shown that the amount of oxygen released by the sample
per time unit is, especially in the first seconds of a relaxation, sometimes higher than the
amount released by the sample in a reductive step, and that even for extremely high flow
rates, the amount of oxygen released by the sample per time unit is in the same order of

magnitude as #1.

To alleviate this effect, one can either decrease the left side of Eq. (4.7) or increase the right
side. The left side can be decreased by smaller samples or smaller step-sizes in pO, and the
right side can be increased by higher flow rates or larger reactors whilst maintaining the same

flux of oxygen.[43]

While the first two are mandatory, the others may introduce systematic errors to the determination
of the transport parameters if they deviate significantly from the ideal situation that corresponds to

the diffusion model.

4.3 Diffusion Model

The diffusion model defines the conditions and parameters which are necessary to fit an analytical
function to experimental data in order to obtain transport parameters. In this section, the geometry
— here a one-dimensional plane sheet — and the boundary conditions that are met in the ECR ex-
periment, will be discussed. An analytical solution by J. Crank[85] based on a model of Carslaw and
Jaeger[86] for surface radiation and transport of heat in solids considering all boundary conditions
will be described. The diffusion model provides an equation of the concentration as a function of

time and space, c(x, t).



Diffusion Model

4.3.1 Geometry

The geometry used in this work is a one-dimensional plane sheet extended to three dimensions,
i.e. a cuboid ingot. The diffusion model will first be discussed for the one dimensional case and
the extension of the analytical function to three dimensions will be discussed at the end. A cuboid
ingot (bar shaped sample), a pellet or a thin film can be represented by a plane sheet.

A plane sheet has an infinite extent in y- and z-direction and two plane surfaces parallel to each
other at x = —a and x = a resulting in a thickness of 2a. Fig. 4.2 shows a section of the plane
sheet with the surface area A (dark blue), spanning the volume V' (light blue cuboid). The sheet is
symmetric at the plane x = 0 so that there is a second surface area and volume for x > 0. Between
—a and a is a solid phase and at x < —a and x > a there is a gas phase. The model is therefore

described as a model for finite media’ and describes the diffusion within the solid state.

?X

Figure 4.2: Plane sheet with two plane surfaces at x = a and x = —a. The flux, j, is related to a surface
area, A (dark blue plane), causing the filling of volume, V' (light blue cuboid box), limited by symmetry
by the center of the sample, x = 0, upon oxidation. The volume on the right side is formally filled by
flux through the right surface area (gray plane).

The book of Crank treats further geometries which will not be discussed here. These geometries
include a semi-infinite media suitable for fitting IEDPs with profiles smaller than the sample thick-

ness, an infinite media, a cylinder and a sphere.

4.3
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4.3.2 Fickian Diffusion
Within the bulk phase, FicK’s second law, Eq. (3.22) in Section 3.2.2, must be fulfilled:

de_pie
ot  0x2

The first derivation with respect to time of the diffusion model’s solution must be equal to the second

(4.12)

derivation with respect to space, multiplied with D.

4.3.3 Initial Distribution

At the start of the relaxation process, the concentration of all species must be uniform for the entire
bulk phase,

c(x,t=0)=¢" (4.13)

This boundary condition is achieved by equilibration of the sample to the prior pO, and an instan-
taneous change in pO; at t = 0. In the resulting equation, which will be presented in Section 4.3.7,
the above is achieved by a summarization over an infinite number of cosine functions. However, in
practice, only a limited number of summarizations, N, can be performed (this will be discussed in
Section 4.3.7), so that this boundary condition is only approximated by a sufficiently high number
of summarized functions. The dependency of the normalized initial distribution on N is shown in

Fig. 4.3. The experimental data in this work has been fitted with 100 summarizations.
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0.020 + —— 100N -
— 1000N
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0.005 + -
0.000 < _,.', i
-0.005 + -
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Figure 4.3: Solution for the sample’s half-thickness 0 < x < a = 0.2cm at t = 0 with 10, 100 and 1000

roots for L, = B tan 3. The concentration is normalized, chorm =1 — zfj:l(...), according to Eq. (4.17).
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4.3.4 Constant Outer Concentration

The concentration of oxygen in the gas phase is constant during the entire relaxation process. The
bulk concentration that is in equilibrium with the concentration of oxygen in the gas phase is repre-
sented by ¢ in the flux’s equation of the surface reaction, Eq. (3.18). The boundary condition of an
instantaneous change in oxygen activity is, as discussed above, experimentally hard to achieve. The
flush time of the reactor[91] and the gas phase mass transport limitation[42, 43, 92] render the ac-
tual concentration of oxygen at the surface of the sample a function of time and location. The flush
time correction regarding the reactor as a continuously ideal stirred tank reactor simplifies the gas
phase concentration to a function of time only. However, the mass transport limitation cannot be

corrected in the same way as it is strongly dependent on the location of the sample.

4.3.5 Fluxin Center Zero

The flux in the center of the sheet, at x = 0, is zero,

. dc
D—=
dx [x-0

-0 (4.14)

Statistically, the amount of ions flowing through the center of the sample in a positive direction is
equal to the amount of ions moving in a negative direction. The resulting flux in the center is zero.
The concentration profile shows a minimum or a maximum at the center during the relaxation
process. The driving forces for diffusion, i.e. the concentration gradients, have a symmetry plane at

x =0, and compensate at this plane.

4.3.6 Surface Evaporation (First Order Surface Reaction)

The reaction of oxygen at the surface has already been discussed in Section 3.1.4 and the corre-
sponding flux through the surface is described in Eq. (3.18). The flux at the sample’s surface has to
be connected to the diffusion within the bulk phase. At the surface planes, x = —a and x = a, the
flux into the sample is equal to the amount of species diffusing at this plane, i.e. fluxes defined in
Eq. (3.18) and in FicK’s first law, Eq. (3.20), are equal. For the left surface, x = —a (dark blue plane
in Fig. 4.2), the boundary condition is

. dc
-D—=

Ix =k (c°° - ct’xz_“) , (4.15)

X=—a

and for the right surface, x = a (gray plane in Fig. 4.2), the surface reaction is a negative flux from

right to left upon incorporation, yielding

. dc ~ _
-D =l - —k (¢ = cb7) (4.16)
X lx=a
The concentrations c*=~% and ¢"*=% are the concentrations at the surface, ¢**'f, in Eq. (3.18).
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4.3.7 Analytical Solution

An analytical function for the diffusion model was described by Crank[85] with the keywords dif-
fusion in a plane sheet, uniform initial distribution, surface concentrations equal, surface evaporation’.
The corresponding model for the transport of heat in solids by Carslaw and Jaeger treats Tinear flow

of heat in a solid bounded by parallel planes’ with a ‘radiation boundary condition at -1 < x < 1".[86]

4.3.7.1 Function of Time and Space

For the time- and space-dependent concentration, ¢(x, t), an equation giving respect to the geom-

etry and all above mentioned boundary conditions, is

. Ce(x, )= - i 2L, cos(Bnx/a) exp{-B3Dt/a*}
e = cos Bn(B5 + LG + La)

s (4.17)
with the dimensionless parameter L, = a - k/D and f,, the positive roots of the function L, =
ptan B (see Fig. 4.6 and a more detailed discussion in Section 4.3.7.3). The concentration profiles
are exemplarily calculated for a plane with a half-thickness of 0.2 cm and transport parameters of
k=15x10"*cms ™ and D = 3.0 x 107> cm? s for different times and displayed in Fig. 4.4. At the
center of the sample, x = 0, there is a minimum resulting in a zero flux. At x = g, the endpoint of

t,x=a

the curve is the surface concentration, ¢ . Cnorm (t = 00) is unity, and the difference between 1

and the time-dependent surface concentration is the driving force for the surface reaction.

1.0 T T T T T T

norm

x/cm

Figure 4.4: Concentration profiles for a plane sheet with a = 0.2cm, k = 1.5x10"*cms ™ and D =
3.0x107° cm®s™.
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4.3.7.2 Relaxation Function

The electrical conductivity of a sample is measured as a function of time in a relaxation experiment,
losing any lateral information that is regarded in Eq. (4.17). It is therefore necessary to integrate
over space x, which is proportional to the average concentration, ¢(t) (see Section 4.1). By in-
tegration, the relaxation function is yielded, describing the amount of particles, which have been
released or incorporated into the sample at time ¢, M (t), set into relation to the amount of particles
that are exchanged in the entire relaxation process, M*. N.B.: M is not a molecular weight but a
chemical amount or simply an amount in accordance with the notation in Reference [85]. The ratio

M(t)/M® is also equal to the normalized average concentration or conductivity, Eq. (4.6).

Integration of Eq. (4.17) yields:

1 felx,t)-c M(t) < 212 exp{-p2Dt/a?}
Z'/—dx Z B TD L) (4.18)

—a

oo _ ~0
¢ ¢ n=1

This is the one-dimensional function that is used for fitting normalized ECR curves. In Fig. 4.5,
the concentration profiles depicted in Fig. 4.4 are integrated and shown as a function of time. The
resulting curve is a typical ECR curve that can be fitted to Eq. (4.18). In the case of a cuboid, a
three-dimensional version of this function is required, which was described by Yasuda and Hish-
inuma(76] or, as a two-dimensional model, by Wang et al.[93], neglecting the extent in the third

dimension. See Section 4.5 for a further discussion about neglecting the third dimension.
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Figure 4.5: Integration of the curves depicted in Fig. 4.4 from x = 0 to a as a function of time.
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Three-dimensional ECR equation:

Dt %Dt 82Dt
M(t) i i i 2L2 e az ZL%J e 2 2L2 —T (4 19)
it imt BR(BR + La+ La) v (vi + Ly + L) 87(87 + L+ Lc) '
Two-dimensional ECR equation:
paDt YDt
M(t) & 2k o 2L} - ¥
L= Y T (4.20)
n=1m=1 ﬁn(ﬁn+La+Lﬂ) Ym())m+Lb+Lb)

4.3.7.3 The Parameters 5, and L,

Many diffusion equations require the dimensionless parameter L,, which sets the surface reaction
rate and the diffusion coefficient into relation. A more common parameter is the ‘characteristic
length’ (sometimes also denoted as ‘critical length’), Lc = D/k. As a rule of thumb, if the sample’s
half-thickness is thicker than L¢, the diffusion limits the relaxation, if it is thinner, the surface reac-
tion limits the relaxation process. If the sample’s half-thickness is equal to the characteristic length,
both parameters are rate determining. The parameter L, combines the sample’s half-thickness with

the characteristic length in a single dimensionless parameter. It is defined as follows:

k
L,=a-— =Bt 421
= =ptanp (421
k
L,=b-—= =yt 4.22
b 5 - ytany (4.22)
L.=c- %—8tan8 (4.23)

In the second and third dimension, y,, and §; are used corresponding to f3,, and L; and L. are
used corresponding to L,. The simultaneous determinability of both transport parameters has been
addressed in some articles and will be discussed in detail in the following section. N.B.: The variable
y mentioned here or, in the diffusion model’s equations, y,,, has no relation to the thermodynamic
factor, yo, and the variable § or §; have no relation to the oxygen non-stoichiometry, 6.

The parameter f3,, can be determined by numerically obtained roots of the equation
ptanf-L, =0, (4.24)

with the order # of the root. There is an infinite number of roots and f3,, is the root in the interval
(n-1)m < B, < (n—-0.5)m. The fB,s are visualized in Fig. 4.6. As mentioned above, only the
positive roots are used for the determination of f8,,. Cox-Galhotra et al. have analyzed the required
number of roots for fitting relaxation profiles. They have found that their fit does not improve when
more than 10 roots are determined. However, in the analyzed regime, k still varied significantly in

the fitting procedure although the root mean squared residuals did not decrease significantly. The



Simultaneous Determinability

determined parameters converged to a certain value with increasing roots. Thus, they suggested
to determine k and D in two separate relaxation experiments with different thicknesses.[94] This
issue, however, might also be attributed to the simultaneous determinability of both parameters
(see Section 4.4) and the error of the fit can be estimated (see Section 7.1.5) providing a confidence
interval of the fit. As computational power for the fitting procedure is not expensive, a large number

of roots has been chosen in this work for fitting relaxation curves (N = 100).
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Figure 4.6: The function () = ftan 8 and the roots for L, = 1for > 0. From L, = a- k/D > 0 only

the positive branch of the curves is shown.

The fitting procedure will be discussed in Section 71.2 and the MathWorks MATLAB® script used
for fitting the data will be described in detail in Appendix A.

4.4 Simultaneous Determinability

In Section 4.3.7.3, the rule of thumb using the characteristic length as an indicator for the signifi-
cance of the impact of the surface reaction or the bulk diffusion on the relaxation curve has been
presented. In a recent article and in the preceding diploma thesis, the simultaneous determinability
of both parameters in a single relaxation experiment has been discussed.[43, 95]

In a first step, M(t)/M® of a relaxation experiment has been calculated for a diffusion model ig-
noring the surface reaction and inserting the time constant of diffusion, 7, into the time, ¢. The
normalized time-dependent amount of a relaxation without surface reaction limitation, in other
respects identical to the diffusion model presented in Section 4.3, can be expressed by the equa-

tion[85]
M(t) &, (2n +1)*n*Dt
,;) ( (2n +1)2n? TP {_ 492 }) (4.25)
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Inserting the time constant 7 = a*/(2D) into time ¢ of Eq. (4.25) yields

CCAT T W R

. ~ 0.9941705 4.26
M S\ (2n+1)%n? 8 }) (4.26)

The time constant 7; can be obtained by the conversion rate for the time constant 7 and the sim-
ple exponential function of a first order surface reaction if the relaxation is limited by the surface

reaction kinetics only:

M(7p) _

k a
1- ——715 ¢+~ 0.9941705 = 15 ~ 5.145~ 4.27
Moo eXP{ a k} ik A ( )

For the second step, multiple relaxation curves have been simulated with Eq. (4.18) for a fixed D
of 3.0 x 107 cm?s™! and a variation of k with a sample thickness of 2a = 0.4 cm. The time after
which 99.41705% of the relaxation are completed, f(7p), is plotted against the dimensionless pa-
rameter L, in a double-logarithmic plot in Fig. 4.7. For log,, L, < -1, the time t(7) follows the
linear behavior of the time constant 7;. The relaxation is controlled by the slow surface reaction.
For log,, L, > 2, the time t(7p) follows the time constant 7 and the relaxation is governed by the
slow bulk diffusivity. In the intermediate region, -1 < log,, L, < 2, both, the bulk diffusivity and
the surface reaction, influence the relaxation process and both parameters can be determined si-
multaneously in a single relaxation experiment.[43] The simultaneous determinability is a property
of the diffusion model and thus valid for all experiments, where this equation is used to determine
transport parameters. In literature, there are other works treating the simultaneous determinability
of both transport parameters in relaxation or tracer diffusion experiments, either by experimental
[96] or by analytical[91, 97-99] approaches. The simultaneous determinability of hydrogen and
oxygen transport coefficients in a relaxation experiment upon de-/hydration will be discussed in
Section 71.3.

4.5 Simplifications

In an experimental environment, the required conditions for the diffusion model are hard to
achieve, thus a few simplifications must be introduced. Some of them were already mentioned and
are summarized here.

The equation for a two-dimensional diffusion model has been introduced in Section 4.3.7. It is
necessary to use this equation instead of the three-dimensional case, which would be appropriate
for a bar-shaped sample because of the method of the conductivity measurement: the conductivity
is obtained by a four-point DC measurement. For details see Section 6.2.2. This measurement is
based on a constant current directed along the third dimension of the sample by applying a time-
dependent voltage in this direction, Ug.(t). By this voltage, a time-dependent electric field acts as
an additional external driving force, pumping ions towards the oppositely charged electrode, a so

called drift of ions. This effect is not described in the analytical solution and, as the applied voltage is
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Figure4.7: t(1) asa function of L, (red dots) for a fixed diffusion coeflicient of D=3.0x10"° cm?s™!
and a sheet thickness of 2a = 0.4 cm. The time constants 7}, (green) and 75 (blue) are linear in a double-
logarithmic plot. Reprinted from Reference [43], with permission from Elsevier.

time-dependent, it can hardly be included in the equation. However, for sufficiently long samples, it
is generally assumed that the diffusion in the third dimension can be neglected.[92, 93, 100] In our
article, we have calculated the error introduced in the determination of the transport parameters
by simulating a relaxation curve with the three-dimensional model, Eq. (4.19), and fitting the curve
with the equation for a two-dimensional model, Eq. (4.20). The constant input parameters were
k =15x10%cms™, D = 3.0x10°cm?s ™), and 2a = 2b = 0.4cm. The characteristic length
is equal to the sample’s half-thickness. The three-dimensional curves have been simulated with
various lengths, 2¢. In Fig. 4.8, the fitted transport parameters are plotted against the relation of
the third dimension to the other two dimensions, ¢/a = ¢/b. The bar-shaped samples used in this
work cause a systematic error of approximately 6% due to the simplification of assuming an infinite
extent in z-direction.[43]

The step-size is small — half an order of magnitude in pO, or pH,O — assuming a linear behavior
of the driving forces and a constant charge and electrochemical mobility.

The reactor flush-time is fast compared to the relaxation. Additionally, there is no influence of
limited gas phase mass transport. The flushing behavior of the reactor has been measured with an
oxygen sensor and the flushing with water can be assumed equally fast. The reactor flushes within
seconds[43] while relaxation times in this work are between 300 s and 30 000 s. Additionally, the
amount of oxygen, AJ, and hydrogen that is exchanged, is generally low at fluorite type materials.

Existence of gas phase mass transport limitation upon de-/hydration has been analyzed in Section

4.5
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Figure 4.8: Input parameters for a three-dimensional model, k'™ and D', with a variation of the
sample’s length. The simulated curves were fitted with the analytical solution for a two-dimensional
plane, Eq. (4.20), yielding the parameters k (red symbols) and D (blue symbols). The thickness of the

sample is 2a = 2b = 0.4 cm. Reprinted from Reference [43], with permission from Elsevier.

71.7.

The number of roots for fitting Eq. (4.18) is not infinite but has been chosen very high to avoid
systematic errors.

In a recent article by He et al.[101], an analytical solution for a predefined diffusion model is not
necessary, only the physics (Fickian diffusion, first order surface reaction) and the experimental
setup (in the article the sample’s arbitrary geometry) are necessary. This requires a fully functional
FEM model and it requires also extensive computation times to fit the experimental data to the
FEM model. The exact experimental setup can be included so that all limitations discussed above

will be regarded in this method.

4.6 Two Mobile lonic Species

In recent years, the conductivity relaxation technique has been used to determine transport param-
eters of mixed conductors with multiple mobile ionic species, e.g. titanium and oxygen or protons
and oxygen. Relaxation patterns have been summarized in 2009 in an article by Yoo and Lee[70] re-
ferring to the individual observations in previous articles [68, 69, 102]. With a given high electronic
conductivity, the relaxation behavior of two different mobile ionic species can be described by a
superposition of two independent (single fold) relaxation curves resulting in a two-fold relaxation
curve. Depending on the charge of the ionic species, monotonic and non-monotonic relaxation be-

havior has been observed. Titanium and oxygen in barium titanate, for example, show a two-fold
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monotonic behavior[68] while hydration kinetics (oxygen and protons) in ytterbium doped stron-
tium cerate are two-fold non-monotonic[69]. For the superposition, kinetic equations for both
mobile species are multiplied with an amplitude or power factor. In the normalized case, the sum
of the two amplitude factors is unity. If one describes the time-dependent total conductivity with
a two-fold curve, the initial conductivity is added and both power factors, P;, are constants each
involving the mobilities and initial and final concentrations of the defects involved’[70]. Yoo and Lee
have analyzed samples that do not show a surface limitation. A later study by Lim et al. has re-
placed the diffusion limited kinetic function by the surface reaction and diffusion limited function,
f (l~ci, D;, t).[103] The resulting ECR curve can be described by[70, 103]

O'(t) = PO + P,‘(C?, C:')o, u,’) . f(i(,', D,‘, t) + Pj(C;), C;o, I/lj) . f(i(J, Dj, t), (4.28)
with equal functions f for i and j, here described for i:

k. Dit)=1 - 2L§’iexp{—/3i’i1~),’t/a2}
il B 13 e RO
n=1 ﬁn,z ﬁn,z a,i a1

The two-fold relaxation behavior and the explanation will be discussed in more detail in the results

(4.29)

of the relaxation experiments, Section 7.1.

4.6
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Infrared Spectroscopy

The interaction of infrared light with molecules can lead to vibrations within the molecules. For
two-atomic molecules, only one mode of vibration is possible, i.e. a stretching vibration. Molecules
with more than two atoms can show deformation (change of bond angles) and stretching (change
of bond lengths) vibrations. They can be classified into symmetric and asymmetric vibrations. For
the excitation of a molecule, a dipole must be created or an existing dipole must be changed by
vibration.
In proton conducting oxides, the proton is usually bound to oxygen by a covalent bond forming a
hydroxy-anion (see Section 2.2.1.3). By infrared (IR) radiation, this bond can be excited, causing
an absorption band in a transmission Fourier-transform infrared (FTIR) spectrometer.
The vibration of a molecule can be described by a harmonic oscillator for small vibrations and by
an anharmonic oscillator for large vibrations. The potential curves of both oscillators are shown in
Fig. 5.1. The vibration can only have discrete energy levels with the quantum number v, which are
equidistant for the harmonic oscillator with selection rule Av = +1and decrease in energy difference
with the increasing quantum number for the anharmonic oscillator with selection rule Av = +n.
The quantum number v is a natural number including zero. The absorbed radiation must have
the same energy as the difference in two energy levels. The energy of the vibration for a harmonic
oscillator, and thus the frequency of radiation that excites this vibration, is

- % S with  u= % (5.0)
The use of the reduced mass, y, is necessary because the center of the vibration is the mass balance

point. k is the force constant, analogous to the spring constant for a mechanic spring, of the bond.
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The definition of the reduced mass is valid for a two-atomic molecule.
For the excitation of vibrations using the model of an anharmonic oscillator, overtones with Av > +1

are possible. These overtones are used in the near infrared (NIR) spectroscopy.
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Figure 5.1: (a) Energy curve of a harmonic oscillator. The energy levels are equidistant with AE = hw.
Av = 1. (b) Sketch of the Morse potential of an anharmonic oscillator with energy levels. Av = +n

5.1 Fourier Transformation

Classic dispersive IR spectrophotometers measure the spectrum in dependence of the wavelength.
FTIR machines have the benefit that the signal is quickly measured in dependence of a moving
mirror’s position (Michelson interferometer). Another advantage is the fact that the intensity of
the detected beam is orders of magnitude larger as nearly the whole spectrum is analyzed instead
of a discrete wavenumber. The Michelson interferometer consists, in principle, of a beam splitter,
a fixed and a moving mirror. In order to determine the position of the moving mirror, monochro-
matic light by a red HeNe laser is directed through the interferometer and sample compartment. At
the centerburst of the interferogram the optical path lengths of the two splitted beams is identical
and the whole spectrum shows maximum constructive interference. If the optical path length is
different, the spectrum — and thus the integrated intensity — is changed because of a wavenumber
dependent phase shift. By Fourier transformation, the interferogram is converted into a spectrum.
The resolution is dependent on the maximum optical path length difference, i.e. the moving mir-
ror’s maximum displacement. The maximum wavenumber is dependent on the resolution of the
interferogram.[104]

The boundaries of the interferogram are cut oft because the moving mirror has a limited displace-
ment. Fourier transformation uses an integration up to infinity. Therefore, an apodization function,
usually Happ-Genzel, which is a cosine function, is multiplied with the interferogram, yielding a

high central peak and a cut-oft of the ripples that result due to oscillations at the boundaries of the
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interferogram. By apodization, the resolution is slightly decreased but irregularities in the resulting

spectrum due to the cut-off integration are minimized.[104]

5.2 Near Infrared Spectroscopy

In the near infrared spectroscopy (3800 cm™ < ¥ < 12500 cm™"), overtones of the normal vibra-
tions are detected. The intensity of absorption bands is one to two orders of magnitude lower.
Hence, thicker samples can be used in NIR spectroscopy due to higher penetration depths. The
absorption bands are, however, much broader than in the mid infrared (MIR) spectroscopy. They
have an extent of 30 cm™ to 60 cm ™! and hence, an overlay of different absorption bands is likely.
While the chemical environment has little influence on normal vibrations, overtones are highly in-
fluenced.[105] Ishiyama et al.! have analyzed infrared spectra on yttria doped barium zirconate and
have found three different hydroxy-anion absorption bands for Y-OH-Y, Zr-OH-Y and Zr-OH-Zr
environments, which overlap. By fitting Gauss curves, they have determined the site in dependency

on the temperature, where protons are located.

5.3 Quantitative Analysis using Lambert-Beer’s Law

The spectrum that is yielded by the Fourier transformation is an emission spectrum. However,
in common qualitative and quantitative IR-spectroscopic applications, transmission or absorbance
spectra are often used. For these spectra, a reference emission spectrum, Iy, is measured followed
by the measurement of an emission spectrum with the sample, I. By the reference spectrum, the
wavelength-dependent intensity of the IR source is taken into account as well as the absorption
caused by the cuvette or the solvent in case of liquids.

The transmission, which is a function of wavelength, is defined as

I
T=— 52
s (5.2)

and the absorbance spectrum follows the equation
A=-log, T (5.3)

The absorbance A — the negative logarithmic transmission — is dependent on the thickness of the
cuvette, d, the concentration, ¢, and an extinction coefficient that is dependent on the wavelength

and the material, €). The corresponding equation is Lambert-Beer’s law:

I
A:—loglogze,\-c-d (5.4)

'Poster K1.05 at 20th International Conference on Solid State Ionics 2015, Keystone, USA.
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However, to determine the concentration of the species that has to be analyzed, knowledge of the
extinction coeficient is vital. It may be found in tables for common materials but for other materi-
als, a reference solution with known concentration has to be analyzed first against the background

measurement, I, to determine the extinction coefficient.
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6.1 Sample Preparation

6.1.1 Powder

Lanthanum tungstate, LaWO54, was prepared by the citrate complexation route, which is a modi-
fied Pechini[106] method. This method was applied by Yoshimura et al.[107] to synthesize yttrium
tungstate. For lanthanum tungstate, the precursor yttrium nitrate hexahydrate has been replaced
by lanthanum nitrate hexahydrate. Please compare Seeger et al.[15] and Escolastico et al.[108] for

the citrate-complexation route of LaWO54.

Synthesis

The precursors ammonium tungstate (2.043 g, 0.6676 mmol) and lanthanum nitrate hexahydrate
(18.709 g, 43.206 mmol) were weighed with a lanthanum/tungsten ratio of 5.4 (5.393), and two times
of the precursor’s chemical amount of citric acid monohydrate (18.219 g, 86.70 mmol) was added. In
a 2L beaker the precursors were partially solved in 200 mL of demineralized water and four times
of the precursor’s chemical amount of ethylene glycol (9.7 mL) was added. The mixture was stirred
and heated to 150 °C for 3 h. After esterification of citric acid and ethylene glycol — forming the
complexation agent — all precursors were solved and first a transparent gel, finally a colorless resin
was formed by evaporating water and expelling nitrous fumes while heating to 300 °C. Organic
compounds were removed in a furnace at 350 °C overnight. The now brownish black residue was
pestled and the powder was calcinated in an alumina crucible at 900 °C. The now colorless powder

was ball milled with 30 mL ethanol and zirconia balls with @5 mm. After drying, a pale yellow pow-
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der of LaWO54 was yielded (8.192 g, 1.474 mmol, 92%). Phase purity was confirmed with XRD (see
Fig. 6.1). Broad peaks in the XRD indicated small grain sizes, which were then roughly estimated by
a powder scanning electron microscopy (SEM) micrograph. Grain sizes between 200 nm and 1 um
were observed. The chemicals used in this process are listed in Tab. 6.1. Details on the methods of

diffractometry and electron microscopy will be presented in Section 6.1.3.

Table 6.1: Chemicals used for the synthesis of LaWO54 powder.

Name / Formula Purity CAS Vendor
Ammonium tungstate 99.99% 11140-77-5 Sigma Aldrich, USA
(NH4)10H2(W207)s
Lanthanum nitrate hexahydrate 99.99% 10277-43-7 ChemPur GmbH, DE
La(NO3)3 . 6H20
Citric acid monohydrate 99.7% 5949-29-1 VWR Int. BVBA, BE
HOC(COOH)(CH,COOH); - H,O
Ethylene glycol 99.5% 107-21-1 Merck KGaA, DE
HOCH,CH,0OH

6.1.2 Pellets

Disc shaped pellets of LaWO54 were prepared as targets for pulsed laser deposition (PLD) film
preparation, for electrical measurements that will not be reported in this thesis, and for FTIR mea-
surements. All pellets were prepared with the powder yielded from the citrate-complexation route.
All pellets were first pressed uniaxial with 30 kN and finally pressed isostatically with a pressure of
283 MPa. The greenlings were placed on a sintering bed in an alumina crucible and sintered using
the temperature program depicted in Fig. 6.2 with a maximum temperature of 1550 °C. The pellets
were polished subsequently using SiC abrasive papers with grit P180, P320, P800, P1200, P2500 and
finished with diamond pastes of 1 micron and 1/4 micron on micro-cloth support. Surface rough-
ness was measured with interference microscopy (details on the method see Section 6.1.3) with a
root-mean-squared roughness of 246 nm over an area of 1.1 mm?, grain sizes and density with SEM,
and phase purity with XRD. A list of pellets used in this work is summarized in Tab. 6.2. From the
SEM micrograph of pellet F004 shown in Fig. 6.3, a grain size of 8 um to 40 pum can be observed
after sintering but before polishing the sample. The grains show different gray scales which might
be a hint to different phases. Hence, a back scattering image (see Fig. 6.4) was taken to identify
differences in the composition. In the back scattering micrograph, all grains show the same gray
scale, thus a homogeneous phase can be assumed. The samples show a density above 99% — no

pores are visible in the SEM micrograph in Fig. 6.3.
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Figure 6.1: Rietveld refinement of X-ray diffraction data of powder synthesized via the citrate com-
plexation route. Refined parameters: Scale S = 0.877 x 10™°; zero correction: -0.16; lattice parameter
a = 11.166 A; full width half maximum parameters U = 0.1579 and W = 0.2568 The mixing parameter
was set to 1 (Lorentzian function only). The atomic positions of the second lanthanum and tungsten site
and of the oxygen sites differ slightly from the parameters shown in Tab. 2.1: La2/W2: 0 0.2330 0.2330;
O1: 0.05243 0.05243 0.05243; O2: 0.37812 0.37812 0.37812. The Bragg R-factor is R = 15%.
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Figure 6.2: Temperature profile of the sintering program used for the pellets listed in Tab. 6.2.

6.1.3 Bar Samples

The bar samples used for ECR measurements in this work were prepared by J. Seeger and W.A.
Meulenberg from IEK-1, FZ Jiilich GmbH with a geometry of approximately (4 x 4 x 33) mm®. In
contrast to the other samples, the LaWO54 powder used for these samples was prepared by solid
state synthesis from the oxides.[15] The bar shaped samples were sintered at 1500 °C at IEK-1. The
samples F001, FO02 and JS001[109] were taken from the same batch and can be assumed identical

6.1
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Table 6.2: A list of pellets used in this work with diameter and thickness.

ID Diameter Thickness Purpose

F003 8 mm — first FTIR measurements (broken)
F004 8 mm 0.601 mm first FTIR measurements

F006 15 mm 0.873 mm PLD target

F010 15 mm 1.237 mm PLD target

EHT=1556ky  Signal A=SE{_ Date :27 Apr2015 IPc 20 pm EHT=1427kv  Signal A=BSD _ Date :27 Apr2015 IPc

WD= 30mm  PhotoNo.=4472 Time :13:26:23 Mag= 1.00KX WD= 16mm  PhotoNo.=4477 Time :14:27:19

Figure 6.3: SEM micrograph of sam- Figure 6.4: SEM micrograph of sample
ple F004 with secondary electron detector. F004 with quadrupole backscattering de-
Lengths of a small and a large grain were de- tector: all grains show the same composi-
termined to estimate grain sizes. tion.

in composition, phase purity, and density. Before use, the samples were polished by SiC abrasive
papers with grit P180, P320, P800, P1200, P2500 and finished with diamond pastes of 1 micron
and 1/4 micron on micro-cloth support. The root-mean-squared surface roughness of sample F002
was determined by interference microscopy to be 60 nm over an area of 1.1 mm?, phase purity with
XRD, and density and homogeneity with SEM.

Samples and Dimensions

The dimensions of the samples were determined after polishing. To be consistent with the diffusion
model (symmetrical flux at center), the thicknesses of the sample are 2a and 2b and the length is
2c. The samples have shown a few depositions of silica on the surface, originating from the quartz
glass reactor tube at elevated temperatures. Hence, the samples were removed from the reactor
tube after approximately three months and polished again (in the same way as fresh samples except
for grit P180 and P320) before they were used for the next measurements. Samples F001, F005,
FO11 and F012 are an identical sample as well as FOO1 and FOO1b, i.e. a new identifier was assigned
after polishing a used sample. The bar sample FO09 has been prepared by powder yielded from

the citrate-complexation route described above and has been sintered like the disc-shaped samples.
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After sintering, a twist in z-direction occurred and the sample was rather thin. Therefore, instead
of using own samples, it was chosen to fall back to the samples prepared by Seeger and Meulenberg
from IEK-1, which show high density, mechanical stability, and a well defined cuboid geometry. A
list of all bar samples is shown in Tab. 6.3. The methods used to determine phase purity, surface
roughness, and creating SEM micrographs are described in the following paragraphs, exemplary

for either sample FOO1 or sample F002.

Table 6.3: Bar samples used in this work with dimensions 24, 2b and 2¢. The distance between the
inner contacts for the four-point DC conductivity measurement (see Section 6.2.2) is denoted as d.
*Deviation might occur due to a slightly bend sample and its placement on the micrometer test stand

or due to adhesion of contact pastes at the ends of the sample. The sample is, of course, not thicker than

sample FO11.

ID Sample dimensions Contact distance
2a 2b 2¢ d

Fo01 3.784 mm 4.142 mm 33.1mm 17.7 mm

F0O01b 3.767 mm 4.128 mm 33.1mm 13.1mm

F002 3.688 mm 4.130 mm 33.2mm 13.0 mm

F005 3.70lmm 4.082 mm 33.1mm 13.0 mm

F009 1.452 mm 4.298 mm 36 mm —

Fo11 3.66l mm 4.019 mm 33.1mm 14.0 mm

Fo12 *3.695 mm 3.995 mm 33.1mm 12.9 mm

X-Ray Diffraction

Phase purity was determined by X-ray diffractometry. The diffractometer is a STOE Theta-Theta,
STOE & Cie GmbH, Darmstadt, Germany, controlled by software ‘WinXPOW 2.1.2’ It is used in a
reflexion geometry w:26. The X-ray source is a copper anode with 1(Cu — Ka) = 1.540590 A and
A(Cu - Kay) = 1.544 310 A radiation. Cu — K radiation was removed by a secondary monochro-
mator. The detector is a scintillation counter. Details on X-ray diffractometry can be found else-
where.[110] The software ‘FullProf Suite’ was used for determining lattice parameters and structural
information by Rietveld refinement. The Rietveld method is used for pattern matching of XRD
diffractograms requiring phase information as input parameters. The fitted parameters are listed
in the tables corresponding to the diffractograms. Details on the Rietveld method are described in
the book of Young|[111]. The structural information used for fitting the experimental data is taken
from the thesis of Scherb[12] and has already been presented in Tab. 2.1. In this reference, the sof

has been mentioned. From the multiplicity of the Wyckoff site, the resulting occupancy can be

6.1
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calculated with the sof according to

multiplicity

occupancy = (6.1)

max(multiplicity) .

As a peak-shape function, which is required for Rietveld refinement, a ‘Pseudo-Voigt’ function has

been chosen. It is a convolution of Gaussian and Lorentzian distribution functions. The fit has been

performed with the ‘Maximum Likelihood’ weighting model, which is beneficent for the determi-

nation of lattice parameters.[112] The following parameters have been fitted to the experimental

diffractogram with a subtracted background by subsequently enabling variation in FullProf[113]:

Scale factor:
The intensity of a diffractogram is in arbitrary units, thus the entire profile must be scaled so
that the calculated and observed intensities match. The scale factor S is independent of the

angle and is introduced to the entire diffractogram, I, = S - Iops.

Zero-point correction (Instrumental):
The sample, the detector and the X-ray source usually show a small misalignment in the
instrumental setup. From the distances of the reflexes, the zero-point, 6 = 0°, can be extrap-

olated and thus corrected.

Lattice parameter a:
The lattice parameter, a, of a cubic phase, is equal to the parameters b and ¢ and thus only
one lattice parameter is fitted with the constraint a = b = c. The angles have not been fitted

and assumed as a = f =y = 90°.

Peak-shape-function full width half maximum parameters W and U:
The squared full width at half maximum, H 2 is defined by the parameters U, V and W for a

constant wavelength
H?>=Utan’0+ Vtan6 + W (6.2)

The full width half maximum parameter V has not been fitted (V' = 0.002). The limits are
0<U<1,0<V<land0< W <1. These parameters, however, only influence the full width
half maximum of the Gaussian functions. For the Lorentzian function, the parameter X
must be fitted. However, fitting X was not possible here because one of the Gaussian FWHM

parameters became negative.

The mixing parameter #:

This parameter describes the fraction of Gaussian and Lorentzian functions, which are used
for the peak-shape-function. The limits of 7 are 0 < 7y < 1. If the mixing parameter is
near zero, the peak shapes are of Gaussian type and the use of Pseudo Voigt is not necessary.
However, the refined profiles show a large contribution of Lorentzian functions to the peak

shape.
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o Atomic positions x, y, z:
For each atom on a Wyckoff site, the coordinate can be refined. The resulting coordinates

differ slightly from the structural parameters from Tab. 2.1.

The quality of fit is expressed by the Bragg R-factor, Rg, defined as

Ru = Zi |Iobs - Icalcl
p= =2
Zi |Iobs|

For a good fit, R-factors lower than 20% or even lower than 10% are possible. After fitting, a diagram

(6.3)

with the experimental data (red dots), the fitted profile (black line), the Bragg positions for the

corresponding phase (green lines) and the residual (blue line) is obtained (see Figs. 6.1 and 6.5).
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Figure 6.5: Rietveld refinement of X-ray diffraction data of the bar sample F002. Refined parameters:
Scale S = 0.387 x 107>; zero correction: -0.067; lattice parameter a = 11.170 A; full width half maximum
parameters U = 0.0265 and W = 0.0228; mixing parameter 7, = 0.823. The atomic positions of the
second lanthanum and tungsten site and of the oxygen sites differ slightly from the parameters shown
in Tab. 2.1: La2/W2: 0 0.2347 0.2347; O1: 0.08677 0.08677 0.08677; O2: 0.37001 0.37001 0.37001. The
Bragg R-factor is R = 8.8%.

The lattice parameter obtained by Rietveld refinement of the bar sample F002 is a = 11.170 A and
corresponds to a lanthanum/tungsten ratio between 5.2 and 5.3 according to Fig. 2.1.[3] However,
a second tungsten rich phase could not be observed so that the material is still in the single phase

region.
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Interference Microscopy

The surface roughness of bar samples and pellets after polishing has been analyzed with an interfer-
ence microscope (WYKO NT1100, Veeco Instruments Inc.,USA with 10x lens and 0.5x ocular and
software WYKO Vision 32). It was used in the ‘PSI’ mode, the phase shift interference mode, based
on different path lengths of the light reflected at the sample’s surface and at a reference mirror of the
Mirau interferometer. After a measurement, the data was corrected for a curvature and tilt shift.
The surface roughness is detected over an area of 1. mm?. A typical two-dimensional heat-map
of the surface roughness and a histogram are depicted in Figs. 6.6 and 6.7, respectively. The root-
mean-squared roughness is calculated from the height Z; of each pixel of the rastered interference

image with (M x N) pixels according to
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Figure 6.6: Interference microscopy in Figure 6.7: Histogram of the interference
PSImode: two-dimensional heat map of the microscope image of sample F002. The full
surface roughness. width half maximum is 101.6 nm and the

root-mean-squared roughness is 59.67 nm.

Scanning Electron Microscopy

SEM was used to get an impression of density and grain sizes of the samples. It was also used
to confirm the lanthanum/tungsten ratio. However, the exact composition cannot accurately be
determined by electron microscopy for these samples. The SEM machine is a Leo 1450VP, LEO
Electron Microscopy Inc., UK (now Carl Zeiss AG, Germany) with secondary electron and qua-
ternary back-scattering detectors and software SmartSEM 05.03.04. The energy dispersive X-ray
spectroscopy (EDX) system is an Oxford x-act 51-ADDO0005 detector, Oxford Instruments plc, UK,
with software INCA Suite 5.05 fitted into the Leo 1450 VP machine. SEM micrographs of the pol-
ished bar sample F001 are shown in Figs. 6.8 and 6.9. It can be seen that the porosity is a little bit
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higher than that of the pellets but the samples are still very dense. An EDX analysis of this sample
shows a La/W ratio of 5.2 but the error might be very large as the oxygen content is rather large.

Thermal etching of the bar samples followed by secondary electron micrographs showed that the

grain size is between 9 pm and 24 pm.

100 . 2 E
pm Mag= 100X Signal A= SE1 Date 118 Sep 2013 um Mag= 5.00KX Signal A= SE1 Date :18 Sep 2013

WD = 20 mm Time :14:37.40 '_' WD = 20mm Time :14:41:54
Figure 6.8: Secondary electron microcraph Figure 6.9: Secondary electron micro-
of bar sample FOO1 with magnification 100x. craph of bar sample FO01 with magnifica-

tion 5000x.

6.1.4 Thin Films

For FTIR measurements, thin films of LaWQ54
were deposited on quartz glass substrates
(HOQ310, @15mm x 1mm) using PLD (PLD [yt
workstation, SURFACE systems + technology i ;zi :

GmbH & Co. KG, Germany). The recipe was

taken from Reference [114] and the samples

e
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were prepared by A. von der Heiden. The sub-
strate was heated to 600 °C. The distance be-

tween target and substrate was 45 mm. The en-

ergy of the KrF excimer laser was 250 mJ. The

fifth PLD film was used for FTIR measurements 0 om0 o s 1000 100 14000
and 150.000 shots were fired by the laser with X/ um

10 Hz. After evacuating a pO, of 50 mtorr was  Figure 6.10: Height profile of thin film PLD5.
applied. The thickness of the film was deter-

mined by a Profilometer (Dektak 150, Veeco Instruments Inc., USA) to approx. 3 pm to 5 um.
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6.2 Experimental Setup ECR

The experimental setup was initially constructed and used by D. Miiller and Y. Gensterblum for
ECR experiments with oxygen. As a part of this work, the experimental setup has been extended to
additionally provide two distinctive partial pressures of water vapor, and the software controlling
all parts of the plant has been rewritten from scratch using C#. The setup is schematically shown in
Fig. 6.11. At the inlet side of the reactor, two gas streams are mixed: first, a mixture of oxygen and
nitrogen (both 5.0 purity, Westfalen AG, Germany) is prepared using different mass flow controllers
(MFCs) (MKS Instruments, Germany). Each stream uses four MFCs with a maximum flow rate
of 1000, 100, 10, and 1 mL min ™" (calibrated for nitrogen at 0 °C and 1.013 25 bar). The MFC with
maximum 1000 mL min " is always connected to the nitrogen line and the MFC with 1mL min " is
always connected to the oxygen line. The two inner MFCs can be attached to either the oxygen or
the nitrogen line via three way needle valves (Swagelok Company, USA with HL geometry). Possible
maximum ratios of nitrogen/oxygen are: 1110/1, 1100/11, 1000/111. The analog MFCs are attached to
a digital-analog converter and can be controlled in 256 steps from zero to maximum flux. Behind
the MFC unit the plant is open and thus a total pressure of approximately 1bar is present in the
remaining setup. Each of the two streams of nitrogen and oxygen is now directed into a water
vapor saturator (see Section 6.2.1). The gas stream is saturated with a higher pH,O than intended
and then directed into a second saturator, where the final pH,O is adjusted. The pH,O can directly
be controlled by the temperature of the saturators whereas the flux of oxygen for the pO, must be

calculated by

PO,

= .V 6.5
1bar - pH,0 Nor0: (6.5)

Vo,

Here, Vx, .0, is the total flux controlled at the MFC unit. The resulting total flux of the gas stream

behind the saturator assuming room temperature is

PH20
pe

Viot = W, 40, (1 + (6.6)
The two gas streams with a defined pO, and pH,O are now directed into a four way valve (VICI
A 90, Valco Instruments Co. Inc., USA with magnetic valve 5420, Biirkert Fluid Control Systems,
Germany), which allows a very short switching time of less than one second. One of the gas streams
is discarded while the other enters the quartz glass reactor tube, which is placed in a tube furnace.
The gas lines are heated to avoid condensation of water before the gas enters the furnace. The
furnace (constructed at RWTH IPC) is controlled by a direct current power source (PS8160-04T,
Elektro Automatik GmbH & Co. KG) and a temperature control (CN7800, Omega Engineering
Inc., USA). The quartz glass tube has a diameter of 3 mm at the inlet and within the furnace it has
a diameter of 15 mm. The sample is placed behind the diminution of the quartz glass tube. Hereby,

the gas stream is quickly reaching the sample’s surrounding after a switch of the four way valve to
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Figure 6.11: Construction scheme of the experimental setup of the entire ECR plant.
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Figure 6.12: Photography of the experimental setup for ECR measurements at RWTH Aachen Uni-
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minimize axial dispersion. The sample is placed on an alumina sample holder with four electrodes
for the four point DC conductivity measurement. The platinum (outer electrodes for the constant
current source) and gold (inner electrodes for the measurement of the voltage) wires are contacted
with gold paste (KQ500, Heraeus Holding GmbH, Germany). The use of gold wires and paste for the
inner contacts is necessary to avoid catalytic behavior of platinum for the water splitting reaction.
See Section 6.2.2 for details on the four point DC conductivity measurement. Right behind the
sample, a potentiometric oxygen sensor is placed, measuring the pO, of the gas stream. A type S
thermocouple probes the temperature at the oxygen sensor. Details on the potentiometric oxygen
sensor see Section 6.2.3. The outlet of the reactor tube directs the exhaust gas into the laboratory.
It is isolated with alumina wool to avoid condensation of water. Although the water content of
the gas stream at this side is irrelevant for the sample, a condensation leads to a conductivity of
the sample holder: a water film on alumina enables conduction, making the determination of the

sample’s conductivity impossible.

6.2.1 Water Vapor Saturator

The stream of nitrogen and oxygen is directed into the saturator (see Fig. 6.13, produced individually
by Aachener Quarz-Glas Technologie Heinrich, Germany) and tempered at a spiral tube to the
water vapor saturator’s temperature, which is adjusted by cryostats (2x SC150/A28, Thermo Fisher
Scientific Inc., USA, for the main saturators and F12, JULABO GmbH, Germany and C10/K10,
Thermo Fisher Scientific Inc., USA, for pre-saturation). By a frit filter, the gas is led into a reservoir
of demineralized water and by the large surface of the frit filter, the gas is assumed to be saturated to
100% humidity. The gas forms small bubbles within the water reservoir and can further be saturated
if the humidity has not yet reached 100%. The gas stream is then leaving the saturator into a heated
gas line to avoid condensation of water if the saturator’s temperature is above room temperature.
The water reservoir is approximately 40 mL. It has not been checked if the humidity is actually
100%. However, the most important property is a constant pH,O throughout the course of the
experiment, which can be derived from a constant conductivity of the sample in equilibrium. The
oxygen sensor’s constant signal shows that there is no big difference in pH,O during the experiment
as oxygen would be displaced by water time-dependent and this would be monitored at the oxygen
sensor. The water content can be controlled by the temperature of the saturator’s cooling fluid. For
example, a pH,0 of 30 mbar is achieved by setting the saturator’s temperature to 24.09 °C and a
pH,0 of 10 mbar by a temperature of 6.98 °C.

6.2
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Figure 6.13: Sketch of the water vapor sat-
urator. “TC’ is a thermocouple reading the
temperature near the water reservoir. The
coolant ethylene glycol/water is held at con-
stant temperature by a cryostat.

Figure 6.14: Four point DC conductivity
measurement. The wires attached to the in-
ner contacts are gold wires with 0.3 mm di-
ameter and the wires for the outer contacts

are platinum wires with the same diameter.

Both are contacted with sintered gold paste.

6.2.2 Conductivity: Four Point DC Measurement

The four point DC conductivity measurement is one of the most common methods for accurately
determining conductivities. In this method, four electrodes are attached to a sample in a row (see
Fig. 6.14 for a schematical setup). The outer contacts are connected to a constant current source
(SourceMeter 2611B, Keithley Instruments Inc., USA) with currents of I = 20 pA for low temper-
ature measurements to I = 100 uA for high temperature measurements. The inner contacts are
connected to a digital multimeter (DMM 2701, Keithley Instruments Inc., USA) measuring the
voltage, which is applied between the inner contacts. The voltage is measured at zero current, thus
the resistances of the contacts are neglected and only the resistance of the material is measured.
This method can be used to determine the total conductivity (both, ionic and electronic) of ho-
mogeneous (bulk) materials. The distance d between the inner contacts is required as well as the
cross-sectional area A over the entire length of the sample. With the constant current I and the
measured voltage U between the inner contacts, d, and the area of the sample, A = 2a x 2b, the

conductivity of the sample can be calculated by

Id
_ 6.7
7= (6.7)
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6.2.3 Potentiometric Oxygen Sensor

The potentiometric oxygen sensor (SIRO, C700, Ceramic Oxide Fabricators Pty. Ltd., Australia)
works like a lambda probe in automotives with catalytic converters: the voltage between a reference
gas, here synthetic air (nitrogen with 20.5% oxygen, Westfalen AG, Germany), and the atmosphere,
which has to be monitored, is measured. In between is an oxygen conductive electrolyte (e.g. YSZ),
contacted by two platinum wires (see Fig. 6.15). It is an open cell voltage with a concentration cell
for the redox pair O,(g) + 4e~ = 20%". The potential between the outer and inner electrode of the
electrolyte is measured with a digital multimeter (Digital Multimeter 2701, Keithley Instruments
Inc., USA) and the temperature is measured by a type S thermocouple next to the electrolyte. The
PO, of the probe can be calculated from the voltage U by the Nernst equation for a concentration

cell with four electrons

4UF

PO, probe = POy, e - € RT (6.8)
+
, ) I\\
-
reference gas > orobe gas

Figure 6.15: Potentiometric oxygen sensor: two electrodes (red) at an electrolyte material (e.g. YSZ,
blue) measure the potential between the probe gas and the reference gas, directed through the inner

part of the sensor.

6.2.4 Four Way Valve

The four way valve directs one of the two gas streams into the reactor tube while discarding the other
stream. It can be switched by the magnetic valve and pressured air within less than a second so that
the second stream is directed into the sample while the first is discarded. During the switching
process, the flow rate drops shortly to zero and sometimes one or two data points of the voltage
measurements of the oxygen sensor and/or the sample are outliers. The switching process takes
less than one second and the empty reactor requires less than 5 seconds to flush. The flushing of
this reactor has been analyzed in a previous publication.[43] A flush time correction[91] has not
been introduced because of the fast flushing of the reactor. The flushing with water vapor should
be approximately equal, although this has not been tested. The signal of the oxygen sensor upon
hydrating steps will be shown in Section 7.1.1.

6.2
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6.2.5 Furnace

The furnace was constructed by the electronic and mechanical workshops of RWTH IPC. An elec-
tric coil around an alumina tube is powered by a DC power supply unit (PS8160-04T, Elektro Au-
tomatik GmbH & Co. KG, Germany) with limits of 120 V and 4 A, controlled by a temperature
control unit with a DC module (CN7800, Omega Engineering Inc., USA). The alumina tube and
electric coil reside in a case with thermal isolation and an aluminium box. A type S thermocouple
within the coil is connected to the temperature control unit.

For previous measurements with perovskite type MIECs like Bag 5Srg 5Co¢ sFe 20;_g or similar,
which show high electric conductivities, the constant current was set to approximately 10 mA and
the use of a common temperature control unit with a pulsed AC signal (230 V) was possible. How-
ever, first measurements with lanthanum tungstate, which shows a rather low electric conductivity,
a constant current of 20 pA is used for temperatures of up to 800 °C. The measurements revealed
periodic signals in the voltages of the oxygen sensor and of the sample between the inner contacts.
These two signals are shown in Figs. 6.16 and 6.17: with an interval of 41.5 min a peak-shaped drop
in the voltages of the sensor and the sample is observed. Also the temperature signal shows a small
oscillation. The second periodic signal is a smaller oscillation on a shorter time scale (150s). The
second oscillation is only observed in the voltages of the sample and the oxygen sensor. The mea-
sured temperature is constant. The reason for these two periodic signals is unknown, however, the
source could be identified: after replacing the temperature control unit by a temperature control
unit with DC module and a DC power supply, the signals vanish, but the noise of the signals pre-
vails. A possible explanation is that the pulsing of a strong current/voltage causes induction of a
small current at the sample. This effect is not negligible for lanthanum tungstate samples as the
constant current is very low compared to previous measurements (20 A vs. 10 mA). The voltage
is measured every two seconds (with an offset of tens of milliseconds between the measurement of
the sample’s and the oxygen sensor’s voltages) and the interval between two pulses of the furnace is
approximately one second. The interval of the shorter periodic signal is much larger, thus maybe it
is an interference between the voltage measurement and the pulse. For a couple of seconds — dur-
ing the periodic signal — the voltage is measured during the pulse while for the interval between

two periodic signals the voltage is measured between two pulses of the furnace.

6.2.6 Measurement Software

The measurement software was created from scratch for the extended experimental setup. The
software was written with MicroSoft Visual Studio 2010 (C#/WPF) using libraries of the suppliers
Keithley and ADDI-DATA and the library OxyPlot for the diagram. It controls the main parts of
the experimental setup, including the Digital Multimeter and the SourceMeter, the four way valve,
the MFCs and the main cryostats 1 & 2. The furnace control and the readback of the thermocou-

ples at the water reservoir of the water vapor saturators are not yet implemented. Details on the
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programming of the devices and screenshots of the software are presented in Appendix B.

The data-acquisition is performed mainly by the two digital multimeters. The first digital multi-
meter reads four channels consecutively: i) the voltage of the inner contacts of the sample ii) the
voltage of the oxygen sensor iii) the temperature in °C iv) ‘Channel 111’ currently not in use (in pre-
vious experiments, two pairs of inner contacts existed). The switching of the channels is achieved by
relays and it takes a couple of milliseconds to switch the channels, to perform the reading (typically
1 or 10 power line cycles at 50 Hz) and to send the data to the computer. An interval of 2000 ms
is the lowest to read these channels. In order to perform faster readings, a second multimeter is
connected with only one channel to the inner contacts of the sample and thus readings of approxi-
mately 200 ms are possible. However, if both multimeters are connected to the same electrode, the
faster multimeter ‘sees’ the state of the relay at high or low. After screening the sample’s conductivity
relaxation curves, important measurements were performed with only the second multimeter and
a disconnected first multimeter at the inner contacts.

The data files created by the software are explained in Appendix B.

6.3 FTIR Setup

The IR spectroscopy was performed with a standard FTIR machine (IRpresitge-21, Shimadzu Cor-
poration, Japan). For relaxation experiments, the construction of a heatable reactor with variable
gas atmospheres was necessary to fit into the sample chamber. One of the main issues is the isola-
tion of the reactor, which must fit into the sample chamber and keep the outer temperature as low as
possible because of plastic parts in the FTIR machine. The reactor and the case containing the reac-
tor and isolation is depicted in Fig 6.21. It is a construction scheme of Guido Kirf, who created the
reactor and isolation. It consists, in principle, of a steel block that is heated by six cartridge heaters
(Maxiwatt 250 W, 40 mm x @4 mm, Resistencias Industriales Maxiwatt S.L., Spain). A hole for the
IR and laser beam is isolated with NIR transparent quartz glass (HOQ310, Heraeus Holding GmbH,
Germany; transmission of approx. 90% for # > 2000 cm™) and in the center of the block, a pellet
or a thin film on a substrate with a diameter of 15 mm can be placed. A thermocouple measures the
temperature next to the sample. A gas stream is directed from the four way valve (fourth gas line
of the ECR setup) into this reactor and leaves it over an exhaust line. The reactor can be heated up
to 550 °C while the temperature of the case does not exceed 60 °C. The experimental setup for IR
relaxation experiments is shown in Fig. 6.20.

The FTIR machine can be operated in a standard MIR setup (typically 400 cm™ < ¥ < 4000 cm™),
using a ceramic lamp, a KBr beam splitter and a standard detector. An alternative setup enables
measurements in the NIR regime (approx. 3800 cm™ < # < 12500 cm™). The IR source is a tung-

sten lamp, using a CaF, beam splitter, and an InGaAs detector (option1 in the software).
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6.4 Software

The following software was used for calculations, which are not related to specific instruments. All
calculations were performed under MicroSoft Windows 8.1 x64 and MicroSoft Windows 10 x64
using Intel processors i7-4770K, i5-2400 and i5-3317U.

« OriginLab OriginPro 2015 and 2016, x64, for calculating conductivities and fitting activation
energies.

« MathWorks MatLAB 2014a, 2014b, 2015a, 2015b and 2016a, each x64, for fitting experimental

data to diffusion model and modeling concentration profiles, ECR curves.

6.4

81



Chapter 6 Experimental

82



Electrical Conductivity Relaxation Experiments

In this chapter, the results of the ECR experiments of lanthanum tungstate will be presented. In the
first section, general considerations on relaxation experiments upon hydration are described, the
fitting procedure and the limits of the method. In the second part, the transport parameters were
determined in dependency of the temperature and the partial pressures of oxygen and water vapor
for hydrating steps. An interesting effect requires the derivation of the power factors. The oxidation
behavior of lanthanum tungstate in dependency of the partial pressure of water will be discussed

finally.

7.1 General Relaxation Behavior upon Hydration

The principle of ECR measurements has been described in Section 4.2 for oxidative and reductive
steps. A first glimpse at hydration relaxation kinetics and recent publications on this topic have
been given in Section 4.6. For hydration kinetics, the partial pressure of water has to be switched
step-like at t = 0 to a higher partial pressure while the partial pressure of oxygen must be constant

before and during the relaxation process.
ApO, =0 and ApH,O >0 (71)

For the change in pH,O, the same step-size has been chosen for most experiments as suggested for
oxidation kinetics (ApO,) by Wang et al.[90], i.e. half an order of magnitude. The pH,O can be
adjusted by the water vapor saturators described in Section 6.2.1. However, there are two methods
to adjust the pO, via the MECs: the flux that has to be set at the MFCs can be calculated by Eq. (6.5)

for both gas streams or it can be adjusted so that both streams show the same pO, at the oxygen
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sensor situated behind the sample. Both methods have systematic and/or experimental disadvan-
tages. The first method has two issues: i) the MFCs’ accuracy is not high enough to yield equal pO,
in both streams just by setting the correct flow. The flow is precise with little noise but not very
accurate if one assumes correct values yielded by the potentiometric oxygen sensor in dry N, /O,
mixtures. Even if one uses the same setting for both streams and the same technical parts to mix
both streams, there is a step in pO, measured at the oxygen sensor. ii) As shown in Section 3.3,
the final pO, depends on the pO, provided by the MFCs and the gas phase water equilibrium, Eq.
(3.43). However, the second issue can be neglected in the temperature range where the ECR exper-
iments are carried out, as shown in Fig. 3.6. The second method detects the actual gas composition
near the sample as a probe for the pO,. This method, however, has a different disadvantage: the gas
stream is not only a mixture of inert nitrogen and oxygen that can be detected by the sensor, it also
consists of water vapor, which might influence the potential at the probe side of the potentiometric
oxygen sensor’s electrolyte. This has been checked by directing nitrogen (5.0 purity) into the wa-
ter vapor saturators with three different partial pressures of water (pH,O =10 mbar, 30 mbar and
100 mbar) monitoring the voltage of the oxygen sensor. The first observation is that with increasing
pH,O the noise of the oxygen sensor’s signal increases. The pO, calculated from Eq. (6.8) decreases
with increasing pH,O. However, this change is negligible and might be caused by another effect:
the water vapor added to the nitrogen displaces nitrogen as the total pressure is constant. The re-
maining oxygen (< 0.001%) in the nitrogen stream is also displaced and the decrease in pO, might
also be attributed to the displacement. The calculated pO for the three pH,Os are 1.85 x 10~ bar,
1.71 x 107> bar and 1.70 x 10~ bar. The difference is small compared to the huge difference in pH,0
between probe and reference (‘dry’) gas of the sensor.

Because of the low influence of pH, O on the voltage of the potentiometric oxygen sensor, the second
method has been chosen for ECR measurements. Before starting the automated switching processes

of the four-way valve, both streams were set to the same pO, measured at the sensor.

7.1.1 Afirst Relaxation Experiment

The relaxation curve upon hydration of bar sample F002 is shown in Fig. 7.1. In this experiment, the
following parameters were kept constant: the temperature was 950 °C, the pO, was 100 mbar, the
current was 500 A and the total flow rate was approximately 100 mL min~! for both gas streams.
At t = 0, the pH,O was changed step-like from 10 mbar to 30 mbar (the water vapor saturators were
cooled/heated to 6.98 °C and 24.09 °C, respectively).

The conductivity curve in Fig. 71 shows that the sample is in equilibrium with the gas phase before
the switch (¢ < 0, pO, = 100mbar, pH,O = 10mbar, T = 950°C) as it is constant. After the
switch (t > 0, pO, = 100 mbar, pH,O = 30 mbar, T = 950 °C), the conductivity rapidly dropped
to a minimum at 37 s and afterwards slowly increased to a constant value that is above the initial
value. The temperature did not change during the switch and the oxygen sensor does not show any

significant change in pO,.
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Figure 7.1: Relaxation curve of sample FO02 after a hydrating step from pH,O = 10 mbar to 30 mbar
(gray symbols). T = 950 °C; pO, ~ 100 mbar. The inset is a magnification of the start of the relaxation.
pO; (red symbols) and temperature (black symbols) are almost constant before and after the switch.

The conductivity relaxation curve is similar to the curves described by Yoo and Lee[70, 102] for
hydration kinetics. The shape of the curve can be described as two-fold non-monotonic’. “Two-fold’
means that two different kinetics seem to be present — a fast kinetic responsible for the drop in
conductivity and a slow kinetic for the increase — and that the resulting curve is a superposition of
two single fold relaxation curves. ‘Non-monotonic’ means that the sign of the slope changes during
the experiment — in this case from negative to positive.
The nominal reaction taking place is described in Eq. (3.10), recapitulating
X Ty 12

H,0(g) + O§ + vy = 20HY, with Ku,0 = % (72)
However, in order to understand the two-fold behavior, this reaction must be split into the two
reactions, the hydrogen incorporation reaction, Eq. (3.6), and the oxygen incorporation reaction,
Eq. (3.1). Both reactions show different kinetics, the first of which is assumed to be very fast and the
second is slow. A first glimpse at the kinetics of the hydration reaction has been given in Section
3.1.4 and the occurrence of two different kinetics will further be discussed in Section 7.1.2.1. For

now, the assumption that two reactions with two different kinetics take place must suffice.
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The reaction governing the first part of the relaxation is the fast incorporation of hydrogen, Eq.

(3.6), recapitulating

1 H
EHZ(g) +0§ +h* = OHY with Ku —] (73)

* T /pHa[he]

Hydrogen is incorporated into the bulk phase forming a hydroxy-anion (or a proton interstitial) at

the expense of an electron hole. The source of the hydrogen species is not known — either a H,
or a H,O molecule is adsorbed at the surface. The exact nature of the adsorbed species (charge,
bonds) is also unknown. As the incorporation of the hydrogen species follows its own kinetic,
Eq. (7.3) can formally be used to describe the equilibrium reaction. The mobility of protons is
usually between the mobility of oxygen vacancies and of the electrons/-holes. As a consequence,
the electrical conductivity decreases. When this reaction is almost complete (the driving force of
this reaction gets lower when the equilibrium is almost reached and the slope of the single fold
relaxation curve flattens) the second reaction — the incorporation of oxygen — mainly influences
the resulting curve as it is much slower and still large driving forces exist. The oxygen incorporation

equation, Eq. (3.1), is

1 v % L ope . [05][h*]?
-0,(g) +vgy =05 +2h with Ko, = —/——— (7.4)
52 8 §) o 0 Toz[vé']

Oxygen is incorporated onto an oxygen vacancy and two highly mobile electron holes are created.
As a consequence, the electrical conductivity increases. From the water incorporation equation,
Eq. (72), the absolute change in electron hole concentration upon hydration should be zero as it is
not mentioned in Ky,0. However, the oxygen vacancy concentration decreases upon hydration and
with Eq. (7.4), itis evident that the concentration of electron holes is also decreasing (pO, is constant
and the change in [O] is negligible), Acpe < 0. This has also been discussed by Merkle et al. in a
recent article simulating concentration profiles.[115] The decrease of the concentration of electron
holes caused by the hydrogenation at the start of the relaxation is not entirely compensated by the
increase of electron hole concentration upon oxidation in the second part of the relaxation. Hence,
there must be another reason for the increase of the total conductivity in equilibrium, Ag > 0.
The mobility of protons in LaWO54 is rather high and their concentration is increasing during the
entire relaxation process. The increase of the total conductivity instead of a decrease can only be
explained by a large contribution of protonic conductivity to the total conductivity. The importance
of protons for the electrical conductivity relaxation will be discussed soon.

For the conditions chosen in this experiment, two-fold non-monotonic relaxation behavior, which
has up to now only been investigated for perovskite type oxides, could be observed for lanthanum
tungstate. Solis et al. have not observed two-fold behavior for lanthanum tungstate — using lower

temperatures and different atmospheres.[38]
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7.1.2 Fitting the Relaxation Curve

Yoo and Lee[70] fitted a superposition of two relaxation curves to the total conductivity. They have
used a diffusion model without surface reaction limitation (see Section 4.3 and Eq. (4.25)). Lim
et al. replaced this equation with the diffusion model presented in Section 4.3 including a surface
reaction limitation. The time-dependent conductivity can be expressed by Eq. (4.28), using the
initial conductivity, P, as an offset and two different kinetics, J#..p,(t), and their corresponding
power factors, P;(c,c°,u;), for the single fold relaxation curve of each ionic species. Usually,
single fold relaxation curves are fitted with a least square fit. However, in two-fold relaxation curves,
the beginning of a relaxation process is very important for the determination of the fast kinetic’s
transport parameters. Therefore, the fit has been weighted so that especially the fit of the start of

the relaxation shows good agreement with the experiment by minimizing

Error = Z M (7.5)
" P+l

with the calculated and observed electrical conductivities, 0., and gops. The last data point in the
previous equilibrium is set to t = 0. The data points have equidistant time intervals. The data point
r is measured at time t,.

The script used for fitting the diffusion model to the data will be discussed in detail in Appendix A.
It is based on MATLAB’s minimization function fminsearch by minimizing the error by varying
five parameters, the surface reaction rates ki and ko, the diffusion coefficients Dy and Do and
one of the two power factors. In a first step, the other two power factors are calculated. The power
factor P° (later in this work denoted as A) is equal to the initial conductivity, 67} .. The second power
factor, Py (later B) is varied by fminsearch and is a constant for one iteration of the routine. The
third power factor, Py (later C) can be calculated by the final conductivity, Po = o5, — Pu - PO,
The new notation of the power factors used in this work will be explained in Section 7.2.2. In the
second step, the parameters L, iy and L, o are calculated and f; iy and f3; o are obtained by finding
the first N positive roots of Eq. (4.24). The corresponding parameters for the second dimension are
calculated in the same way. In the third step, the diffusion model’s analytical solution is solved for

each time step, t,, yielding the total conductivity at this time:

. ) -
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The relaxation curve shown in Fig. 7.1 was used to fit the diffusion model with the method described

above. In Fig. 7.2, the fit, 0., is shown as a pink line. The initial conductivity, 0% or A, is shown as
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a green dotted line and the contributions of the fast hydrogen kinetic (red dotted line, B- S0 ()
and the slow oxygen kinetic (blue dotted line, C - fio.5o (1)) are also shown. The residual of the fit,
Oobs — Ocale»> i shown in the lower diagram as a red line. The transport parameters and power factors
obtained by the fit are summarized in Tab. 7.1. The surface reaction rate of hydrogen is approxi-
mately two orders of magnitude higher than the rate of oxygen and the diffusion coefficient is one
order of magnitude higher. The fit shows good agreement with the experimental data indicated by

low residuals with no systematic characteristics.
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Figure 7.2: The conductivity relaxation curve shown in Fig. 71 (gray symbols) and the diffusion model
fitted to the experimental data with Eq. (7.6) (pink line). The contributions of the power factors are
shown as dotted lines: A (green); with A as an offset, B - Jr b (t) (red) and C - fro. Do(t) (blue). The

residual of the fit, 04ps — Ocalc, is shown in red in the lower diagram with equal scale.
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Table 7.1: Transport parameters obtained by fitting the diffusion model to the relaxation curve shown
in Fig. 72. T = 950 °C; pO, = 100 mbar; ApH,O = 20 mbar (10 mbar — 30 mbar).

Parameter Fitted Value
Surface reaction rate of hydrogen kp 7.21x 10" cms™!
Diffusion coefficient of hydrogen Dy 3.26 x 107 cm?s™!
Surface reaction rate of oxygen ko 515x 10" cms™
Diffusion coefficient of oxygen Do 171 x 107> cm?s™!
Power factor A 7.801mScm™!
Power factor of hydrogen B -0.103mScm™
Power factor of oxygen C 0.259 mScm™!

7.1.2.1 Fitting with one Surface Reaction Rate or one Diffusion Coefficient

In the previous section, two completely different kinetics for the incorporation of hydrogen and
oxygen were assumed, i.e. the surface reaction and the diffusion of both species are based on mech-
anisms with different kinetics. The parameters obtained for both species differ significantly. How-
ever, to show that at least two different kinetics for both, the surface reaction and the diffusion,
are present, the fitting procedure was performed with one surface reaction rate and two diffusion
coefficients and with two surface reaction rates and one diffusion coefficient. This was achieved by
the constraints I~<H = ko and Dy = Do, respectively, using the same analytical function. The result-
ing residuals of the fits are shown in Fig. 7.3. The best fit to the experimental data is achieved by a
variation of all four parameters. Especially the very start of the relaxation process — the first 25s —
is better represented by a variation of four parameters (gray) than by one surface reaction rate for
both curves (red). Fitting with a single diffusion coeflicient (blue) introduces large errors to the fit
during the first 750 s. The fast diffusion of protons compared to the slow oxygen diffusion cannot be
described by a single diffusion coeflicient. However, fixing the surface reaction rate has a significant
but not too large impact on the quality of fit. A possible explanation might be the large influence of
hydrogen diffusion as a rate limiting step for the hydrogen relaxation and that the surface reaction
of hydrogen is at the limit of the determinability. This will be explained in more detail in the next

section.
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Figure 7.3: Residuals of fitting the diffusion model to the experimental data. Gray: all kinetic transport
parameters are varied. Blue: a single diffusion coefficient for both species is assumed, Dy; = Do. Red:
a single surface reaction rate is assumed, ky; = ko. The lower diagram is a magnification of the yellow

part of the upper diagram.

7.1.3 Simultaneous Determinability of the Surface Reaction Rates and Diffusion Coefficients

In Section 4.4, the simultaneous determinability of both parameters, the surface reaction rate and
the diffusion coefficient, in a single experiment has been discussed. If the dimensionless parameter
L, is between 10! and 10%, both parameters can be determined. For relaxation experiments upon
hydration, two pairs of transport parameters are obtained by fitting the model to the experimental
data and for both pairs the dimensionless parameter can be calculated, L,y and L, o. For the
parameters yielded for the experimental data shown above, L, 11 and L, o are within the curvature
in Fig. 74 and can thus be determined. If one of the dimensionless parameters is not within the
curvature but instead in the linear regime of 7p or 74, it is possible to change L, by adjusting the
sample’s thickness. The lines can be shifted left using thinner samples or right using thicker samples.
However, the distance between both lines is constant and dependent on the transport parameters
only. Changing the sample’s thickness shifts both parameters by an equal amount in a logarithmic
plot. If the distance between both lines is larger than the extent of the curvature in this plot, a
maximum of three parameters can be determined simultaneously by shifting one of the two lines
into the curved regime by adjusting the sample’s thickness. N.B.: From the data yielded by the fitting

routine, one cannot obtain a L,, which is deep within the linear regime, because the fit becomes
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independent of the corresponding parameter at the verge of the curved regime. The true parameter
L, of a sample, however, can be deep within the linear regime.

The dimensionless parameters L, 1y and L, o for the transport parameters listed in Tab. 7.1 for sam-
ple FO02 with thickness 2a = 3.771 mm are depicted in Fig. 7.4 (see Fig. 4.7 and Reference [43]) as
vertical lines at the corresponding values of L,. The dimensionless parameter L, for oxygen (blue
line) lies within the center of the curved regime. The surface reaction and the diffusion have an
almost equal contribution to the relaxation curve. The dimensionless parameter L, for hydrogen,
however, is in the curved regime but at the verge to the diffusion controlled regime. Both param-
eters are still determinable simultaneously but the relaxation of hydrogen is mainly limited by its

diffusion whereas the surface reaction is very fast.
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Figure 7.4: Simultaneous determinability of all four transport parameters. L, i and L, o are within
the curved regime (see Section 4.4).

7.1.4 Relaxation upon Dehydration

In Section 71.1, the behavior upon hydration has been shown and the diffusion model was fitted to
the experimental curve. Here, the behavior upon dehydration is presented, achieved by decreas-
ing the pH,O while maintaining a constant pO,. In principle, the transport parameters should be
equal to the parameters obtained by fitting to the hydration curve. Transport parameters are usually
specified to the final pO, and pH,O, which is identical in the hydration and dehydration processes
compared here. However, while the surface reaction is dependent on the final conditions only, the

diffusion during the entire relaxation process is dependent on the diffusion coefficients between

7.1

91



Chapter 7

92

Electrical Conductivity Relaxation Experiments

initial and final conditions. Transport parameters with a large discrepancy between oxidative and
reductive steps have been obtained for OTM materials in literature.[116, 117] However, simulations
of Lohne ef al.[42] and the effect described in our previous publication[43] can explain this be-
havior by a limited gas phase mass transport. The difference in non-stoichiometry for reductive
and oxidative steps — if the same step-size, half an order of magnitude, is used — is not the same,
|A8ox| < |Adreq|- In Fig. 7.5, the relaxation curve for a dehydrating step at 950 °C and a pO, of
100 mbar is shown after a step in pH,O from 100 mbar to 30 mbar. This is the same final pH,O as

in Fig. 71. The resulting transport parameters are summarized in Tab. 7.2.
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Figure 7.5: Relaxation curve of sample FO02 after a dehydrating step from pH,O = 100 mbar to 30 mbar
(gray symbols). T = 950 °C; pO, = 100 mbar. The inset is a magnification of the start of the relaxation.

Table 7.2: Transport parameters obtained by fitting the diffusion model to the relaxation curve shown
in Fig. 75. T = 950 °C; pO, = 100 mbar; ApH,O = —70 mbar (100 mbar — 30 mbar).

Parameter Fitted Value
Surface reaction rate of hydrogen kyy 1.98 x 107 cms™!
Diffusion coefficient of hydrogen Dy 3.22x10*cm?s™!
Surface reaction rate of oxygen ko 2.29x10* cms™!
Diffusion coefficient of oxygen Do 319 x 107> cm?s7!
Power factor A 8.166 mScm™!
Power factor of hydrogen B 0.089 mScm™
Power factor of oxygen C ~0.333mScm™

An evaluation with regard to the power factors will be made later in this work. For now, it is only

clear, that the final conductivity in both cases must be equal as the final conditions are equal and
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the sample reaches equilibrium, aﬁ;’d = aé’:hyd. Comparing the final conductivities of the relaxation
curves shown in Figs. 7.5 and 7.1, almost the same final conditions were met: O'}T;d =7.956Scm™! and
Odenyd = 7-9228 cm™!, Deviations might occur due to slightly different pO, or pH,O or because of
degradation of the sample as the dehydration was performed weeks after the hydration experiments.
Comparing the transport parameters upon dehydration to the values obtained by fitting to the re-
laxation curve upon hydration, Tab. 7.1, one can see that the transport parameters for oxygen do
not differ significantly for hydration or dehydration behavior. The diffusion coefficient of hydro-
gen, Dy, is almost equal. However, the surface reaction rate of hydrogen, ky, is almost one order
of magnitude lower than for the hydrating step. One explanation might be the limit of the simul-
taneous determinability as discussed above. Another consideration for the surface reaction will be

discussed with the power factors later in this work in Section 7.2.3.

7.1.5 Error Estimation

In a previous work, the error on the parameters yielded by an oxidative or reductive relaxation
experiment has been estimated.[95] In this work, the sample’s thickness was changed in the fitting
procedure to reflect the error caused by the measurement of the sample’s thickness. The deviation of
the parameters for the thicker and thinner sample thickness from the unmodified sample thickness
was added to the positive and negative error bars. A second error has been estimated by calculating
the confidence interval of the fit. The surface reaction rate k has been increased and decreased until
the error of the fit exceeds a factor of 1.05 (5% deviation). In this fitting routine, the unweighted
least-square error of the relaxation curve has been added up until time t99 g9;, where the normalized
calculated curve of the unmodified transport parameters reaches a value of 0.999. The introduction
of time f99 99, is necessary because the relative deviation of the least-square fit is smaller if many
values are added up while the sample is in equilibrium. It was found that the error introduced by the
measurement of the sample’s thickness is small compared to the error estimated by the confidence
interval. Hence, it has been neglected for further error estimations.

For the error estimation of two-fold relaxation curves additional considerations are necessary. The
errors on the power factors B and C cannot be determined. In the following error estimation, the
determined power factors are assumed to be exact. The weighting of the fit is necessary to reflect the
start of the relaxation process. For the confidence interval, the fit cannot be weighted. Therefore,
with the obtained parameters, two single fold relaxation curves — one for the fast hydrogen kinetic,
one for the slow oxygen kinetic — were simulated and the time after which 99.9% of each conversion
is complete, was saved (t99.9%, 11 and £99.9%,0). In a second step, the non-weighted squared error was
added up from t = 0 to f99.99 1y and from ¢ = 0 to t99 99,0. In a third step, the confidence interval
for the hydrogen kinetic was determined by a variation of ky; and Dy, respectively, up to an error of
1.05 - Zifﬁg%’ﬂ (Gobs,t — Ucalc,t)2~ The confidence interval of the slow oxygen kinetic was accordingly
determined by a variation of ko and Do up to an error of 1.05- 2290.9%,0 (Gobs,t — acalc,t)z. While one

parameter was varied, all other transport parameters were fixed.
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In contrast to the determination of the confidence interval of a single fold relaxation curve, where
the factor of the error by changing the parameters is always larger than unity (if it is lower, the fit has
not found the minimum), the fact that the fit was performed with a weighting and the determination
of the confidence interval was unweighted, the factor of the error can be lower than unity. This is
especially the case for the fast hydrogen kinetic. It should also be mentioned that the determination
of the confidence interval of the fast hydrogen relaxation neglects the slower oxygen relaxation
curve for t > f99.99 1. The confidence interval is shown as an error bar for the kinetic transport

parameters in the diagrams of Section 7.2.

7.1.6 Ohmic Resistance

The measurement of a conductivity by the four point direct current method requires an ohmic re-
sistance of the sample and of the contacts. The resulting conductivity relaxation curve should be
independent of the constant current. However, the voltage was limited to 2 V to avoid electrolysis or
avery high drift of charge carriers. In most cases the constant current was chosen to yield a voltage
of a few hundred mV so that the signal-to-noise ratio was good and no other effects (e.g. the signal
caused by the furnace, see Section 6.2.5) influenced the measurement. To show that the sample and
the contacts describe ohmic behavior, an I-V curve (current-voltage curve, I, U-diagram) has been
measured. In Fig. 7.6, the I-V curve shows a linear correlation between voltage and current with
the ohmic resistance as slope. The electrical conductivity is calculated from Eq. (6.7) using the dis-
tance of the contacts and the cross-sectional area. Ohm’s law is already inserted into this equation,
assuming an ohmic resistance. For the diagram shown in Fig. 7.6, the voltage was increased step-
wise up to a voltage of 2V, then decreased to —2 V before increasing to 0 V while monitoring the
current. The measurement was performed in a two point setup using the SourceMeter at contacts

1 and 4 of the sample.

7.1.7 Variation of the Flow Rate

The issues caused by a limited gas phase mass transport of oxygen have already been discussed in
Section 4.2.1 and in References [42, 43, 92]. These problems occur for materials with high trans-
port parameters and high differences in oxygen non-stoichiometry, A§. Lanthanum tungstate has
rather high protonic transport parameters and medium oxygen transport parameters upon hydra-
tion (the transport parameters of oxygen upon oxidation will be discussed later). Therefore, the
first condition is met. To analyze, if the relaxation is influenced by a gas phase mass transport limi-
tation, relaxation measurements in dependency on the flow rate were performed and the transport
parameters for flow rates between 25 mL min~' and 200 mL min~! were determined. Higher flow
rates can be applied by the MFCs but the water vapor saturators feed liquid water into the tube
caused by strong bubbling at high flow rates and the pH,O cannot be assumed constant. The re-
sults are shown in Fig. 7.7. All transport parameters are almost constant over the analyzed flow

rate region and do not show any trend. Thus, it can be assumed that the difference in hydrogen
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Figure 7.6: I-V characteristics of sample F012. T =700 °C and 950 °C; pO, = 100 mbar; pH,0 =
30 mbar.

and oxygen concentration is not large enough to influence the relaxation. Some perovskite type
materials like BSCF and LSCF (barium / lanthanum strontium cobalt ferrates) show large oxygen
non-stoichiometry differences[118, 119] — causing a gas phase mass transport limited relaxation.
The fact that the determined parameters do not change with higher flow rates — which lead to a
faster flushing and thus a smaller time constant of the reactor — also indicate that the flush time
correction proposed by den Otter ef al.[91] is not necessary here.

The obtained transport parameters for sample FO11 are — except for the surface reaction rate of
hydrogen — approximately equal to the parameters summarized in Tab. 7.1 for sample F002. The
issue of determining the surface reaction rate of hydrogen is at the limit of the determinability and

the deviation might originate from this effect, similar to the issues described in Section 71.2.1.

7.2 Electrical Conductivity Relaxation of LaWO54

In the previous section it has been shown that lanthanum tungstate shows two-fold relaxation be-
havior upon hydration while maintaining a constant pO,. From fitting the diffusion model to the
relaxation data, the following parameters are accessible: the ambipolar surface reaction rates for
hydrogen and oxygen, ki and ko, the ambipolar diffusion coefficients for hydrogen and oxygen,
Dy and Do, the initial conductivities, 0° or A, the power factors for hydrogen, B, and for oxygen,

C.
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Figure 7.7: Transport parameters of LaWO54 in dependency of the flow rate for hydrating steps of
sample FO11. T = 950 °C; pO, = 100 mbar; pH,O = 10 mbar — 30 mbar.

7.2.1 Variation of Temperature and Partial Pressure of Oxygen: Relaxation Curves
7.2.1.1 Decreasing the Partial Pressure of Oxygen

Starting at the conditions described above, the constant partial pressure of oxygen was first de-
creased by one order of magnitude to 10 mbar. From the shape of the relaxation curve, one can
immediately see the lower contribution of the fast kinetic. The minimum of the relaxation is al-
ready reached after 18 s while it is reached after 36 s for a pO, of 100 mbar. The drop in conductivity
up to the minimum (not to confuse with the power factor B, which is absolute larger and also nega-
tive) is much smaller than in the curve depicted in Fig. 71 (0.018 mS cm™ versus 0.055 mScm ™ for

high pO, — the fact that the power factor B for low pO is also —0.055 mS cm ™

is a coincidence).
The initial conductivity, ¢°, and the difference in conductivity, Ao, are slightly lower than for high
pOa.

The resulting kinetic transport parameters obtained by fitting the diffusion model to the experimen-
tal data shown in Fig. 7.8 are summarized in Tab. 7.3. The kinetic transport parameters are almost
independent of pO, but the power factors, A, Band C, do differ significantly from the power factors
for pO, =100 mbar (see Tab. 7.1). They indicate that the two-fold behavior is less pronounced for

lower pO,. A detailed pO, dependence will be presented in Section 7.2.4.
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Figure 7.8: Relaxation curve of sample FO02 after a hydrating step from pH,O = 10 mbar to 30 mbar.
T =950 °C; pO, = 10 mbar. The red line is the fit to the experimental data (gray symbols). The inset is

a magnification of the yellow rectangle.

Table 7.3: Transport parameters obtained by fitting the diffusion model to the relaxation curve shown
in Fig. 7.8. T = 950 °C; pO, = 10 mbar; ApH,O = 20 mbar (10 mbar — 30 mbar).

Parameter Fitted Value
Surface reaction rate of hydrogen kg 2.86 x 107> cms™!
Diffusion coefficient of hydrogen Dy 354 x107*cm?s™!
Surface reaction rate of oxygen ko 9.01x10™*cms™!
Diffusion coefficient of oxygen Do 219 x107° cm?s™!
Power factor A 6.907mScm™!
Power factor of hydrogen B ~0.055mScm ™!
Power factor of oxygen C 0.181mScm ™!

7.2.1.2 Decreasing the Temperature

In a second step, the temperature has been decreased to 700 °C compared to the conditions de-
scribed in Section 7.1.1. This temperature has been chosen because it has been reported that the elec-
tronic conductivity emerges above ~ 750 °C (to be precise: below 750 °C, LaWO54 shows predom-
inantly protonic conductivity and ambipolar conductivity is achieved by ‘suitable doping and/or
increasing the temperature’)[10] and hence, single fold relaxation behavior should be observed as
reported by Solis et al.[38] The kinetic should follow the slow oxygen kinetic. The fast hydrogen
kinetic is not present because charge neutrality is only maintained by proton interstitials and oxy-
gen vacancies. A fast hydrogen diffusion would lead to a significant charge separation and a Nernst

field created by these two charge carriers, which is analog to the common oxidative relaxation steps,

7.2

97



Chapter 7

98

Electrical Conductivity Relaxation Experiments

where the flux of fast electron holes is coupled to the oxygen flux by the Nernst field accelerating
the oxygen species and slowing down the electron holes.

However, the sample did not follow single fold behavior but instead a two-fold behavior as shown in
Fig. 7.9. The curve is not non-monotonic as described for hydration kinetics, e.g. in References [69,
102, 103]. A two-fold monotonic behavior was observed. The obtained transport parameters are
summarized in Tab. 74. Both, the surface reaction rate and the diffusion coefficient of oxygen, are
almost one order of magnitude lower for 700 °C. However, the parameters for hydrogen are even
higher than the parameters obtained for 950 °C — not in accordance with Arrhenius-type behavior
of k and D. The contribution of the fast kinetics to the relaxation curve is very small (B) and the
fit, shown in Fig. 7.9, does not show a good agreement with the very start of the relaxation (see
inset in Fig. 7.9). This might be attributed to the weighting of the fit (even if the fit is weighted to
further increase the influence of the start of the relaxation, the apparent fit does not improve) or to
the fact that the switching process is influencing the first few seconds of the relaxation curve, which

is extremely important for determination of the transport parameters of the fast kinetics.
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Figure 7.9: Relaxation curve of sample F002 after a hydrating step from pH,O = 10 mbar to 30 mbar.
T =700 °C; pO, = 100 mbar. The red line is the fit to the experimental data (gray symbols). The inset is
a magnification of the yellow rectangle.
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Table 7.4: Transport parameters obtained by fitting the diffusion model to the relaxation curve shown
in Fig. 79. T =700 °C; pO, = 100 mbar; ApH,O = 20 mbar (10 mbar — 30 mbar).

Parameter Fitted Value
Surface reaction rate of hydrogen ki 1L13x 10 cms™
Diffusion coefficient of hydrogen Dy 2.76 x 107 cm?s7!
Surface reaction rate of oxygen ko 9.24 x 10> cms™!
Diffusion coefficient of oxygen Do 3.28 x107% cm?s™!
Power factor A 1.634mScm™!
Power factor of hydrogen B 0.017mScm™
Power factor of oxygen C 0.272mScm™!

7.2.1.3 Decreasing the Temperature and the Partial Pressure of Oxygen

Finally, the pO; and the temperature were decreased to pO, = 10 mbar and T' = 700 °C. Both effects
described above are reflected in the relaxation curve, shown in Fig. 7.5: the two-fold behavior is
less pronounced than for the relaxation curve at high pO, (Fig. 7.9) indicated by a lower power
factor B and the shape of the relaxation curve is also two-fold monotonic in contrast to the shape
of the relaxation curve at 950 °C. The transport parameters are similar to the parameters obtained
at higher pO, except for the surface reaction rate of hydrogen. The fit is independent of the surface
reaction rate of hydrogen because the relaxation is limited by the diffusion of hydrogen (see Section
71.3).
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Figure 7.10: Relaxation curve of sample F002 after a hydrating step from pH,O = 10 mbar to 30 mbar.
T =700°C; pO, = 10 mbar. The red line is the fit to the experimental data (gray symbols). The inset is

a magnification of the yellow rectangle.
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Table 7.5: Transport parameters obtained by fitting the diffusion model to the relaxation curve shown
in Fig. 710. T = 700 °C; pO, = 10 mbar; ApH,O = 20 mbar (10 mbar — 30 mbar).

Parameter Fitted Value
Surface reaction rate of hydrogen kp independent
Diffusion coefficient of hydrogen Dy 1.62x 103 cm?s7!
Surface reaction rate of oxygen ko 1.30 x 10~ cms™!
Diffusion coefficient of oxygen Do 312x 10" cm?s™!
Power factor A 1.431mScm™
Power factor of hydrogen B 0.012mScm™
Power factor of oxygen C 0.277mScm™!

7.2.1.4 Conclusion of the Relaxation Curves

For high temperatures, LaWO54 shows a two-fold non-monotonic relaxation behavior upon hydra-
tion. This has been exemplary shown for 950 °C and pO;s of 10 mbar and 100 mbar in Sections 7.1.1
and 7.2.1.1, whereas LaWO54 shows two-fold monotonic relaxation behavior for low temperatures
(700 °C). The power factor B has the same sign (positive for hydration) as the power factor C atlow
temperatures.

For both temperatures, the two-fold behavior is less pronounced for lower pO,, indicated by lower
power factors for the fast kinetic, B.

A detailed analysis of the power factors is necessary to explain the two-fold monotonic behavior at

low temperatures.

7.2.2 Definition of Power Factors

The power factors used in Eq. (7.6) are the contribution of each single fold relaxation curve to
the resulting two-fold curve as a superposition. In literature, the power factors are constants each
involving the mobilities and initial and final concentrations of the defects involved’[70] (see Section
4.6). In this section, the power factors will be derived for the simple case of a surface reaction
limited relaxation of lanthanum tungstate. The question, if the conductivity can be an observable
of the concentrations of hydrogen and oxygen, will also be treated. For oxidation and reduction
behavior without protonic contribution to the conductivity, the link between electrical conductivity
and oxygen vacancy concentration has already been established in Section 4.1 and, in more detail,

in Reference [82].
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7.2.2.1 Relaxation without Diffusion Limitation

The power factors will be derived for the special case of a relaxation without diffusion limitation,
simplifying the time-dependent function to a simple exponential function for a first order reaction
(see Section 3.1.4). As soon as a proton or an oxygen ion is incorporated into the bulk phase, the con-
centrations of protons, oxygen ions and electron holes are equilibrated instantaneously (‘D = co’)
so that the concentrations are not a function of space x. For the sake of simplicity, the geometry
of the sample is a one-dimensional plane sheet. Some parts of this section are a repetition of the
theory presented in Chapters 3 and 4 to establish a coherent derivation of the power factors.

The geometry of the sample is a plane sheet with distance 2a between the two planes at x = —a and
x = a in the one-dimensional treatment. At the center of the sample, x = 0, the flux is zero due
to symmetry (see Section 4.3.5). At the left surface, x = —a, an excerpt of the plane with infinite
extent is chosen, area A (blue area in Fig. 711). Due to a step-like change in chemical potential
of species i, a flux through area A4, j;, is effected by surface reaction. By this flux, the volume V'
(light blue cuboid) is filled with species i until the chemical potential between bulk and gas phase
is equilibrated. The right volume is filled by a flux through the second surface area at x = a (gray

area).

?X

Figure 7.11: Parallel planes with a one-dimensional diffusion problem (compare to Fig. 4.2).

In general, the flux of species i, j;, through surface area A without diffusion limitation is defined as

Ldm Y de | do
TA T ar A ar Y a4

= =ki (¢ —ci(t) & =~ =

Ji I (¢ =ci(t)) (7.7)

dc i i( i
a
with the bulk concentration of species i in equilibrium, ¢;°, the time-dependent bulk concentration
of species i, ¢;(t), and the ambipolar surface reaction rate of species i, k;. N.B.: By the simplification
of an infinite diffusion coeflicient, the use of average concentrations is not necessary and the surface

concentration used in Eq. (3.18) is equal to the concentration within the bulk phase.
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Integration of Eq. (7.7) yields
_ e ut (7.8)

For a step-like change in pH,O (hydration), the incorporation equation of water, Eq. (3.10), can be
split into two reactions: the incorporation of oxygen and the incorporation of hydrogen. The reac-
tions prior to the rate determining incorporation reactions into the bulk are in pre-equilibrium (see
Section 3.1.4). The experimental relaxation curves show that two different kinetics are present, a fast
kinetic assigned to the incorporation of hydrogen and a slow kinetic assigned to the incorporation

of oxygen (see Section 7.1.2.1).

Flux and time-dependent concentration of oxygen in the bulk phase
The slow oxygen incorporation into the two virtual sublattices of lanthanum tungstate (see Section
2.2.1.2) follow the reactions

1 1
502(8) +vo =04 +2h* and Eoz(g) +v, = O, +2h° (7.9)

The flux of oxygen — either by an incorporation onto a thermal vacancy (v{}') or onto a structural

vacancy (v, ) — is defined as
jo = ko(eg = co(t)) (710)

The concentration of oxygen that is in equilibrium with the surrounding gas phase, ¢, is in fact
a function of time as it is a function of the time-dependent concentration of proton interstitials. It
can be linked by the laws of mass action for the incorporation of hydrogen and water, Egs. (3.6)

and (3.1), resulting in

~ 55.5[H]?
KIZ_Iszz . KOZ\ /pOz

For small step-sizes the change in oxygen vacancy concentration is small compared to the over-

[vo']

(711)

all oxygen content, rendering ¢’ a constant. If this simplification is applied, the time-dependent

oxygen concentration is yielded by integration of Eq. (710):

co(1) :cg+(cg°—c%)-(1—e_k§)t) (712)
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Flux and time-dependent concentration of hydrogen in the bulk phase
The incorporation of hydrogen has been introduced in Section 3.1.2 and can be reduced to the

incorporation equation
1 L] L]
JHa(g) +h* = H; (713)

It does not matter, if the proton is forming a hydroxy-anion on a regular oxygen site (OHg)) or on
an occupied structural vacancy site (OH)).

The bulk concentration of hydrogen, which is in equilibrium with the gas atmosphere, ¢}, is not
a constant but a function of the oxygen vacancy concentration, analog to Eq. (711). The change
in proton concentration caused by a change in oxygen vacancy concentration cannot be neglected.
The change of the oxygen vacancy concentration is a function of time with a slow kinetic dependent
on i(o.

Hence, the concentration ¢;* in Eq. (7.7) must be replaced by the time-dependent equilibrium

concentration, written

¢ > F(OF1) + [ (1) - R ()] (1) 714)
New final and initial concentrations are used here:
cir ([v&]%) = ci7: bulk concentration of hydrogen (H{) in the new equilibrium.
X ([ver]°) = c¥: initial bulk concentration of hydrogen.
iy ([v&]%): equilibrium bulk concentration of hydrogen for the final pH,O but for the initial oxy-
gen vacancy concentration (in the general case; for lanthanum tungstate, the initial oxygen vacancy
concentration must be replaced by [vgy]? + [v}]°, which has been omitted for readability). This
concentration is only achieved if the mobility of oxygen is zero (or approximately deep within the
sample, e.g. in a semi-infinite medium, beyond the diffusion length of oxygen at a given time).
Inserting the time-dependent equilibrium concentration of hydrogen, defined in Eq. (7.14), into the

flux equation, Eq. (7.7), the flux of hydrogen can be obtained:

jin= i { e (081 + [ (0817) - R (0510] - (1- ) - a0} 719

From Eq. (715) it can be assumed that the time-dependent concentration of hydrogen is a func-
tion of both kinetics. As an approach, the concentration of hydrogen is dependent on an initial
concentration with parameter «, a part dependent on the fast kinetic with parameter 3 and a part
dependent on the slow kinetic with parameter y.

In this approach, the time-dependent hydrogen concentration can be written as

CH(t)=oc+[3(1—e_i(aHt)+y(1—e_I}$t) (716)

The parameters «, 8 and y in this paragraph, which have no relation to other appearances of these

characters within this work, can be obtained by inserting this approach into Eq. (715), i.e. deriving
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Eq. (716) with respect to time (see Eq. (7.7)) and inserting the approach into cy () of the right part

of Eq. (715):
t s oo ®e 00 o oo _];70
R TN N Ly (o R PIN (Sl EL TR
<0+ /{ﬁ : eikTHt + rko '67)}7(”

H 3%}
ko ¢

- (81 + [ (0817) - i (051 - (1- )

_(x—[;’(l—e_kft)_y(l_e—i?t)

The resulting parameters, i.e. the contributions of both kinetics to the time-dependent concentra-

tion of hydrogen, are

o =cy([ve]") (718)

(e 1) - (ve'1%)

B =i ([617) - e([v5") - 719)
ki
) AT (5T) 20
ki

If the hydrogen kinetic is much faster than the oxygen kinetic, ki; > ko, Eq. (716) using the
parameters from Egs. (7.18) to (7.20) can be simplified to

cn(t) = ([v&1") (7.21)
R EET) - (1] (1- )
R OE1™) - ()] (1-¢ )

Merkle et al.[115] have simulated depth profiles and concentration relaxation curves of charge car-
riers upon hydration in the p-type regime of perovskite type protonic conductors with diffusion
limitation only. They have found two-fold concentration profiles of hydrogen for 700 K, where the
transference number of protons is larger than the transference number of oxygen vacancies.

The chemical potentials of hydrogen and oxygen with the considerations discussed above are plot-
ted as a sketch in Fig. 7.12. This sketch includes a depth-profile originating from a diffusion limita-
tion, which will be discussed later. The profile of hydrogen using the simplifications for Eq. (7.21)
can be divided into two parts: i) the fast kinetic, caused by the difference in pH,O, but with the
initial oxygen vacancy concentration (orange part in Fig. 712); ii) the increase of the chemical po-
tential of hydrogen caused by the difference in [v¢y' ] with the slow oxygen kinetic (light blue part
in Fig. 7.12). The red curve is the resulting chemical potential of hydrogen as a superposition of the

orange and light blue parts.
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—new inflated

------ initial

=f(pO,,pH,0
Honi =100 N\ Hopu=lPO,,PH,0)

1

Hye=1PH,0)

Chemical Potential u.

“H,bulsz(szol [v;1(0)

Depth x

Figure 7.12: Sketch: chemical potential of hydrogen and oxygen on a hydrating step at time 0 < ¢ <
tir < t& with the relaxation times ¢;° in which the equilibrium of species i is reached. The red (effective)
line is two-fold. Light blue: contribution of the change in [vg]. Orange: contribution of ApH,O at the

initial oxygen vacancy concentration, [vgy]°.

7.2.2.2 Conductivity and Change in Conductivity

The electrical conductivity, the property that is measured in ECR experiments, is dependent on the

charge, charge mobility and concentration of each charge carrier, recapitulating Eq. (4.1)
g=3 0 =F) (ziluic;) (7.22)
i i

Important for ECR experiments is the time-dependent change in concentration measured by the
conductivity. For small steps in pH,O, the charge mobility and charge of each species is assumed
to be constant. According to the incorporation equations, the following species show a change in
concentration over time: hydrogen (H}), oxygen (v¢y and in LaWO54 also O})) and electrons (e’ or
h*). The time-dependent electrical conductivity, o (t), can be derived by inserting the concentration
of oxygen, Eq. (7.12), and the simplified concentration of hydrogen, Eq. (7.21), into Eq. (7.22), with

the time-dependent change in concentration of the charge carriers involved, ¢; — ¢;(t), yielding
o(t)=A+B|l—e o' |+C|l—e ")+ Ecphe(t) (7.23)
with

A:F[|ZH|uHc%+|zo|uocoo+ Z |zl~]uic,-]

i,t—indep.
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B = Flzplun [ (v&]") - cn(vE1")]
C = Flzoluo(c5 — cg) + Flznlun [} ([v&1%) - e (v&'1")]

E = F|zpe

Upe

With power factor A for the initial concentrations of hydrogen, oxygen and all time-independent
charge carriers, B the power factor for the hydrogen concentration change with the fast kinetic and
C the power factor for the change in oxygen concentration and the change in hydrogen concentra-
tion dependent on the change in oxygen vacancy concentration with the slow kinetic. The change
in electron hole concentration is summarized as E - cps (¢) and will further be unraveled in the

following section.

7.2.2.3 Electron Hole Concentration via Electroneutrality Condition

The simplified electroneutrality condition (see Section 2.2.2) for donor-doped LaWO54 in the p-
type regime is

3[Wia'] + [h*] + 2[vg ] + [H{] = 2[O}] (7.24)

1 v

< [07] =2([07] - v’ ]) - [H7] - 3[Wig"]

The change in electron hole concentration is of interest in relaxation experiments, thus [h*] —
[h*](t) — [h*]°. As the concentration of tungsten on lanthanum site does not change with time, it

is canceled. The change in electron hole concentration can be written as
1)) - 1 =2 ([0 - [017) - (10 - w87 ) | - [ 1 - 181717 | 223)

The oxygen defects in lanthanum tungstate have been discussed in Section 2.2.1.2. It is divided into
two virtual sublattices — the regular oxygen sublattice and the two structural vacancies per unit cell.
The defects in both virtual sublattices, vy and O}, are of interest for the change in electron hole
concentration. Together with their relative neutral counterpart, they are in the following relation:

[05] +[vE] =54 and [O)]+[vy]=2 (7.26)

v v

The total concentration of oxygen at time ¢ is the sum of all occupied oxygen ions in the anion

sublattice, converting from defect fraction to volume concentration according to Eq. (2.1),

co(t) = ([011() + [03](1)) - N;VUC (727)

In Eq. (7.25), only charged defects occur. [O] must be replaced by the oxygen vacancy concentra-
tion by inserting Eq. (7.26) into Eq. (7.27), yielding

co(t) = ([001() + 54~ [v&1(1)) - N;VUC (728)
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In Eq. (7.25), the change in oxygen (vacancy) concentration with time is used, hence the summand

54 is removed:

(1] (1] 1
co(t) - cb = | (1021 - [O41°) - (810 - 51°) |- (729)
Na - Vuc
The time-dependent volume concentration (converted with Eq. (2.1)) of electron holes can be writ-
ten as
Che(t) = cpo +2 [co(t) - cg] —[en(t) - C%] (7.30)

by inserting Eq. (7.29) into Eq. (7.25) and converting the protonic defect fraction into a volume
concentration.

The concentrations of oxygen and hydrogen at time ¢ have been analyzed in Section 7.2.2.1. They
are defined in Eq. (712) and the simplified hydrogen concentration in Eq. (7.21) and can be inserted
into Eq. (7.30). The oxygen concentration and the change in hydrogen concentration, which is
dependent on the change in oxygen concentration, is merged as a prefactor for the slow kinetic’s

function, yielding
e (1) =i (731)
+ (2[5 - ) - [ (51 - R OET]} - (1- )
[ FOE1) - ] (1)

When Egs. (7.23) and (7.31) are combined, E - cpe () can be split and assigned to the three power

factors A, B and C, which now become the ambipolar power factors A, B, and C:

- - k . k
a(t):A+B(1—e_7Ht)+C(1—e_70t) (7.32)
with
A = F||zuluncy + |zoluocd + |zpe [upe che + > lziuici (7.33)
i,t—indep.
B=F[c ([v&']") - i ([v&1°)] (it — [zhe ue) (734)

C=F [c6° - c%] (|zo|uo + 2|zpe |upe) (7.35)

+ e (v81%) = e ([v51°) ] (Jzmlum — |zne

Une)

For time-independent contributions, ¢; = c? is valid. Thus, the initial contributions of all charge

carriers to the conductivity can be added up in the power factor A:

A=F> |zi|uic) (7.36)
i
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7.2.2.4 Extending to the Diffusion Model with Surface Reaction Limitation

In first publications using two-fold relaxation techniques, a diffusion model without surface limi-
tation has been used.[69, 70] Lim et al.[103] replaced the diffusion limited function by the diffusion
model’s function that is also used in this work, including a surface reation limitation:
B2Dt
0 2 -t
2L -e a

fD(t) in(,f)(t) =1- Z:; /32(/32 +L%L +La)

However, the use of these functions is not unproblematic: the diffusion of both species is depen-

(7.37)

dent on four diffusivities (see Section 3.2.3) and the surface reaction cannot be described by simple
exponential functions in a general treatment (see previous section). In this section, the diffusion
of both species will be treated first, followed by simplifications that have to be made in order to use
fz.p (1) to describe the relaxation behavior.

Fick’s second law can be written in vector notation from Egs. (3.33) and (3.34):

. "
é _ CVE)- _ DVV DVH CV.O. _ DE" (738)
. "
CHi. DHV DHH CHi.

To describe the fluxes with a diffusion model dependent on two effective diffusion coefficients, the

matrix must be diagonalized, rendering Fick’s second law
sTc=s"Ds(sTe") (7.39)

The matrix D can be diagonalized by finding the eigenvalue(s) A so that the determinant of the

matrix becomes zero,

Dyyv - A D
‘ VvV VH ‘ o (740)
Duy  Duu-A

The eigenvalues A; and A, are

Yo = Dyv + Dun \/(va+DHH
=——""=\/|—F

2
5 ) — (DyyDun — DuvDvn) (7.41)

The normalized eigenvectors of the matrix D with normalization factors m and n, mx; and nx,, are

accordingly

__mDvy_ __nDvn_
mx; = Dyv-Ai and nxy = Dyv-h (7.42)
m n

The matrices S and ST used to diagonalize the matrix D can be derived from the eigenvectors

_ mDyy _ _nDvn _ mDvy m
s [Pt TDwh and T =[ Dwh (743)
nDvy :
m n S n
Dyv-12
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A new concentration vector, ¢ = ST¢, can be used to describe Fick’s second law dependent on the
eigenvalues and the derivation of only one (decoupled) concentration, ¢;. The eigenvalues are the
effective diffusion coefficients, A; = DT and A, = DS,

& = Mé' (7.44)
&y = Myél (7.45)

The concentration profiles of the new concentrations ¢; can be described by the analytical solution

of the diffusion model using diffusion limitation only[85]

¢i(x,t) - &9 48 (-1)" - cos ( (2n + l)nx) exp {_ (2n + l)znz)tit}

‘2n+1 2a 4a?

(7.46)

i i n=

In a final step, the decoupled concentrations ¢ can be transformed to the concentrations of the

species using the matrix S by

[)(2)
cHe %)

The resulting concentration profiles of each species can be described with pre-factors by

mDvyyg . nDyy .
v (X, 1) = —————-Gi(x, 1, A1) — ———— &« 1,4 7.48
a0 ) = —p Gl b h) - o Gl b ) (7.48)
cue (x, 1) =m-G(x, 1, M) +n-G(x, 1, 42) (7.49)

The resulting total conductivity, o(¢t) = FY;|zi|uici(t), can be expressed by integration of the
concentration profiles of each species over length a in the one-dimensional treatment. The electron
hole concentration must be included, which is given by the electroneutrality condition and Egs.
(7.48) and (7.49).

If the surface reaction has to be added to the diffusion model an analytical solution is not possible
as the equilibrium concentrations, ¢;°, are functions of time. The problem must be solved numeri-
cally. However, there are cases that can be treated with the analytical function: i) the electron hole
concentration or mobility is zero resulting in single fold relaxation; ii) all diffusivities are equal re-
sulting also in a single fold relaxation and iii) one of the cross-coefficients is negligible. The latter
case will be examined further as this simplification can be used for the material and experimental
conditions that have been investigated in this work.

The transference number of oxygen vacancies, tyee, is very small rendering Dyy small (see Eq.
(3.36)). As a consequence the second pre-factor of Eq. (7.48) is approximately zero and n ~ 1. The
concentration of oxygen vacancies is thus independent of the gradient in concentration ¢,, which
itself has a negligible contribution of oxygen vacancy concentration. With small Dy the effective

diffusion coefficient for oxygen vacancies becomes A; ~ Dyy. The transference number of oxygen
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vacancies, however, cannot become exactly zero as this would mean that no oxygen diffusion is
possible. With

Dyu _ Dun - A
Dyy - A Dy

(7.50)

the resulting division of two very small values (left side) can be replaced by the right side of Eq.

(7.50). The time-dependent concentration profile of oxygen vacancies, Eq. (7.48), can thus be trans-

formed into

m (DHH - /\1)
Duv

l’lDVH

<61(x,t,A) — m

cyer (x,1) = = Ga(x, 1, A7) (7.51)

The first pre-factor of Eq. (7.51) is usually not negligible and as a consequence, the normalization
factor m is not near zero or unity, rendering both, the concentration of oxygen vacancies and of
proton interstitials, a function of A;, which is the effective diffusion coefficient of oxygen vacancies.
The concentration ¢; has contributions of the oxygen vacancy concentration and proton interstitial
concentration. The cross-coefficients have a large impact on the pre-factors but with A; » Dyy and
Az ~ Dyp they are negligible for describing the shape of the concentration profiles, ¢;(x, ¢, 1;).

The oxygen concentration shows a single fold concentration profile and, by integration, a single fold
relaxation curve. The boundary condition at the surface is fulfilled: the surface reaction has an equi-
librium concentration of oxygen that is independent of time linked with FicK’s first law dependent
on the effective diffusion coefficient of oxygen (see Eq. (4.15)). For the hydrogen concentration, the

boundary condition is, however, more complex:

i e (V10) + [ (V1) ~ R (V1] - g o (8 =~ 1) — (1)} (752)
_ 82m51 821’152
=~k 0x2 A 0x2

The contribution of proton interstitial concentration to the concentration ¢ is m¢; and the part
that changes with oxygen vacancy concentration. With n ~ 1 the concentration ¢, has a negligible
contribution of the oxygen vacancy concentration and with A, > A, and kg > ko the oxygen
vacancy concentration of the initial state is used. The concentrations used on the left side of Eq.
(7.52) and in the derivation of the power factors can be set into relation to the concentrations used on
the right side: cif ([vey]) — cif ([v&§1°) = m(&° &) and c53 ([ve]") — ([ 1°) = n(&5° - &9).
The power factors for surface reaction and diffusion limited relaxations with small te and the
power factors derived in Section 7.2.2 are similar. They cannot be used if the diffusion model is not
described by an analytical but a numerical solution. The experimental curves can be fitted by the
analytical solution and effective diffusion coefficients near the direct diffusion coefficients can be

assumed for the relaxation experiments used in this work.
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7.2.2.5 Detailed Analysis of Surface Reaction Kinetics

In Section 3.1.4, the kinetics of the surface reaction upon hydration have been discussed phe-
nomenologically. In this section, a detailed analysis of the surface reaction kinetics with exemplary
rate determining steps will be presented. The exact mechanism is, however, unknown.

In the first step, a water molecule from the gas phase is adsorbed at the surface. This reaction should
be very fast and is thus in pre-equilibrium. The reaction and corresponding law of mass action is
[H20,4]

H,O = H,0 ith K =
2 (g) 2Vad w1 1 szO

(7.53)

In the second step, the adsorbed water molecule dissociates into two adsorbed hydrogen atoms and

an oxygen atom. This reaction is most likely not concerted but can be combined to a single reaction

as it should also be very fast and in pre-equilibrium:

[Had]2 [Oad]
[HZOad]

The adsorbed hydrogen atom can be incorporated into the bulk phase at the expense of an electron

H;0,4 = 2H,q + Ouq with K, = (7.54)

hole. This should be the rate determining step for the incorporation of hydrogen. It is a single

electron transfer and a first order reaction is likely.

k k .
Hy +h* _— HS with K; = @ - ﬁ
ku kH [Had] [h.]

Adsorbed oxygen requires a vacancy for the incorporation, creating two electron holes. The transfer

(7.55)

of the second electron is assumed to be the rate determining step, here. Thus, the first electron
transfer is also in pre-equilibrium. The law of mass action is shown for the second, rate determining

reaction step.

k
Oad + Vo = O +vey +h° ?O 05 +2h*  with  Ky==2=_"0""2  (756)
¢ (€]

For a small change in pH,O the fractions of the species involved in the rate determining reaction
are changed by a small amount (x for Eq. (7.55) and y for Eq. (7.56)). The defect fractions are

dependent on the equilibrium defect fractions and the change x and/or y, respectively:

[Hag] = [Hoa] - x [H?] = [H ]+ x (757)
[h] = [h*]9 ~x + y [02] = [05] -~ y
ver] = v 10— y [05] = [05]0+ y

The derivatives with respect to time of the variables x and y and thereby the change of the concen-

trations of hydrogen (proton interstitials) and oxygen are

% - dd%{ = ku([Haa]* - x)([0°]%0 - x + y) = ku([H] + x) (7.58)
% = dd%o = ko([04] 9= (V& 19~ y) = ko([05]° + y) ([h*]% - x + y) (7.59)
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Only the terms that are linearly dependent on x or y are considered, yielding a matrix for x and y:

( : ) (mh'rq— [1,4]%0) - i () )( x )
y ko[Og]e ~ko([04]% + [v&]%) - ko([05]a+[h*]9) |\ »

(7.60)

This matrix can be diagonalized analogously to the matrix of the diffusion fluxes, Eq. (7.38). Two
new variables, X and y, are obtained, each consisting of the diagonalized parts of x and y, with the

eigenvalues A of the matrix as surface reaction constants:

X =M% (7.61)
j =Ly (7.62)

By integration, two simple exponential functions are obtained, one with the fast effective hydrogen
kinetic (A\; = ky;) and one with the slow effective oxygen kinetic (A, = ko). Analogously to the
diffusion limited case, the concentration change of hydrogen and oxygen is dependent on both
kinetics. However, the contribution of the oxygen content to the fast kinetic has been neglected in
Section 7.2.2.1. The approach of using two simple exponential functions for the change in hydrogen
concentration — one with a fast hydrogen kinetic and one with a slow oxygen kinetic — is consistent
with the derivation in this section.

The precise boundary condition for the surface exchange, see Eq. (7.52) in the previous section,
would require the surface reaction kinetics discussed here. However, the surface reaction and the
diffusion flux cannot be linked directly as the diagonalized concentrations in both cases are differ-
ent, X # ¢; and y # ¢,. The eigenvalues, A, used in Egs. (7.61) and (7.62) are, of course, different from
the eigenvalues used in Eqs. (7.44) and (7.45). If the contribution of oxygen to the fast kinetic is to

be negected, Dyy (see previous section) and ko[Og]° must be small.

7.2.2.6 Influence on Two-fold Relaxation Curves

The power factor A describes the initial contribution of each charged species to the conductivity.
Multiple concentrations, charges and charge mobilities are summarized here and cannot be further
determined.

The power factor B describes the contribution of the fast kinetic assigned to hydrogen but it does
not contain the entire concentration change of hydrogen and its corresponding change in electron
hole concentration. Only the concentration change for the initial oxygen vacancy concentration
is reflected here. The power factor B is connected to the time-dependent concentration change in
hydrogen concentration of the bulk, which is always positive, if the pH,O is increased (hydration).
The value of B is determined by a competition between electron hole and proton mobility. Electron
holes are usually more mobile than protons, thus B is negative for hydrating steps. The charge of

both defects is +1. Consequently, the initial drop in conductivity upon hydration is compensated by
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high proton mobility. The high proton mobility is also responsible for the increase of conductivity
upon hydration though the concentration of electron holes is slightly decreased overall. At low

temperatures like 700 °C, the power factor B is positive upon hydration. In this case, protons show

a higher mobility than electron holes, rendering the term |zp|uy — |z |upe positive, assuming an
equal charge of both defects.

The power factor C contains the total change in oxygen concentration. From the incorporation
equation of water, Eq. (3.10), one oxygen ion is incorporated together with two protons. However,
due to the decrease in oxygen vacancy concentration, the equilibrium in Eq. (3.1) is shifted to the
left side. Hence, the change in oxygen concentration is less than twice the total change in hydrogen
concentration. The change in hydrogen concentration, which is dependent on the change in oxygen
vacancy concentration is also influencing the power factor C. If the proton mobility is lower than
the mobility of electron holes, the power factor C is decreased. At low temperatures, the mobility
of electron holes is lower than the mobility of protons, hence the power factor C is increased upon

hydration.

7.2.2.7 Normalization of Two-fold Relaxation Curves

As the transport parameters are determined from the shape of the relaxation curve and the diffusion
model is defined for a normalized time-dependent concentration curve, M(t)/M®, single fold
relaxation curves, e.g. upon oxidation or reduction, are often normalized with Eq. (4.6). The use
of normalized curves for fitting to two-fold relaxation curves is also possible. Two new amplitude
factors, Ay corresponding to B and Aq corresponding to C, describe the contribution of each single
fold curve.[70] The sum of both amplitude factors is unity, Ayy + Ao = 1. The amplitude factors Ay

and Ag can be set into relation with the power factors B and C by

B C
A= —— and Ao = —— 7.63
H B+C © B+C (763)

The power factor A is the offset of the relaxation curve, ¢°. The normalized curve however, starts
at zero. The time-dependent normalized conductivity curve with surface reaction limitation can be
described by

k k
Unorm(t) :1_(AH'6_7Ht+AO'e_TOt) (7.64)

For normalized curves, the change in normalized conductivity is always Aoyorm = +1. Using the
(not normalized) total conductivity, Ac can be negative. In a special case, if Ao = B+C=0,a
normalization is not possible. The amplitude factors Ag and Ay in Eq. (7.63) are not defined and

also the normalization function, Eq. (4.6), is not defined because of a division by zero.

7.2
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7.2.3 Influence of Power Factors for Dehydrating Steps

The relaxation curve for a dehydrating step, ApH,O < 0, has been discussed in Section 71.4. The
two-fold non-monotonic behavior for high temperatures, 950 °C, has power factors with different
signs than for hydration. Transport parameters, except for the surface reaction of hydrogen, are
approximately equal to the transport parameters for hydrating steps. This behavior is expected as
the transport parameters are determined for the final conditions.

The absolute values of the power factors, however, differ from the power factors of hydrating steps.
This can be compared with the difference in A§ for reductive and oxidative steps, described in
Section 7.1.4. The difference in hydrogen concentration should not be equal for hydrating and de-
hydrating steps although the thermodynamic factor for water or hydrogen is not known.

The power factor B, however, states that the surface reaction constant and the diffusion coefficient
for hydrogen are determined not for the final oxygen vacancy concentration but for the initial oxy-
gen vacancy concentration (see Eq. (7.34)). The oxygen vacancy concentration is dependent on the
pO,, which is equal for hydrating and dehydrating steps before and after switching to the second
stream, but also on pH,O. The initial pH,O differs for both steps by one order of magnitude. This
cannot only explain the difference in the power factors but also the difference for the transport

parameters of hydrogen for hydrating and dehydrating steps.

7.2.4 Dependence on the Partial Pressure of Oxygen

Two relaxation curves at 950 °C have already been presented in Sections 7.1 and 7.2.1.1. The result
showed that the two-fold behavior is less pronounced for lower pO,. The pO,-dependence of hy-
drating steps from 10 mbar pH,O to 30 mbar at 950 °C is shown in Figs. 7.13 and 7.14. The transport
parameters in Fig. 7.13 do not indicate a clear dependence on pO,. The diffusion coefhicients (blue
symbols) increase slightly with decreasing pO, and the surface reaction rates scatter. For a pO, of
100 mbar, the surface reaction rate of hydrogen is near the limit of the determinability (see Section
71.3), indicated by large error bars.

In contrast, the power factors show a clear dependence on pO,, see Fig. 7.14. The total conductivity
is decreasing significantly, caused by a decrease in electron hole concentration. However, the proton
concentration is slightly increased with decreasing pO,. The pO,-dependence of defect fractions
has been simulated with arbitrary equilibrium constants in Fig. 2.8. The mobility of the defects
involved does not show a huge dependence on pO; as the diftusion coefficients of hydrogen and
oxygen are almost independent of pO,. The fact that the two-fold behavior is less pronounced is
reflected in the pO,-dependence of the power factor B, which approaches zero, and the relation
between B and C: at low pO,, C/B is much larger. The mobilities of the defects involved are also
contributing to the power factors B and C, but as discussed above, they do not change significantly
with pO,. A definite statement on the change in proton concentration cannot be made as the change

is split into both power factors. A lower B is caused by a lower concentration change of protons for
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Figure 7.13: Transport parameters in dependency of the pO, at 950 °C for hydrating steps with
ApH,O = 20 mbar (10 mbar — 30 mbar). Closed symbols are the parameters for the fast kinetic, open
symbols for the slow kinetic.

the initial oxygen vacancy concentration. However, a part of the change in proton concentration is
lowering C at high temperatures. C is, in fact, lower for lower pO,, but this can also be caused by a
lower difference in oxygen concentration. Knowledge of the equilibrium constants Ko, and Ky,0,

and corresponding reference points would give a deeper insight into this dependence.

7.2.5 Dependence on Temperature — Arrhenius Plots

With decreasing temperature, the relaxation curves switch from two-fold non-monotonic to two-
fold monotonic behavior. The transport parameters are significantly lower. In Fig. 715, the trans-
port parameters upon hydration at pO, = 100 mbar are plotted against the inverse temperature
in a temperature range from 650 °C to 950 °C. The transport parameters for oxygen, ko and Do,
could be determined in the entire temperature regime and show a clear dependence on tempera-
ture. They increase with increasing temperature linearly in an Arrhenius plot. The corresponding
dimensionless parameters L, are plotted in Fig. 7.16 as black symbols. The transport parameters for
oxygen can be determined simultaneously. However, the transport parameters of hydrogen (closed
symbols in Fig. 715) show only a linear behavior for temperatures at or above 750 °C. The surface
reaction rate of hydrogen at 950 °C is near the limit of the determinability (see Fig. 7.16), causing
a large error bar. For 700 °C, both parameters could be determined (L, 1 (700 °C) ~ 0.9), but they

are not within the trend of higher temperatures. The influence of the fast kinetic on the relaxation
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Figure 7.14: Power factors in dependency of pO, at 950 °C for hydrating steps with ApH,O =
20 mbar (10 mbar — 30 mbar). The initial conductivity, ¢° or A, is plotted at the right y-scale.
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Figure 7.15: Transport parameters versus the inverse temperature for hydrating steps with ApH,O =
20 mbar (10 mbar — 30 mbar) for a pO, of 100 mbar.

curve is very small at this temperature, hence the fit is not very sensitive to the parameters of the
fast kinetic. This is also reflected in large error bars. For 650 °C, the fit is independent of the surface

reaction rate of hydrogen. The diffusion coefficient is, however, approximately within the trend of
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the diffusion coeflicient of hydrogen at larger temperatures. The corresponding power factors are
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Figure 7.16: The dimensionless parameter L, = ak /D versus inverse temperature for the transport

parameters plotted in Fig. 7.15. The gray area encloses the regime with simultaneous determinability of

both parameters.

shown in Fig. 718. The initial conductivity, ¢° or A, also shows linear behavior in an Arrhenius plot.

However, a small curvature can be interpreted, which will correspond to the results of Haugsrud

and Kjolseth[5] in Fig. 2.10. They have measured the total conductivity in a larger temperature

range, with a curvature for high pH,O.

The power factors of the fast hydrogen kinetic, B, increase with
decreasing temperature upon hydration. Between 700 °C and
750 °C, the power factor switches the sign. For higher tempera-
tures, the charge mobility of electron holes is higher than the
charge mobility of protons. At lower temperatures, it is vice
versa. For B = 0, both mobilities are equal, assuming a charge of
+1. The resulting relaxation curve would be single fold although
three independent mobile charge carriers are present. A sketch
of the charge mobilities of protons and electron holes is shown
in Fig. 7.17. The activation energy for electron holes is much
higher than for protons. However, exact values for the activa-
tion energies cannot be determined with the methods used in

this work.
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Figure 7.17: Sketch of the charge
mobilities of hydrogen and electron

holes versus inverse temperature.

7.2

117



Chapter 7

118

Electrical Conductivity Relaxation Experiments

The power factor C does not show a clear dependence on temperature. The mobility of all charge
carriers decreases with decreasing temperature according to the Nernst-Einstein equation, Eq.
(3.30). The difference in oxygen non-stoichiometry also decreases. The dampening of the curve by
the hydrogen concentration change with slow kinetic is turned into an amplification of the curve
below approx. 700 °C. However, this might also just be scattering like for the pO,-dependence in
Fig. 7.14.
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Figure 7.18: Power factors versus the inverse temperature for hydrating steps with ApH,O =
20 mbar (10 mbar — 30 mbar) for a pO, of 100 mbar. The initial conductivity, ¢° or A, are plotted
on the right y-scale.

For the transport parameters and the total conductivity (for a different pH,O as the transport pa-

rameters are determined for the final pH,0), the activation energy can be calculated with

- Ey . - Eg Ea

k=k®. e zr, D=D®.e¢®r and o=0%-¢ R’ (7.65)

from the slope in the Arrhenius plots, Figs. 715 and 718. The resulting activation energies are
summarized in Tab. 7.6 in kf mol ™! and in €V.

The activation energies for Dy, ko and Do are rather low while the activation energy of the fast
kinetic’s surface reaction rate is very high compared to typical activation energies upon oxidation
(EA(chX) =1.3(2) eVand E4(Doy) = 1.1(2) eV determined by Solis et al.[38] for LaWO54). The low
activation energy for the surface reaction rate of oxygen, ko, might be attributed to the fact that the
source of oxygen is important for the incorporation kinetic. This has been shown for barium titanate
by Kessel et al.[53] and for YSZ by Pietrowski et al.[54] as well. Hence, the oxidation behavior will

be investigated in Section 7.3.
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Table 7.6: Activation energies for hydrating steps with ApH,O = 20 mbar (10 mbar — 30 mbar) and
pO, =100 mbar.

Parameter E4/kJ mol™! EaleV
ku 220 + 22 2.28+0.22
Dy 47 + 6 0.49 + 0.07
ko 65+ 2 0.67 + 0.02
Do 83+ 11 0.86 +0.12
a° 60 1 0.62 + 0.01

The results presented here are in agreement with the results presented by Solis et al. for hydra-
tion kinetics (E4(ko) = 0.57(10) eV and E4 (Do) = 0.58(20) eV).[38] They have studied the re-
laxation behavior upon hydration near the regime where proton and electron hole mobilities are
equal. Hence, the two-fold behavior cannot be identified because of low absolute B. Additionally,
they switched from dry to wet O,, resulting in a small ApO,.

They are also in agreement with the statement of Magras6 and Haugsrud that LaWO54 has little
electronic contribution to the total conductivity below 700 °C.[10] The concentration is yet high
enough to ensure the change in electron hole concentration, which is necessary for the hydration

with three independent mobile charge carriers.

7.3 Electrical Conductivity Relaxation upon Oxidation

The relaxation behavior upon oxidation has been investigated to show that the incorporation of
oxygen originating from water is favored over that from oxygen molecules. For oxidation reac-
tions, the pH,O remains constant while changing the pO,, ApH,O = 0 and ApO; > 0. The first
experiments were conducted under dry conditions with a step in pO, from 30 mbar to 100 mbar.
The relaxation curve is shown in Fig. 7.19. The first peculiarity is the short relaxation time.

The transport parameters obtained by fitting the classical diffusion model to the single fold relax-
ation curves upon oxidation, ]NCOX and Dy, are plotted as closed symbols versus the inverse tem-
perature in Fig. 7.20 in a temperature range from 700 °C to 950 °C. As a reference, the transport
parameters of oxygen upon hydration are plotted with open symbols.

The experimental results of the oxidation kinetic are in agreement with Solis et al.[38] The trans-
port parameters upon oxidation are approximately one order of magnitude larger than upon hy-
dration for the oxygen kinetics. This applies also to the transport parameters at high tempera-
tures, where the electronic contribution to the conductivity is high. The activation energies are
Ea(kox) = 117(10) kJ mol ™ = 1.22(10) eV and Ex(Dey) = 100(17) kf mol™ = 1.04(17) éV. Com-
pared to the activation energies for hydrating steps they are larger as it would be expected if the
incorporation of oxygen originating from water is favored. It has not been expected that the diffu-

sivity and surface reaction for oxidation are faster than for hydration. Oxidation measurements in
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Figure 7.19: Relaxation curve upon oxidation with dry gas streams. ApO, = 70 mbar (30 mbar —
100 mbar) at 950 °C.

T/°C
950 900 850 800 750 700 650
| | | | | | |
oL o L L ' o k, Hydration
o D, Hydration
02 L k, Oxidation
- D, Oxidation
(%]
IS
S0P T — =
I3
‘TU\
§ 10+ 4
~
Q
10° + E
10°

1000 T' /K

Figure 7.20: Transport parameters of oxygen versus the inverse temperature for hydrating steps (open
symbols) with ApH,O = 20 mbar (10 mbar — 30 mbar) for a pO, of 100 mbar and for dry oxidative
steps with ApO, = 70 mbar (30 mbar — 100 mbar).

dependence of pH,O have been carried out in order to investigate if this difference is caused by the
hydrogen content and the lack of electron holes for the low transport parameters of oxygen upon

hydration. The pH,O was constant throughout the entire experiment, achieved by water vapor
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saturators heated to the same temperature. The results are shown in Fig. 7.21.
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Figure 7.21: Transport parameters of oxygen versus pH,O for oxidative steps with ApO, =
70 mbar (30 mbar — 100 mbar) at 950 °C. The transport parameters of the hydration is plotted as ar-
rows from the initial to the final pH,O. For the ‘dry’ conditions, the pH,O is unknown but lower than
1x 107 bar.

With increasing pH,O, the transport parameters of oxidative steps decrease. This might be at-
tributed to the fact that the oxygen flux is compensated by slow protons instead of fast electron
holes. However, even at very high pH,O, the transport parameters are not as low as the transport
parameters obtained for hydrating steps, which are indicated by arrows in Fig. 721. The differ-
ence in the surface reaction rate might be caused by a different rate determining step during the
incorporation process.

Simulations of Poetzsch et al.[71] for the surface flux at ¢ = 0 for a change in pO, or pH,O while
keeping the other partial pressure constant have shown that the diffusivity of oxygen upon oxida-
tion can in extreme cases even exceed the diffusivity of electron holes. The diffusivity of oxygen
upon hydration can be much slower. The simulations are based on Eq. (3.31). A significant elec-
tronic contribution to the conductivity (rather large t},.) leads to a lower transference number of
proton interstitials. Thus, the diffusivity of oxygen vacancies upon hydration is lowered by high
contributions of proton interstitials and electron holes. In contrast, the diffusivity of oxygen upon

oxidation is increased by a high electronic transference number.

7.3
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For oxidation without protonic contribution to the electrical conductivity, the conductivity is a di-
rect observable of the concentration of oxygen vacancies. For protonic conductors, mobilities of
protons and electron holes contribute almost equally to the overall conductivity change upon con-
centration changes. For relaxation experiments, the use of other observables is possible, if they are
dependent on the concentration that is of interest. The weight can be measured by thermogravime-
try. However, the weight change caused by protons is hard to measure. An alternative is an optical
measurement of the absorbance of hydroxy-groups by FTIR. The benefit of this method is that the
absorbance is not influenced by electron hole conductivity or oxygen conductivity. With Lambert—
Beer’s law, the concentration of hydroxy-anions is directly accessible. Experiments presented in this

chapter were performed by Tobias Romstadt B.Sc. during his research internship.

8.1 Thermal Radiation of Furnace

To obtain a significant mobility of protons and electron holes, the sample must be heated. However,
the thermal radiation is also IR radiation. The reactor has been heated to temperatures between
20 °C and 500 °C and emission spectra were recorded in order to determine if the emission of the
reactor is significant. They are depicted in Fig. 8.1. There is a small temperature dependence of
the emission curves but the difference is small and no significant emission bands appear for higher

temperatures.
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Figure 8.1: NIR emission spectra of the tungsten lamp transmitting through the tempered reactor and
HOQ310 quartz glass.

8.2 Blank Reactor

Before and after the switch of the four-way valve, the gas concentrations of water are different and
eventually also the adsorbed water species at the quartz glass. A time-dependent measurement of
the reactor without sample during a switch in pH,O has been performed in order to check whether
the humidity of the gas phase has an effect on the measurement. The reference spectrum, Iy, is the
measurement while the reactor is flushed with dry gas. The result is shown in Fig. 8.2.

The change in humidity of the gas phase has no effect on the emission spectrum. There are no

additional bands evolving with time while the reactor is flushed with humid gas.

8.3 Absorption Spectrum of Lanthanum Tungstate

Using pellets with thicknesses below one millimeter, the absorption is too high so that nearly no
transmission could be detected. Therefore, thin films of LaWO54 on NIR transmittable HOQ310
quartz glass substrates have been measured. For thicknesses of a couple of hundred nanometers, no
absorption bands could be detected. A film with a much higher thickness of approx. 3 um to 5um
has been prepared (see Section 6.1.4). The emission spectrum for a humid atmosphere of the PLD
film is shown in Fig. 8.3. The overall intensity of the emission spectrum is much lower. Additionally,
absorption bands are present, e.g. at 7 = 5010 cm ™! and ¥ = 4440 cm™'. However, these absorption
bands are almost equidistant, which might be caused by reflections at the material boundaries and
constructive and destructive interference. Hence, these equidistant emission lines are dependent

on the material thickness. Another explanation might be overtones. This behavior has not yet been
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Figure 8.2: NIR emission spectra of the tungsten lamp transmitting through the tempered reactor
and HOQ310 quartz glass in dependency of time after a switch from dry to humid atmosphere. pO, =
100 mbar and pH,Oy g = 100 mbar at 400 °C. Time stepping of the consecutive measurements is

approximately 7 s.

analyzed further.
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Figure 8.3: NIR emission spectrum of the fifth PLD film compared to the spectrum of the blank reactor.

pO, =100 mbar and pH,O =100 mbar at 400 °C.

Additional emission spectra were recorded in dependence on time before and after a switch from
dry to humid conditions (see Fig. 8.4). The reference, Iy, is the equilibrium of the sample with dry

gas short before the switch in pH,O.
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Figure 8.4: NIR emission spectrum of the fifth PLD film in dependency of time after a switch from
dry to humid atmosphere. pO, =100 mbar and pH; Oy 1,14 = 100 mbar at 400 °C. Time stepping of the
consecutive measurements is approximately 7 s.

Here, a time-dependent change in one of the absorption bands could not be detected upon hydra-
tion of the sample. Either the change in absorption of hydroxy-anions is too small compared to the
noise or the absorption band of hydroxy-anions has not been identified yet. Further experiments
with thicker samples and / or in the MIR regime are necessary to investigate the hydrogen relaxation
behavior of LaWO54 thin films with FTIR.

8.4 Relaxation Behavior with Lambert-Beer’s Law

A thin film is basically the same geometry like the parallel planes described in Section 4.3, only
that there is a limit of the material at x = 0, an inert blocking material. For this material, the flux
through the center is also zero. The sample’s half-thickness in the model using two parallel planes
is the thickness of the film when using PLD thin films.

With Lambert-Beer’s law, Eq. (5.4), the concentration of hydrogen in the form of hydroxy-anions
is proportional to the absorption band’s intensity, —log(I/Iy) o c. By a normalization function,
the transport parameters can be determined. The absolute concentration is not necessary as it will

need an (unknown) extinction coeflicient €.

M{I:cﬁ—c?{_ —log( )(t)+log( )(t—O)
Mg off - o —log( )(t—oo)+log( )(t—O)

(8.1)

Itis not important, which spectrum is used as a reference spectrum as long as it is the same spectrum

for all concentrations. One can either use the spectrum of the blank reactor with or without an



Relaxation Behavior with Lambert-Beer’s Law

undeposited quartz glass substrate to measure the reference spectrum like it would be done in classic
IR spectroscopy. Another approach is using the dry sample as a reference spectrum and treating
LaWO54 with a low protonic content as the solvent. The latter method has been used here.

As discussed in the previous chapter, the hydrogen concentration shows a two-fold relaxation be-
havior. A part of the hydrogen change follows the fast kinetic while the part dependent on the
change in oxygen concentration changes with the slow kinetic. This should be reflected in the time-
dependency of the IR spectrum. Here, the resulting curve is also a superposition of two single fold

relaxation curves. The relation between both factors is

e (vg1°) - en(vs'1%) e (va1™) - ek (v&'1%)

Pt = p 0 and Pgow = ) 0 (8.2)
cF — h ‘H ~‘H
for the equation
—log IL (t) +log IL (t=0)
( 0) ( 0) :Pfast'fch,DH(t) +pSIOW'fi€0,DO(t) (83)

~log (L) (t = 00) +log(£) (t=0)

The goal of this method was to support the result that electronic contribution below 750 °C is large
enough to enable fast hydrogen diffusion. In an ideal case, the contribution of both kinetics is large

enough to see two-fold concentration relaxation of hydrogen.

8.4
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Conclusion

The electrical conductivity relaxation technique has been used to investigate the transport prop-
erties of lanthanum tungstate with respect to hydrogen and oxygen permeability. Lanthanum
tungstate shows — depending on the conditions chosen in the experiment — two-fold monotonic,
non-monotonic and single fold behavior in ECR experiments. This behavior has been explained
by a derivation of the power factors for the contributions of each kinetic to the two-fold relaxation
curve. For high temperatures, the charge mobility of electron holes is larger than the charge
mobility of protons and consequently, non-monotonic behavior is observed upon hydration. For
temperatures below 750 °C, the charge mobility of protons is larger than the charge mobility of
electron holes and hence, two-fold monotonic behavior is observed. The power factor of the fast
kinetic, B, switches the sign. At the temperature where B = 0, a single fold relaxation curve is
observed because fast protons are introduced at the expense of electron holes with equal mobility
and charge. The electrical conductivity relaxation technique is thus not suitable for the determi-
nation of transport parameters for the fast hydrogen kinetic. Other techniques such as weight
or optical relaxation methods must be used instead. They give an insight on the concentration
without an influence of the charge mobilities. FTIR measurements have been performed but a
further investigation is necessary to support the ECR data.

In addition to the power factor B, making the determination of transport parameters impossible,
the simultaneous determinability of all four transport parameters has been investigated. Depending
on the sample size, at least three parameters can be determined in a single ECR experiment if the
absolute value of B is large enough.

In contrast to relaxation upon oxidation and reduction, the initial state is important for the fast

kinetic. The fast hydrogen kinetic is dependent on the initial oxygen vacancy concentration, which
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might differ significantly for hydrating and dehydrating steps.

The activation energies of the slow oxygen kinetic upon hydration are rather low with E4(ko) =
65(2) kJmol™ and E4(Do) = 83(11) kfmol™. Hence, oxidation experiments were performed.
Higher activation energies were obtained with E A(icox) = 117(10) kJmol ™" and E4(Doy) =
100(17) k] mol ™" but the transport parameters were more than one order of magnitude larger than
the transport parameters upon hydration. This behavior cannot be explained yet.

In addition to the temperature-dependency of the transport parameters and power factors, the pO;-
dependence has been investigated. For decreasing pO,, the two-fold behavior is less pronounced,
indicated by decreasing absolute power factors. This, however, cannot be attributed to different
mobilities as they should be almost constant because the diffusion coefficients are independent of
pO,. The difference in hydrogen concentration must be smaller.

The conductivity relaxation method yields seven parameters: the transport parameters kg, D,
I~<O and Do, and the power factors, A, B and C. However, the number of unknown parameters
is higher: The surface reaction rates I;H and l~co, the charge mobilities, ups, Upe and Uyse, and the
concentrations in the form of the equilibrium constants Ko, and K, with two reference points,
co(pOa, pH,0, T) and ¢y (pO,, pH,0, T') are unknown. Additional experiments yielding e.g. the

reference points of the concentrations would be necessary to determine all unknown parameters.
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Fitting Procedure

The analytical solution to the diffusion model, Eq. (7.6), has been fitted to the experimental data with
a MATLAB script that will be discussed in this chapter. The script presented here is the function that
simulates a curve and calculates the sum of the residuals, either with a weighting or unweighted.
The function crank2D2f_function is called by an optimization routine, providing five independent
variables, ki, Dy, ko, Do and B, with initial guesses for the variable (vector) k. Usually, an in-
dividual optimization routine was used but also MATLAB’s internal functions fminsearch or the
optimization toolbox’s functions for simulated annealing or a genetic algorithm were used to find
the global minimum of the fit.

Before fitting, the experimental data is read from a file into the variables time and sigma of the
workspace and the sample’s half-thicknesses into the variables a and b. For each relaxation, the
number of constant time steps in the final equilibrium is determined from the relaxation curve.

The number of roots, N, is 100 for all fits presented in this work.

Listing A.1: MATLAB script for fitting the two-dimensional model for two-fold relaxation profiles to

the experimental data

function [ERR] = crank2D2f _function(k)
conststeps = 20;

N =100;

t =evalin(‘base’, 'time’);

sigma = evalin(‘base’, 'sigma’);

a = evalin('base’, 'a");

b = evalin('base’, 'b’);

In a first step, the dimensionless parameter L, is calculated for hydrogen and oxygen and both also
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for the second dimension (Lines 8, 9, 10 and 11). The final conductivity, sigmainf, is averaged over
the amount of constant steps to flatten the noise (Line 14). The power factor A is the conductivity of
the first datapoint (Line 15). The power factor C (gammaOxygen) can be calculated by the initial
and final conductivity and the varied power factor B (betaHydrogen) by C = ¢* - ¢° - B (Line
17). The diffusion coefficients are copied to an internal variable as they are used in the iteration to
increase performance (Lines 10 and 13), as well as B for readability. The resulting power factors are

copied into MATLAB’s workspace as a return value for the optimization script (Lines 18-20).

LaO = a.xk(1)./k(2);

LbO = b.xk(1)./k(2);

DO = k(2);

LaH = a.xk(3)./k(4);

LbH = b.xk(3)./k(4);

DH = k(4);

sigmainf = mean(sigma(end-conststeps:end));
sigmanull = sigma(1);

betaHydrogen=k(5);

gammaOxygen = sigmainf — sigmanull — betaHydrogen;
assignin(‘base’, ‘Atilde’, sigmanull);
assignin(‘base’, ‘Btilde’, betaHydrogen);
assignin(‘base’, ‘Ctilde’, gammaOxygen);

In the next step, the first N positive roots of the equation La — S tan 8 = 0 have been determined.
Likewise for hydrogen and oxygen and for both dimensions (Lines 26-33). The vectors for the roots
and for the calculated relaxation curve have been preallocated to increase performance (Lines 21-
25). The interval for the fit is not 7 but a shorter interval to avoid the discontinuity of the tangential
function. The interval for the first root is chosen manually because only positive roots are used in

the diffusion model.

Z1=zeros(1,N
Z2=zeros(1,N);
(1N
1,N

Z3=zeros
Z4=zeros(1,
Ytemp=zeros(1,numel(t));

betafn = @(beta) beta.xtan(beta)-LaO;DB = —pi/2:pi:(N+1) xpi;Z1(1) = fzero(betafn,[0 1.570796325]);
parfor x = 2:N;Z1(x) = fzero(betafn,[DB(x)+1e—10 DB(x+1)—1e—10]);end;

betafn = @(beta) beta.xtan(beta)-LbO;DB = —pi/2:pi:(N+1)*pi;Z2(1) = fzero(betafn,[0 1.570796325]);
parfor x = 2:N;Z2(x) = fzero(betafn,[DB(x)+1e—10 DB(x+1)—1e—10]);end;

betafn = @(beta) beta.xtan(beta)—LaH;DB = —pi/2:pi:(N+1) xpi;Z3(1) = fzero(betafn,[0 1.570796325]);
parfor x = 2:N;Z3(x) = fzero(betafn,[DB(x)+1e—10 DB(x+1)-1e-10]);end;

betafn = @(beta) beta.+tan(beta)-LbH;DB = —pi/2:pi:(N+1) *pi;Z4(1) = fzero(betafn,[0 1.570796325]);
parfor x = 2:N;Z4(x) = fzero(betafn,[DB(x)+1e—10 DB(x+1)—1e—10]);end;
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In the next part of code, the relaxation curve is simulated with the analytical solution to the diffusion
model, Eq. (7.6). For each time step, the absolute conductivity is calculated and stored in the vector
Ytemp (Line 42). Each time step can be distributed to one of the cores in the parallel pool (Line
34). To decrease the number of iterations, the sum for each dimension and species is calculated
(Lines 37-40) and afterwards the product of both dimensions per species is multiplied with the

corresponding power factor.

parfor x = 1:numel(t);

sumaO0=0;sumbO=0;sumaH=0;sumbH=0;

fory=1:N;
sumaO=sumaO+(2.xLa0.A2xexp(-Z1(y).A2.xDO.xt(x)./a.A2))./(Z1(y).A2.%(Z1(y).A2+La0.A2+La0));
sumbO=sumbO+(2.xLbO.A2xexp(—Z2(y).A2.xDO.xt(x)./b.A2))./(Z2(y).N2.%(Z2(y).A2+LbO.A2+LbO));
sumaH=sumaH+(2.xLaH.A2xexp(-Z3(y).A2.xDH.*t(x)./a.A2))./(Z3(y).A2.%(Z3(y).A2+LaH.A2+LaH));
sumbH=sumbH-+(2.xLbH.A2xexp(—Z4(y).A2.+DH.xt(x)./b.A2))./(Z4(y).N2.%(Z4(y).A2+LbH.A2+LbH));
end;

Ytemp(x) = sigmainf-betaHydrogen*sumaHx*sumbH-gammaOxygen*sumaO*sumbO;

end;

In last part of the code, the residuals are summarized, here with the weighting that has been intro-
duced in Eq. (75) (Line 47), and commented out without error weighting (Line45). Finally, the cal-
culated and experimental curves are plotted with a semilogarithmic and linear x-axis (time-scale),
Lines 48-58.

% Normal fit:

%ERR = sum((Ytemp’ — sigma).N\2);

% Weighted fit:

ERR = sum(rdivide(((Ytemp' — sigma).A2),(t+1)));
subplot(2,1,1);
semilogx(t,sigma,’bo’,t,Ytemp','r-");
title('Semilogarithmisch’)
xlabel('t/s’/interpreter’,latex’);
ylabel('c/mS cm"/interpreter’, latex’);
subplot(2,1,2);
plot(t,sigma,’bo’,t,Ytemp’,'r-");
title('Linear’);
xlabel('t/s'/interpreter’,latex’);
ylabel('c/mS cm~"/interpreter’, latex’);
drawnow;

Each call of this function requires approximately one second of computation time. This time may

vary with computer power, cores, number of time steps and roots etc.

A0
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B.1 Software

The previous measurement software ‘TestPoint’ has been replaced by a new software, rewritten from
scratch, using Microsoft Visual Studio 2010 and 2015 and the program language C# with .NET 4.5
and WPF for the graphical user interface. Third party .NET libraries that were included are OxyPlot
and the libraries provided by the ADDIDATA relay card and Keithley’s Digital MultiMeter 2701 and
SourceMeter 2611B.

The software creates two output files, the file YYYYMMDD-##.dat contains the main data of
the experiment including the data read from the first digital multimeter. The second data file
YYYYMMDD-##_2.dat contains the data from the second digital multimeter. The first datafile has
a header with information on the settings that are controlled by the software and data lines with
date/time, the voltage of the four point DC conductivity measurement in V, the voltage of the
oxygen sensor in V, the temperature at the oxygen sensor in °C, the voltage of Channel 111 in V,

and the information, which gas stream is currently directed into the sample (1 or 2).

Listing B.1: Contents of the first data file created by the ECR measurement software.

// ECR measurement

// Date : 20160111

// User : Ifr

//T:847 C

//1:0.0001 A

// MFC 1:180 23.065 0 0.32 mL/min
//:24.09 C
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// MFC 2:180 23.065 0 0.112 mL/min

//:6.98 C

// Interval: 2000 ms

// DD-MM=-YYYY HH:MM:SS,U(sample),U(pO2sensor),T,U(CH111),MFC-Set
11.01.2016 08:56:54,—0.00281785941,0.0173051357,846.61969,-0.015606652,1
11.01.2016 08:56:56,—0.00232632295,0.0173041448,846.61377,0.00632960536, 1
11.01.2016 08:56:58,—0.00199771323,0.017304318,846.631348,—0.0486616045,1

The second datafile has only data with date/time, milliseconds, the voltage at the sample in V and
the active gas stream (1 or 2).

Listing B.2: Contents of the second data file created by the ECR measurement software.

11.01.2016 08:56:51,643,-0.00354520814,1
11.01.2016 08:56:51,751,-0.00348751293,1
11.01.2016 08:56:51,932,-0.00339422422,1

The datafiles are split into files for each step by a small program reading the active stream number.
The main window of the software provides information about the last values that were read from the
first multimeter. The data acquisition can be startet and stopped and the measurement interval for
the first and the second multimeter can be set. Below are red and green lights to indicate if the data
acquisition, the relaxation timer for the four way valve and the source meter are active. The green
light beside ‘MFC Sets’ indicates which stream is currently directed into the reactor. At the bottom
of the screen, the file name of the first output file of the current measurement is shown. The voltage
of the sample (CH102) and the voltage of the oxygen sensor (CH103) are plotted in dependence of
the last 500 time steps. A screenshot is shown in Fig. B.1.

o S
Data Acquisition | Relaxation | Mass Flow Controller | Cryostat | Furnace | SourceMeter [ Log |
‘ R E —CH102 [0033
0098 1 = CH103
| |
o022
Stop.
0028

Interval Ims] 5000
0. 85

CH102 M

0031

0097 4
CH103 V]

CHI06C] | 746079041

U
1

CHU1M | -0043959079 0096 |

p02 0.045309

[] Use Keithley DMM CRE3 00951 N
0028

Interval 200

0094 4 0027

|- 0.026

File: CAData\20161021-1.txt Reset View || _Clear Plot

Figure B.1: Main window of the software controlling the experimental setup.




Software

The relaxation timer, i.e. the four way valve, is controlled in the second tab. The four way valve can
be switched manually by the button ‘Switch MFC Set’ or timed with the relaxation timer provided
in seconds for an amount of cycles, i.e. two switches are one cycle. If the relaxation time is larger
than four hours, the inactive stream is set to zero flux after 10 minutes and the flow rate that is set in
the ‘Mass Flow Controller’ tab is reapplied two hours before the next switch to flush the tubes and
assure a constant pO, and pH,O. A screenshot is shown in Fig. B.2.

CREGUL [E=8 ECR (==

Data Acquisition | Relaxation | Mass Flow Controller | Cryostat | Fumace | SourceMeter | Log |

Switch MFC Set

Stop |

Relaxation Timer [s]

18000

Cycles
5

Figure B.2: Setting the relaxation timer and controlling the four way valve in the GUL

In the next tab, the two streams are mixed by the MFCs. The desired flow rate can be set in the
left field below the progress bars and the correction factor can be set in the right field, which is 1.0
for oxygen and nitrogen. The set flow rate as percentage of the maximum flow rate of the MFC is
shown in the upper progress bar and the current flow rate measured internal by the MFC is shown
in the lower progress bar. A screenshot is shown in Fig. B.3.

The water vapor pressure is set in the tab ‘Cryostat. The cryostats for the main saturators can only
be set here. The temperature of the presaturation must be set at the cryostats manually. The pumps
can be startet via the software and the current temperature at the cryostat can be read on demand.
Pump speed and energy saving mode can be switched on and oft. The cryostats communicate with
the computer by simple SerialPort text commands. The readback of the thermocouples within the
water vapor saturators is not yet implemented. A screenshot is shown in Fig. B.4.

The furnace control, planned for the next tab, is not yet implemented because temperature-
dependent measurements are of no interest. In the following tab, the constant current source
can be controlled. The constant current and the maximum voltage can be set. However, for the
I-V curves, a separate program, which is a combination of the functions used here, in the ‘Data

Acquisition’ tab, and additional functions was used. A screenshot is shown in Fig. B.5.

B.1
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[E8 crecur (E=5 Bl )
Data Acquisition | Relaxation | Mass Flow Controller | Cryostat | Furnace | SourceMeter | Log
DA/AD
1 | J | | 5
| /100 | | @ ¢
q 10 0 10 185 0
o 0
255 0
2 = - J | | 6
= - | 100 L |
726 10 73 10
3 I J I | 7
| |10 L |
0 10 0 10
4 = - ! | 8
|~ - 1 | J
1 10 084 10

Flow Rate [mL/min]  Correction

Figure B.3: Adjustment of the fluxes of the MFCs. The upper progress bar is the flow value set and
the lower progress bar of each MFC is the readback. In the top right corner the byte that is sent so the
digital-analog converter is shown.

[ creaut =fe=

Data Acquisition | Relaxation | Mass Flow Controller | Crysstat | Fumace [ SourceMeter [ Log |

Cryostat 1 Cryostat 2
Stop Pump
2409 6.98

] Current T: 24.12°C Current T: 690 °C
H20 partial pressure [Pal Saturizer: —— °C Saturizer: —— °C
et Pump Speed Pump Speed
@Llow O High @ Low () High
Energy Save Energy Save
®0n D off 8 0n O oO0ff

Figure B.4: The cryostats for the main water vapor saturators are controlled in this tab.

In the last tab (see Fig. B.6), events and errors are shown with a timestamp.
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" creoun === |
Data Acquisition | Relaxation | Mass Flow Controller | Cryostat | Fumace | SourceMeter [Log |
Set Current [A]
0.00002 Set
Set Limit [V]
209
Figure B.5: This part of the software controls the constant current source.
"By ==y =)

Data Acquisition | Relaxation | Mass Flow Controller | Cryostat | Fumace [ SourceMeter | Log

04.10.2016 16:32:17: Switching MFC set manually. (13)
04.10.2016 13:45:39: Deactivating inactive stream.18000000 (12)
04.10.2016 13:35:39: Started the relaxation timer. (11)
04.102016 13:35:30: Cryo2: Start pump: K (10)

04.10.2016 13:35:30: Cryol: Start pump: OK (3)

04.10.2016 13:35:03: Starting data acquisition. (8)

04.102016 13:34:15: Cryo2: Activate Energy Saving Mede: OK (7)
04.10.2016 13:34:15: Cryo2: Pump Speed Low: OK (6)

04.10.2016 13:34:15: Cryol: Set Initial Pump Speed Low: OK (5)
04.10.2016 13:34:14: Cryol: Activate Energy Saving Mode: OK (4)
04102016 13:34:14: Cryol: Pump Speed Low: OK (3)

04102016 13:34:14: Cryol: Set Initial Pump Speed Low: OK (2)
04.10.2016 13:34:07: Session started. (1)

Figure B.6: Events and errors are shown in the log-window with a timestamp.

B.2 Mass flow controllers and DA/AD converter

The analog mass flow controllers are controlled by a voltage of up to 5 V. It is set by a digital-analog
converter assembled by the electronic workshop.

The data type used to set the output voltage is one byte, leading to a sub-division into 256 steps
(0=0V =0mLmin™}, 255 = 5V = V,,.x). All MFCs are standardized on nitrogen and the correc-
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tion factor for oxygen is one, leading to a resolution limitation by the DA converter of

Vmax
255

AV = (B.1)
The deviation of the MFC itself is 0.5% according to the manufacturer MKS. The precision of the
DA converter is thus sufficient. The monitoring of the flow rate works vice versa: a voltage between
0V and 5V is applied at one pin and is digitalized to twelve bit, resulting in a higher resolution of
the measurement than of the controlling process.

The software addresses two sets of Digital-Analog converters (TLC5602C, Texas Instruments Inc.,
USA) and Analog-Digital converters (ADS7841, Texas Instruments Inc., USA) via a Universal
Asynchronous Receiver/Transmitter (CDP6402, Harris Corporation, USA). The latter is connected
by SerialPort.

B.3 Water Vapor Saturator

For the water vapor saturators, yellow cooling fluid consisting of water, ethylene glycol and so called
‘inhibitors’ was used (Cryo 30, Lauda Dr. R. Wobser GmbH & Co. KG, Germany). The temperature
was set so that the desired temperature was measured at the thermocouple within the/colling fluid
right beside the water reservoir. The fluctuation of the temperature within the water vapor saturator
is approximately +0.05 °C. The temperatures and corresponding water vapor pressures used in the

experiment are summarized in Tab. B.1.

Table B.1: Water vapor pressures for different temperatures.

Temperature T/°C Water vapor pressure pH,O/mbar
6.98 10

24.09 30

45.84 100

B.4 Four way valve

The four way valve (Valco Instruments Co. Inc., VICI A 90) is controlled by a magnetic valve
(Biirkert 5420) with pressured air. The magnetic valve changes the active stream if the voltage is
switched between high and low. The switching process is controlled by a galvanic isolated relay
card (ADDIDATA APCI-2200) in the computer. While the voltage is set to high, the active stream
is provided by MFCs 1 to 4 and saturators 1 and 3, while it is set to low, the active stream is provided
by MFCs 5 to 8 and saturators 2 and 4. The opening contact OK is not used. If the voltage of relay
number 0 is set to high by setting b_Set1DigitalOutputOn(0), the voltage applied to pin 1is directed
to pin 18.


falkenstein
Hervorheben
cooling


Four way valve B.4

4 way valve
4, VICI A 90 Relais Card (ADDI-DATA APCI-2200)
( )
(/ galvanic isolated
50 pin SUB-D
('1/8? Relais 0
~ 34: . 1:Switching Contact WK
Magnetic valve j . 18:Closing Contact SK
(Biirkert 5420) ¢ e 34:0pening Contact OK
.. WK
o o .
N ~P vl B
o e IOK SK
50° 33 *1/
closed

b_Set1DigitalOutput

Figure B.7: Control scheme of the four way valve.
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