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Zusammenfassung

Die Defektstruktur, die Transporteigenschaften und die Elektrodenkinetik von
stickstoffdotiertem yttrium-stabilizeirten Zirkonoxid (YSZ) werden systematisch
untersucht, um die Elektrochemie von Stickstoff in ionischen Festkorper besser

zu verstehen.

Der Einfluss von Stickstoff auf die Defektstruktur von reinem ZrOs_5 und YSZ
wurde untersucht. Auf der Basis der Defektgleichgewichte und der entsprechen-
den Brouwer-Annahmen werden die Kroeger-Vink Diagramme konstruiert, und
die Defektstruktur dieser Festelektrolyten wird diskutiert. Die Thermodynamik
von elektrochemischen Zellen des Typs M/MX/Xz(Me) wird analysiert. In einer
E/1g ax, Auftragung kann ein invarianter Punkt identifiziert werden, der der

freien Enthalpie der Zusammensetzung MX bei 7" = 0 K entspricht.

Die Herstellung von stickstoffdotierten diinnen YSZ-Schichten mittels gepul-
ste Laserdeposition (PLD) wird systematisch als Funktion der Temperatur,
des Gasdrucks, des Abstands zwischen dem Target und dem Substrat und des
Yttrium-Gehalts untersucht. Die Oberflichenmorphologie, die Gitterstruktur
und der Stickstoffgehalt dieser Schichten werden mittels AFM, HRSEM, XRD,
SIMS, XPS und optischer Spektroskopie ermittelt. Die YSZ:N Schichten zeigen
eine flache Oberflichentopographie und sind kristallin, wobei die Schichten eine
kleine Abweichung der Gitterparameter aus der idealen kubischen Struktur
aufweisen, die fiir die stickstoffdotierten Schichten am deutlichsten ist. Wir
berichten ebenfalls iiber einen Orientierungseffekt des Hintergrundgases wihrend
des Depositionsprozesses auf die Struktur der Schichten. Ein maximaler Stick-
stoffgehalt von 14 Atom-% wurde an einer 7YSZ-Probe gemessen. Die mit 7
Atom-% Yttriumoxid dotierten YSZ:N Schichten zeigen deutlich andere Eigen-
schaften. Die Resultate von Rontgenspektroskopie (XPS) und optischer Spek-
troskopie weisen auf einen anderen Valenzzustand und/oder andere Positionen

der Stickstoffatome hin.

Die Kinetik der elektrochemischen Reduktion von Stickstoff wurde mittels po-
tentiodynamischer und potentiostatischer Polarisationsmethoden an Mikroelek-

troden untersucht. Die geeigneten Arbeitsbedingungen (Elektrodenmaterial,



Elektrolyt und Temperaturbereich) sind experimentell bestimmt worden. Die
Ergebnisse der elektrochemischen Experimente weisen auf einen komplexen Mech-
anismus hin, der mehrere Reduktionsschritte durchliuft. Durch Anwendung des
"Konzepts der stochiometrischen Zahl" konnte der Mechanismus dieser Reaktion
ermittelt werden. Als geschwindigkeitsbestimmender Schritt wird der Schritt
N, 4+ e~ = N2~ vorgeschlagen. Wir haben auch den Einbau von Stickstoff
in YSZ-Schichten und Einkristallen mittels SIMS nachgewiesen. Die n-situ
durchgefithrten XPS-Analysen ermoglichten es erstmalig, die elektrochemische
Stickstoffreduktion wahrend kathodischer Polarisation nachzuweisen. Dies stellt

den ersten in-situ Beweis der elektrochemischen Reaktivitat von Stickstoff dar.

In der vorliegenden Arbeit wird bestétigt, dass der Stickstoff auch aus der Luft
in YSZ eingebaut werden kann, ohne den Elektrolyten zu reduzieren. Die Ex-
perimente in Ammoniak-Gas zeigen, dass der Stickstoffeinbau deutlich schneller
ablduft verglichen mit dem Einbau aus einer No-Gasatmosphére. Dariiber hin-
aus konnte eindeutig bewiesen werden, dass der Prozess von Stickstoffeinbau von
der Oberflichenkinetik gehemmt wird und nicht von der Diffusion der schon re-

duzierten Spezies ins Festelektrolyt.

Die Transporteigenschaften von diinnen YSZ:N Schichten werden als Funk-
tion des Stickstoffgehalts untersucht. Die Aktivierungsenergien der ionischen
Leitfdhigkeit nehmen deutlich zu mit steigender Stickstoffkonzentration. Auf
der Basis der Auswertung der Impedanzspektren wird gezeigt, dass der Ionen-
Transport in der Korngrenzen, fiir Schichten mit hécherem Stickstoffgehalt, die

Diffusion limitiert.



Abstract

The defect structure, the transport properties and the electrode kinetics of
nitrogen-doped zirconia is investigated in order to explore the electrochemistry

of nitrogen in the solid state.

Firstly the influence of nitrogen on the defect structure properties of pure
ZrOs_s and yttria stabilized zirconia (YSZ) is studied. On the basis of the
defect equilibria and the appropriate Brouwer approximations the Kroeger-Vink
diagrams are constructed and the defect structure of these materials is discussed.
The thermodynamics of electrochemical cells of the type M/MX/X3(Me), is
analyzed and we found an invariant point in the E/lgax, plot corresponding to

the free enthalpy of formation of the compound MX at 7" = 0 K.

The preparation of nitrogen-doped YSZ thin films by pulsed laser deposition
(PLD) is systematically studied as a function of the temperature, gas pressure in
the deposition chamber, distance between the target and the substrate and the
yttria content. The surface morphology, the structure and the nitrogen content
of these films are analyzed by AFM, HRSEM, XRD, SIMS, XPS and optical
spectroscopy. Both nitrogen-doped (YSZ:N) and nitrogen free YSZ films pre-
pared by PLD shown a flat surface topography and crystalline structure, but the
films show a slight distortion of the fluorite-type cubic cell, mostly pronounced
for the nitrogen-doped samples suggesting a possible order of the nitrogen ions
in the films but also can be a result of the nano-sized grain structure. An ori-
entation dependence of the films from the background gas is also reported. The
maximal nitrogen content of 14 at.% was measured for the 7YSZ:N sample. The
7YSZ:N films show a different behavior than YSZ:N films with lower or higher
yttria content. The XPS and optical absorption experiments suggest an other

charge or an other position of the nitrogen ions in the 7YSZ:N lattice.

The kinetics of the electrochemical reduction of nitrogen on micro-electrodes
is studied by potentiodynamic (LSV, CV) and steady state (potentiostatic, gal-
vanostatic) polarization techniques. The appropriate electrode material, elec-
trolyte and temperature are experimentally determined and discussed. The

results clearly show a complicated multi-step charge transfer controlled process.



Applying the concept of the stoichiometric number we suggest a mechanism for
the cathodic electrochemical reduction of nitrogen where as a rate determining
step we suggest the intermediate reaction: Ny +e~ =N g_ with a stoichiometric
number v = 3. In addition we confirmed the nitrogen incorporation into YSZ
thin films and as well in single crystals by SIMS analysis. Spatially resolved
XPS studies during cathodic polarization confirmed for the first time n-situ

the electrochemical reactivity of nitrogen.

In this work we demonstrate that nitrogen can be incorporated upon cathodic
polarization in YSZ even from the air. The experiments in ammonia gas phase
show that the nitrogen incorporation proceeds much easier than from Ny gas and
thus we suggest that nitrogen incorporation is limited by the surface reaction

and not by the diffusion into the bulk.

The transport properties of YSZ:N thin filims as a function of the nitrogen
content show an increase in the activation energies of the total ionic conductiv-
ity with increasing nitrogen content. On the basis of the decovolution of the
impedance spectra we conclude that for films with higher nitrogen content the

ionic transport in the grain boundaries limits the diffusion.
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1 Introduction

1.1 Overview

For a number of reasons the heterogeneous kinetics of nitrogen incorporation into
oxides is a subject of growing interest. Oxinitrides have recently been studied as
new pigments [1,2| and materials for UV optics 3] or as nitrogen electrolytes [4].
We are interested in the reactivity of molecular nitrogen towards oxygen ion
conducting solid electrolytes. The reason for this interest is twofold: Firstly,
nitrogen is usually regarded as an inert component in most electrochemical high
temperature applications, and possible reactions between nitrogen gas and oxide
electrolytes are neglected. Secondly, the study of the interaction of molecular
nitrogen with ionic solids is an important prerequisite for the development of

any electrochemical device working with nitrogen containing atmospheres.

Countless studies exist on the chemical reactivity of molecular nitrogen in
general. The most important heterogeneous chemical reaction with molecu-
lar nitrogen is probably the catalytic ammonia synthesis via the Haber-Bosch
process and thus numerous publications can be found [5]. In the present context
of solid state electrochemistry on the mobility of nitrogen in oxide phases only a
small number of reports were found in the literature [4,6-9]. Most of the exist-
ing papers deal with thermal [4,6,7,10-17| or plasma [18] based incorporation,
and only [19] reports on the ZrN phase formation upon cathodic polarization

experiments.

It is well known that nitrogen may replace oxygen partially in solid elec-
trolytes on the basis of zirconium(IV)-dioxide at very high temperatures under
reducing conditions. Under equilibrium conditions at 2000 °C, an upper solubil-

ity of nitrogen in ZrOg of 4.7 wt% has been reported [15]. But neither a detailed
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discussion on the incorporation mechanism has been given nor has a systematic
experimental study been performed.

Zirconia stabilized by doping with aliovalent ions is a ternary compound from the
thermodynamic point of view. Fixing temperature, atmospheric pressure and
the concentration of the metal dopant (usually yttrium, scandium or calcium),
only the chemical potential (i. e. the partial pressure) of oxygen remains as a
single thermodynamic degree of freedom. As a function of the oxygen partial
pressure the oxygen content in the compound varies, and the non-stoichiometry
0 can be defined as the deviation of the oxygen content in Zr]__XYXOQ_%_d from
the stoichiometric formula Zr;_xYxOy_x containing only Zr*t and Y?+. Dop-
ing with trivalent yttrium reduces the oxygen content of the cubic lattice of
the fluorite type, and thus, leads to the creation of oxygen vacancies with high
concentration ([Y7,] = 2[Ve']). These vacancies become mobile at elevated tem-
peratures between 300 °C and 400 °C and increase the intrinsic ionic conductivity
of zirconia. As the dopant concentration is typically between 5 and 13 mol%
Y203, the small non-stoichiometry corresponding to vacancy concentration in
the range 10™% mol.cm ™3 —10~% mol.cm ™3 [20] does not influence the ionic con-
ductivity. On the other hand, it leads to measurable changes of the electronic
transport properties, since the intrinsic concentration of electronic defects is
very low (band gap Ey = 4 €V - 5 eV) [21,22|. The oxidation or reduction of
YSZ (accompanied by oxygen incorporation or release) can be formulated by

the heterogeneous oxygen equilibrium (using the Kroeger-Vink notation):

Os(gas) + 2V (YSZ) + de~ (YSZ) = 205(YSZ) (1.1)

Thus, high oxygen activities (oxidizing conditions) lead to p-type electronic
conductivity whereas low oxygen activities (reducing conditions) provide n-type
charge carriers. A detailed analysis of the electronic properties of YSZ has been

reported by Park and Blumenthal [23].

Introducing nitrogen as a fourth component adds an additional thermody-
namic degree of freedom and has to be accounted by an additional reaction.
The nitrogen incorporation in the anion sublattice at high temperatures pro-

ceeds under reducing conditions according to:

Na(gas) + 2V (YSZ) + 6e (YSZ) = 2N (YSZ) (1.2)
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assuming that trivalent nitrogen anions (N3~) are incorporated. Combining egs.
1.1 and 1.2 without a net reduction step, i.e. without the generation of n-type
charge carriers, the partial substitution of oxygen by nitrogen can be formulated
as:

Na(gas) + 305(YSZ) = 2N (YSZ) + V& + 3/202(gas) (1.3)

According to eq. 1.3 the number of anion vacancies can be increased by
substitution of oxygen by nitrogen. And as the oxygen ions, nitrogen ions may
also be mobile via jumps into vacant lattice sites and cause a partial nitrogen

ion conductivity.

Mainly due to the much larger binding energy of Ny the Gibbs reaction energy
AGY of eq. 1.2 is probably much higher (less negative) than the Gibbs reaction
energy AGp of eq. 1.1 (comparing the free enthalpy of formation of ZrN and
ZrO2, one finds a much higher value for the nitride) and the concentration of
nitrogen ions will be quite small in thermodynamic equilibrium under normal
conditions. In order to support the nitrogen incorporation, we may either in-
crease the electron or the vacancy concentration, as suggested by eq. 1.2. In
YSZ the concentration of vacancies is fixed by the dopant and only the electron
concentration remains as variable. Whereas the dopant concentration cannot be
increased significantly, the electron concentration grows by orders of magnitude
with decreasing oxygen partial pressure, i.e. under strongly reducing conditions.
The high temperature synthesis [4] is based on such strongly reducing condi-
tions, i.e. high temperatures and the presence of carbon as a reducing agent.
In any case, the idea to use eq. 1.3 as a basis for an anion exchange without
introducing additional electrons is almost hypothetical. At a given pressure py,

only one specific po, will keep the electronic concentration constant.

In this work the electrochemical polarization of YSZ is explored as a possible
alternative for the shift of the heterogeneous nitrogen equilibrium (1.3), which
allows the control of the oxygen activity and the supply with electrons directly

via the applied electric potential in an electrochemical cell of the type:
(+) Me / Zr / ZrOy / YSZ / Me(Ng) (—)

The application of a cathodic potential to the right electrode supplies electrons
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and shifts the nitrogen equilibrium towards the right side of eq. 1.2:

Ny(gas) 4 2Ve + 6~ (Me) = 2N} (YSZ) (1.4)

Even small cathodic voltages correspond to extremely strong reducing con-
ditions (i.e. low oxygen activities), which cannot be achieved via conventional
chemical techniques. At 1000 K a cathodic voltage step of 50 mV corresponds

to a change of the oxygen activity by one order of magnitude.

1.2 Aim of the work

The aim of this thesis is firstly to analyze and compare the defect structures
of zirconia and nitrogen doped zirconia. On the basis of the chemical reactions
describing the defect formation the Kroeger-Vink diagrams for these systems
are constructed at constant nitrogen respectively oxygen pressures, thus pre-
dicting and differentiating their defect-related properties. The thermodynamics

of Zr/ZrO2/09 and Zr/ZrN /Ny systems is also discussed.

A second point is the preparation and characterization of thin N-doped YSZ
layers on different substrates via pulsed laser deposition (PLD). A systematic
study was performed in order to determine the structure, morphology, and ni-
trogen content of N-YSZ films as a function of the variation of nitrogen pressure,
yttria content and temperature. The latter serves as a base for optimization and

standardization of the deposition parameters.

An important part of the thesis is the study of the kinetics of reduction
processes of nitrogen, its electrochemical behavior, the electrode properties and
reactivity of molecular nitrogen on YSZ or nitrogen doped YSZ and the influence

of the incorporated nitrogen ions on the transport properties of the material.
The thesis is exposed as follows:

In the theoretical part the defect-structure of nitrogen-free and nitrogen-
doped zirconia is discussed as a function of the variable gas (oxygen or ni-
trogen) activity. According to the appropriate Brouwer approximations the

Kroeger-Vink diagrams are constructed. In addition the thermodynamics of
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the cells Zr/ZrN/Me(Ng) and Zr/ZrOg/Me(O3) is discussed and the current
state of knowledge about the nitrogen electrode is summarized. At the end of
this part the general concepts of the ionic transport and the electrochemical

surface charge transfer theory are presented.

In the experimental part the basics of the main preparation and analytical
techniques used for the deposition and characterization of the samples are de-
scribed as well as the experimental equipment and the experimental conditions
in general. In the following chapters are presented the results and discussions on
the preparation and characterization of the nitrogen doped samples by PLD, the
transport properties and the electrode processes. The individual experimental
details are given separately in each section. At the end the results are briefly

summarized.
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2 Theory

2.1 Defect structures and properties of ZrO,, YSZ,
ZrO5:N and YSZ:N

In order to analyze the defect structure of nitrogen-doped zirconia in more detail
we construct the Kroeger-Vink diagram for both nitrogen-free and nitrogen-
doped ZrOg, respectively YSZ at constant nitrogen and variable oxygen activity
as well for a constant oxygen and variable nitrogen activity. In table 2.1 below
the systems are listed with the thermodynamic variables to be kept constant

in order to define the systems thermodynamically: Increasing the number of

Table 2.1: Defect models for zirconia based oxygen solid electrolytes

System Components || thermodynamic parameters to be fixed
ZrO9 2 T ao, - _
(Zr,MeO2) 3 T ao, z(Me) -
(Zr,Me)(O,N)2 4 T ao, z(Me) an,

components we also increase the number of thermodynamic variables to be fixed.
The temperature and the cation dopant concentration are easily fixed, and to

ensure constant gas pressures is also experimentally possible.

2.1.1 Pure ZrO,

Undoped ZrOs is usually a crystalline material (an amorphous phase has also
been reported [24,25]) appearing at three different modifications (monoclinic,

tetragonal, and cubic) depending on the temperature and the applied pressure



8 2 Theory

but a high pressure orthorhombic phase has also been reported [26]. Up to 1170
°C the stable crystallographic structure is of monoclinic symmetry. It shows
n-type conductivity [27-30] with a band gap (Ej) of about 5 eV. Nevertheless
different values for £, varying from 4 eV up to 7 eV have been reported |31,32].
At higher temperatures (1170 °C - 2370 °C) the tetragonal structure becomes
stable and above 2370 °C the fluorite type cubic lattice is the stable one. The
crystallographic structure influences the dominant type of point defects in the
lattice and their mobility, respectively the electric properties. In the tetragonal
and the cubic phase the lattice allows oxygen ions to move between tetrahedral
positions resulting in a high ionic (anion) conductivity. The electron/hole con-
ductivity has a negligible influence (04t >~ jon). In the monoclinic structure
the electronic conductivity is dominant. A detailed analysis and discussion of
the crystallographic structures, the corresponding point defect structures and

defect-related properties of ZrOq are given in [20,32-39].

ZrOg is a non-stoichiometric compound with an oxygen deficiency (or metal
excess), and the chemical formula is typically written as ZrOs_s, where § varies
with the oxygen partial pressure in the order of 10=% [40]. A variety of point
defects were considered for the correct modelling of undoped ZrOs_s. Some au-
thors proposed a Schottky-type disorder [41], involving oxygen and zirconium
vacancies as the predominant ionic defects (Zr; 4+ 207 = V7! + 2V + ZrOs).
Douglass and Wagner 34| suggest anion Frenkel-type defects where the oxygen
ion is moving to an interstitial position leaving a vacancy (O§ + Vi = V& + OY),
confirmed also by [42]. Kroeger 43| and also Poulton [44] have postulated an in-
teraction between zirconium and oxygen vacancies, forming a negatively charged

1

associate of the type (V&V7Y)”. A detailed review of the latter is given by
Nowotny [33].

From the point of view of the technical application the most important phase
is the cubic one as it provides the highest anion conductivity. We consider only
this cubic phase, stable at temperatures above 2373 °C, where the majority
defects are of anion Frenkel-type. Possible majority point defect pairs in pure

cubic ZrOg are given in the table below.

Because of the formal charge 4+ of zirconium, it is unlikely to expect zir-

conium ion mobility, and no reports have been found presuming a cation con-
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Table 2.2: Possible point defect pairs in pure ZrOs_g

Defects || VS® | h® | Zr7®*®
oy X | x -
e x | x -

%44 - - X
s

ductivity. Thus we exclude the cations as possible mobile charge carriers from
further consideration. The tracer-diffusion coefficient of ?°Zr in stabilized cubic

zirconia has been measured by Kilo et. al [45,46].

2.1.2 The Kroeger-Vink diagram for ZrO,_;

At the point of exact 1:2 stoichiometry we can safely assume that the Frenkel-
type anion disorder dominates over the electron-hole disorder, where both of
them are significantly larger than the Schottky type disorder (Kp > K. > Kg).

The Frenkel defect formation can be written as:
O+ VS =Vy+0{ with Kp=[VZ]O]] (2.1)

where K is the equilibrium constant. The electron-hole disorder with its cor-

responding equilibrium constant (K,) is given by:
evp thég =ecp +hip  with K. = [¢/][h°] (2:2)

The charge neutrality condition requires:

2(07] + [¢] = 2[VE] + [1°] (2.3)
Near stoichiometric region:  [V&] = [OY]

At slightly reducing conditions the oxygen excorporates from the crystal lat-
tice leaving electrons and oxygen vacancies behind, thus causing a reduction of

the material according to the equation:

O2 +2VEy + 4~ =20 (2.4)
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The equilibrium constant is given as:

(%

o= WapET o

(2.5)

The Brouwer approximation for the near stoichiometric region assumes [V§y] =
[OF]. The concentration of the both defect species can then be expressed by Kg
according to eq. 2.1:

Ve] = [0Y] = Ki/? (2.6)

In this region the concentrations of oxygen-related ionic defects do only slightly
depend on the oxygen partial pressure. In contrast the dependence of the elec-
tron and hole concentrations on ap, can be calculated from equation 2.5 as-
suming that the concentration of the oxygen ions on regular sites is constant
([0Og] = const.). The concentration of oxygen vacancies can then be substituted
by the Frenkel constant (see eq. 2.6).

[05]1/? —1/4

_ Bl Ko (Ko -Kp)Y* 1
(KO . KF)1/4 O2

and  [h*] = o, (2.7)

'] =

In a lg[def]/lgap, plot the electron concentration decreases with increasing
oxygen activity with a slope of —1/4 and the hole concentration increases with

a slope of 1/4, see fig. 2.1.

Strongly reducing conditions:  2[Vy] = [€]

The Brouwer approximation assumes that the charge of the increasing number
of oxygen vacancies is compensated by electrons. Combining equations 2.1, 2.2
and 2.5 one can calculate the dependence of the different defect species on the

oxygen activity:

. [06]1/3 1/ , 922/3 . Kp - K(l)/(s 16
[ O ] 22/3Ké/6 @0, an [ i } [08]1/3 ag, ( )
and
CTOXTV1/3 1/6

Ky @-[0g)# "

In this region the oxygen vacancy and electron concentrations differ by a factor
of two but decrease both with a slope of —1/6 towards higher oxygen activities.

The concentration of oxygen interstitials differs also by factor of two from the
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hole concentration, and both increase with a slope of 1/6.

Strongly oxidizing conditions: — 2[O!'] = [h°]

The Brouwer approximation requires the charge of the major ionic defects (oxy-
gen interstitials) to be compensated by holes, and their concentration is twice
as high as the interstitial oxygen concentration. Combining egs. 2.1 and 2.2 one

obtains the defect concentrations as a function of the oxygen activity:

KBQ/S . Ké/ﬁ : K}%\/S 1/6 oo

(2- Kp)*? - (O8] 16
Ké/G K23 Ao,

(2.10)

respectively for electrons and holes:

2/3 1/6 1/3
KN (2 Kp
SR ! md )=

_ (Ko [Og)'* s
K(l)/6 (2 Kp)l/3

] = 02

(2.11)

On the basis of equations 2.7, 2.8 and 2.9 for reducing conditions and equa-
tions 2.10, 2.11 for oxidizing conditions the Kroeger-Vink diagram for ZrOs at

given temperature can be constructed.

AOxygen deficiency: Near-stoichiometric region: Oxygen excess

2[Vy1=1[e1 [Vo 1=10,"] : 2[0,"1=[h"]
[0, =" —

-1/6 [V, ]

log [defects]

log a(0,)

Fig. 2.1: Kroeger-Vink diagram for undoped ZrOs (T = const)

According to Xue [20] the stoichiometric point at 1100 °C is found at ap, =

1073, In addition, Xue determined the deviations from stoichiometry in the
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range 1071 < ap, < 1.

2.1.3 Yttria-stabilized zirconia (cation doping strategy)

Pure ZrOs_;s conducts oxygen only at elevated temperatures (practically above
700 °C). Because of the low vacancy concentration (V¢ is in the range of 1073 to
1075 mol.cm™3) [20,40] the ionic conductivity is not sufficient concerning practi-
cal applications. To increase the vacancy concentration (respectively the oxygen
conductivity) and to stabilize the cubic structure, ZrOg is doped with different
metal oxides introducing aliovalent cations into the crystal lattice. Typical dop-
ing agents used for ZrOs solid electrolytes are Y203, CaO, ScoOs, MgO, CeOq
and Gd0O3. Among them ScoO3 leads to the highest conductivity but because
of its lower price and only slightly worse doping effect Y2O3 has been found to
be the most attractive dopant. Added to ZrOs in amounts of 1 mol% up to 20
mol% it stabilizes the tetragonal, respectively the cubic structure of zirconia,
depending on the yttria content [47]. The addition of 3 mol% to 5 mol% Y203
stabilizes the tetragonal structure. Dopant concentrations of 5 mol% up to 8
mol% result in a mixture of tetragonal and cubic phases. Above 9 mol% only
the cubic fluorite-type structure is present at room temperature. Because of its
mechanical stability and the high concentration of vacancies yttria stabilized
zirconia (YSZ) is the most widely used solid oxygen ion electrolyte.

By introducing yttrium oxide (Y2O3) into the lattice of zirconia, Y3¥ substitutes
Zr** in the cation sublattice creating a negative relative charge. To compensate
this charge one oxygen vacancy is created for each incorporated YoO3 "mole-
cule". This substitution process is usually denoted as:

27109

Y203 == 2Yy, + 305 + VY (2.12)
The charge balance requires 2[V®'] = [Y7,], so the concentration of the created

vacancies is only half the concentration of the incorporated yttrium ions.

2.1.4 The Kroeger-Vink diagram for YSZ

To create the Kroeger-Vink diagram we can simply upgrade the diagram con-

structed for the pure ZrOs (fig. 2.1). The values of mass-action constants
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(Kp; K. and Ko) for the case of the pure substance remain unchanged for YSZ
in a first order approximation, where of course the concentrations of the species
will differ. The equilibrium reactions and their mass-action expressions for YSZ
are the same as for the pure oxide (see egs. 2.4 and 2.5). The charge neutrality

condition is now given by the equation:
[Yz:] +2(0{] + [e'] = 2[VE] + [0°] (2.13)

The solution of Y903 causes an increase of the vacancy concentration (see eq.
2.12). According to eq. 2.1 the increase of [V&] will cause a decrease of oxy-
gen interstitials as K is assumed to remain unchanged. Doping with 10 mol%
yttria will create 10 mol% oxygen vacancies, which is about 4 orders of mag-
nitude higher than the vacancy concentration [V&'] in the pure material. Both
concentrations remain constant in a wide range of oxygen partial pressures, en-

suring high oxygen ion conductivity and a small electronic transference number.

Near-stoichiometric region:  ([Y7,.] = 2[V&])

In the case of YSZ, because of the high concentration of the dopant, the effect
of a deviation from the stoichiometry can be completely neglected. As the
Y203 concentration is constant, the concentrations of oxygen vacancies and
interstitials are basically independent on the partial pressure. The electron and

the hole concentrations depend on the oxygen activity as derived from eq. 2.5:

CTOX1V1/2 1/4 v 11/2
[el] _ (12/4 [OO]) . 061/4 and [h.] _ KO I(e>< [Yle;] . ag; (214)
Ky Y2 (2-[O5)Y

The resulting slopes of the electron/hole dependencies remain —1/4 or 1/4,
respectively (as for pure ZrOs), but the lines shift in vertical direction (for
electrons to lower and for holes to higher concentration values) parallel to the
lines drawn for pure zirconia. The stoichiometric point does not move on the

concentration axis, but is shifted towards lower partial pressures of oxygen.

Strongly reducing conditions:  2[VE] = [€/]

The vacancy concentration increases and it is not any more fixed by the dopant
by very low ap,. The compensation of the additional charge involves now elec-
trons, as the concentration of [Y7, | ions is not sufficient. Thus, the Brouwer

approximation in this region is formulated as 2[V®'] = [¢/]. The latter happens
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at much lower oxygen partial pressures (than in the case of pure ZrOs), when
the concentration line of [V] for YSZ crosses the line drawn for the pure sub-
stance. The slope of the dependencies of the defect species can be calculated in

accordance with eq. 2.8 and eq. 2.9:

1/6

[OF] o a(lj/f; Vo] aai/ﬁ and  [h*®] agf; [e] o ao, (2.15)

and have the values of —1/6 for electrons and oxygen vacancies and 1/6 for

holes and oxygen interstitials, respectively.

Strongly ozidizing conditions (oxygen excess):  [Yr ] = [h*]

At sufficiently high oxygen activities the hole concentration approaches the
doping level, and the Brouwer approximation in this region is formulated as
[h*] = [Y7,]. The concentration of vacancies and oxygen interstitials can be

calculated according to eq. 2.5:

Kp-KJ* K2

X7 . /12
SO ag) [06].[Y’zr]ze ag,  (2.16)

a and [Of] =
kY k2O

e

\BIE

The concentration of V@& decreases with —1/2 and those of Of increase with
1/2 in the logarithmic plot with increasing ap,. The concentrations of electrons

and holes remain constant ([¢'] = const. and [h®] = const.).

Extremely high ozygen activities:  (2[0!'] = [h*])

The concentration of oxygen interstitials exceeds [Y/, ] and the defect structure

is dominated by (2[0!] = [h*]).
V] o aaim; [O4] o ap, and [e] o agi/ﬁ; [h*] agf (2.17)

The vacancy and electron concentrations decrease with -1/6 and the concentra-
tions of oxygen interstitials and holes increase with 1/6 as in the case of the

pure ZrOs (logarithmic plot).
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A
2[Vy 1=1&] 2[Vo 1=1Yz] [h']1=[Y,] i2[0,"]1=[h]

A6 ? L 1/6

§<' : : \’4 [0,”]

log [defects]

log a(0,)

Fig. 2.2: Kroeger-Vink diagram for yttria stabilized zirconia (YSZ)

2.1.5 Nitrogen stabilized zirconia (anion doping strategy)

In analogy to cation doping one can choose an anion doping strategy, but it has
much less been practiced than cation doping. This alternative allows to create
new point defects in the crystals substituting ionic species from the anion sub-
lattice with more or less negatively charged anions. In the case of zirconia we
introduce an extra negative charge by doping with anions negatively charged
relative to the oxygen ion, which has to be compensated either by electron
holes or by creating new oxygen vacancies. Lerch [13,14] studied intensively
the nitridation of ZrOs, the phase formation and the phase transitions in the
7109 — Zr3Ny system. He studied in details the dark colored rhombohedral
[ — phases. Depending on the nitrogen content the [ phases are ordered as
follows: (8 — Zr708Ny; ' — Zr7011Ny; 3" — Zr709 5N3,9. The highest nitrogen
content is observed in the pale yellow colored cubic v — phase with the stoichio-
metric formula ZroONy. At temperatures below 1000 °C N-doped ZrOs exists
as a phase mixture of monoclinic ZrO9, and (- and ~-phases until the ZrsNy
compound is achieved. At elevated temperatures (above 1000 °C) nitrogen sta-
bilizes the tetragonal or the cubic structure depending on its content. A detailed

analysis of the phase stability and structural transitions in these systems can
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be found in [11,14,39,48,49]. The substitution of oxygen by nitrogen proceeds

according to the reaction:
N2 4+ 30§ — 2Ng + V& + 3/20, (2.18)

at low oxygen partial pressures. We should note that nitrogen substitution is
not energetically preferable. Comparing the free enthalpy of formation of ZrOs
and ZrN (data on the ZrsNy are still not available) one can easily find that
the oxide is thermodynamically much more stable than the nitride. So we can
firstly assume that the oxinitride formation can only be achieved at extremely
low oxygen activities, and secondly that the nitrides and the oxinitrides will
convert to oxides easily if exposed to oxygen atmosphere. Nevertheless the latter
process takes place only at elevated temperatures where oxygen and nitrogen
ions are mobile. Even at intermediate temperatures (up to 600 °C) the rate
of the re-oxidation reaction is relatively low, as kinetic difficulties also appear
(the diffusion coefficient of N3~ ion is three to four orders of magnitude lower
than that of O?7). Thus, zirconium oxinitrides are in air metastable at low

temperatures.

The Zr-O-N is a ternary system with the components Zr, O and N, which can
thermodynamically be fixed only if we keep three variables constant besides the

pressure - the temperature, the oxygen activity and the nitrogen activity.

2.1.6 The Kroeger-Vink diagram for ZrO_g)(1-2)Nus/3

The Kroeger-Vink diagram can be constructed as in the case of YSZ on the basis
of the ZrOy diagram. Whereas we can assume a constant yttrium concentration
in YSZ, due to the small vapor pressure of yttrium, it is more reasonable to
consider the nitrogen partial pressure at the given temperature rather than the

nitrogen concentration in the solid. The electroneutrality condition is:
[Nol + 2[0f] + [e'] = 2[VE] + [h°] (2.19)

The reactions of oxygen incorporation and excorporation and the correspond-

ing mass-action expressions are the same as in the cases of pure zirconia and
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YSZ (see equations 2.4 and 2.5). Additionally we have to formulate the reac-
tion of nitrogen incorporation/excorporation related with oxygen evolution and
incorporation via the chemical potentials of the both gases. Nitrogen reacts
according to:

[NoJ?
[VE? - [e]° - an,

N +6¢’ +2Vy = 2Ny with Ky = (2.20)

Combining this equation with eq. 2.4 we obtain the chemical equation of the

overall exchange reaction.
N2 4+ 30§ = 2Ng + V& + 3/20, (2.21)

with equilibrium constant:

K [N/ ]2 (Ve ‘a3/2
Ko — v Bl V5], 222

Depending on the chemical potentials of both components (un, and po,) re-
action 2.21 will proceed to the right (substitution of oxygen by nitrogen) or to
the left (substitution of nitrogen by oxygen) side. If a high concentration of
nitrogen in zirconia is achieved, we expect K¢ to differ from the value for ZrO-

and YSZ, but here we assume that it is constant.

Near-stoichiometric region:  [V&] = [O]; (an, = const.)

Near to the stoichiometric point of pure ZrOs the concentration of the main
defect species is determined by the intrinsic equilibrium and the Brouwer ap-
proximation is formulated as in the case of pure zirconia, [V&] = [O/]. The
concentrations of vacancies and interstitials remain independent from the oxy-

gen activity. The electrons and holes depend on ag, as follows:

[05]*/2 —1/4

_ Moo ., K- (Ko Kp)Y/* 14
(Ko - KF)1/4 O2

Ol e

[e] = and [h*] = (2.23)

There is no qualitative difference to the same regions in pure ZrOs or YSZ.
According to equations 2.22 and 2.24 the increase of the nitrogen ion concen-
tration is proportional to the decreasing oxygen activity to the power of —3/4:

1/2 1/2
KO/,N ) [O(X)]?’/2 ) aN/Q —3/4 294
K1/4 ’ aOQ ( ’ )
F

NG| =
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In reducing atmosphere we assume two possible conditions for the nitrogen
incorporation into the lattice. As postulated the nitrogen partial pressure is con-
stant, but we have to consider a different values for this pressure. To substitute
oxygen by nitrogen we should achieve conditions where the chemical potential
of nitrogen exceeds those of oxygen. Comparing the standard free enthalpy of
formation of ZrN and ZrOs, one finds a much smaller value (less negative) for
the nitride, mainly caused by the large binding energy of the nitrogen mole-
cule. Thus, the nitrogen concentration in YSZ is very small in thermodynamic

equilibrium under normal conditions.

At reducing conditions we discuss the defect formation reactions for two gen-
eral conditions: an, > ag, (Variant A) and an, < agp, (Variant B) leading to

the construction of two different Kroeger-Vink diagrams.

Reducing conditions: variant A [Ng] = 2[VE]; (an, = const.)

The nitrogen incorporation into ZrO;_s)(1-x)N i at low oxygen pressures pro-
ceeds under the assumption that the nitrogen activity is constant but higher
than the oxygen activity. In this case we assume that the lattice oxygen will
be directly displaced by nitrogen (eq. 2.21) without reduction of zirconia. As
discussed above nitrogen acts as a dopant creating one additional oxygen va-
cancy for two Npy ions. Both [V&] and [N{] are dependent on the oxygen
partial pressure and the Brouwer approximation in this region is formulated as:
ING] = 2[VZ]. As the chemical equation involves no electrons or holes their
concentration remains constant. The defect concentration dependence on the

oxygen partial pressure is calculated from equation 2.22:

1/3 1/3 o ~1/2
No] = Kdlx - 10g]-adl? - 2715 ag)/ (2.25)
and
V] o« ac_)i/2 and [O]] a,(l)/j (2.26)
[¢'] = const. and [h®] = const. (2.27)

The process of oxygen displacement will complete with either ZrsNy or ZrN

formation.

Reducing conditions: variant B[] =2[VE]; (an, = const.)

If the nitrogen activity is not sufficiently high to ensure a direct substitution
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of oxygen by nitrogen the decrease of oxygen activity will cause a reduction
of the initial material. In this case the Brouwer approximation is defined as
[¢/] =2[V] and the oxygen evolution is dominant. The defect determining
equations are identical with those for pure ZrOg (see egs. 2.8 and 2.9):

V] o a(_);m; (0] ag)/f and [e/] a(_);/(j; [h*] o 310/26 (2.28)

The concentration of the nitrogen ions will change according to:

KY? _ 12 —2/3 —2/3
NG| = K§/3 - [OF]/3 2743 aN/2 -aOQ/ or [Np] o aoz/ (2.29)
o}

The nitrogen ions are incorporated but their concentration is not sufficient to

govern the defect formation.

Strongly reducing conditions: variant B [Ny] = 2[V&]; (an, = const.)

If the oxygen activity decreases to sufficiently low values the nitrogen incorpora-
tion takes place and the Brouwrer approximation will be changed to [N ] = 2[VE].
The dependence of the defects formation on the oxygen activity is the same as

in the case of variant A.

Np] o ag” and  [V&] x agt?  and  [0] o aff, (2.30)
[¢'] = const. and [h®] = const. (2.31)

Ozidizing conditions  [h®] = 2[0!]; (an, = const.)

At oxidizing conditions the concentration of N{; drops with the increasing oxy-
gen activity until the nitrogen is fully replaced by oxygen in zirconia and the
Kroeger-Vink diagram for ZrO(3_s)1-x)Nux/3 in this region is reduced to the
diagram for the pure substance. At high oxygen activities the oxygen excess
controls the defect structure and we calculate:

[Vo**] x a(_);/G; (0] a(l)/f and  [e/] o aai/ﬁ; [h*] a(l)/f (2.32)

with slopes equal to those for pure ZrOs. The concentration of nitrogen ions
drops with a slope —2/3 according to:
/2 ,-1/3  1/2
KN/ ) e/ 'aN/2 : [05]1/3 —2/3

n—_




20 2 Theory

2[Vo 1=[Ny'] [Vo 1=10,7] 2[0,"]=[h']
[No']

log [defects]

-213

log a(0,)

Fig. 2.3: Kroeger-Vink diagram for ZrO(,_s)(1—x)Nax/3 at constant high nitrogen pressure
(variant A)

AR
AV 1=1e1  [Vol=[01  2(071=[]

-1/2

N -1/6

Eo—
— ;
/1/,2/’ ;106

log [defects]

[0;"]

-2/3

log a(0,)

Fig. 2.4: Kroeger-Vink diagram for ZrO(3_s)(1—x)Nax/3 at constant low nitrogen pressure
(variant B)
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The diagrams present the both cases where the nitrogen partial pressure in
the oxygen deficient region is higher (Variant A) or lower (Variant B) than the
oxygen partial pressure. For the determination of the concentration dependence
of defect species and Brouwer approximations by variation of the oxygen pres-
sure, it is important to consider the nitrogen pressure. It is convenient and also
useful to present the dependence of the defect structure of ZrO(z,(;)(l,X)N%x
on both oxygen and nitrogen activities in a three-dimensional plot. The plot

is shown in figure 2.5. The diagram reproduces the surface determined by the

log [defects]

a(0,)

Fig. 2.5: Three dimensional presentation of the "surface" of a Kroeger-Vink diagram
determined by the major defects for ZrO;_s)(1—x)Nux/3 as a function on both oxygen

and nitrogen activities

major defects at different Brouwer approximations by variation of nitrogen and
oxygen activities. In this way one can easily take out a slice at a certain oxygen

(or nitrogen) activity and determine the defect structure of the oxide.
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2.1.7 Nitrogen doped YSZ

As discussed in the previous section ZrOo_s)(1—x)Nuy/3 is usually black (at
least of dark color) and combines ionic and electronic conductivity, because the
material is partially reduced. The re-oxidation at higher temperatures (above
approx. 400 °C) results in de-nitridation of the samples thus diminishing the
anion doping effect, respectively decreasing the ionic conductivity. On the other
hand there is also a limit in the cation doping of YSZ. It has been found that
Y203 segregates on the surface of zirconia with the time. This effect is much
more pronounced when yttria concentration is higher than 13 mol% [50]. The
segregation of yttria (a poor conductor) lowers the the effective vacancy concen-
tration in the bulk. It is reasonable to combine both cation and anion doping in
order to obtain a stable defect structure. Depending on the yttria (alternatively
MgO and CaO) content both tetragonal and cubic fluorite-type structure can
be stabilized by doping with nitrogen [4,6-8,12,14,51].

2.1.8 Kroeger-Vink diagram for N-doped YSZ

To construct the Kroger-Vink diagram for nitrogen doped YSZ we can use the
diagram for YSZ (fig. 2.2) combining it with that for ZrOx_s)1—x)Nay/s (fig.
2.4). As in the case of the Zr-O-N system we assume that the nitrogen par-
tial pressure is fixed, while the oxygen pressure varies. The electroneutrality

condition includes the intrinsic defects and both dopant species:
[NoJ + [Y7:] +2[0f] + [e'] = 2[VE] + [h°] (2.34)

The reactions and their mass-action constants are the same as for pure ZrOs
and YSZ (see equations 2.2, 2.4 and 2.5) but we add reaction 2.20 to the oxygen
reaction to obtain eq. 2.21 accounting for the nitrogen influence on the defect

speciation.

Combining the doping effect of both species (Y7, and N;) we create more
oxygen vacancies in the crystal lattice. An advantage of the combined anion-
cation doping is reducing the segregation of yttria which happens as mentioned

above at concentrations higher than 13 mol% Y203. We can keep the yttria
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concentration at lower levels (up to 10 mol%) increasing further the number of

oxygen vacancies by addition of nitrogen anions.

Dopant (cation) controlled region  [Y7y,. ] =2[VE]; (an, = const.)

According to the expressions for the equilibrium constants Ko and K, (equa-
tions 2.2 and 2.5) the line for the electron concentration will be shifted parallel
to the initial one (the one for pure ZrOs) towards lower values and those for the
holes to higher values. Thus the crossing between these two lines (the intrinsic
stoichiometric point) will be shifted towards lower oxygen partial pressures. The
Brouwer approximation can be defined as: [Y7,] = 2[V&]. The concentrations
of oxygen vacancies and interstitials are constant and the electron and hole con-
centrations decrease/increase with slopes —1/4 respectively 1/4 according to

equation 2.5 as in the case of pure ZrOa:

X11/2 X11/2
g [— [06] apt and %) = —; [06] alf?
Kg - 212 Y12 K& -21/2 - Ko [Y7,]1/?
(2.35)

There are no qualitative differences between the same regions for nitrogen doped
ZrO4 or YSZ.

According to equations 2.22 and 2.24 the increase of the nitrogen ion concen-
tration is proportional to the decreasing oxygen activity to the power of —3/4:

3/4

No] o< ag,

(2.36)

Reducing conditions: Variant A [Ng] = 2[VE]; (an, = const.)

Asin ZrO(3_s)(1-x)Nux/3 depending on the particular value of the nitrogen pres-
sure (ay, > ap, or an, < ap,) we have two possible routes to incorporate ni-
trogen into the lattice. Variant A concerns the case - an, > ao,. The Brouwer
approximation takes the form [Ny] = 2[V&]. Respectively in the first route

nitrogen directly substitutes oxygen:
N3 + 30§ = 2Np + V& + 3/209 (2.37)

and the concentration of the defect species is calculated according to equation
2.22, where the nitrogen ions and oxygen vacancy concentration increases with
a slope of —1/2 and oxygen interstitials decrease with 1/2 towards lower oxygen
activities in logarithmic scale:

~1/2

Ve o ag, o

NG| o ac_);ﬂ and  [Of] o< ag, (2.38)
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[e'] = const. and [h®] = const. (2.39)

The process will continue until oxygen is fully displaced by nitrogen in the anion

sublattice.

Reducing conditions: Variant B [¢'] = 2[VE]; (an, = const.)

Variant B concerns the case of insufficient nitrogen activity. The nitrogen chem-
ical potential is too low and nitrogen ions cannot be incorporated in YSZ. Due
to the decreasing oxygen activity the material is reduced and the Brouwer ap-
proximation is defined as for pure ZrOy - [¢/] = 2[V¢']. The concentration of

nitrogen ions changes according to:

or [Np] o a(_)z/ 3

/ K;I/Q x14/3 o—4/3 1/2 =2/3
[NO] - K2/3 ’ [OO] -2 'aNg ’ aOQ
0

(2.40)

The concentration dependencies of the other ionic species are identical with

those of pure zirconia:

[VEy] o aai/ﬁ; €] o aaim; (0] a%)/f; [h*] aé/f (2.41)

Strongly reducing conditions: Variant B [Np] = 2[V&]; (an, = const.)

At strongly reducing conditions the incorporated nitrogen ions become dominant
as defect determining species and the Brouwer approximation changes to [N
= 2[V&]. The dependencies of the concentrations of defects on the decreasing

oxygen activity are given as:

NG| o a(_);/Q; V] o a(_);/Q and  [O!'] agf (2.42)
[¢'] = const. and [h®] = const. (2.43)
Ozidizing conditions (ozygen exsess) [h®] = [Y7,]; (an, = const.)

At oxidizing conditions the defect formation is independent on the nitrogen
species and follows those of YSZ. The Brouwer approximation changes to [h®]

= [Y7,]. The oxygen defects change their concentrations according to eqs 2.16:

Y2 and [O{']ocagj (2.44)

V&1 e ag,

with slopes -1/2 and 1/2 for vacancies and interstitials respectively, whereas

[e'] = const. and [h®] = const. (2.45)
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1/4 2 1/2 —1/2
INo) = KM K" KGR [08) - al - ag)! (2.46)

the lines of electronic defects keep going constant and the nitrogen ion concen-
tration decreases with slope of -1/2 until the intrinsic disorder starts to dominate

over the extrinsic one.

Strongly ozidizing conditions (oxygen excess) [h®] = 2[0!]; (an, = const.)

At strongly oxidizing conditions as in YSZ and in pure ZrOg the Brouwer ap-
proximation changes to 2[Of] = [h®] and the dependencies of defects on the

oxygen pressure are:

V] o a6;/6; [OF] o a%)/f and  [e/] o a(;;/ﬁ; [h®] ag/f (2.47)

The concentration of nitrogen is proportional to the oxygen activity powered to

-2/3:
12 -1/3  1/2
KN/ ) e/ -aN/2 '[O(X)]l/g . —2/3 (2.48)
KB 2B a0, :
F o

On the basis of these calculations the Kroeger-Vink diagrams for nitrogen doped

[No] =

YSZ is constructed.
A N2V, IYL1=20Ve] =Y, 2007 =[h]
[No]

‘0

e -

3 -
=

Y— ,’

3 =72 h

o |[0,7]

o

log a(0,)

Fig. 2.6: Kroeger-Vink diagram for N-doped YSZ at constant nitrogen pressure (Variant
A)

Exposing N-YSZ at variable nitrogen and constant oxygen pressure the elec-

troneutrality conditions did not change:
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Fig. 2.7: Kroeger-Vink diagram for N-doped YSZ at constant nitrogen pressure (Variant
B)

Electroneutrality conditions

[No] + [Yz,] + [e] + 2[0f] = 2[VE] + [h°] (2.49)

High nitrogen pressure  2[Ve'| = [Ny]; (a0, = const.)

At high nitrogen pressures oxygen ions are substituted and the formation of
oxygen vacancies is determined mainly by the nitrogen N3~ ions. The Brouwer
approximation is formulated as 2[V] = [Ny]. The concentration of Nj in-
creases according to:

20051 KNP s

1/2 N2

1/3
172 or [Np] aN/2 (2.50)
KO * (]/02

[Nol =

The oxygen vacancies and interstitials also depend on the nitrogen partial pres-

sure: oy
oo 0) 3 1/3
Vo] = [_1(10/]21/2 . all\l/2 or [V&]xa N/2 (2.51)
O OQ
1/2

Ke KY*-a ~1/3 ~1/3
» o 1/??2 aNQ/ or [0f] xa NQ/ (2.52)
[05] - K

0] =
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The concentration of electrons and holes is given by:
€] = Ky ay,® and [0 = Koo K- ayf) (2.53)

In this region the defect structure is governed by the nitrogen ions and the

cation doping effect is less important.

Low nitrogen pressures  2[Vy] = [Y7,.]; (a0, = const.)

At low nitrogen pressures the concentration of Ni, decreases. The V¢ concen-
tration is determined only by the cation doping. The Brouwer approximation
is defined as in the case of YSZ: 2[V®&] = [Y7,]. The concentration of nitrogen
ions decreases with a slope of 1/2:

Ky -[05)%2 12

ol = / 1/2
Nol = 1/21/2 . [y, ]1/2 K343 ray, or [Np]ocay, (2.54)
’ 7r BRgo Qo,

The concentrations of the oxygen vacancies and interstitials, as well of electrons

and holes remain independent from the nitrogen activity.
[VE] = const.; [Of] = const.; [¢/] =const. and [h®] = const. (2.55)

The resulting Kroeger-Vink diagram (fig. 2.8) is simple but indicates the region
of possible application of anion doped YSZ.

In figure 2.9 we present the three dimensional plot of the dependence of
the major defects on both nitrogen and oxygen partial pressures for YSZ:N.
Discussing the defect formation and defect related properties of N-YSZ in this
section we have assumed that the nitrogen ions are formally incorporated as
N3~. This assumption may not always be correct. The nitrogen incorporated
in YSZ provides a new 2p electronic level positioned at higher energies than the
2p level of oxygen. Thus in case of oxidation of the initial material firstly the
electrons provided by N3~ will be consumed. The latter will result in a complete
change of the defect model, because nitrogen can be present as N (i.e. valence
state of 2—) and then forms a "neutral" dopant. Further oxidation may even
result in positively charged nitrogen defects which then leads to a much more
complicated defect behavior. More detailed studies on the transport properties
of YSZ:N at different temperatures and gas activities are necessary in order to
define precisely the region of stability of YSZ:N doped with trivalent nitrogen

ions.
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Fig. 2.8: Kroeger-Vink diagram for N-doped YSZ at constant oxygen and variable nitrogen

pressure

Constructing the diagram for the behavior of YSZ:N in dependence on the ni-
trogen pressure (at constant ap,) we should also be very careful in the selection
of the oxygen partial pressure, in view of the YSZ:N behavior at variable oxygen
pressure (diagrams 2.6 and 2.7). If the Og-pressure provides oxidizing condi-
tions, nitrogen will easily be replaced by oxygen. The most reasonable region
for nitrogen incorporation is at reducing conditions as shown in fig. 2.7 where
the concentration of nitrogen ions is high, ensuring a region with a pronounced

anion doping effect.

2.2 Expected differences in chemical and physical

properties

The main physical properties of zirconia doped and undoped with nitrogen as
density, hardness etc. do not differ drastically. They show similar behavior
at room temperature and are chemically inert. Only concentrated hot acids
are able to corrode these materials. However there are some differences: as
reported by Lerch [14] the X-ray diffraction studies show a shift of the cell

parameters towards lower values if ZrOg or YSZ are doped with nitrogen. The
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log [defects]

a(0,)

Fig. 2.9: Three dimensional presentation of the "surface" of a Kroeger-Vink diagram
determined by the major defects for YSZ:N as a function on both oxygen and nitrogen

activities

band structure also differs. Theoretical calculations show, that nitrogen creates
donor levels within the band gap of zirconia (£, ~ 5 eV) resulting in a smaller
band gap (Ey4 ~ 1 eV) and respectively in differences in the electronic properties
[52]. As it will be discussed later the spectroscopic studies show a shift of the
optical band edge towards higher wave lengths and an adsorption maximum at

about 500 nm in the nitrogen-doped material.

From the analysis of the defect structure of N-doped ZrO5 and YSZ we expect
a deviation in the chemical behavior and the defect-related properties of these
materials from those of pure oxides. We assume that the nitrogen ions are
a possible alternative in the doping strategy, introduced additionally to Y2Og3
to prevent the use of high concentrations of yttria as a dopant leading to its
segregation on the surface or in the bulk of the material, but keeping high oxygen

vacancy concentration.

However, there is a principle difference in Y3+ and N3~ as doping agents. It
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consists in their chemical stability and mobility within zirconia. The yttrium
ion mobility is much lower (1.7 x 107 cm?s™! at 1600 °C) [45] compared to
the nitrogen mobility at the same temperature (1.79 x 107% cm?s™1) [53,54].
The cation doping effect is stable in a wide range of oxygen partial pressures
(see fig. 2.2), i.e Y203 acts as an inert dopant and its undesirable effects (like
segregation, diffusion, etc.) are detectable only on the long time scale and
at elevated temperatures, whereas nitrogen doping cannot ensure a constant

vacancy concentration even at reducing conditions, because it is dependent on

the nitrogen partial pressure.

Nitrogen is much less reactive than oxygen but nevertheless it cannot be
treated as inert at higher temperatures and its interactions and electrochemical
reactions should not be neglected or underestimated in particular under reducing
conditions. As both nitrogen and oxygen are involved in the thermodynamic
equilibria and the defect formation they should always be considered together.
As the formal valence state of nitrogen can vary from 3— up to 5+, special
attention is required regarding the defect charge and the formulation of the
defect equilibria. Nevertheless nitrogen doping offers the opportunity to manage
different properties of the same material by variation of the oxygen/nitrogen

ratio where one of these components is kept constant.

N-doped zirconia is a perspective solid electrolyte material, but should be

used only in a controlled atmosphere.

2.3 Thermodynamics of the systems Zr/ZrO, and
Zr/ZrN

The thermodynamic properties of the pure system Zr/ZrOy in Oy atmosphere

are determined by the equilibrium reaction:
Zr 4+ O9 = ZrOy (256)

where the mass-action constant can be written as:

ATGOO A7r0q
=K = —=-= 2.57
exp ( ) - o, ( )
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with a standard free enthalpy of formation (az,0, = az, = 1)
AG) = —RTInK = RT'Inag, (2.58)

As the activity of ZrOg and Zr are assumed to equal unity, the mass-action
constant defines the activity ap, (i.e. the partial pressure) of oxygen. The free
enthalpy of formation can also be related to the standard electromotive force

(denoted further as emf or E) of the electrochemical cell:
A,Gy = —nFE° (2.59)

where F'is the Faraday constant and n is the number of electrons involved in the
reaction. The combination of equations 2.58 and 2.59 results in the expression

relating the emf with the thermodynamic quantities:

o RT N
E° = —Eh’lao2 (260)

where four electrons are required to complete the reaction.

This relation is the formal basis of potentiometric oxygen sensors: we measure
the emf of an electrochemical cell using an oxygen conducting solid electrolyte
(an important requirement is that the transference number of the oxygen ions
must be to2— = 1) between two electrodes exposed to different oxygen activities
(partial pressures) ag, and ao,, where ag,, is a fixed reference. The emf formed
is a result of the difference in the chemical potential of oxygen on the both sides

of the symmetrical cell (O2)**'Me/YSZ/Me(O5):

N nle] RT a0y ox RT CL*02
E = E(OQ/QZ—) + E In G2 — £(0y/02) T E In G2 (2.61)
As the standard half cell potentials E?OQ/OQ,) and E‘(’SQ/OQ,) of the oxygen

reaction on the both sides are equal and [0%7] in the solid electrolyte is constant
and fixed by the dopant, the only variable that determines the electromotive
force is the oxygen activity:

B RT1 ao,

EF=—1In
4F a*02

(2.62)

Figure 2.10 represents the dependence of the emf on the activity of oxygen in

the temperature range 400 K - 1400 K relative to the constant oxygen pressure
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Fig. 2.10: Calculated dependence of the emf of the Zr/ZrO5 /05 cell on the oxygen activity

ap, at various temperatures.

provided by the Zr/ZrOs half cell. The different emf values correspond to the
change in the Gibbs energy by variation of the conditions and can directly be
obtained from the thermodynamic data available in the literature [55]. The
calculated potentials are highly positive as the oxygen activities are extremely

low (10743 at 700 K).

In fig. 2.10 it can be seen that the isothermal lines cross at an invariant point
with the potential value E — —2.835 V and ap, — 4.19 x 10°. At this point
neither the equilibrium activity nor the equilibrium potential depend on the
temperature. Substituting this emf value in equation 2.59 we have calculated
the value of the free enthalpy of formation AGg and after a comparison with
the literature data we found that this value coincides exactly with the value of
the Gibbs energy of the system at the temperature T = 0 K. We confirmed
the latter also theoretically. The total emf of the cell consists of the difference
in the free enthalpy terms of the right and the left side of the cell or we also
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can express it in terms of the electrical potential difference. We consider the

following cell: Pt!/Zr/ZrOy/02(Pt!) under the following assumptions:

e the charge carriers are only oxygen ions (tg2- ~ 1) and the transfer number

remains constant with the time

e there is no gradient of the electrochemical potential in the solid electrolyte,

ie. Vige =0

In this case the measured potential difference between the both ends of this cell
presents the reversible (Nernst) emf of the system. If the transference number
of the oxygen ions deviates from unity, i.e. if the electrons or other ions also
contribute to the total conductivity, the measured voltage will be lower than

the Nernst voltage.

On the left side of the cell we assume that the electrochemical potential of the
electrons in platinum and in zirconium are equal as both of them are metals.

At the Zr/ZrO5 boundary we can formulate the thermodynamic equilibrium:
ZrOq + 4e~ = 20%" 4 Zr (2.63)
On the right side of the cell the following equilibrium is established:
Oy +de” = 20*" (2.64)

On the basis of these two equilibria representing the processes on the both sides
of the electrochemical cell we mathematically express the equilibrium via the

chemical/electrochemical potentials of the species:

17205 + Aie— (Pt + 2fige- (Pt = piz + 2fige- (Pt) + 4fie— (Pt) + po, (Pt

(2.65)
As there is no gradient of the the electrochemical potential of oxygen ions on
the both sides they can be eliminated from equation 2.65. Further assuming

that fi; = pi + 2F'¢ and p; = pf + RT Ina; we rewrite eq. 2.65:

11520, +RT In az:0, +4fie— (Pt') = pf+RT In azy+4fie— (Pt")+1, + RT In ag, (Pt')
(2.66)
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After rearrangement and assuming that the activity of ZrOo and Zr is unity we

obtain:

4fie— (Pt — 41— (P") = —p50, + i3y + 1, +RTao, (PY")  (2.67)

—AyG°

4 |pe- (Pt)) = Fo(1) = o (PE") + FO(IT)| = —A,G° + RT nao, (Pt") (2.68)

The chemical potential of the electrons in the platinum metal is equal on both

sides of the cell and can be eliminated and as final result we obtain:

AF [¢(IT) — ¢(I)] = —A,G° + RT Inap, (Pt'T) (2.69)
and
B ~ —AG°  RT .
E =¢(I) — ¢(I) = Wa + ir Inag, (2.70)
or writing the equation as a function of the emf:
A, G° AF

Considering equation 2.71 for two different temperatures 77 and 75 the invariant

point denoted by "x" should fulfill two requirements:

L. Inag,(T1) = Inag, (Tz) = Inag,

2. E*(Ty) = EX(Ty) = E*

Applying these assumption to eq. 2.71 we obtain:

AGO(Ty)  AF AGo(Ty)  AF
-E*(Ty) = - E*(T: 2.72
e, Twn PVE TR TR B0 27
or
ToAGY(Ty)  TiAGo(Ty) <T1 - Tg)
_ = E* . AF 2.
15T 15Ty 15T (2.73)
Multiplying the both sides of eq. 2.73 by TyT; we obtain:
TOoAG°(Ty =0
AF . F* =22 (=0 _ —AG°(Ty = 0) (2.74)

T3

or
AG(T =0)  AH(T =0)
* e e ——
BT == = 1 (2.75)
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All lines must necessarily cross (fig. 2.10) at one point where the emf and
the oxygen activity do not depend on the temperature. This point has the

—A-HY, AS?,

(T=0) * _ (T=0)
and In L

- . *
coordinates: E* = iF

If the requirement ti,, & 1 or at least ¢;o, = const. is satisfied this method can
be applied for estimating standard thermodynamic quantities by electrochemical

measurements performed at different temperatures.

Analyzing the thermodynamic data for the system Zr/ZrN we calculate the
conditions of formation and stability of ZrN in nitrogen atmosphere in the same

way as for the Zr/ZrOg system. The equilibrium reaction is:

Zr+1/2Ny = ZeN - with Ky = 22N 012 (2.76)

Q7zr

and the relation between the standard Gibbs energy and the electromotive force

in this case is given:

AG% = —nFE = —RTIn Ky = —RT'In LNW (2.77)
azy - ay,
or
RT
E = —67F 111 CLN2 (278)

The calculated emf as a function of the nitrogen activity at different tempera-
tures is presented in fig. 2.11. The lines drawn for various temperatures cross
at a point with the coordinates E* = 1.256 V and ay, = 2.57 X 10° values

corresponding to the free enthalpy of formation at 7' = 0 K.

On the basis of the thermodynamic analysis, comparing the standard emf
of the Zr/ZrN and Zr/ZrOy systems we easily see that zirconia is much more
stable than zirconium nitride. The substitution of oxygen by nitrogen in the

oxide phase requires strongly reducing atmospheres and high temperatures.

2.4 Transport properties of solid electrolytes

The thermodynamics and the defect structure of nitrogen-doped zirconia deter-
mine its conductivity. In fully oxidized YSZ all ions (i.e. 0?7, Zr*t and Y371)
exist only in one valance state and band-band transitions of electrons/holes are

not expected and thus, YSZ is found to be a purely oxygen ion conductor.
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Fig. 2.11: Calculated dependence of the e.m.f. of the system Zr/ZrN /N5 on the nitrogen

activity an,.

Diffusion in a chemical potential gradient:

In general, the mobility of particle of sort 4 is given as:
_ |7

bi = —
|F|

where b; is the mechanical mobility of particle 4, @ is the velocity of this particle

(2.79)

and T is the driving force. The molar flux of particles of one sort is proportional
to the concentration multiplied by the velocity, i.e. E} = ¢; - U7, the total flux

of particles driven by the chemical potential gradient is given by:
Ji=c¢i b -V (2.80)

Assuming only one dimensional diffusion of the particles we combine the Fick’s
first law (J; = —D; Oc¢;/0x) with the equation p; = pf + RT In¢; and we obtain
the final expression relating the chemical diffusion coefficient to the mobility of

these particles, known as Nernst-Einstein equation is:

D} =b;- RT (2.81)
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The diffusion coefficient determined has to be corrected by the term dlna/dInc
accounting the inequality between the activity a and the concentration ¢, often
denoted as a thermodynamic factor. Then the chemical diffusion coefficient is

given by:

D —D dlna;

¢ a dlnc;

where D; is the self-diffusion coefficient.

(2.82)

Diffusion in an electrical potential gradient:

If the driving force is not the gradient of the chemical potential, but an
electric filed, the force F acting on a particle of sort 7 is given by the product
of the particle’s charge and the electric potential gradient, i.e. T = —2z; - eVao.
Combining equations 2.79 and 2.81 the total flux can be expressed as:

cl--zi-F

R
i = —Ci b2’V =—D;
J, ¢ by -2 FVo T

Vo (2.83)

In analogy to equation 2.79 the mobility of particles of sort 4 in electric filed

gradient (i.e. the electrical mobility) is given by:
v,

The total flux in electric field can also be defined as J; = /ziF. On the other

hand at not too strong electric fields the current density 7 can also be expressed
using the conductivity according to the Ohm’s law: T =0FE or i = —o; Vo,
where o; is the partial conductivity of particles ¢+ Thus the molar flux Z) is
given by:

— o

== p Vo (2.85)

Combining this equation with equation 2.83 we obtain the following relation

between the conductivity and the self-diffusion coefficient, respectively the mo-
bility:
ci 22 F?

Ui:Ci'bi‘Z?F2:Ci'ui’ZiF:DiT

(2.86)

Diffusion in an electrochemical potential gradient:

If both chemical and electrical potential gradients are present, then the force
acting is the electrochemical potential gradient. In this case the particles flux
is given by:

—

Ji = —C; b;v,u — C; b;,ZZFV(lS = —C; bZ’ . Vﬁ (2.87)
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Here we assume that the mechanical mobility of the particles in a chemical
potential gradient (b}) are equal to the mobility of these particles in an electric
filed gradient (b) because only under this assumption the flux at equilibrium
condition can equal zero, i.e. Vi = 0. Combining equations 2.87, 2.81 and 2.86
we obtain for the total flux of particles of sort 7 in an electrochemical potential

gradient the relation:

— ciDi . ag; -
;= Vii=—-————V 2.
J, R % 12 3 1% ( 88)

As usual more than one species are mobile the total conductivity o (as o is a

measurable quantity of the total flux) is a sum of all partial conductivities:

n

o= Zai (2.89)

i=1
where n is the total number of charge carriers. Thus, the ratio of partial con-

ductivity o; of particles of the type ¢ to the total conductivity o is known as

the transference number of this particle:

i

ti = —
> oi
=1

The transference number shows the part of the total charge carried by a partic-

(2.90)

ular sort of particles (electrons or ions). As the ions can be charged positively
and as well negatively the sum ¢4 +¢_ = 1, where t, denotes the sum of the

transference numbers of all cations and ¢_ denotes the sum of all anions.

Some specifics of the ionic movement in solids

The diffusion of ions in solids has some specifics compared to their diffusion in
liquids. Firstly we cannot differentiate if the ion moves or the vacancy. Secondly
the ions cannot move freely in the crystal lattice. There are only a limited
number of free positions (vacancy or interstitial place) for the jump to occur.
Thus, increasing the number of vacancies we increase the probability that the
jump will successful. The ability for an ionic movement is characterized by
the jump frequency. It is defined as the number of jumps per unit time and is

denoted by w. The jump frequency is related to the activation energy (for the

jump) by:

AG# AS7 AH?
W=Veexp| o | Svoexp | —— rexp | —— o (2.91)
—_———

wo
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where v is the Debye frequency, AS# and AH# are the migration entropy and
the migration enthalpy respectively. As the entropy term is not temperature

dependent we can combine the first two terms of equation 2.91:

W = wp - €Xp <—§;> (2.92)

The self-diffusion coefficient can be then expressed by:

n r? 1 5 E4 o E4
D; = 5 W= g ! Worexp (_kT) = D7 exp <_k‘T> (2.93)
———

D;

where 1/6 in D term accounts for the three dimensional diffusion (1/6 =n /2 d)
for a mean random walk, r is the single jump distance, n is number and d is
the dimensionality. The number 2 accounts that the ion can move in both right

and left direction from its initial position.

Combining equations 2.86 and 2.93 we obtain the relation between the con-
ductivity, the self-diffusion coefficient and the activation energy for ionic jump:
pei it ( EA) i ( EA) (2.94)
oi=D———exp|——= | = Fexp|——= .
T Y TR P\ TRr) T TP\ TRr
Thus, we can determine the activation energy, and respectively the diffusion
coefficient by a measurement of the temperature dependance of conductivity.

The experimental data presented in the plot Ino; T vs. 1/T consists of points

laying on a straight line with a slope E4/R with an intercept on a y-axis o7.

Often in the solid state studies more than one species are mobile and the
measured conductivity represents the sum of the individual conductivities o;.
One of the possible experimental ways to determine the individual diffusion
coefficient of particles of sort 7 is by tracer diffusion experiments. The tracer
diffusion coefficient D; is related to the self-diffusion coefficient D; according

to:

ﬁ racer
D; = f - D;, where f = M (2.95)

(R%)regular

Here RZ is the mean random walk of respectively the tracer ion and of the

regular ions.
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2.5 The Me(N;) electrode

The electrochemical behavior of nitrogen in equilibrium with its ionic species
has been studied so far mostly in liquid electrolytes. Neutral atomic nitrogen
has the ground state electronic configuration: 1522s%2p®, where the 2p energy
level is only half occupied. This electronic structure determines the stability of
nitrogen molecule (%)% (07)? (b ,)* 62)? with completely filled bonding orbital
and completely empty 7y , and o} anti-bonding orbital. The electronic structure
of the nitrogen atom determines the possible valence states of the nitrogen ion.
All valence states between 5+ and 3— are accessible involving the electrons of

the 2s and 2p levels. The standard electrode potentials of some nitrogen species

in aqueous solutions according to |56] are given in the figure 2.12 below.

5+ 4+ 3+ 2+ 1+ 0 1- 2- 3-

Acidic solution

1.25 0.23
1.297 0.05
0803 107 | 0996 159 Il 1771l -1.87 | 141 | 1275
NO,—— N,0,—— HNO,—— NO N,O N, —— NH,OH'—— N,H, —— NH,’
0.71 2.65 RE:
H,N,O,
0.94 086 || 0496
Basic solution
0.25 -1.16
0.15 -1.05
08 0867 046 076 Il 094/l 304 | 073 | o0
NO,—— N,0,—— HNO,—— NO N,O N, —— NH,OH'—— N,H, —— NH,’
0.18 152 | o
H,N,O,
0.01 014 || 076

Fig. 2.12: Standard half cell potentials of various nitrogen species in aqueous media at

room temperature.

The electrochemical behavior of nitrogen is complicated and involves com-

plex ions formed by its interaction with oxygen, hydrogen or hydroxyl species.
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Electrode systems involving only a simple redox system of the type nitrogen

ion/nitrogen have not been reported for liquid systems.

The only studies reporting the reversible nitrogen half cell potential of the
simple redox couple N3~ /Ny have been published by Ito [57] and Goto [58]. They
investigated the behavior of the nitrogen electrode in the LiCl — KCI — LigN
molten electrolyte system at nickel and titanium electrodes and have determined
for the electrode potential £ = 0.382 + %C -Inpn, — ?—g -Inays- versus Lit/Li

reference electrode!.

To our knowledge no reports on the N3~ /Ny electrode in solid state systems
exist. Studies on the reduction of NOx gases on solid electrolytes of different
compositions [59,60] can be found but nitrogen is usually regarded as inert
towards solid electrolytes and only Wilcockson [19] briefly reports about the ZrN

formation during electrochemical polarization of YSZ in nitrogen atmosphere.

In order to discuss the nitrogen electrode on solid electrolytes and the redox
reaction(s) of nitrogen we firstly formulate the equilibrium chemical reaction and
the equilibrium electrochemical potential equations for the N3~ /Ny redox couple
on the N-doped YSZ solid electrolyte system. As discussed in section 2.1.5
nitrogen can be incorporated chemically and as well electrochemically according
to reaction:

Ny (gas) + 2Ver (YSZ) + 6¢'(Me) = 2N} (YSZ) (2.96)

The only difference with equation 1.2 is the source of electrons. In the case of
eq. 1.2 they are provided by the electrolyte while in eq. 2.96 they are supplied
by the metal electrode. The Nernst-type equation for the half cell can then be
formulated as:

RT NG

In

oF VT a, 240

Ea-jng = Bxo-yn, +

where ERs_ /Ns is the standard electrochemical potential of the redox couple.
Practically this value is the only unknown parameter in the equation, because
we can easily calculate the number of oxygen vacancies, nitrogen ions and we
can determine the particular nitrogen pressure. Nevertheless the situation is

more complicated than eq. 2.97 shows. Nitrogen doped YSZ is a quaternary

'1iT /Li standard redox potential is -3.06 V vs SHE in aqueous solution and approximately

-3 V in non-aqueous media
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compound and its potential is a mixed (corrosion) potential, where all the ions
are involved in the potential determining reaction and we cannot exclude an
interaction between the individual ionic components i.e. between the oxygen-
and nitrogen ions. So we cannot expect that the measured equilibrium electro-

chemical potential is formed only on the basis of N3~ /Ny reaction.

In respect to a possible practical use of any type of electrode working with
molecular nitrogen, the thermodynamics of the nitrogen half cell is only one part
of the problem. Without a reasonably fast kinetics, an equilibrium potential may
never be achieved. The understanding of this process requires detailed studies
on the kinetics of the charge transfer process(es) during the oxidation and the

reduction of nitrogen species.

2.6 Theory of charge transfer and multi electron

exchange processes

2.6.1 The Butler-Volmer equation

An equation describing the relation between the overpotential 17 and the current
density ¢ for the charge-transfer controlled electrode reactions was derived in
the first decades of the 20*" century and is known today as the Butler - Volmer
equation. It has been derived and experimentally confirmed by Butler [61,62]
and Volmer [63] in the 30th years of the 20*" century starting from the empirical
Tafel law suggested in 1905 by J. Tafel [64]. Here we present the derivation of
this fundamental equation from energy/potential curves as suggested in 1935

by Horiuti and Polanyi [65].

The diagram 2.13 presents the potential energies of a particle being discharged
according to the equation Ox + ze~ = Red as a function of its distance from the
electrode surface. Curve 1 represents the potential energy of an ion geometrically
situated at the outer Helmholz plane (OHP) of the electrical double layer (EDL).
It is assumed that no ligand or solvent molecules are present near and bonded
to the reacting particle. Curve 2 is the potential energy of an atom on the
surface of the metal electrode. We formulate the following equations describing

the consequence of the reaction:
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'
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Fig. 2.13: Potential energy versus distance from the electrode surface. Curve 1 represents
the potential energy of an atom on the surface of a metal electrode. Curves 2 and 2a
represent the pot. energy of an ion without and with electrode/electrolyte potential

difference.

dif fusi
OX(solution) v OX(OHP)

charge transfer
—

OX(OHP) + Zer:letal Red(metal)

The reaction rate for the forward direction (reduction) is determined according

to the chemical kinetic theory as:

@/
To = K Cox €Xp (—A> (2.98)

where Coy is the concentration of the reacting species, ﬁ;‘ is the activation
energy of the reaction, assuming no externally applied potential difference be-

tween the electrode and the electrolyte. R is the gas constant and T is the
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temperature in Kelvin. ¥ isa constant, defined as:

T
¥ = N% (2.99)

here h - is the Plank constant, N is a transmission coefficient, representing the
probability of charge transmittance, £ is the Boltzmann constant. Analogously
we define the rate of the same reaction in the reverse (oxidation) direction:

<E/
-
To =k Creq- €Xp (—RI/E> (2.100)

Further we assume we charge negatively the electrode. The applied potential
difference enhance the rate of reduction and lowers the rate of oxidation reac-
tion.

In fig.2.13 the applied potential shifts the initial potential energy curve 2 verti-
cally by zF'¢ to the new position 2a. The shift also changes the intercept point
with curve 1 (from point A to point B). As a result the activation energy of the

reduction process changes from E/A to & A and is defined as:

Es=E,—azFy (2.101)

For the oxidation the expression is:
T?A:(E24+thp—ang0:<Ei4+(l—a)ngo (2.102)

The term « is defined as "transfer coefficient" and depends on the shape of the
potential curves. It represents this part of the applied potential energy, used
in the charge transfer in the forward, respectively for (1 — «) in the backward

reaction or we can write: o = clange in activation energy - ph . transfer coefficient
change in potential

(firstly introduced by Volmer [63] as symmetry factor) can also be understand
as a change in the geometrical position (in the double layer) of the intercept
point (the energetic maximum) of the potential curves.

It follows that every change in the energetic conditions of the charge transfer
reflects in a change of the geometrical coordinates of the maximum (situated
between the planes in the Helmholz part of the EDL). In the case as presented
in fig.2.13 the applied potential shifts the maximum into the direction of the
electrolyte. It corresponds to a lower activation energy for the forward (reduc-

tion) and a higher activation energy for the backward (oxidation) reaction.
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Equations 2.101 and 2.102 are further transformed assuming that the Galvani-
potential (¢) can be expressed in terms of the electrode potential & (measured
versus a given reference scale) plus a constant Const., depending on the choice

of the reference electrode (¢ = E + Const.):

Er= E;‘ —azF - Const. — azFE (2.103)

or
24 = E A +azF - Const.+azFE (2.104)
E

and for the oxidation process we obtain:

Ea=FE,+(1—a)sF- Const.+ (1 — a)zFE (2.105)
or
Ey=FExr—(1-a)F-Const.—(1 — a)2FE (2.106)
E

Substituting equations 2.104 and 2.106 in equations 2.98 and 2.100 we obtain:

-, E +azFE
T ey exp | - OEE 2.1
U =k - Cop - €Xp ( BT (2.107)
«—
P E —(1—-a)zFE
- % . . — 2.1
v Cred * €XP ( AT (2.108)

It is well known that the rate of any chemical reaction can be expressed by the
charge passed through the system: v = i/zF, where i is the current density.
Combining this expression with the rate constants ¥ and & together with the
first part of the exponential term: exp (—E), respectively exp (—E) in ky

and ko one obtains the reaction rate in electric units:

- azF
T = 2FkiCop - €XP (— BT E) (2.109)
— (1—a)zF
— zFk . - F 2.11
1 = 2FkoCreq - €Xp < AT ) ( 0)

On the other hand the potential € at given current can be presented as a sum

of an equilibrium potential &, and the polarization Ae (E = E,.+ AFE or AE =
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€ —er). AFE is commonly known as the overpotential (or overvoltage) and is
typically denoted as 7. After substitution of the latter in equations 2.109 and

2.110 we can finally derive:

_ azFE,. + azF
7= 2Fk1Cop - €Xp (— }ET 77) (2.111)
— (1—a)zFE, + (1 —a)zFn
1 = 2FkoCreq - €xp (2.112)
RT
We rearrange equations 2.111 and 2.112 assuming that:
- azF
70 = zFkicoy - €xp (—RTET> (2.113)
and
_ 1—a)zF
<z_o = 2FkoCreq - €Xp <(RT)ET) (2.114)

where ¢ is an important electrochemical characteristic - the exchange current

and is defined as the current at n = 0:

At equilibrium F = FE, and respectively the sum of electrical current in both
directions is zero, it follows that 70 = 70 respectively 7= 7, so that the
total current of the system equals zero. The latter does not mean that 7 or
i are zero, but their sum is zero. Assuming positive currents for the oxidation
and negative currents for the reduction processes the total current is given as:

. - OéZF — (1—a)nF
Z—z—z—zo-exp<—RT77>—7,0-exp<RTr]) (2.115)

or:

— 7 =i [exp (Wﬁ) — exp <—Og£17>} (2.116)

Equation 2.116 is known as the Butler-Volmer equation and describes the cur-
rent dependence on the applied potential. It is a general equation of the charge
transfer theory and is valid for all cases of electrochemical reactions, where the
effect of the double layer structure can be neglected.

Three limiting cases can be considered:

1. If the applied net current is zero (i = 0), it follows that 7 = 7, the
overvoltage is also zero (n = 0). In this case from the Butler-Volmer

equation can directly be derived the Nernst equation.
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2. If i # 0 and |y| > RT/F. Assuming i > i the cathodic current domi-

nates and the first term of eq. 2.116 can be neglected and we obtain:

F
i=T7 2ig-exp (—O‘z ) (2.117)

rRT "

If we solve this equation with respect to n we obtain the well known Tafel

equation:
RT RT
—_———— —
a b

The coefficient b is used to determine the transfer coefficient «, which is
characteristic for the symmetry of the energy barrier of the charge transfer.
The coefficient a includes in addition the term of the exchange current 7,

which characterizes the catalytic activity of the electrode material.

3. If i # 0 and || < RT/F (close to equilibrium). In this case both ca-
thodic and anodic terms have to be taken into account. Assuming that

the charge transfer coefficient a has a constant value of 0.5, we can express

the equation by the function sinh[z] = £=£—. One can rewrite eq. 2.116
as:
zFn

| = 240 - sinh | —— 2.119

i = 2igp - sin [ 5 RT] ( )
Under the conditions of very small deviations from equilibrium (7 < %)
we can approximate that sinh[%n] = %n. The latter results to:

. ioZF 1

= = 2.120

=R TR (2.120)

where % is often denoted as polarisation resistance (R,) in analogy with

the Ohm’s law.

The Butler-Volmer equation has been applied numerous electrochemical processes

(metal deposition, corrosion etc.), but it has also some disadvantages:

1. It applies only to a single charge transfer step. Thus, all involved electrons

have to be transferred in a single act.

2. The equation neglects and thus cannot describe or predict the effect of
the electrolyte (attractive or repulsive interactions between the reacting

species and the surrounding environment) on the charge transfer process.
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3. The equation cannot explain the effects of the structure of the electrical

double layer on the kinetics of the processes.

4. Tt does not include the dependence of the transfer coefficient v on the

overvoltage (n).

The Butler-Volmer equation had been modified for more complicated cases tak-
ing into account the double layer effects (Frumkin correction) or for the case
that both charge transfer kinetics and diffusion control the overall reaction rate.
The microscopic theory developed by Marcus predicts well the dependence of
the transfer coefficient on the overpotential. A detailed analysis of these special
cases is given in ref. [66,67|. The general charge transfer theory was continu-
ously developed and adapted to cases where more than one electron exchange

step is present, as shown in the following.

2.6.2 Multi-step charge transfer

Many electrode processes involve an exchange of more than one electron, trans-
ferred in more than one elementary act (multi-step transfer). This problem is not
concerned by the Butler-Volmer equation and requires a more advanced formal
concept. Lets assume an electrochemical reaction (Ox + ze~ = Red) consists of

n single electron exchange steps:

Ox  + e A, Ry (Step 1)
Ry + e 2, Ro (Step 2)
R, + e “n, Red (Step n)

Each step is characterized by its own reaction rate i.e. current (i), overvoltage
(n) and according to eq. 2.120 its polarization resistance (R),) if near to equilib-
rium (|n| < RT/F). When a steady state condition is reached the concentration
of intermediates do not change with the time, and the current, overvoltage, and
polarization resistance of the individual steps are equal: (i; = @2 .... = i,); (1 =

M ..... =1n); (Rp1 = Rpa .... = Rpy). In the case of equal rate of all the individ-



2.6 Theory of charge transfer and multi electron exchange processes 49

ual steps near to equilibrium the average current i is defined with the equation:

n
X
i=-1=1 (2.121)
Z Rp'i
i=1
Respectively }’%7—; = g—; .= 1’%7—;. However the individual steps are concerned

as parallel to each other as the electrons flow through the interface. Thus, the
current of the overall redox reaction is defined as a sum of all the individual
stages Or iotal = 1 + 122 + ..... + 1, = ni. Substituting the latter in eq. 2.121 the

current of the overall reaction near to equilibrium is:

Z.total = (2122)

S
&

.
—

™= EM:

If the polarization resistance of one of the steps (let assume step m, where m
1 < m < n) is much higher than those for any from the other steps (Rp, >

Ry, [n # m]) than we can safely assume:
> Ry=Ru+Rp+ ...Rpy = Ryn (2.123)

Respectively the overpotential of the slower step (for systems either far or near
to equilibrium) will be much higher than the others (7, > n, [m # n]) and
thus determines the overpotential, respectively the current (i.e. the reaction
rate) of the total reaction (Meqction = Nm) because all other individual terms
become insignificant. In this case equation 2.122 changes to:

TIm

itotal = W (2124)
pm

The reaction rate of step m will control the rate of the overall reaction and
respectively the current ¢ = ni,, and since ¢,, = % ,,, — % ,,, the total current is
i=n(9m— 1m)-

The step controlling the rate of one multi-step reaction is denoted as rate deter-
mining step (RDS). All other reaction steps are considered as reversible (diffu-
sion controlled), very near to individual stage equilibrium and according to the

first sequence of Butler-Volmer equation (see page 46) the dependance of the

concentration of the reacting species on the potential can be described by the
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Nernst equation. At applied potential E the concentration of the intermediate

species Ry (see eq.2.6.2) is given by:

RT . coy
E=F+—In— 2.12
1t o (2.125)
or
Foo F
Cr, = €xXp (RT . El) “Coz * €XP (RT . E) (2.126)
—_—
k1

where EY is the standard half cell potential of the couple [ox/r1]| and k; is
constant at given temperature. Respectively the concentration of the species ra

is defined as:

F
Cry = ko - Cpy - €XP (_RT . E) (2.127)
or
F
Cry = k1 - ko - Cog - €XP <RT . 2E> (2.128)

Thus the concentration of species of the step before the rate determining step

is defined:

F n F
Cm = km - ¢m_1 - €xp <RT E> = H ki - Cox - €XD (RT mE) (2.129)
i=1

as m steps are involved. The rate determining step is far from equilibrium
(irreversible process controlled by the electron(s) transfer) and obeys the Butler-
Volmer equation. For the cathodic reaction (see eq. 2.111) it is written as:

(m+a)F

F m
TRDS = km?cm - exp (—]O;T n) = g kz-?cox - exp <— T n) (2.130)

and for the backward reaction(oxidation)the equation takes the form:

. - n—m-—ao)lF
T rDs = H ki K Creq - exp ((RT) 77> (2.131)
i=m+1

Because the rate of the overall reaction is determined only by the RDS the

experimental i/n dependance will also follow eq. 2.116:

i =1p [exp (W 17> — exp <_(m;—;)F n)} (2.132)

Additionally we formulate the most important criteria for a multi-step reaction:

1. The sum of the transfer coefficients for the cathodic and the anodic reac-
tion a + (1 — ) differs from 1 in case that multi-step process controlled

by the charge transfer is present.
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2. More than one Tafel slope can appear on 1/ 1Ini plot. The latter suggests
either that the reaction mechanism changes depending on the overpoten-
tial or that more than one charge transfer steps with approximately equal

currents are present.

3. On the potentiodynamic i/ E curves (cyclovoltammetry, linear sweep voltam-
metry, polarography) it is possible to detect the individual peaks charac-

terizing the different intermediate steps.

It is of theoretical interest but also from a practical importance to deter-
mine the mechanism and the rate determining step(s) of one particular chemi-
cal/electrochemical reaction. One of the possible ways to do it is to determine

the stoichiometric number of the reaction.

2.6.3 The concept of stoichiometric number

The concept of the stoichiometric number was originally introduced by Horiuti
and Ikusima [68] in 1939 and further developed by Horiuti [69,70], Riddiford |71],
Ehrenburg [72,73], Losev |74-76], Parsons |77|, Frumkin |78], Krishtalik [79] and
Bockris [67,80]. It has been successfully applied to different systems in catalysis,
but also in electrochemical studies, e.g. in ammonia synthesis, oxygen reaction,
hydrogen evolution etc. [70,81-83]. It was recently applied by Athanasiou et. al
and Wang et. al [84,85] in their study on the mechanism of the oxygen reaction
at palladium/LSM electrodes on YSZ electrolyte. The theory was originally de-
rived by the authors during the studies on different possible mechanism of the
simple hydrogen reaction: Hs 4 2e™ = Hy. The experiments were performed
with deuterium ions as a tracers in order to compare the results from the elec-
trochemical measurements with the isotope analysis. Thus they confirmed that
to create a hydrogen molecule (Hg) the reaction H+ e~ = H should proceed
twice. Thus Horiuti defined the stoichiometric number as the number of steps
to occur for every act of a complete chemical/electrochemical reaction. It is
suggested, that each reaction can proceed (but not necessarily) via different
routes, involving the creation and consumption of different intermediates. The
lifetime of the intermediates can be shorter or longer, but in the steady state

their concentration is constant. The total sum of all intermediates created in all
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possible routes and steps equals zero, as the intermediates itself are not a final

product.

Within the concept of the stoichiometric number the steady state condition

of a single route reaction is expressed as:
S
ni= Vsibsi=0 i=1.... I (2.133)
s=1

Here S denotes the total number of reaction steps, and I is the number of dif-
ferent independent intermediates. Then n; is the total number of intermediate
i created in all S steps, b ; is the stoichiometric coefficient of intermediate ¢ in
step s, and vy ; is the number of times of step s to occur within the total process.
To define a certain mechanism we firstly formulate a set of chemical equations
for the possible elementary reaction steps involving the intermediate species. By
applying the steady state condition (eq. 2.133) to the possible reaction routes
one can determine the number of alternative solutions corresponding to inde-

pendent pathways. P is the number of the independent reaction mechanisms:
P=5-1 (2.134)

Let us consider the hydrogen electrode reaction as an example. Three equations

describe the possible reaction routes:

1. HY 4o = Hy
2. Hyg + Hyg = Ho

3. H" + Hyg + e~ = Hy

The steady state condition can be formulate as defined in eq. 2.133. As we have
only one intermediate species we can neglect the index i. In the first step (1)
the stoichiometric coefficient of the intermediate (H,q) is by = 1. In reaction
(2) the stoichiometric coefficient of the intermediate is by = —2. In the third
reaction the number of the intermediate is b3 = —1. The steady state condition

results as:

1/1—2~1/2—I/3:0
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The number of involved reaction steps is S = 3; the number of intermediates
is I = 1 and it follows for the number of independent solutions P = 2. The
solutions require a certain sequence of steps to occur in order to obtain the final
product of the reaction. The possible independent solutions are {v; = 1;vp =
0;v3 = 1} and {v1 = 2;2 = 1;v3 = 0}. The solutions can also be represented
as vectors with the following coordinates: K' = (1,0,1) and K? = (2,1,0),
corresponding to the reaction mechanisms:
HT + e = Hyy 2HT  + 2~ = 2Hg
Ht + Hup + e = H 2H 44 = 2H,
We can apply any linear mathematical operation for these vectors and the re-
sults will satisfy the requirements of eq. 2.133, as for example (2,0,2), (4,2,0) or
(%, 0, %) The selection of a certain route or set of consecutive steps as a mech-
anism of the reaction has to be based on additional experimental or theoretical
knowledge on the intermediate steps. Without such additional information no

mechanism can be ruled out.

Further we can denote the stoichiometric number of a single step "s" in the

route "'r"" by vg,; as suggested by Horiuti [70] and modify eq. 2.133:

S
> bevi;=0 i=1..1 r=1..R (2.135)

s =1
The progress of the reaction via certain route can be characterized by the reac-
tion rate V" specific for each route. Then the reaction rate of the step "s" is

formulated as:
R
Vo= Y vi,V'  i=1..0 s=1..5 (2.136)
r=1

Vs is the net rate of step "s" and V" is the net rate through route "r".
Concerning a single step of the route in the terms of the generalized statistical
mechanical theory of rate |[69] one can denote as (In;), (*), and (Fs ;) the initial,
critical, and final particular state respectively of set of particles (intermediates)
of sort . Their chemical potential (y;) is different and thus resulting in a free
enthalpy decrease (AGg = u!™ — uf") passing from the initial to the final state.
The total Gibbs energy decrease in the step "s" in route r will be:

S
~AG;=- > V[,AG,; r=1..R (2.137)

s =1
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It is further assumed that if the rate of a single reaction step s in route r is much
slower than all others (i.e. it is the rate determining step) the overall reaction
reaction rate is determined by this step, t.e. direction (V] = V), or according
to eq. 2.136 it follows that v V" = V. We can also rewrite this equation by
V =i/zF, and as an end result we obtain the result as derived by Horiuti [70]:

v(iae +aq) =n (2.138)
where v is the stoichiometric number, n is the number of exchanged electrons, a.
— —
: _ _RT Ol i _ RT 9In i
is defined as (. = — 7 ol ) and aq as (aq = 5 DTy ). . and « are also

often denoted as apparent transfer coefficients. Combining the classical Butler-
Volmer equation 2.116 with equation 2.138 we derive the form of the charge
transfer equation often used in the electrochemical analysis of the mechanism
of the reactions:

agF acF

i = ig(eFN — ¢~ F M) (2.139)

The theory was further developed especially for the case when the reaction
rate of a single route reaction, consists of more then two intermediate steps,
is determined by one of them - the rate determining step (further denoted as

RDS). [66,80]. The set of reaction steps is formulated as:

........ m steps before RDS

V(Rm+e = Rpt1) } RDS repeated v times

Rm+1 +e = Rm+2

""""" (n — m — v) steps after RDS

According to the charge transfer theory for a multi-step processes (see page 48)

the concentration of the species ¢, is given according to the Nernst equation
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by:

F - F
el =km - Cm—1-€xp <_RT E) = H ki - Cop - €XP <_RT mE) (2.140)
i=1

The concentration is raised to v*" power, because the RDS is repeated v -
times. The Butler-Volmer equation for the current voltage dependance of the
rate determining step involving only a single electron transfer takes in this case

the form:

a o+ a)F
7RD5 = ?cm - exp (_j‘?,T n) =% - K%cox Z - exp (—(”RTa) n) (2.141)

where K = ﬁ k;.
i=1

1=
For the backward reaction (oxidation) the equation has the form:

v exp (W n) (2.142)

N

RT

1
TRDS:%( H kz) Cred

i=m-+1

The coefficients (7} +a) and ("™ — a) are exactly the same coefficients a, and

g as defined in equation 2.138. Thus the Tafel equation 2.118 is modified to:

RT RT
= Inig — In¢ 2.14
n 3 n i o ni (2.143)
RT RT
= - Ing Ins 2.144
n v nig + aF ni ( )

for the reduction and oxidation processes respectively. Evaluating the Tafel
slope for one multi-step reaction we determine not the transfer coefficients a or
1 — « but the apparent transfer coefficients o, and «y.

In order to determine the mechanism of one electrochemical multi-step reaction

one should proceed via following steps:

1. According to equations 2.133 and 2.134 to evaluate the most probable

routes that the particular reaction could follow.

2. According to equation 2.138 (after we determine the apparent transfer
coefficients from the experiment) we can easily calculate the stoichiometric

number v if the total number of exchanged electrons n is known.
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3. As an additional further criterium serves the relation:

Qe __Mta (2.145)
Qg N—M—«

According to this equation, assuming that usally arps ~ 0.5 we can

calculate the number of steps before and after the RDS and accordingly

to complete the evaluation of mechanism of the reaction.

Of course there exist much more complicated electrochemical reactions where
the number of electrons transferred in RDS is different as 1 (n > 2). In this
cases the apparent transfer coefficients are defined as a. = (™* 4+ na) and o, =

(™" — na), where n is the number of electrons transferred in RDS.

In some reactions there also could exist two or more irreversible steps each
having a comparable rate. Then each partial reaction is characterized by its
own apparent transfer coefficient and exchange current. In this case the Butler-
Volmer equation has much more complicated form and the analysis of In /7 plots
requires additional experiments and/or involves other methods of detecting and

quantifying the intermediate species |71, 73-76]

Applying properly the concept of stoichiometric number we can determine
the mechanism of certain electrochemical reaction. This method is often used

for kinetic studies in electrochemistry and in chemical catalysis.



3 Experimental techniques and

equipment

3.1 Experimental methods for preparation and

characterization

3.1.1 Pulsed laser deposition (PLD)

The ongoing miniaturization in modern technology requires more and more pre-
cision of the dimension control during the deposition process and nowadays
many materials are typically of micro- or of nanometer size. In thin film tech-
nology the thickness of a single layer varies typically from 10 ym down to ap-
proximately 20 nm. One of the most flexible thin film deposition techniques is
the pulsed laser deposition (PLD). It is conceptually very simple: pulsed laser
radiation (in UV range) hits the surface of certain material (the target). The
material absorbs the photon energy, vaporizes and "explodes" in the form of a
thermal plasma cloud reaching the substrate surface, forming a thin layer on
it. A simple schematic presentation is shown in figure 3.1. The photon source
is typically an eximer laser with a wavelength varying between 196 nm (ArF
source) and 308 nm (XeF), but sometimes TEA-CO4 lasers or Nd-YAG lasers
are also used. The pulse duration is typical 10 ns to 20 ns. The repetition rate
can vary from 1 Hz up to 50 Hz. The deposited films are usually crystalline
and have an orientation relationship to the substrate. The properties of the
layers prepared via PLD depend strongly on the deposition conditions. The
crystallinity and sometimes the size of the grains depend on the substrate tem-
perature. The higher the temperature the higher is the surface diffusivity, and

thus the possibility for obtaining a high quality crystalline structure. However

o7
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Fig. 3.1: Schematic presentation of the design of pulsed laser deposition chamber

the deposition rate is lowered by re-evaporation in the case of higher substrate

temperatures.

The distance between the target and the substrate also influences the surface
morphology and the layer structure. If the distance is too large the particles in
the plasma cloud loose kinetic energy and can agglomerate resulting in porous,
droplet-containing films. Additionally, because of the loss in kinetic energy the

particles cannot move or rearrange on the substrate surface.

The gas ambient (background gas) plays an important role in the deposition
process. For example, the deposition of oxides in argon atmosphere leads to
more or less reduced films with a non-stoichiometric oxygen content. Reactive
gases as hydrogen, oxygen, nitric oxides or even nitrogen are activated due to

their interaction with the plasma and may be incorporated in the layer.

The gas pressure is also an important parameter influencing (enhancing) the
rate of incorporation of molecules or ions from the gas phase into the films. On
the other hand exceeding certain pressure results in a fast particle segregation,

respectively in a poor film quality.

The density of the target is another important requirement for obtaining
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high quality films. As the UV radiation vaporizes only the first atomic layers
the photon energy is not equally dispersed only on the surface but also in the
near subsurface layers. Thus, the plasma explosion creates cavities in the target
material and forms larger particles (droplets). These droplets may be deposited

on the substrate and lower the quality of the growing film.

As a broad variety of inorganic materials absorb in the UV range, the pulsed
laser deposition is applied to the preparation of thin films of many oxides, ni-
trides, carbides and metals (excluded are only materials with a band gap larger
than the wavelength of the laser which cannot absorb the photon energy). The
PLD technique ensures a good adhesion, orientational growth (certain materi-
als but not necessarily), flat structure and morphology repeating the surface

morphology of the substrate.

The most serious disadvantage is that it cannot be used to cover large sur-
faces. Typically the area of the deposited film with a homogeneous thickness is
limited to about 1 square centimeter. With some modifications this area can be
enlarged to 5 cm? or even 10 cm? but not more. The latter limits the industrial
application of this method. The film thickness is also limited to approximately
5 pm, otherwise the deposition time becomes too long. Also the deposition
of thicker films results in an increasing amount of droplets. Additionally the
droplets grow faster (because of geometric reasons) than the film, resulting in a
poor quality of the films prepared at longer deposition times. The growth rate
of approximately 1 pum/h is also relatively low compared with rates typical for
other thin film techniques (CVD, PVD, magnetron sputtering etc.). A detailed
description of the principles of the PLD technique and further applications are
given in [86,87].

For our experiments a KrF excimer laser (Lambda Physik, Germany, wave-
length A = 248 nm, pulse duration 7 = 25 ns) with an energy of 200 mJ was
used for the ablation process in a high vacuum chamber. The evaporated species
were deposited onto the substrates fixed at a distance of approx. 4 ¢m from the
target surface. The deposition was carried out typically for 180 min and the
substrate temperature was maintained at 500 °C. The thickness of the films was
then approximately 3 pm. Films were deposited in either an oxygen or an argon

atmosphere at a pressure of 4 Pa and in nitrogen atmospheres varying from 2
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Pa to 8 Pa.

3.1.2 Characterization of the samples

YSZ thin films prepared by PLD in different gas atmospheres as well single
crystalline samples have been analyzed by SIMS, XPS, UPS, AFM and HRSEM
as surface sensitive methods in order to characterize their surface morphology,
chemical composition and nitrogen content and also to detect locally nitrogen
incorporated during electrochemical experiments with micro-electrodes. X-ray
diffraction and optical spectroscopy as volume sensitive methods complete the
set of characterization techniques. In the following sections we briefly summarize

the basic principles and the quality of information we obtain from these methods.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

ToF-SIMS is a powerful technique for obtaining elemental information on the
surfaces and near-surface regions of vacuum-compatible solids. It is often applied
to the determination of concentration profiles, surface (ion mapping) and depth
distribution of elements, tracer diffusion experiments and local changes in the
chemical composition. The resolution of this method is in the nanometer range
and only the Auger spectroscopy provides more detailed and laterally resolved
information. SIMS is capable of detecting all elements, of differentiating between
isotopes and of determining concentrations over a wide range, in most cases
down to the ppm level. It provides chemical information as a function of both
vertical and horizontal coordinates. The basic principles of the SIMS analysis are
schematically presented in figure 3.2. The surface of the sample being analyzed
is bombarded by primary ions (in the present case Ga™ ions) of kinetic energy up
to 25 keV. The primary ions penetrate the sample to a depth of approximately 10
nm (at 10 keV) and cause the ejection (sputtering) of material from the sample
surface. The sputtered secondaries are neutral or charged clusters with kinetic
energies in the order of 10 eV. By bombarding the sample its surface is charged
by the primary ions which is compensated by an electron source. Secondary
ions that are generated by a pulse of gallium ions are extracted perpendicular

to the sample surface with an electrical potential of 2 kV. The ions of given
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Fig. 3.2: Schematic presentation of the SIMS analysis (adapted from ION-TOF GmbH)

mass/charge ratio are separated according to their velocity. Secondary ions,
even of the same type, are emitted, however, with a range of energies, and
hence, after extraction they possess a range of velocities. The ion mirror (an
electrostatic mirror) compensates to a first order for this spread of velocities:
ions with slightly higher velocities penetrate further into the field than the slower
ions, with the result that ions of the same mass but different energies arrive at
the detector at the same time. Arriving at the detector, the secondary ions
are counted and their arrival times are recorded. In this way a complete mass
spectrum is acquired for every scan. The recorded spectra can be presented
either as an intensity of a particular mass signal as a function of time (depth
profile) or as an ion map of the surface (secondary ion image). The particles
reaching the detector do not carry any information about the chemical bonds or
valence state of the ions from the matrix. As a simple particular example: we
usually analyze the ZrN secondaries to determine the nitrogen concentration in

YSZ:N but this doesn’t mean that we determine ZrN as chemical composition.

In ToF-SIMS the surface must also be sputtered (in the present case by Cs™
ions) to obtain the depth distribution of the elements. The sputter rate depends
on the source but has usually a value of about 1 pum per hour. The major
problem of SIMS is to calculate the concentrations of elements from the intensity

of their mass signal. For this purpose we need a calibration standard of known
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concentration. Such standards are not universal and are specified only for a
particular chemical composition and matrix. More detailed descriptions of SIMS

and its application in tracer diffusion studies can be found in [88-90].

Our samples were analyzed by time-of-flight secondary ion mass spectrometry
(ToF-SIMS IV, ION-ToF, Muenster, Germany), in the following abbreviated
simply as SIMS, with the following typical parameters: a beam of Ga™ ions
with an energy of 25 keV, rastered over 100 pm x 100 um, was used to generate
secondary ions for the analysis (Ig, = 1 pA). Sputter etching of the surface was
carried out with a beam of Cs™ ions of energy of 2 keV, rastered over 300 um x
300 pum (Ics = 150 nA). The charge compensation was achieved by flooding the
surface with electrons (/o > 1 pA) of energies less than 20 eV. We quantified
the nitrogen concentrations in our thin films by comparing the intensity ratios
I (PZr'N7) /I (%°Zr'%0~) with the ratio determined from an N-implanted
sample, i.e. YSZ:N with known nitrogen content. The experimental error is

very small and of this reason is not given in the figures.

Photo Electron Spectroscopy (XPS, UPS)

The X-ray photo electron spectroscopy (XPS) and the ultraviolet photo electron
spectroscopy (UPS) are used for determining the valence state of the elements
as well as the nature of the chemical bonds, i.e. the electronic structure, in the
compound. The sample irradiation either by X-rays or by UV light causes an
excitation of the system due to photon absorption and subsequent emission of
photo electrons. The emitted photo electrons are collected by a semi-spherical
analyzer, where depending on their kinetic energy the electrons follow longer
(those with higher kinetic energy) or shorter (electrons with lower kinetic en-
ergy) routes before reaching the detector. Thus the arriving position is specific
for each chemical element and electronic core level. The intensity of the particu-
lar signals depends on the number of collected photo electrons. At present XPS
is the most versatile and generally applicable technique in the surface analysis.
Detailed reviews on the basic principles and applications of XPS and UPS can

be found in [91,92].

X-ray Photoelectron spectroscopy (XPS) was carried out with a VG Instru-
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ments equipment. The measurements were performed at room temperature
with Mg K, radiation at 1253.6 eV with a line width of 0.7 eV. As UV source
a He I radiation with photon energy hv = 21.21 eV was used. A hemispheri-
cal CLAM-type electron energy analyzer was used. The analysis chamber was
equipped with an ion pump and a liquid nitrogen-cooled titanium sublimation
pump, thus enabling a residual gas pressure of less than 10~® Pa. To account
for the charging effects of the insulating YSZ:N films at room temperature all
spectra are calibrated with respect to the carbon Cls peak. The concentrations

of the elements are evaluated as relative concentrations in at-%.

The in-situ XPS and SPEM measurements were performed at the synchrotron
Elettra in Trieste, Italy. A simple schema of the experimental setup is given in
figure 3.3. As working electrode we used Ir tip with a diameter at the contact
point of approximately 100 pgm and as a solid electrolyte a 9.5YSZ single crystal
with (111) orientation. The counter electrode was a platinum paste burned on
the back side of the crystal at 250 °C for 2 hours. The applied voltages vary in
the range + 3 V. The working temperature was in the range 300 °C to 500 °C

measured at the upper side of the filament.

Synchrotron radiation Iridium micro-electrode Detector

YSZ single CWE{/

Platinum counter electrode

Heating filament

Fig. 3.3: Schematic presentation of the experimental setup for the SPEM and XPS exper-

iments at the synchrotron Trieste, Italy

The X-ray beam allows a spatial resolution of approximately 100 nm. The
photon energy is 640.0 eV and the overall energy resolution of the analyzer is

<0.5 eV, sufficient to monitor energy shifts of 0.1 eV. The XPS spectra were
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acquired with a VSW Class 150 16-channel electron energy analyzer.

Before the XPS and UPS measurements, the samples were sputtered with

Ar™ ions to remove the contaminants from the sample surface.

Atomic Force Microscopy

The atomic force microscope (AFM) was developed in the early eighties on the
basis of the scanning tunnel microscope. It consists of scan head with a can-
tilever at the bottom on which a small tip (usually silicon) is mounted. This tip
scans the surface of the sample where its movements in x, y and z directions are
recorded and controlled via two or three piezo elements (depending on the con-
struction). The piezo elements transform the mechanic steps in electric signals
and create a digital image of the surface topography. The exact positioning of
the tip and in some arrangements the z-axes are controlled by a laser. The lat-
eral image resolution is in the nanometer range where specially designed AFM’s
also work at atomic resolution, but this feature depends on the model of the
scan head, the tip, the quality of the electromagnetic shielding, the mechani-
cal stability and the atmosphere. In fig. 3.4 a schematic picture of the AFM is

given. The advantage of AFM compared with other high resolution microscopes

|
PC

Detector

Laser

Fig. 3.4: Schematic presentation of atomic force microscope

(HRSEM, STM etc.) is its ability to work with both conductive and insulating

materials without damaging or modifying the surface of the samples. The 3D
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digital storage and imaging allows rotation the figure thus observing all details
three dimensionally where the information from the sample surface once saved

can be recalled at any time.

The atomic force microscope used for the surface imaging was a Q-scope 250
(Quesant, USA) with a head designed for a scan area from 200 nm x 200 nm up
to 80 pm x 80 pm. The lateral resolution is approximately 1 nm, and the reso-
lution of the z-axis is approximately in the same range. The measurements were
performed in the non-contact mode with the following typical scan parameters:
a scan rate of 0.5 Hz to 3 Hz, integral and proportional gain in the range 250

to 400 and image resolution 300 dpi to 600 dpi.

High Resolution Scanning Electron Microscopy

The scanning electron microscope (SEM) constructs the surface image by col-
lecting electrons reflected from the sample after electron irradiation. The elec-
trons are emitted by a cathode (Schottky emitter) in ultra high vacuum at
a temperature of about 1800 °C. As the wavelength of the electrons is much
smaller than of visible light, SEM achieves a resolution in the nanometer range.
The magnification can be varied over a wide range (from 10 times up to ap-
proximately 250 000 times). Depending on the type of the interaction of the
primary electrons with the sample surface we distinct elastic (results in the sec-
ondary electrons image) and inelastic (results in back scattered electrons image)

interactions, providing different imaging modes.

As disadvantages of this method we can point out the charging effects if
the sample is an insulator or poorly conductive and the fact that the sample
is practically reduced, sometimes even destroyed at the contact point of the
electron beam with the surface. Insulating samples must be covered with thin

(a few nanometer) conducting films (usually from Pt or Au) before imaging.

We used a high resolution scanning electron microscope (LEO Gemini 982
equipped with an EDX (Oxford Instruments, INCA Energy) detector. The
maximal energy resolution is 200 eV at maximum 1024 channels. The electron

source is a Schottky field emitter with an acceleration voltage in the range of
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0.2 keV up to 30 keV. The maximal lateral resolution achieved is approximately

2 nm.

X-ray Diffraction (XRD)

The X-ray diffraction analysis is the most widely used method for the deter-
mination of the crystal structure of solids. The X-ray irradiation penetrates
the crystal and is reflected depending on order the atoms in the lattice and the
distance between atomic planes. The wave length A, the distance between the
lattice planes d and the diffraction angle 6 are related according to the Bragg
equation:

n\ = 2dsin 6 (3.1)

The lattice constants a, b and ¢ for the cubic, tetragonal and orthorhombic
structures can be calculated according to the following equations:

Cubic structure:

)\2
sin’0 = i (R + k> 4+ 1?) (3.2)
Tetragonal structure:
. 2 a? 12
sin%f = 12 <h2 + E + =2 (3.3)
Orthorhombic structure:
, A2 (h? k22
sin’0 = T <a2 tet 02> (3.4)

where h, k and [ are the lattice plane indices.

The X-ray studies of the samples were performed with a 6-26 diffractometer

(Siemens D500) with Cu-K, radiation at room temperature.

Optical Spectroscopy

The optical (UV and/or VIS) spectroscopy provides information on the exci-
tations of valence electrons. It can also dynamically follow the changes in the
material if the start and the intermediate (or end) product absorb the light in

different ranges of the spectrum. The absorption is generally described by:
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I = Ipexp(—ad) (3.5)

where [y is the initial light intensity; [ is the transmitted light intensity; « is
the absorption coefficient (a function of the wavelength) and d is the thickness
of the material. From the absorption spectra we can determine the position of
the optical band edge and the position of the doping levels in the band gap.
For optimal results it is required that the sample thickness should not exceed a
certain value (depending on the specific material), allowing a transmitted light

with sufficiently high intensity to reach the detector.

The optical measurements were performed with a spectrometer Lambda 900
(Perkin-Elmer) in the range of 200 nm - 860 nm with a resolution of 1 nm and
a scan rate of 250 nm/min. As light sources served a deuterium lamp emitting
in the UV range (below 320 nm) and a tungsten-halogen lamp in the Vis/NIR-
range (above 320 nm). As detectors we used a PbS-cell (in the range of 860 nm
to 3300 nm) and a photo photomultiplier (in the range of 200 nm to 860 nm).

3.1.3 Electrochemical methods

A variety of electrochemical methods were developed in the last century involv-
ing different techniques of collecting, transforming and interpreting the current-
voltage characteristics of the studied systems. These methods supply direct
information on the change of the electrochemical characteristics of the electrode
during its polarization or on the bulk properties of conducting materials. In the
following section we briefly review the fundamentals and applications of those

methods which are further applied in our studies.

Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) studies the response of the
system on the applied alternate current/voltage. In analogy to the Ohm’s law
the equation relating the voltage, the current and the AC resistance is written

as: B =1 Z, where Z is the impedance or the AC equivalent of resistance. The
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AC current wave is given by the equation:
I(t) = Asinwt + 0 (3.6)

where I(t) is the AC current at time ¢, A is the maximum amplitude, w is the
radial frequency (w = 27 f) and 6 is the phase shift in radians. The impedance

Z is presented as a complex number and has a real and imaginary part.

The impedance of the main circuit elements are given in the table below.

Circuit element Impedance equation
Resistance (R) || Z =R + 0i i—v—1
Capacity (C) || Z =0-1i/wC w=2rf
Inductance (L) || Z =0+ iw L w=2rf

We combine the circuit elements either connecting them in series or in parallel.
In the case of connection in series the combined impedance is the linear sum of

n
all individual impedance values Z = > Z;. If connected in parallel the total
i=1

impedance is calculated according to the relation is Z~! = i Zl-_l. The equiva-
lent circuit describing the response of the whole electrochenzlizclal system contains
different sub-circuits connected in series and/or in parallel. The recorded exper-
imental results are presented typically either in a complex plane (Nyquist plot)

or as a logarithmic function of the frequency or the phase shift (Bode plot).

A detailed review of the impedance spectroscopy technique and its application

in solid state electrochemical studies can be found in [93]

In our experiments we used EG&G (Princeton Applied Research, USA) po-
tentiostat /galvanoctat model 285 equipped with an impedance analyzer working

in a frequency range between 5 MHz and 1 mHz.

Steady state polarization measurements

The steady state polarization measurements are the most widely used tech-
nique for the qualitative and quantitative electrochemical characterization of
redox systems. There are two general types of steady state experiments - gal-

vanostatic and potentiostatic. In the galvanostatic mode we record the potential
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response of the system as a function of the applied current. Conversely in the
potentiostatic experiments we set a constant potential value and measure the
current as a function of the applied potential. The recorded current-voltage
data are presented as E/i plots where the current values are usually normalized
to a unity electrode area (current density). Each electrode reaction taking place
on the electrode surface causes generally an exponential increase of the current
by increasing the potential. Above a certain potential value, because of charge
transfer difficulties or diffusion problems the recorded currents do not change
anymore with the potential increase. This region is called limiting current and
characterizes the situation where a maximum of the electrochemical reaction
rate is achieved. A further increase of the current is possible only of another
redox reaction with more positive/negative standard electrochemical potential
starts. The galvanostatic mode is suitable for coulometric studies, and for deter-
mining the current efficiency of particular reaction or to optimize the parameters
of the process i.e it requires at least basic knowledge on the investigated system.
The potentiostatic mode is often used for kinetic experiments or for basic stud-
ies on less known systems. The potentiodynamic (time dependent) experiments
are based on the potentiostatic technique but the input potential values vary

(usually linearly) with the time.

Considering electrochemical reactions two general cases can be distinguished:
processes where the rate-limiting factor is diffusion (in case that no migration
or convection effects are present) of the reacting species to or from the electrode

surface and processes limited by the charge transfer rate.

Reversible (diffusion controlled) reactions

The electrochemical behavior of the first group is described by the combination
of the Nernst equation and Fick’s first law. The steady state condition requires
that all the characteristics of the system, i.e. potential, current, concentration
profiles etc. are time-independent. The equilibration time depends on the mo-
bility of reacting species and on the total conductivity of the electrolyte. A
direct relation between the reaction rate (i.e. the current) and the potential

is obtained after a solution of Fick’s first law (the total concentration of the
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species is time independent). The total flux of species i is given as:

0

S
i G

c; c
=t , (3.7)
where J; is the flux given in moles per unit cross-sectional area per unit time; D;
is the diffusion coefficient in cm?s™! (in SI units - m2s™!); § is the thickness of the
diffusion layer; ¢ and c§ are the volume, respectively near-surface concentration
of the particular species. The flux can also be written in electrical units for the

charged species, and thus equation 3.7 takes the form:

0 S

ii = Z,’FDi 5 2 (3.8)

The maximal current is achieved when ¢®* = 0 and in this case equation 3.8 can

be formulated as:

O
g = ZiFDiF (39)
where iy denotes the diffusion-limited current. Combining both equations we
obtain:
ii cs
21 3.10
id C? ( )

To obtain the final relation between the current and the overpotential we define
the Nernst equation for the system in equilibrium state where no net current
flows and for another system with applied constant current where the potential
is shifted but the reversibility of the electrode process is still preserved.
RT RT
E=F°+—Inc and E;=E°+ ——Inc’ 3.11
+ zF ‘ + zF ( )
The overpotential 4 controlled by diffusion is now defined as:

_RT' ¢

nd:EZ—E—ﬁlnE

(3.12)

By substitution of equation 3.10 in equation 3.12 we obtain:

T ) F
Ng = % In (1 — lZd) or alternatively i =iy [1 — exp (;T ndﬂ (3.13)

On the basis of this equation the recorded experimental data are presented in
plot of ng versus In (1 —1i/ig). The slope of the resulting straight line gives
directly RT/zF and one can easy calculate the number of exchanged electrons

zZ.
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Irreversible (charge transfer controlled) reactions

The theory of charge transfer has already been considered in chapter 2.6.1 (see
p. 42) and here we present only the equations and relations directly applicable
to the evaluation of the kinetic parameters. According to the Butler-Volmer
equation (see p. 46) at equilibrium conditions (no current is applied to the
electrodes) both cathodic and anodic current are equal and define the exchange
current density (ip). By evaluation of the recorded experimental data in E/i
plot we can generally differentiate three regions: the first region is the non-Tafel
region. According to equation 2.120 (p. 47) the current depends virtually linear
on the potential and the plot 7/ results in a straight line with a slope % often

denoted as polarization resistance. The second region is the Tafel region where

the current grows logarithmically with the increasing potential. The Tafel plot

(n/1n4) is a straight line with a slope b = O’f} and an intercept on the current
axes at 7 = 0 equal to a = —5771; In¢g. Dividing a by b we directly determine the

exchange current density ¢g. Knowing the number of the electrons involved in the
reaction we can further calculate the transfer coefficients a and 1—« respectively
for the cathodic and the anodic processes. In the case of multi-step processes
where the electrons are transferred in different steps on the current voltage
curves we detect only the slowest transfer process which determines the overall
reaction rate. As discussed in section 2.6.3, the kinetic parameters determined
from the Tafel plot refer to the rate-determining reaction and the calculated
transfer coefficients are then called apparent transfer coefficients (a. or ay).
The existence of more than one slope on the Tafel plot demonstrates either the
change of the reaction mechanism with the increase of the overvoltage or the
existence of two or more reactions with comparable rates. A complete treatment
of these problems as well as mathematical solutions of equations for two or more
charge transfer steps with equal rates, following or preceding chemical reactions

etc. can be found in the review literature [66,67,94-96]. The third region is

at much higher overvoltages, where the electrochemical process is limited by

diffusion.

We performed our steady state measurements in the high temperature elec-
trochemical cell described in details in section 3.2.1 below (p. 79). As cur-

rent/voltage source a combined multi functional source/meter from Keithley
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Model 2400 allowing 2, 3 and 4 point measurements in the voltage range + 200
V with a maximal current of 1.05 A was used. For additional resistance mea-
surements of samples with high impedance we operated with a Keithley multi

meter Model 2700.

Dynamic polarization measurements (CVA, LSV)

The principles of potentiodynamic measurements are based on a linear varia-
tion of the applied potential (voltage ramp). The recorded current signals are
a function of the input potential. The formal name of this method is linear po-
tential sweep chronoamperometry but it is much more popular as linear sweep
voltammetry (LSV). A simple picture of the potential sweep and the resulting

current /voltage curve are presented in figure 3.5 The curve starts at time t = 0

Y — A

U.l.l | Ox + e = Red

Fig. 3.5: Linear potential sweep (left) and resulting E — i curve

corresponding to the initial potential value E;. With E° is denoted the formal
potential of the electrode [96]. The peak maximum corresponds to a limiting

current either of diffusive or of charge transfer nature.

If one continues the sweep but in the reverse direction towards the initial
potential value the resulting potential/time curve has a triangle form. This
reversal technique is known as cyclic voltammetry (CV). In this case the current
response has the form shown in figure 3.6 if a Faradaic process is included. The
forward sweep is identical to the one recorded in the LSV. The difference is
the reverse sweep where the redox process also reverses its direction leading to
the appearance of a new peak but with positive current. The number of the
peaks depends on the number of redox processes on the electrode/electrolyte

interface. As the LSV is basically a partial CV it is usually applied to systems
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Wt -1 Ox +e =Red

Red —e™ = Ox

Fig. 3.6: Cyclic potential sweep (left) and resulting F — ¢ curve

where the reduction/oxidation of the already existing species during the reverse

scan should be retarded.

In modern electrochemistry both methods have found wide application in the
field of analytical electrochemistry to obtain qualitative and quantitative infor-
mation on the redox processes. At the current level of technical instrumentation
the potential can be varied with a sweep rate v ranging from 10 mV/s to 1000
V /s for conventional electrodes and up to 10° V /s using ultra micro electrodes.
The practical potential resolution is 20 mV difference between two neighboring
peaks (at sweep rates above 100 V /s the resolution is higher - 10 mV). A lower
limit of 10 mV /s is defined, as below this rate the diffusion processes cannot be
described any more with the equations derived for the time dependent current.
In the next section the basics of the CV technique are given but we do not com-
pletely follow the mathematical solution of the diffusion equations. Only the
initial boundary conditions and the most often used criteria for the experimental

data evaluation are presented.

Reversible (Nernstian) systems

We firstly define the potential of the electrode at time ¢ as:
E(t)=FE; — vt (3.14)

where E; is the initial potential in V; v is the sweep rate in V/s and ¢ is the
time in seconds. If we assume that the charge transfer at the electrode surface

is much faster than the diffusion of the reacting species, the diffusion equations
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derived for the steady state conditions (see p. 69) cannot be applied. The
Nernst equation can be formulated as:.
cox (0, 1)
Cred(07t)

The dependence of the current on the reactant concentration (for example by

= f(t) = exp (;;; (B — vt — EO’)) (3.15)

cathodic process) is then given by equation 3.16

I(t) = 2FAD,, PCO’E)W] (3.16)
€T x=0

where i(t) is the average current at time #; z is the number of the exchanged
electrons; F' the Faraday constant; Dy the diffusion coefficient of the oxidized
species; A is the electrode surface.

The solution of this equation was presented by Randles [97| and Sevcik [98| who
mathematically derived the final results known as Randles-Sevcik equation. It

describes the relation of the peak current to the applied potential sweep rate.
I = 2FAQ (1Doyo)?x(ot) (3.17)

In equation 3.17 2, denotes the bulk concentration of the oxidized species; o is

defined as o = %v = égt(Ei — E(t)). The solution of the integral equation
results in the function x(ot) and has been analytically derived, resulting in a
set of x(ot) values, where the maximum of the function w'/2x(ot) corresponds
to the peak current on the voltammogram and for diffusion limited processes

was found to be 0.4463. Thus the final form of Randles-Sevcik equation is:

1/2
I, = 0.4463 ($77.) % 312 ADY2C0 412 (3.18)

Irreversible systems

By the same mathematic treatment but with other boundary conditions the

equation for irreversible processes has been derived in the form:

F 1/2
I = 2FAC® DY/?y1/? (O“) /2 (bt) (3.19)
RT
where « is the transfer coefficient and b is a time dependent parameter defined
as b = %Ly = 9L(E; — E(t)). All other symbols are equal to those de-

scribed in equation 3.17. The mathematical solution of the integral equation
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for x(bt) results in series of values with a maximum of the function 7'/2y(bt)
at w'/2x(bt) = 0.4958. Substituting this value in equation 3.19 we obtain the
final form of the Randles-Sevcik equation for the peak current for irreversible

Systems:

1/2
I, = 0.4958A¢3, Dol (25,5 ) 12 (3.20)

It should be mentioned that all mathematical equations and criteria presented

are valid in the case the forward sweep as well as in the case of the reverse sweep

(V).

Based on equations 3.18 and 3.20 a number of criteria have been proposed
for the evaluation of experimental results. In figure 3.7 the most important
characteristics derived from the voltammetric curve are depicted.

A

E

| p

-E

Fig. 3.7: Important characteristics of voltammetric curves

The peak potential (£,) and the peak current (I, or iy) are the most impor-
tant data used in the further analysis. Sometimes the peak maximum is not
pronounced and the accuracy in the determination of the peak position is not
sufficient. In this case the half peak potential (Ep/z) is often used, being defined
as the potential value at the half of the peak current (E at i = 3ip).

One of the most important information which is derived from LSV and CV
concerns the reversibility of the electrode process. The plot of the peak current
versus the square root of the sweep rate (i,/ v'/2) should result in a straight
line, if a Randles-Sevcik equation applies. The slope of the line is a criterion for

an irreversible (lower slope value) or for a reversible processes. In the case of
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mixed control (charge transfer + diffusion) two different regions with different
slopes can be clearly distinguished showing the transition of the limiting factor.
However this criteria is not always useful a priori as it requires the knowledge of
all variables in the Randles-Sevcik equation. The reversibility of a process can
be checked much easier by investigating the shift in the peak position (current
and potential) with a variation of the sweep rate. The peak potential E, of
diffusion controlled processes is almost independent on the sweep rate whereas
the peak current increases rapidly. For irreversible processes both current and
peak potential shift with the sweep rate but the current dependence is not
strongly pronounced. Additionally the CV provides a clear criteria defined by
the potential difference between the cathodic and the anodic peaks: F, .—FEp o =

2'21{? or % mV at 25 °C. E,. and E,, are the cathodic and anodic peak

potentials respectively.

For irreversible systems we can calculate the kinetic parameters of the reaction

according to the following relations:

RT

E,/Inv =
p/Inv 20z F

T
pop o B
p P 2azF 1

Other relations have also been derived and successfully applied to both reversible
and irreversible systems in studies of various adsorption processes. As the ad-
sorption on the electrode surface is always related to the capacity of the double
layer a very practical application finds the relation for the determination of the

electrical double layer capacity:

ie = Cuq - (dt> (3.21)

where i, is the non-Faradaic (capacity) current in mA.cm™2; Cy is the double

layer capacity in F.cm™2 and dE/dt is the sweep rate v in mV.s~!,

To apply
this equation we record the current/voltage characteristics for various sweep
rates in the non-Faradaic region (i.e. there is no electrochemical reaction and
the whole current is used to charge only the EDL). In the plot of current vs.
sweep rate at given potential (i/v) for a number of v values the experimental

points lie on a straight line and the slope gives the capacity of the double layer.
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The peak current is proportional directly to the sweep rate in contrast to the

Faradaic current which is proportional to the square root of the sweep rate.

A general review of the theoretical basics of these experimental techniques
including application examples and complete description of the formal relations

can be found in [96,99].

The potentiodynamic experiments in this thesis were performed in a high
temperature electrochemical cell (section 3.2.1, p. 79) with a EG & G (Princeton
Applied Research, USA) potentiostat/galvanoctat model 283 with a frequency
response detector Model 1025 (frequency range 5 MHz < 1 mHz). The applied

sweep rates were varied in the range from 20 mV /s up to 1000 mV/s.

3.1.4 Application of conventional electrochemical methods in solid

state electrochemistry

Considering the electrochemical processes on the interface (or contact point)
electrode/solid electrolyte we have to check carefully whether there is a general
difference with the conventional electrode/liquid electrolyte systems well known
from liquid electrochemistry and whether the general equations and relations are
valid and applicable to solid state electrochemistry. Considering the equations
of the Butler-Volmer or the diffusion kinetics we find no term that excludes a
specific physical state (gas, liquid or solid) of the reacting species or the electrode
material. Thus all thermodynamics are identical for all systems. The micro-
scopic theory of the electron transfer developed by Marcus is also independent
from a specific physical state [100,101]. The processes of gas corrosion and the
growth of passive films in corrosion atmosphere are also treated according to
the general electrochemical theory. So there is no theoretical reason to suppose
deviations from the classical theory for the electrode/solid electrolyte systems.
However we should not forget some specifics of the solid conductors and the diffi-
culties which may arise by the theoretical treatment and practical application of
the classical electrochemical theory on the solid state processes if the defect for-
mation and the defect related properties are not accounted. An attention should
be payed for each individual solid system. The general equations are valid but

corrections are possible concerning the particular systems. Thus, Fleig discusses
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the oxygen incorporation in the LSM (lanthanum strontium manganate)/YSZ
system and suggests a correction in the main charge transfer equation for this
mixed ionic/electronic conductor presuming an existence of O~ species as a sta-
ble surface intermediate diffusing freely in the LSM and being further reduced
to O?~ in the volume of the solid [102]. However reviewing the solid state elec-
trochemistry literature from the past 50 years the electroanalytical methods are
widely applied and the results and their interpretation are in agreement with

the classical electrochemical theory.

3.2 Microprobe station set up and experimental

design

The experiments we have performed required specific experimental conditions
where special attention was paid to the following parameters: a) The oxygen
activity should be kept as low as possible. According to the thermodynamics
in the presence of both oxygen and nitrogen the oxygen redox reaction should
be preferred and precedes the nitrogen reaction. Just after the oxygen activity
becomes negligible (i.e. reducing conditions) the nitrogen reaction will take
place. For this reason we should provide an atmosphere where the initial oxygen
activity is kept extremely low. b) We should be able to change precisely the
position of the working electrode on the electrolyte surface but not to allow
oxygen to penetrate into the cell. ¢) We should have a visual control during the
experiments when adjusting the electrode position or to detect and record any
change in the optical properties or in the surface morphology of our samples.
d) To study the nitrogen reaction it is important to eliminate all other possible

concurrent chemical and/or electrochemical reactions.

The second point in our studies concerns the spatial resolution in the posi-
tioning of the working electrode. We investigate the electrochemical nitrogen
reduction and local incorporation into oxygen conducting solid electrolytes and
we need precisely (in the micrometer range) to adjust the electrode position (the
point of contact) depending on the surface topography. As the commercially

available furnaces and cells for high temperature experiments could not meet
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our requirements we have designed and produced an electrochemical cell of our

own, able to ensure the working conditions for the studies we have performed.

3.2.1 Electrochemical cell with micro-manipulators

The electrochemical cell was placed on a small carrier in the middle of a micro
probe station PM5 (SUISS, Germany) designed for the microelectronic industry
but adapted by us for high temperature electrochemical experiments. The micro
probe station (fig. 3.8) is equipped with four micro manipulators allowing a
precise movement and positioning of the electrodes - two on each side. An optical
microscope with a digital video camera allows to control visually the samples

and electrode movements. The whole setup is insulated from external vibrations.

Fig. 3.8: Micro probe station with micro manipulators and optical microscope. In the

middle the heating chamber with the electrochemical cell is placed

The micro manipulators have three high resolution positioning screws with 100
tpi (threads per inch) and allow precise movements in X,Y and Z direction.

They are fixed to the main body of the microprobe station by a vacuum system.

The electrochemical cell we have designed is gas tight and water-cooled. It

can be used at temperatures up to 850 °C where the temperature limit depends
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only on the power of the heating element. In figure 3.9 a cross section and top

view of the cell are presented.
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Fig. 3.9: Schematic presentation of the design of the electrochemical cell for high temper-

ature experiments. The cell is gas tight and water cooled.

The cell consists of an outer body made from brass with channels for the
water cooling and an inner body made of "Pythagoras", a ceramic material
being stable up to temperatures of 1200 °C. On each side of the cell body we
have placed two inlets for the arms of the micro manipulators. At the bottom
the heating element and the thermoelement are situated, covered by a thin
alumina plate which ensures an electrical insulation of the samples. The upper
side is closed with a 3 mm thick silica glass disc in order to have visual access to
the samples during the experiments. The gas inlet is attached at the upper side
of the body and the gas outlet near to the bottom. This arrangement ensures
a constant heat distribution on the sample surface in the cell because the hot

gas moves from the bottom in direction to the top, meeting and mixing with
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the cooler incoming gas. Thus the cold gas will be firstly heated before reaching

the sample surface.

3.2.2 Experimental design and electrochemical cell arrangement

In our studies we have worked with two different arrangements of the electro-
chemical cell. The first one is the classical three electrode electrochemical cell
equipped with working, reference and counter electrode. The second one is the
two electrode cell, where the counter electrode has a surface much larger (more
than 5 orders of magnitude) than the working electrode, thus preventing the po-
larization of the counter electrode. As the counter electrode (Zr/ZrOg) provides
a fixed oxygen activity, i.e. a reference potential we use it also as a reference

electrode.

Three electrode electrochemical cell

The three electrode arrangement of our electrochemical cell designed for solid
electrolytes is shown in figure 3.10. There are two possibilities to contact the
electrolyte - either with all three electrodes placed on the surface or with the
counter electrode at the lower side of the solid and the reference and the working
electrode on the upper side. As the surface properties usually differ from the
bulk properties these arrangements are not equal and they both have one serious
disadvantage - the distance between the reference and the working electrode is
too large. In liquids the reference electrode should be as close as possible to
the working electrode in order to reduce the IR drop but it should not influence
the electric field between the working and the counter electrode. In solid state
electrochemistry the position of the reference electrode is often placed at a large
distance from the working electrode and in some arrangements it is even placed
on the side of the counter electrode. Such electrochemical cell cannot be used
for precise electrochemical studies and the potential values measured can serve
only as an approximate orientation. The positioning of the reference electrode
accounting for the specifics of the solid electrolytes is critically discussed in
[103,104]. In the first paper the suggested distance range varies between 50 pym

and 2500 um. In the second paper the dependence of measured potential values
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Fig. 3.10: Schematic presentation of two designs of three electrode electrochemical cell

for high temperature experiments.

on the distance reference-working electrode was studied by application of micro
structured electrodes and the suggested value is a few microns. The proposed
distance is most appropriate in order to prevent a large IR contribution. As
our studies are concentrated on the kinetics of the processes, a large distance
between the reference and the working electrodes is not acceptable and we have
tried to place our reference electrode as near as possible to the working electrode.
However, because of geometric reasons a distance smaller than approximately
0.5 mm could not be achieved. We worked with this electrode arrangement in the

experiments on the incorporation of nitrogen in single crystals and bulk samples
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but for the precise kinetic studies we have used the two electrode arrangement

which has some important advantages, discussed in the following section.

Two electrode electrochemical cell

The two electrode electrochemical cell has found its application mostly in very
sensitive kinetic studies (usually on micro electrodes). Practically the counter
electrode serves also as a reference electrode. There are some special require-
ments which should be fulfilled in using the two electrode arrangement. Firstly,
the reaction taking place on the counter electrode should be reversible and at or
very near to the equilibrium state. Secondly the difference in the electrode areas
of the working and the counter /reference electrodes should be large enough to
ensure low polarization of the counter electrode. In praxis a difference of at
least two orders of magnitude is essential. Our two electrode cell arrangement

is shown in figure 3.11.
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Fig. 3.11: Schematic presentation of a two electrode electrochemical cell for high temper-

ature experiments.

As counter and reference electrode we use a zirconium metal plate with a
geometric surface of 1 cm? covered with a thin (up to 3 pum) ZrOs film. Thus,

we use Zr/ZrOs reference electrode with fixed oxygen partial pressure also as a
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counter electrode. The working electrode is a micro electrode with a diameter
of about 3 to 10 um or a surface area of approximately 107% cm?. If we apply a
current of 10 pA to both electrodes, the current density on the working electrode
will equal 10 A/cm? where current density on the counter electrode is only
1073 A/cm?. So the current density differs by six orders of magnitude and the

polarization will have a negligible effect on the counter/reference electrode.

Micro vs. macro electrodes

In the following chapter we compare the advantages and disadvantages of the
micro- and the macro-electrodes. We discuss the different possible contacting
between the electrodes and the solid electrolyte. A special attention was paid
to determine the current (voltage) distribution at the contact point between a
micro-electrode and YSZ. Generally we expect that the electrochemical reac-
tions involving the gas phase proceed at the triple phase boundary. However
we cannot exclude competitive reactions as reduction of the electrolyte or re-
duction of the gas molecules at the bare metal surface of the electrode. As
the electrochemical characteristics show the total current (voltage) including all
these processes the knowledge on the distribution of the electric field will sug-
gest which part will have the major contribution. We applied the finite element

simulation method (FEM) to simulate the field distribution.

We have performed almost all our experiments with micro electrodes. The
micro-electrodes have some advantages making their application in solid state
electrochemistry especially attractive and successful. The term "micro" elec-
trode and suitable applications of micro electrodes in studies on electrochemical
systems are discussed by Schultze et. al [105]. The maximum diameter for one
electrode still to be a micro electrode is defined as 107%cm. The main advantage
is the low ohmic drop even in electrolytes with high ohmic resistance. According
to Ohms law (U = I'R) we minimize the influence of the electrolyte resistance
(assuming constant R) by minimizing the current as an absolute value. In spite
of the low current values we can work at high current densities, as the small
current is applied to a very small electrode surface. Another advantage is the

possibility for the local positioning on the electrolyte surface. The micro elec-
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trode technique has been successfully developed and applied in the solid state
electrochemistry by Fleig [106-109] for impedance studies, e.g. on the contribu-

tion of grain boundaries to the total impedance of solid electrolytes.

There is another specific problem we should discuss in applying micro elec-
trodes to solid electrolytes. It is especially important in the case of studies
with pure oxygen ion conductors that the electrochemical reaction of the gas
reduction and incorporation into the oxide takes place only at the triple phase
boundary. We assume two possible situations: (a) The electrode has an ideally
perfect contact to the electrolyte. Applying a negative potential to the working
electrode the current lines are not homogeneously distributed along the whole
geometric interface. The edge effect is strongly pronounced and we expect to
have a much larger contribution of the Faradaic current from the edges than
from the middle of the electrode. This is clearly confirmed by finite element
method (FEM) simulations of the current distribution on a micro electrode in-
terface. The highest current density is, as expected, concentrated near to the
electrode edge. In the middle of the interface the distribution is homogeneous
but the intensity of the current density is much lower. In the real experimental
conditions such current density distribution supports the reaction on the triple
phase boundary. Concerning the incoming electrochemical signal it is impor-
tant that recording the current - voltage characteristics we collect the data from
the whole electrode surface. Assuming an ideal electrode/electrolyte contact
and purely ion conducting electrolyte the active surface where the gas reduc-
tion takes place is only a small part of the whole electrode geometric area. If
no direct charge transfer between the electrode and the electrolyte takes place
(reduction of the electrolyte) than the recorded FE/i characteristics will fully
represent the electrochemical reaction on the three phase boundary, but if the
inner electrode surface also contributes to the total current signal than we record
a mixed signal dependent on the perimeter/surface ratio. By minimization of
the diameter of the electrode we increase the contribution of the triple phase
boundary as the ratio R will increase (R = 2% = 2/r). So in order to ensure
optimal conditions where the recorded electrochemical signal represents mainly
the redox reaction on the three phase boundary we should minimize as much

as possible the diameter of the working electrode. (b) The electrode surface is
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Fig. 3.12: Current distribution at a micro electrode in contact with YSZ solid electrolyte.

a) the current density; b) current vector orientation; T = 700 °C; U = 3V

not perfectly contacted, i.e. there are only local points of contact and the inter-
face must be treated as a sum of many triple phase contacts. In this situation
the contribution part of the triple phase boundary is much larger and the noise

caused by the possible undesired electrolyte reduction is minimized.

Another point for discussion is the orientation of the current lines. The knowl-
edge on the direction of the current lines allows to predict the direction of move-
ment of the reduced/oxidized species and the distribution of these species on
the surface and in the bulk. In figure 3.13 the FEM computations show the

orientation of the current vectors. On the simulation the current density is
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Fig. 3.13: FEM simulation of the current vectors, their orientation and intensity
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given as background color and the size of the triangles (representing the cur-
rent vectors) is proportional to their density. It can be seen that the lateral
component is strongly pronounced on the gas/electrolyte side left to the point
contact whereas the perpendicular vector orientation is stronger on the side of
the electrode/electrolyte contact. From this figure we can conclude that both
the orientation of the current lines and their density confirms a sufficiently large

contribution of the redox reaction on the triple phase boundary.

We should point out some problems in the application of micro electrodes.
As the whole contact surface is in micrometer range, even small non-contacting
areas represent a high percentage of the total surface and lead to large deviations
in the calculation of the current densities. Additionally, by repositioning the
electrode during the experiment or by changing the experimental conditions (for
example - rising the temperature) the electrode may be deformed depending
on the electrode material and the applied pressure, thus leading to a wrong
estimation of the contact surface. Additional problems may appear if dense
electrodes contact the electrolyte perfectly. In this case the perimeter/surface
ratio R is low and the contribution part of the triple phase boundary (the redox

reaction) to the total current response will be small.

The application of macro electrodes has also some advantages. They are easy
to be prepared. Even if small areas do not contact the electrolyte surface, this
will present only a negligible part from the total geometric surface and will
not influence the measured electrochemical characteristics. Another advantage
compared to micro-electrodes is that the total amount of the reacted substance
is much larger and it is much easier to be detected or measured by different
analytical methods, and small imperfections will not cause drastic errors in
the data evaluation. The disadvantages on the other side are - poor spatial
resolution and a serious additional polarization due to the ohmic drop in the

electrolyte.

The selection of the size of the working electrode depends strongly on the
particular system and the main purpose of the experiment. Due to the high
resistance of the solid electrolytes, the comfort to work in two electrode cell and
the possibility to move freely the working electrode on the electrolyte surface

we have chosen to use micro electrodes in most of the present studies.
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thin nitrogen doped YSZ layers

The preparation of metal nitrides or nitrogen enriched oxide films via pulsed
laser deposition has been already studied [110-113] for different oxide systems
but the preparation of nitrogen doped ZrOg is reported only by Zhu [114]. In
the present work we have systematically studied the influence of the deposition
conditions on the nitrogen incorporation into thin films YSZ. We deposited
films of ZrOs and YSZ in nitrogen ambient in order to test if nitrogen can
be incorporated into the oxide films during the deposition and to observe if
the properties of the doped material change. We also used the PLD for the
preparation of thin film electrolytes (2 pm to 3 pm) for our electrochemical
experiments. In this chapter we report on the results of our studies on the

influence of the deposition conditions.

Ezperimental details

As target materials were used either pure ZrOs or ZrOs doped with 3, 5,
7, 9.5 or 13 mol% Y203 with a purity of 99.99 % excluding Hf (the hafnium
content corresponds to max. 1 mol%) produced by HTM Reetz (Germany). In
the following text we denote them as 3YSZ, 5YSZ, 7YSZ, 9.5YSZ and 13YSZ,
respectively. The nitrogen doped YSZ films are denoted as 3YSZ:N, 5YSZ:N,
TYSZ:N, 9.5YSZ:N and 13YSZ:N. As substrate materials we used: (a) polished
sapphire crystals with (0001) orientation of the surface!, (b) (0001) orientated
sapphire with a thin (approx. 50 nm) film GaN and (c) YSZ single crystals. The
size of the substrates was typically 10 mm x 10 mm and the thickness of the

films was homogenous over this area. The background gases (Messer, Germany)

!Some of the films for the optical absorption experiments were deposited on silica glass

substrates.

89
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supplied to the PLD chamber had a purity of 99.5 % (Oz2), of 99.99 % (N3) and
of 99.996 % (Argon) respectively .

4.1 Surface morphology and structure of PLD

deposited thin films

4.1.1 AFM surface imaging

All films deposited under the given conditions show a smooth surface with only
a small number of pores or droplets. An AFM image of the surface of a 7YSZ:N

film deposited on a sapphire substrate is shown in fig. 4.3.
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Fig. 4.1: AFM image of a 7YSZ:N film deposited on sapphire (0001). Deposition condi-
tions: p(N3) = 4 Pa, T =500 °C, d = 4 cm.

The morphology of the film repeats on the large scale the morphology of
the substrate. The grain size at the surface varies in the range of 30 nm up
to approximately 90 nm, with an average hight of 4 nanometers. We found no
difference in the surface morphology of the YSZ films deposited in nitrogen or in

oxygen atmosphere. We also found no significant influence of the yttria content
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Fig. 4.2: AFM image of 7YSZ:N film deposited on a Zr substrate. Deposition conditions:
p(N2) =4 Pa, T =500 °C, d =4 cm.
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Fig. 4.3: AFM image of a 7YSZ:N film deposited on a Zr substrate. Deposition conditions:
p(N2) =4 Pa, T =500 °C, d =4cm.
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and the deposition parameters, i.e. temperature, pulse energy and gas pres-

sure on the film surface morphology.

However the grain size vary depending on the substrate. The layers de-
posited on a sapphire or YSZ single crystals substrates are of the same grain
size, whereas films deposited on a quartz glass or Zr metal substrates show a
much larger grain size varying in the range 100 nm up to approximately 250
nm. This effect is not surprising as the effect of the substrate surface on the

film morphology is well known.
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Fig. 4.4: Hight histogram of 7YSZ:N film. Deposition conditions: p(N2) = 4 Pa, T =
500 °C, d = 4 cm.

The height histogram presented in figure 4.4. The computed roughness para-
meters are RMS — 14.56 nm, R, — 44.57 nm and R; — 96.7 nm, where RMS
is the root mean square roughness, I, is the maximum peak and R; is the
maximum difference between the highest peak and the maximum valley mea-
surement. It shows that the film is of a very good quality with a roughness in

the nm range. Nevertheless as discussed in section 3.1.1, droplet particles also
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occur especially if the deposition temperature drops below 400 °C. No signif-
icant difference in the film topography was found by variation of the working

parameters (temperature, gas pressure, dopant concentration, substrate).

4.1.2 HRSEM

Additional to the AFM we controlled the surface and thickness of the PLD
deposited films by high resolution scanning electron microscopy. The surface
images of YSZ films with and without incorporated nitrogen are shown in fig.

4.5. The surface morphology of the both layers does not show a substantial
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Fig. 4.5: HRSEM image of the surface of a) 13YSZ:N deposited at p(N3) = 4 Pa and b)
13YSZ layers deposited at p(O2) = 4 Pa on a (0001) orientated sapphire substrate. T
=500 °C, d =4 cm.

difference. However the YSZ films deposited in an oxygen atmosphere are char-
acterized by a slightly smaller average grain size of 40 nm, whereas the films

deposited in nitrogen have an average grain size of 55 nm.

The films are virtually free of pores and perfectly dense, which is an important
prerequisite for both the SIMS and optical experiments. The HRSEM image of
a bilayer cross section consisting of one 9.5YSZ:N and one 9.5YSZ film (each
with a thickness of approx. 1 um) deposited on sapphire is shown in fig. 4.6.

The AFM images prove that both nitrogen-free and nitrogen-doped films have
the same microstructure at the surface. The roughness of the films lies in the
nm range, and thus, is very small compared to the thickness of the films in the

micron range. The concentration of pores and droplets is small, and we interpret
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Fig. 4.6: HRSEM image of the cross section of a 9.5YSZ:N/9.5YSZ sandwich film. De-
position conditions: p(N2) = 4 Pa, T =500 °C, d = 4 cm.

the surface topology as the result of a typical grain size in the range between 20
nm and 50 nm. From the AFM images we can conclude that PLD is a suitable
method for the preparation of YSZ:N films of high surface quality. HRSEM
proves that the films are virtually pore-free and adhere well to the substrate.
Changes of the background gas allow the growth of bi- and multi-layers with

different local composition with perfect interfaces.

4.1.3 XRD studies of nitrogen doped YSZ layer

We found that all films were crystalline as deposited, even without additional
thermal post-treatment. The resulting diffraction patterns of three YSZ:N films
are shown in figure 4.7. Apart from the intensive (0006) AloOs-reflection at 26
= 41.68 ° and the corresponding Kg and L, reflections marked by arrows the
main reflections were assigned to the cubic fluorite-type structure of YSZ. The
orientation of the films is preferably in the (111) direction as this reflection is

much more intense than the others. Additional (220), (331) and (420) reflections
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Fig. 4.7: X-ray diffraction pattern of 1 um thin YSZ films containing 7; 9.5 and 13 mol%
Y503 deposited via PLD in nitrogen ambient on 0001 sapphire substrate.

are found with much lower intensity, but being more pronounced for the 7YSZ:N
sample. In fig. 4.7 the position of the main (111) peak for the nitrogen doped
films is found at smaller 20 values than those calculated for cubic YSZ free
of nitrogen. This result differs from those reported by Lerch [14] on YSZ:N
powders, where a shift of the reflections was towards higher 26. However an
exact calculation of the lattice constant and the symmetry of our YSZ:N films
was not possible, because of a distortion of the cubic fluorite type structure and
the strong texturing. This distortion of the fluorite-type lattice might be due
to the incorporated nitrogen and/or due to strain fields caused by the nano-

crystalline film structure.

To demonstrate the effect of nitrogen doping we compare in fig. 4.8 the
positions of the (111) reflection of YSZ, of YSZ:N and of a nitrogen-doped sample
which was subsequently re-oxidized in air at 700 °C for 30 minutes. We also

see the (200) reflection of the nitrogen-free YSZ film. This reflection is almost
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absent in the YSZ:N films, indicating different texture of YSZ and YSZ:N films.
The (111) reflection of 13YSZ:N is shifted towards a smaller 20 value by 0.45°
compared to 13YSZ. The reflection of the re-oxidized film has again the same 26

value as the nitrogen-free film. The films deposited in different gas atmospheres

T T T T T
- T —13YsZ i
L — 13YSZ:N —
L ----13YSZ:N reoxidized -
— o .
8 i
> L \ N _
%) [AY
< 1 1
Lt ! ]
£ ! .
\
- | -
n ) i
T T T
20 25 30 35 40

Fig. 4.8: X-ray diffraction patterns of a 13YSZ, a 13YSZ:N, and a re-oxidized 13YSZ:N
(30 min at 700 °C at ) film at room temperature. Deposition conditions: p(N3) = 4
Pa, T =500°C,d =4 cm.

were always crystalline, and we found significant orientation effects. When the
deposition process was carried out in nitrogen, the YSZ:N films grew preferably
with (111) orientation. Using Debye-Scherrer’s equation one can calculate from
the FWHM of the reflections an average grain size comparable to the grain size
measured by AFM. The deposition in oxygen increased the intensity of the (200)
reflection, but the (111) reflection is still present. The re-oxidation process of
YSZ:N and loss of nitrogen does not seem to influence the orientation of the
films. The (111) reflection shifts back to its position of YSZ, indicating that
the nitrogen content influences the lattice parameter. As the (200) reflection

does not appear upon re-oxidation, the orientation is maintained. Thus, we
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can preferably grow (111) oriented YSZ films doped with nitrogen and we can
subsequently oxidize the sample (removing nitrogen) retaining its orientation.
The effect of the re-oxidation (de-nitridation) of YSZ:N is pronounced and shifts
the reflections back to the position typical for the films deposited in oxygen
atmosphere. For the YSZ prepared in oxygen atmosphere the cubic distortion
reported for the YSZ:N films is noticeable but smaller compared to the YSZ:N
films. The distortion is highly reduced after the re-oxidation/heat treatment.
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Fig. 4.9: X-ray diffraction pattern of 13mol% yttria doped zirconia films prepared in oxygen,

nitrogen and respectively Ar/Hs atmosphere.

As no systematic studies on the structure of nitrogen doped YSZ (for yttria
content above 5 mol%) have been made to date, we cannot compare our results
with literature data, but the distortion of the cubic structure is found in all the

YSZ and YSZ:N films we have studied.

The effect of the reduction of YSZ on the cell parameters has also been stud-

ied for 13YSZ samples. In fig. 4.9 X-ray diffraction patterns of 13YSZ layers
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prepared in oxygen, nitrogen and reducing (Ar/Hy mixture) atmosphere are
shown. Compared to the films deposited in oxygen no significant difference in
the diffractograms was found for the films deposited in reducing atmosphere,

but the film grew preferentially with a (220) orientation.

Summarizing, two main results are obtained: (a) A distortion of the cu-
bic symmetry in the YSZ and YSZ:N films can be observed. This might be
due to the incorporated nitrogen and/or due to strain fields caused by the
nano-crystalline film structures. The distortion is highly reduced after the re-
oxidation/heat treatment. (b) The deposition of films in different background

gas leads to different orientations of the crystalline films.

These observations require more intensive and systematic measurements in

order to understand the underlying crystallographic details.

4.2 Influence of the deposition parameters

4.2.1 SIMS analysis

The following parameters were varied, in order to investigate their influence on
the nitrogen content: (a) The influence of the substrate temperature was studied
at three temperatures in the temperature range from 500°C to 700 °C. We found
this temperature range to be optimal for the PLD deposition process of YSZ:N in
nitrogen gas. As target material for this experiment we used 9.5YSZ. The cubic
lattice of this material is fully stabilized and it has found the largest application
in practice. We deposited films in nitrogen atmosphere with a constant pressure
of 4 Pa and 4 cm distance between the target and the substrate. (b) The nitrogen
gas pressure in the deposition chamber was varied in four steps in the range from
2 Pa to 8 Pa. Lower pressures led to the deposition of strongly reduced films
and were not sufficient to cause nitrogen concentrations higher than 0.5 at-%.
Higher pressures resulted in a poor film quality. (c) The distance d between
the target and the substrate was adjusted between 4 cm and 5 cm. (d) Finally
we investigated the influence of the yttria concentration in YSZ on the nitrogen
concentration in thin films at constant substrate temperature, constant d and

p(N2). We applied two extreme dopant concentrations, i.e. 0 mol-% (pure
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ZrO3) and 13 mol-% Y203 which is the practical upper limit of yttria doping
in most applications. As intermediate points we choose 7YSZ and 9.5YSZ as

these concentrations are widely used in practical applications.

Influence of the deposition temperature

The influence of the temperature was studied in the temperature range of 500
°C to 700 °C as these temperature range have been found optimal for the PLD
deposition process. As target we have used 9.5YSZ. We deposited the layers in
nitrogen atmosphere with constant pressure of 4 Pa and 4 centimeter distance
between the target and the substrate - 0001 orientated AlpO3. The nitrogen
content in samples deposited at different temperatures was subsequently ana-

lyzed by SIMS and the depth profiles are shown in figure 4.10. We found that
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Fig. 4.10: Nitrogen depth profiles (determined by SIMS) of 9.5YSZ:N thin films deposited
at different temperatures. (p(N2) = 4 Pa, d = 4 cm.)

an intermediate substrate temperature around 500 °C and 600 °C leads to the

highest nitrogen content of YSZ deposited in nitrogen gas. At higher tempera-
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tures the nitrogen content is smaller and at lower temperatures the film quality
is poor. At higher temperatures, the oxinitride is probably partially re-oxidized
by oxygen impurities in the nitrogen atmosphere. In order to check this hy-
pothesis, one ought to deposit YSZ in ultra-pure nitrogen atmospheres which is
technically difficult. However, the intermediate temperature range appears to
be a reasonable compromise between a declining film microstructure with de-
creasing substrate temperature and the decreasing nitrogen incorporation with

increasing substrate temperature.

Influence of the nitrogen partial pressure and the target-substrate distance

The nitrogen pressure was varied in the PLD chamber in the range between 2
Pa up to 8 Pa. Lower pressures lead to a deposition of reduced layers and the
nitrogen content drops significantly. The higher pressures result in poor layer
quality and from this reason have not been investigated. Thin films deposited
at different nitrogen partial pressures, keeping constant the temperature and
yttria content, were analyzed by SIMS. The concentration profiles are presented
in figure 4.11. We found a maximum of the nitrogen content at a nitrogen gas
pressure of 6 Pa, which can easily be rationalized. With decreasing pressure
the interaction between the thermal plasma and the nitrogen background gas
becomes weaker and the deposited films are subject to partial reduction. With
increasing pressure the interaction becomes too strong and the plasma expansion
is hampered, leading to a poor film quality in general. The same dependence of
the nitrogen content on the nitrogen pressure with a maximum at a pressure of

6 Pa is found for the system Ga-O-N (reported in a forthcoming study).

During the experiments on the pressure variation, we also increased the dis-
tance between the target and the substrate from 4 ¢cm to 5 cm. This led to a
significantly lower nitrogen concentration. We assume that this weaker doping
effect is caused by a kind of size selection. The larger the distance the less
molecular species arrive at the substrate. Larger clusters and droplets arrive
at the substrate even at large distances without severe scattering on their way.
And these larger clusters and particles will react less with the background gas,

thus reducing the doping effect in the growing film.
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Fig. 4.11: Nitrogen concentration (determined by SIMS) in 9.5YSZ:N films deposited at
different p(N3) on sapphire (0001). Deposition parameters: T = 500 °C, d = 5 cm.

In essence, also the distance between target and substrate has an optimum
value. Too small distances do not allow a sufficient interaction of plasma and
background gas, too large distances favor the deposition of larger clusters and
droplets. In our experiments we found a distance of 4 cm as sufficient for a

significant nitrogen doping.

Influence of the Y503 concentration on the nitrogen incorporation rate

The doping of pure ZrOs or partially stabilized YSZ bulk material (powders
and single crystals) with nitrogen by thermochemical methods has already been
studied extensively by Lerch [14] and Lerch et al. [4,12,13,15,16] and it has been
found that nitrogen alone (i.e. anion doping) cannot fully replace the cation
doping. But as in our case, Lerch et al. report an upper limit of the anion
vacancy concentration in the YSZ:N compound. However, a systematic study

on the nitrogen doping as a function of the cation dopant concentration has not
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been performed. In fig 4.12 the nitrogen concentration is shown as a function of

the yttria content. The maximum in the nitrogen content in 7YSZ:N thin films
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Fig. 4.12: Nitrogen concentration in YSZ:N films with different Y503 content deposited
on sapphire (0001). Deposition conditions: T = 500 °C; p(N3) = 4 Pa, d = 4 cm.

(fig. 4.12) leads to the conclusion that the total defect concentration determined
by the sum of and cation and anion dopant is an important parameter. The
fluorite-type lattice does only accommodate a limited number of anion vacancies,
and a too high defect concentration leads to a saturation effect. Practically we

observe an optimum yttria content which in our study is found in 7YSZ.

4.2.2 XPS analysis of nitrogen doped YSZ

In order to collect an integral information from a larger area and additionally to
understand more about the chemical nature of the bonds in the YSZ:N films we
investigated our films by XPS. It has been found that the 7YSZ layer properties
deviate from those with other yttria content and need additional discussion,

so we comment separately on the spectra recorded for 7YSZ. To account the



4.2 Influence of the deposition parameters 103

charging effects of the layers all spectra are calibrated with respect to the carbon
Cls peak (Ep = 284.6 €V). In figure 4.13 the XPS spectra of a depth profiling
of Y 3d; Zr 3d; O 1s; and N1s for nitrogen doped 9.5YSZ film are shown. It can
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Fig. 4.13: XPS spectra of 9.5YSZ layer deposited via PLD in N5 atmosphere at 4 Pa. T

be seen that Y 3d; Zr 3d and Ols peak positions remain unchanged after 2h
of Ar+ sputtering (corresponding to about 40 nm depth). Only the N1s peak
shifts towards lower binding energies and increases in intensity with increasing
depth. We assume that the surface nitrogen species have been slightly oxidized

at the surface.

Nitrogen (N 1s spectra): All XPS spectra of films deposited in nitrogen (fig.4.14)

show clearly the N 1s peak. In 9.5YSZ:N and 13YSZ:N the nitrogen peak is de-
tected at 398.7 eV on the film surface and shifts towards a lower binding energy
of 397.8 eV after 1 hour sputtering with Ar™ and towards 397.3 eV after 2 hours
sputtering. Thus, the binding energy gets the smaller the deeper in the film the
spectra are taken. The N 1s peak for ZrO2:N is found at a binding energy of
396.4 eV. Again TYSZ:N shows quite different spectra: In contrast to the other
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films we found a broad signal at a binding energy of approximately 402.6 eV. At
the position of the nitrogen N 1s peak in 9.5YSZ:N and 13YSZ:N (397.3 V) we

found no pronounced signal. The reference value for the N 1s binding energy
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396.3 eV ; | 397.3 eV 402.8 eV N1s

intensity / a.u.

Binding energy / eV

Fig. 4.14: XPS spectra of the N 1s peak in YSZ:N films of different yttria content deposited
on sapphire (0001). Deposition conditions: p(N2) = 4 Pa, (T =500 °C, d = 4 cm.

of the N3~ state in XPS is suggested in the literature [115] as 398.5 eV for the
standard compound boron nitride. As BN is a covalent rather than an ionic
compound this value can only serve as a rough guide line. In other XPS studies
on nitrogen containing zirconia binding energies of 396.4 €V or 396.6 eV have
been reported and assigned to N3~ in Zr3Ny [116]. Soto et al. [113] suggested
the value of 397.6 eV for the N3~ state in ZrN, whereas Milocev et al. [117,118],
who investigated in situ the oxidation of ZrN to ZrOs, have assigned the value
of 397.3 e€V. The same authors have suggested values of 396.3 eV and 400.05 eV
for the nitrogen peaks of N-O bonds in ZrON. A higher binding energy of 403.2
eV is attributed to adsorbed Ny species. Other authors [119,120] have registered
a peak at 402.8 eV and suggested that this peak represents dinitrogen species in
the solid. Finally Del Re [121] even attributed (after peak deconvolution) the
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value of the N1s peak at 395.8 €V to a ZrNy compound. In general, the increase
of the valence state of N3~ towards less negative values (oxidation) is always

related to an increasing binding energy.

The N 1s peak positions in our spectra of thin YSZ:N films appear roughly
at the same positions as reported by the other authors. However, we have to
keep in mind that all data available from the literature describe pure (undoped)
ZrO9 and ZrN or ZrsNy. As it can be seen, the addition of Y9Og3 to zirconia
causes a shift in the Zr 3d and O 1s peaks of about 1 eV towards higher binding
energies. So we can expect also a shift for the N1s peak in YSZ. We suggest
that the binding energies of 397.3 eV measured on 9.5YSZ and 13YSZ represent
the O-N bond in Zr(O,N) compound but not the Zr-N one. At this stage we
exclude the possibility of ZrsN, formation as it requires a large shift in Zr3d

peak which has not been observed.

N1s spectra of 7YSZ:N: The nitrogen N 1s peak position (fig. 4.14) deviates
from those recorded for ZrO9:N, 9.5YSZ:N and 13YSZ:N. It is detected at 402.6

eV - a value very close to 402.8 €V reported by [120] for dinitrogen species. The
results suggests that the high nitrogen concentration in 7YSZ:N is correlated
with the presence of nitrogen species in a valence state more positive than 3—.
At this stage it is still too early to conclude whether nitrogen is present as
N3=, N2~ or as already reported dinitrogen - N3~. There are no systematic
studies concerning this system and our results cannot be compared with known
standards, but the existence of nitrates (i.e. N*T) can be excluded because
the binding energies of the nitrates are much higher (up to 10 €V) than those

recorded for our films.

The main question, we cannot answer unequivocally on the basis of the present
results, concerns the valence state of nitrogen in zirconia. Usually it is accepted
that N3~ is incorporated in the anion sublattice and our results do not disagree
with this hypothesis. The N 1s peak at a high binding energy in 7YSZ:N is
not in agreement with the simple picture of N3~ ions. Rather this observation
suggests the existence of nitrogen molecular ions in the YSZ lattice. We cannot
exclude this possiblity, as nitrogen dianions are stable in other ionic compounds.
To confirm such suggestions more detailed studies with a monochromatic X-ray

source with much higher intensity and better energy resolution (synchrotron



106

4 Plasma-chemical preparation of thin nitrogen doped YSZ layers

Table 4.1: N 1s binding energies of different nitrogen containing zirconium compounds

N 1s (Ep / €V) compound bond reference
1. 398.5 BN kovalent [115]
9. 396.4 ZrsNy Zr-N 116]
3. 397.6 ZrN Zr-N [113]
4. 397.3 ZrN Zr-N [117,118|
d. 396.3, 400.05 ZrON N-O [117,118]
6. 403.2 N, kovalent | [117,118
7. 402.8 ZrON /TiON M-N=N-M * | [119,120]
8. 305.8 ZrNo Zr-N [121]
9. 396.4 ZrO9:N N-O this study
10. 397.3 9.5YSZ:N, 13YSZ:N Zr-N this study
11. 402.6 TYSZ:N M-N=N-M * | this study

* dinitrogen species

radiation) are required in order to investigate in situ the changes of the nitrogen
either during its incorporation (reduction) or upon oxidation. Combined with
quantum mechnical calculations these experiments might clarify the valence
state of nitrogen in YSZ. However, these findings should be taken as first hints,
and a systematic XPS study on YSZ and YSZ:N is clearly missing.

Zirconium _(Zr 3d spectra): The position of the Zr 3d3/, peak in ZrOs is found

at 182.4 eV in exact agreement with the literature [115], and the peak is shifted
to higher binding energies in YSZ:N - respectively to 183.4 eV in 7YSZ:N; to
183.8 eV in 9.5YSZ:N and to 183.9 eV in 13YSZ:N. This shift of more than 1

eV relative to yttria free zirconia was confirmed to be reproducible.

In YSZ:N (fig. 4.15) the binding energies of the Zr 3d doublet are not shifted
towards the values typical for the ZrN bond (about 180 eV) as suggested by
[117,118,120,122|, but are closer to those assigned to the ZrON bond (182.2
eV). But even here the difference of 1.4 €V does not allow to assign the chemical

bond to an oxynitride composition as reported in the literature.

The Zr 3d3/, peak position is not shifted towards lower binding energies by

the nitrogen incorporation, and thus, the reduction of Zr** can be excluded
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Fig. 4.15: XPS spectra of the Zr 3d doublet in YSZ:N films of different yttria content
deposited on sapphire (0001). Deposition conditions: p(N3) = 4 Pa, T =500 °C, d =

4 cm.

within the limit of detection. The depth profiling of different YSZ materials
upon sputtering with argon ions (up to 2 h) demonstrates that the Zr3d peak
remains unchanged for each YSZ composition. The recorded higher binding
energies of Zr 3dz/, in YSZ compared to ZrOz has to be explained by the

changes of the crystalline structure of the films and the presence of yttrium.

Ozygen (O 1s spectra): The O 1s peak of ZrOy:N is found at a binding energy
of 530.4 eV. In 7YSZ:N and 9.5YSZ:N the signal lies at about 531.2 eV and in
13YSZ the peak is found at 531.4 eV (fig. 4.16). These values are in a good

agreement with those suggested in the literature (see discussion).

No comprehensive study on the XPS spectra of pure and yttria doped zirconia
can be found, and different opinions about the position of the O 1s peak in pure
zirconia have been published. The reported binding energies for Ols vary in the

range from 529.7 eV to 530.9 eV [117,118,120,122], whereas the value suggested
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Fig. 4.16: XPS spectra of the O 1s peak in YSZ:N films of different yttria content deposited
on sapphire (0001). Deposition conditions: p(N2) = 4 Pa, T = 500 °C, d = 4 cm.

in [115] is 531.3 V. In our experiments the addition of yttria to ZrOs shifts the
O1s peak towards higher binding energies by approximately 0.9 eV compared

to those for the pure oxide.

Yttrium (Y 8d spectra): In figure 4.17 the Y 3d spectra of different nitrogen-

doped zirconia films are shown. The Y 3d3/, peak appears at a binding energy
of 158.9 eV (E; for pure Y203 is 158.4 €V) irrespective of the yttria content.
The peak intensity increases with increasing yttria concentration. Y 3d spectra
do not shift with increasing yttria content. We can definitely exclude a possible
yttrium nitride formation from a further consideration because the suggested
binding energies for Y 3ds/, peak in YN are much lower (156.6 eV) [123] than
those recorded for our films (the standard for pure Y203 is E, = 158.4 €V).

Quantitative analysis of the XPS spectra: The element concentration within

the different films is obtained by integrating the XPS peak area. The results

are presented in table 4.2.
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Fig. 4.17: XPS spectra of the Y 3d doublet in YSZ:N films with different yttria content
deposited on sapphire (0001). Deposition conditions: p(N;) = 4 Pa, T =500 °C, d =

4 cm.

The highest nitrogen content was found in 7YSZ:N, followed by 9.5YSZ:N,
13YSZ:N and ZrO4:N.

The nitrogen concentrations determined by XPS and SIMS do not agree ex-
actly and differ by 20% up to 30%. As XPS collects the integral information
from the whole surface of a sample and the concentrations given above are rela-
tive, and as SIMS data could also give an error of maximum 10%, this difference
is acceptable. Nevertheless we can conclude that PLD is suitable for nitrogen

doping and results in nitrogen concentrations of up to 10 at-%.

Additional information can be obtained from the relative concentration changes
as determined by XPS (O 1s, Y 3d and Zr 3d). Obviously ZrO, dissolves
only a small concentration of nitrogen under the given experimental conditions,
and the metal/non metal ratio corresponds within the experimental to a 1:2

stoichiometry. Roughly the same 1:2 ratio is obtained for the 9.5YSZ:N and



110 4 Plasma-chemical preparation of thin nitrogen doped YSZ layers

Table 4.2: Concentration of nitrogen in YSZ:N thin films as a function of the Y503 content
as evaluated from XPS deposition conditions: p(N2) = 4 Pa, T =500 °C, d = 4 cm.

composition || N / at% | O / at% | Zr / at% | Y / at%
ZrO9:N 1.6 63.5 34.8 -
7YSZ:N 12.1 63.7 19.7 4.6
9.5YSZ:N 7.1 58.3 23.6 10.9
13YSZ:N 6.5 96.8 23.5 13.1

13YSZ:N films, but the yttrium/zirconium ratio is unreasonably high. Clearly
the 7YSZ:N film shows the highest nitrogen content, corresponding to approx.
16 % of the anions. But the metal/non metal ratio is here unreasonably small
(approx. 1:2.7). Even neglecting the nitrogen, the oxygen to metal ratio is still
too high. Thus, at this point we can only conclude that nitrogen has definitely
been incorporated with concentrations of several per cent. The exact content
cannot be given. Whereas the integration of the XPS peaks leads to some un-
reasonable results, the spectra themselves are reliable and give clear evidence
for the homogeneous dissolution of atomic nitrogen in YSZ. Only in the case of

TYSZ:N there is additional evidence for molecular nitrogen species.

4.2.3 Optical spectroscopy on N-doped YSZ layers

All nitrogen-containing samples were transparent but of violet or dark violet
color. We measured absorption spectra of YSZ:N films containing different
amounts of yttria, deposited either on silica glass or on sapphire substrates.
For the calibration we measured the absorption of the pure substrates as well
as the absorption of YSZ deposited in oxygen and in argon atmosphere, i.e.
without any nitrogen content. All spectra were collected at room temperature
and at 300 °C, but no influence of the temperature on the absorption spectra
was observed. In figure 4.18 the absorption spectra of YSZ, YSZ:N and ZrOs:N
films are shown. The absorption spectra of all nitrogen-doped films show a
broad absorption band in the range of the visible light, with a maximum at a
wavelength of approximately 500 nm. Additionally, a shift of the absorption

edge towards larger wavelengths compared to samples prepared in oxygen or in
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Fig. 4.18: Optical absorption spectra of ZrO5, YSZ and YSZ:N films of variable yttria
content (deposited on silica glass) at room temperature. Deposition conditions: p(N2)
=4 Pa, T =500 °C, d = 4 cm, film thickness: 2 pum, an offset of approx. 0.5 abs.

units was used)

argon is detected. The edge of the 9.5YSZ film deposited in argon is found deep
in the UV range at about 200 nm. In 9.5YSZ deposited in oxygen it shifts to
approximately 220 nm. The nitrogen doping shifts the absorption edge to about
250 nm. In the spectra of the other samples doped with different amounts of
Y203, this shift is also observed - but as in these experiments two parameters
were changed (both nitrogen and yttria concentrations), we cannot relate this
effect only to the nitrogen content. The "oscillations" in the absorption spectra
of 9YSZ prepared in Ar and 13YSZ:N deposited in nitrogen (see figure 4.18)
can be attributed to interference effects of the films. A significantly different
spectrum was recorded with the 7YSZ:N film, see figure 4.19. The optical band
edge is determined as 201 nm. An absorption peak at 263 nm is registered,
which is not observed in films with other yttria concentrations. In 7YSZ:N

the typical broad absorption maximum is shifted to lower wavelengths and is
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Fig. 4.19: Optical absorption spectrum of a 7YSZ:N film on sapphire (0001) at room
temperature. Deposition conditions: p(N3) = 4 Pa, T = 500 °C, d = 4 cm.

centered at 455 nm.

The results from the optical spectroscopy measurements of YSZ:N show a
broad absorption band around 500 nm, while the nitrogen free reference samples
prepared in oxygen and argon atmospheres show practically no absorption in
the UV and VIS range. Like in the SIMS and XPS studies, the nitrogen-doped
TYSZ:N sample exhibits a different behavior and shows an additional absorption
maximum at 263 nm. This maximum might also be related to a second type of
nitrogen differing in its charge or in its position in the lattice of zirconia. The
broad absorption around 500 nm is typical for nitrogen doped and/or reduced
material [124] and suggests that nitrogen energy levels are placed almost in the
middle of the band gap in the non-stoichiometric zirconia. This finding is clearly

supported by theoretical calculations [52].



5 Transport properties

Studies on the transport properties of cubic and tetragonal nitrogen stabilized
YSZ were already published [4,6-8,12,14,51|. According to these studies YSZ:N
shows not only a super ionic (oxygen) conductivity but it is also supposed to
be a nitrogen ion conductor. The values for the activation energies of nitrogen
ion movement determined by different methods were found to be close to 2 eV.
The diffusion coefficient of nitrogen in YSZ was found to vary in the range
from 10713 ecm?/s to 107! cm?/s depending on the temperature. A study on
the transport properties of partially stabilized (TZP) nitrogen doped samples
by micro-contact impedance measurements was also recently reported by Lee
et. al [125]. The summarized results of the existing literature on the transport
properties of N-doped YSZ (in both tetragonal and cubic modification), the
activation energy and the diffusion coefficient of the N3~ ion are given in table

5.1. The reported activation energies for the nitrogen diffusion in YSZ are

Table 5.1: Activation energies and diffusion coefficients for YSZ at 1000 K

Material Experiment E, / eV | Dy / em?-s~! | Reference
YSZ cubic EIS 0.84 - 1.16 - [4]
YSZ tetr. | Diffusion (AES) 1.92 1.63 x 1071 6,7
YSZ tetr. | EIS (Raman) 1.76 5.24 x 10712 8]
YSZ cubic | 1PN diffusion 2.1 2.084 x 10~1 9]

approximately twice as high as those for oxygen and the diffusion coefficient is
three to four orders of magnitude lower. However, based on the extrapolation
of the existing experiments at lower temperatures, at high temperatures (above

approx. 1200 °C) the diffusion coefficient of nitrogen should be comparable

113
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to the diffusion coefficient of oxygen [9,53,54]. In addition the diffusion of
nitrogen ions in PLD deposited YSZ:N films was found to be faster compared
to the samples prepared by other methods [9, 54].

Ezperimental details

We studied the transport properties of nitrogen-doped YSZ thin films by
two point contact impedance spectroscopy as a function of the temperature
and the nitrogen content. The YSZ:N films were prepared by PLD (see chap.
4) on (0001) sapphire substrates, where the nitrogen content was varied from
0 at.% (nitrogen free 9.5YSZ) up to 6 at.% nitrogen (determined by SIMS).
The temperature was varied in the range of 500 °C up to 800 °C. The working
electrode was a Pt micro-electrode with a geometrical surface of approx. 3x
10~% cm?. The counter electrode was a platinum paste dried in air for 24 hours
with a contact area of about 0.25 cm?. Both electrodes were placed on the upper
side of the samples. The conductivity of the films was calculated according to:

1

- 1
77 %R (5-1)

where o is the total conductivity, d is the diameter of the electrode and R is the
determined DC resistance. In order to obtain a more detailed information the
experimentally recorded spectra were further deconvolouted. The fit procedure
was performed with the programm FEQUIVALENT CIRCUIT written by B.
Boukamp (a standard support to the impedance analyzer). A detailed discussion
on the application of micro-electrodes in solid state electrochemical studies is

given by Fleig [109].

5.1 Impedance spectroscopy

In figure 5.1 a typical impedance spectrum (the red circles) of YSZ:N films is
presented. It shows two semicircles (the second one at the lower frequencies
appears only partially) representing the bulk and the electrode impedance re-
spectively. The dashed line (depicted also by black squares) is the fitted disper-
sion calculated on the basis of the equivalent circuit shown in the figure. Thus

we succeeded to separate the contribution of the bulk and the grain boundaries
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Fig. 5.1: Complex impedance plane (Nyquist plot) of 9.5YSZ:N thin film, deposited on
sapphire substrate, measured on a platinum microelectrode. T = 775 °C, in pure Ns
(a(02) = 1071)

to the total impedance of the first semicircle. An additional inductive loop at
higher frequencies appears after the subtraction. The appearance of this induc-
tive loop has been already reported by [125-128|. Boukamp [128] interpreted
this loop as a result of a "crosstalk" between the reference and the working
electrode in the presence of mobile ionic oxygen species in the case that both
electrodes are placed close to each other. However, in our two point measure-
ments both electrodes were more than 1 cm apart and the potential drops at a
distance of 2d (d is the diameter of the micro-electrode). We assume as more
reasonable the interpretation of Fleig [125] who suggested the heating element
(beneath the sample) as an origin of the inductive loop. The fit parameters
are summarized in table 5.2. As mentioned above the first two sub-elements in
the equivalent circuit present in fig. 5.1 represent the contribution of the bulk
and the grain boundaries. The third sub-circuit consists of a parallel connected
resistance (Rejectrode) and non-ideal capacity - a constant phase element (CPE).

The impedance of the constant phase element is given by Z = (A(iw)™)~!, where
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Table 5.2: The sub-circuit parameters calculated after deconvolution of the experimental

spectra shown in fig. 5.1

Sub-circuit 1 Ripuir R L Chulk
7T9x10Q[44x10°Q| 1.1H |68 x1012F

Sub-circuit 2 Ry - - Cgop.
7.5 x 105 Q - - 1.1 x 10710F
Sub-circuit 3 Reiectrode - n (CPE) A (CPE)
2.6 x 108 Q - 0.75 1.1 x 107?

A and n are fit parameters, 7 is v/—1 and w is the frequency in Hz.

From the parameters attained by the deconvolution procedure it is clear that
the resistance of the "bulk" (grains) and the the grain boundaries are of the
same order (approximately equal), but the capacity of the grain boundaries is
approximately two orders of magnitude higher than the capacity of the bulk.
The impedance of a simple parallel circuit is given by the equation:

7 _ 1 _ R
parallel = 1T ,C 1+ iwRC

(5.2)

Thus comparing the complex impedance of these two parallel circuits we con-
clude that the impedance of the grain boundaries is definitely smaller than those
of the bulk because of the much higher capacity, i.e. the charge stored in the
grain boundaries is definitely larger. This result confirms the results from the
SIMS analysis after nitrogen incorporation in poly-crystalline thin films (see
figure 6.24) also suggesting that nitrogen is stored in the grain boundaries.
However the effect of the grain boundaries and their contribution to the to-
tal conductivity is well known and is thoroughly discussed for different solid

electrolytes by Fleig [106-109].

In order to determine the activation energies of the ionic movement in the
YSZ:N thin films we recorded the impedance spectra at different temperatures.
The evaluation of the experimental data was carried out for the total response
of the system, i.e. Zpuk + Zgp. but excluding the impedance of the electrode.

In fig. 5.2 the temperature dependence of the conductivity of samples with a
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Fig. 5.2: Arrhenius plot of the temperature dependance of conductivity of different
9.5YSZ:N samples

different nitrogen content are presented. The nitrogen-free sample shows the
highest conductivity and the lowest activation energy in the whole temperature
range. The conductivity of the nitrogen-doped samples decreases up to tem-
peratures of approximately 700 °C and increases above this temperature with
the increasing nitrogen content. In fig. 5.3 the activation energies are present
as a function of the nitrogen concentration. Their values vary from 1.3 eV for
9.5 YSZ up to 1.92 eV for 9.5YSZ:N (with 6.1 at.% nitrogen). The increase is
not ideally linear but is pronounced and confirms the tendency reported already
by Wendel and Lerch [4,14]. The increase of the ionic conductivity with the
nitrogen content is explained in [4,14] as a result of the increase in the number
of oxygen vacancies created by the incorporated nitrogen ion (incorporation of
N3~ is assumed) according to equation 1.3 (see chap. 1.1, p. 3). Thus the effect
of the combined doping (cation + anion) results in a creation of more oxygen

vacancies and leads to a super ionic (oxygen) conductivity. However, the in-
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Fig. 5.3: The activation energies of the ionic transport in 9.5YSZ:N as a function of the

nitrogen concentration

crease of the activation energies can be associated with a formation of clusters
between the nitrogen ions and the oxygen vacancies hindering the oxygen ion

or vacancy movement.

We should also mention that the conductivities measured on the thin YSZ
and YSZ:N films are approximately of two orders of magnitude lower than those
measured for the bulk samples, which we associate with the microstructure of
the films. However no reports on the conductivity of thin YSZ:N films for a

comparison were found.

Thus the nitrogen-doped zirconia films were found to show a lower total con-

ductivity and higher activation energy than the nitrogen-free YSZ films.

In addition on the basis of the fit analysis of the recorded impedance spectra
we succeeded to determine the distinct activation energies for the ionic transport
in the grain boundaries and in the "bulk". In fig. 5.4 Arrhenius plot with the

individual conductivities for 9.5YSZ:N sample is shown. From the values for
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Fig. 5.4: The individual activation energies of the ionic transport in the grain boundaries

and in the bulk for 9.5YSZ:N, the nitrogen concentration was 5.3 at.%

the activation energies we concluded, that the transport in the grain boundaries
is definitely slower than those in the grains, thus, limiting the rate of diffusion.
The variation of the nitrogen concentration in the films was found also to be an
important factor. For the 9.5YSZ:N films with a higher nitrogen content (i.e.
6.1 at.%) the activation energies for both grain boundaries and bulk increase
and become virtually equal (E4 =~ 2 eV). At lower nitrogen content (approx.
3.5 at.% nitrogen) and also in the nitrogen-free sample the separation into two

sub-semicircles was not possible as they both overlay.
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6 Electrode processes

The study of the electrode processes on solid oxide electrolytes is even more
complicated than in liquids. The main differences origin from a difficulties
by contacting the solid electrolyte, the non-defined electrode surface and the
change of the chemical composition (usually reduction) of the electrolyte at
higher voltages. It requires more thorough understanding of the chemical reac-
tions coupled to the defect related properties of the material. The kinetic studies
of an electrochemical reaction refers to specific working conditions, i.e. a par-
ticular electrolyte concentration, a particular electrode material, temperature
(or temperature range), etc. In the case of solid oxide electrolytes the impor-
tant parameters which should be initially defined and should be kept constant
for all experiments are the temperature (7'), the pressure (P), the structure,
the chemical composition and the defect related properties of the electrolyte.
We should define the base material with its crystallographic structure, the dop-
ing agent with its particular concentration and respectively the vacancy and/or

interstitial ions concentration in order to perform reproducible measurements.

Below we discuss the most important factors influencing the kinetics of the
nitrogen electrode, respectively its reaction mechanism. The recorded electro-
chemical characteristics and their interpretation depend on the following para-

meters.

e The composition of the electrolyte, i.e the predominant charge carriers;
the conductivity, respectively the resistance (also denoted as IR drop);

the strength of interaction between oppositely charged ions.

As in liquid electrolytes, we need to perform the electrochemical measurements

in the solid state at maximal conductivity, respectively minimum resistance,

121
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in order to prevent the influence of the ohmic drop (IR) and migration effects
in the electrolyte. In solid electrolytes we cannot apply conductive additives
(supporting electrolyte), so we need to achieve the highest possible conductivity
of all charge carriers. The strength of interaction between the ions in the crystal
defines the interaction with the electrode material and the adsorbed species
situated between and as well determines the mobility of the ions inside the

material.

e The materials of the working and counter electrodes.

The only requirements for the counter electrode material is to be stable in
the particular temperature range and not to diffuse into the electrolyte, thus
changing its properties (of course for metal ion conducting electrolytes as AgCl,
AgBr, CuBr etc. this requirement is not relevant). The electrode also should
have a good adhesion to the electrolyte in order to ensure a sufficient electrical

contact.

The choice of the working electrode material is most important for in the
kinetic studies. Different materials usually have different catalytic properties
with respect to the particular redox reaction, thus determining the rate and
the mechanism. We need a chemically inert material (usually noble metals are
used) which does not solve, absorb or adsorb any species. The presence of
electrochemically active or even inactive species on the electrode surface will
automatically reflect in a change of the current - potential characteristics. The
active species can influence the rate of the reaction and the inactive species
could block partially or fully the electrode surface. The selection of an electrode
material being specifically active towards a certain redox reaction, thus changing
its kinetics and mechanism (enhancing the reaction rate), is a powerful tool to

catalyze a particular process.

e The capacity and the structure of the electrical double layer.

We have already discussed that the structure of an electrical double layer plays
an important role in the kinetics of the electrochemical reactions. It is related

to the overvoltage and can either lower it (attracting oppositely charged ions)



123

or increase it by repelling like charged ions. In addition the adsorption leads
to a change in the thickness of the Helmholtz layer and as higher is the thick-
nes of EDL, respectively as more difficult is the electron transfer and as higher
is the polarization (overvoltage) accompanying the redox processes. The spe-
cific adsorption of ionic species or gas molecules on the electrode/electrolyte
interface can drastically change the EDL capacity and leads sometimes to a
complete blocking of the reactive surface. In order to predict a possible ad-
sorption or to provide optimal working conditions it is important to know the
position of the potential of zero charge (pzc). This potential is also specific for
each electrode/electrolyte composition. An additional problem may arise due
to an adsorption of neutral species which could cause an increase of the ex-
pected limiting current as a result of synergetic effect known also as exaltation
current [129]. The capacity of the electrical double layer provides an impor-
tant information about the surface adsorption and the energetic barrier for the
charge transfer. The change in the EDL capacity can also be used as a criterion

for adsorption/desorption surface processes.
e The choice of the reference electrodes.

The selection of the reference electrode is no problem at all in liquid systems,
but often causes difficulties in the case of solid electrolytes. The correct eval-
uation and interpretation of the experimental results depends on the stability
and reproducibility of the reference electrode defined by a suitable reference

reaction.

e Surface vs. bulk properties

In order to perform the experiments on the electrochemical nitrogen activity
at defined and reproducible conditions on solid oxygen conducting electrolytes
we should also take into account the difference between the surface and the
bulk properties of the ceramics. This problem is not relevant in the classical
electrochemistry of liquid electrolytes where the electrodes are immersed in the
electrolyte but is quite relevant for the solids. This difference is important for
a comparison between the potentiodynamic and steady state experiments, as

the first "senses" only the surface concentration of the species and usually there
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is no bulk "response". Only under steady state conditions we obtain results

representative for the complete system.

FEzxperimental details

The electrochemical experiments were performed with YSZ and YSZ:N films
of thickness of approximately 3 um deposited by PLD on Zr/ZrOy substrate
of size approximately 10 mm x 10 mm, where the ZrOs film of thickness =~ 1
pum) was previously deposited also by PLD. The yttria content in the films was
in the range 3 mol-% up to 13 mol-%. The experiments with single crystals
were performed with (111) orientated 9.5YSZ with a size of 10 mm x 10 mm.
The working electrodes were tip micro-electrodes of silver, gold or iridium with
a diameter varying in the range (depending on the experiment) between 1 pm
and 100 pm or photo-lithographically printed micro-electrodes of gold and irid-
ium with a size of 100 ym x 100 pgm. As counter electrode for the thin film
experiments was used the Zr/ZrOq substrate serving also as a reference elec-
trode with a fixed oxygen activity. For the experiments with single crystals a
Zr /ZrOq reference electrode was used (Zr wire covered with ZrOg by PLD) and
as an auxiliary electrode a platinum paste painted and subsequently burned for

2 hours at 250 °C in air on the back side of the samples.

The electrochemical experiments were performed in air, or in ultra-pure ni-
trogen, respectively ultra-pure argon atmospheres with oxygen activity of ap, =
10~ measured with a YSZ oxygen sensor at the outlet of the electrochemical
cell. To achieve this extremely low oxygen activity the commercial nitrogen and
argon gases were purified by purging through a TiN (for argon Ti) oxygen trap
heated to 450 °C.

After the experiments the samples were analyzed by SIMS, XPS, AFM and

optical spectroscopy.
6.1 Definition of the initial parameters and the
working conditions

The initial parameters as discussed above and the working conditions are defined

in the following section. These parameters are important for the interpretation
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of the current-potential experiments and for the general understanding of the

complex process of electrochemical nitrogen reduction.

6.1.1 Selection of appropriate electrode materials

The material of the working electrode has been selected among the group of the
noble metals as we needed a stable and reproducible surface, inert towards the
surrounding environment. We have considered the noble materials in order to
perform two different experiments. Firstly we intended to study whether nitro-
gen can be incorporated electrochemically at all, i.e. to prove its electrochemical
activity and its mobility in the zirconia lattice. For this purpose we need a ma-
terial showing a large overvoltage for the oxygen reaction' and a low overvoltage
for the nitrogen reaction. We have choose three of the most often used electrode
materials - gold, silver and platinum as possible candidates. Considering plat-
inum there are two major problems using it as working electrode. Platinum is
known to react with YSZ at cathodic voltages of about —1 V forming a series of
Pt-Zr alloys [130]. The latter results in enlarging the real electrode surface and
modifying the electrolyte at the contact point irreversibly. Secondly platinum is
a well known catalyst for the oxygen reaction and adsorbs oxygen chemically. It
may also form different PtOy stable at temperatures of up to 750 °C [131,132].
So we discarded platinum as a suitable electrode material. To choose between
gold and silver we recorded the current-voltage characteristics of Au and Ag
electrodes in oxygen atmosphere to test which of the both materials show larger
oxygen overvoltage for the cathodic reaction. In figure 6.1 the E/I curves of
micro electrodes are shown. At anodic potentials oxygen is much more easily
oxidized on silver than on the gold electrode, but in the cathodic region the
oxygen reduction is definitively faster on Au micro electrode and proceeds at
much lower overvoltages. So we can conclude that the catalytic activity of gold
for oxygen reduction at negative potentials is higher than of silver. Thus, re-
garding the nitrogen incorporation experiment silver appears to be the more

appropriate electrode material.

!The oxygen reaction is involved as oxygen is always present in small amounts in the purified
gases. Even in an ultra pure atmosphere (ao, < 107'°) we can expect some oxygen

appearing as a result of the electrode (oxygen) reaction at the anode side.
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Fig. 6.1: Comparison of the electrochemical activity of Ag and Au micro electrodes for the

oxygen reaction on a 9.5YSZ thin film at 450 °C.

For the kinetic experiments on the mechanism of the nitrogen reduction we
found gold much more appropriate as an electrode material than all other noble
metals. Silver can dissolve oxygen in its lattice and Pt, Ir, Ru and Rh posses
a well known catalytic activity. Gold on the other hand is well known as an
inert material which does not specifically adsorb oxygen, hydrogen or nitrogen.

Thus, in our kinetic experiments we used gold micro-electrodes.

6.1.2 Selection of an appropriate vacancy concentration

The conductivity of the YSZ solid electrolytes depends strongly on the vacancy
concentration, which itself is controlled by the dopant concentration (Y20s3).
The yttria content is typically varied up to 20 mol%, where the cubic fluorite
structure is fully stabilized at yttria concentrations higher than 9 mol%. Ac-

cording to the literature [33,50,133,134| a maximum of the ionic conductivity
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occurs between 7 mol% and 10 mol% yttria content. A higher concentration
leads to stronger interactions between the charged vacancies, lowering their mo-
bility. The rate of incorporation of nitrogen into the oxide itself should also
depend on the vacancy concentration, i.e. on the yttria content. Thus we inves-
tigated electrolytes with 3, 5, 7 (partly stabilized) and 9.5 mol% yttria content
(fully stabilized), respectively. This range of dopant concentration has been
chosen as it includes the most commonly used solid electrolytes for solid oxide

fuel cells and gas sensors [50,135].

Steady state I-E characteristics of a silver cathode on solid electrolyte films
with an Y203 content between 3 mol% and 9.5 mol% are shown in figure 6.2.

In the temperature range between 500 °C and 850 °C the electrolyte doped
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Fig. 6.2: Steady state E / i characteristics of YSZ electrolytes with different Y2O3 content

in pure nitrogen (ap,=10"19)

with 7 mol% yttria shows the largest current under nitrogen atmosphere on
both gold and silver electrodes. The film with 9.5 mol% yttria content shows

approximately a twofold decrease (however the currents equal above E = —3.5
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V), and the films with 3 mol% and 5 mol% yttria show significantly smaller
currents and are not further considered in the electrochemical experiments on
the kinetics of the nitrogen reaction. We assume that the higher current at
the Ag (Ng)/ TYSZ electrode is an indication for a faster nitrogen kinetics on
7YSZ. Obviously the oxygen vacancy concentration (as in the case of oxygen
ion conduction) has an optimal value, being large enough to provide sufficient
ionic mobility but still being low enough to allow the creation of new vacancies

by nitrogen incorporation.

In our kinetic studies we decided to work with samples doped with 7mol% and
9.5 mol% because the first one shows the highest currents in nitrogen atmosphere
and the second one has a fully stabilized fluorite-type structure and is the most

commonly used material for practical applications.

6.1.3 Surface/interface characterization

The surface of the samples we used as solid electrolytes was characterized via
atomic force microscopy before and after the electrochemical experiments in
order to document the changes of the surface morphology. We also use AFM
to estimate the contact surface area between the electrode and the electrolyte.
We found two different types of interaction between the metal and the ceramic
electrolyte. At lower voltages (up to approximately —2 V) we could not detect
any change in the film morphology before and after the polarization. From —2
V up to —3.5 V we observe silver particles left on the surface after removal of
the electrode. The AFM picture of the contact surface after 30 min polarization
at —1.95 V is presented in figure 6.3. As the current density at the edges is
higher than in the middle of the needle we found there more silver drops. When
a voltage even more cathodic than —3.5 V was applied the electrode adhere
even more to the electrolyte and by removing the tip the deposited YSZ layer
was torn from the substrate as it can be seen in figure 6.4. From this image we
estimated the thickness of the film (approximately 1.85 pum) and the diameter

of the electrode used for the nitrogen incorporation experiment (=~ 69 pm).

In both figures (6.3 and 6.4) we found a changes of the electrolyte surface

caused by the electrode-electrolyte interaction. Firstly we conclude that the
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Fig. 6.3: The contact surface between Ag micro electrode and 7YSZ thin layer after 10
min polarization of —3.4 V at 700 °C.

electrical contact between the two phases is sufficient. Secondly, one has to
be very careful in applying too high cathodic voltages. This effect cannot be
avoided in the steady state experiments especially at high temperatures and
voltages but because of the short duartion time of the sweep it is not strongly

pronounced in the potentiodynamic measurements.

6.1.4 Capacity of the electrical double layer (EDL)

The influence of the capacity and the structure of the electrical double layer
on the kinetics of the electrode processes was already discussed above (p. 122).
This influence was thoroughly studied for liquid electrolytes [94, 136-139] and
attempts have been made to adapt or modify the theory for solid electrolytes
[140-147]. The electrical double layer (EDL) is generated by the contact of
two different phases. At the interface oppositely charged ions are attracted. In
the case of contact between an ionic and an electronic conductor the electronic
conductor (usually metal) attracts ions of opposite charge and repels those with

the same charge. For the solid electrolytes it is important to note that not all
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Fig. 6.4: The contact surface between Ag micro electrode and 7YSZ thin layer after 10
min. polarization of —3.55 V at 700 °C.

ions are usually able to move freely. Thus for the same charge on the electrode
the capacity of the double layer will not be the same for a positive and for a
negative charge of the electrode. Additionally we are not able to immerse the
electrode into the solid and the contact can be quite poor. Filyaev et al. have
found that the dense contact of nickel electrode to zirconia electrolyte consists
of just few percents of the geometrical area of the electrode [148]. It has also
been found that the capacity of the double layer of YSZ raises with increasing
temperature and that the potential of zero charge (pzc) shifts to more positive
values. The values for the EDL capacity of liquid silver electrode were found
to vary in the range Cjgy = 0.3 up to 1.5 uF.cm™2 at temperatures between 900
°C and 1200 °C, where the pzc varies in this temperature range in the range

E=—-1Vupto —0,8V versus an air reference electrode (at 1 atm) [143,149].

We have performed our measurements with two different types of Au micro-
electrodes. The capacity of the EDL was measured by both AC and DC methods
with needles and with photo lithographically printed micro-electrodes. The nee-
dles cannot, as discussed in section 3.2.2 (p. 84), be perfectly contacted to the
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electrolyte and can probably easy adsorb gas species at the contact area. The
other type of micro-electrode has an approximate thickness of 120 nm and is gas
tightly printed onto the YSZ surface. They ensure a perfect electrical contact
and do not leave any possibility for the gas molecules to diffuse to the elec-
trode/electrolyte interface. On figure 6.5 the temperature dependence of the
double layer capacity is plotted. We can clearly distinguish the different behav-
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Fig. 6.5: The capacity of the electrical double layer as a function of the temperature at
—0O—) needle and printed gold micro-electrodes — e —) printed iridium micro-

electrodes

ior of the tip electrodes (with a capacity in the maximum C, =~ 40 puF.cm~2)
and the photo lithographically printed micro electrodes with a capacity maxi-
mum of C, ~ 1.4 pF.cm™2. The difference is explained with the ability of the
gas molecules to adsorb on the electrolyte/tip micro electrode interface. This
adsorption leads to this high capacity values. Additionally we should notice
that in this calculation we assume that the contact area equals the geometrical
surface of the needle, which usually is not always correct (see [148]) and the

value of the Cy should be at least 50% larger. Other authors have measured
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even higher values on gold electrodes of about Cy ~ 163 uF.cm™2 [147]. The
printed micro electrodes on the other hand have a perfect adhesion and we can
safely assume that at least 90% from the surface has an electric contact with
the oxide beneath. The measured capacities are in a very good agreement with

the values (Cy ~ 1 uF.cm~?2) provided by other authors [143,146,149].

We also find a distinct maximum of the double layer capacity at a temperature
of 750 °C for both types of electrodes. Above this temperature the capacity
decreases again. This behavior is independent on the electrode material and
is also measured with other noble metals. The existence of this maximum we
related to a saturation of the electrode surface with adsorbed species which
desorb at higher temperatures. Hendriks et al. [147| report that at temperatures
above 700 °C the mobility of vacancies in 8YSZ material increases which can
also be an additional reason for the rise of the Cy; value, but cannot be the only
reason because the mobility of vacancies remains high after exceeding 700 °C.
The maximum of the EDL capacity indicates a change in the surface/interface
adsorption /desorption conditions which influences also the other electrochemical
characteristics at these temperatures and obviously plays an important role in

the electrode kinetics.

6.1.5 Conductivity and IR drop in the electrolytes

The conductivity of the materials used as solid electrolytes is a parameter used
for the calculations of one important characteristics - the ohmic drop. The con-
ductivity is strongly dependent on the temperature and the dopant concentra-
tion. We have already discussed in chapter 2 the influence of the doping elements
on the ionic conductivity in zirconia based electrolytes but the temperature is
probably the most important parameter. Yttria stabilized zirconia is assumed
to be a pure oxygen ion conductor with a transference number tn2- ~ 1. How-
ever there is also an electronic contribution. Park and Blumenthal [23] have

reported a data for the partial conductivities for 8YSZ:

_ —0.79 eV
oo ~3.68 eV 1
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Ohe

—1.67 eV 1/4

The calculated values for the conductivity at a temperature of 800 °C are re-
spectively 0g2- &~ 3.2 x 1072 [Q7 L. em™!]; 0o = 8.2 x 10712 [Q7L. em~!] and
ope & 3.4 x 1079 [Q7L. em ™! at ap, = 1. Compared to liquid electrolytes the
YSZ shows a relatively high ionic conductivity but it does not achieve the values

typical for the strong acid or basic solutions.

As discussed in section 5 the conductivity of our YSZ and YSZ:N thin films
and single crystals vary in the range of 107! [Q71. em ™! to 107* [Q~ 1. em™!]

at temperatures between 650 °C. and 850 °C.

For the electrochemical experiments it is important to know the resistance
of the electrolyte in order to determine and further to subtract the IR part
from the total voltage. The IR is also known as ohmic drop and appears in the
Faradyic region of the current-voltage curves. The measured voltage difference

between the working and the counter electrode can be written as:
U= A‘P(work—el) - ASo(coumf—el) + IRy (64)

where Ap(work—el) a0d A@(count—el) are the potential difference between the elec-
trolyte and the working/counter electrodes. Practically we should always cor-
rect the measured potential value with the IR part, but in the case of highly
conducting electrolytes this term is very small and is usually neglected. In
the case of YSZ electrolytes we can expect weak shape of the peaks and the
voltammograms will lose their sharpness if IR is not subtracted especially in the
potentiodynamic experiments (CVA, LSV). Our experiments were performed in
temperature range between 600 °C and 850 °C where the resistance of YSZ films
varies from 1 M€ to 10 k€2. In our electrochemical measurements we used micro
electrodes and in spite of the large current densities the current remained small

which kept the ohmic drop relatively small.

6.2 The Zr/ZrO; reference electrode

As in liquid electrochemistry, the choice of a reference electrode in solid-state
electrochemistry is also of importance to obtain reproducible experimental re-

sults and to interpret these results correctly. In liquid systems (aqueous or
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nonaqueous) different reference electrodes are used. To the most preferred refer-
ence electrodes belong: Ag/AgCl, Hg/HgoCly, Hg/HgaSO,4 (reference electrodes
of second order). Their construction is simple and does not require special
equipment. Additionally the potential of these electrodes remains stable with
time and it can easily be reproduced. In a variety of systems simple redox
couples as Lit /Li; H /Hy; Cd?* /Cd serve perfectly as reference if the polariza-
tion of these electrodes is kept low. They provide a reference redox reaction of
first order and are more sensitive to the electrolyte composition and the sur-
rounding environment than the reference electrodes of second order. Finding
an appropriate reference system in solid-state electrochemistry is much more
complicated. The complication originates mainly because there is no universal
solvent and a limited number of mobile ions exist. Thus, there is a limited num-
ber of solutions of the problem with the reference electrode. Usually, because
of the high resistance of electrolytes, the electrode reactions are accompanied
by a high polarization, which shifts the working conditions far from equilibrium
and limits the application of reference electrodes of first order with exception of
Ag™ /Ag electrode in silver ion solid conductors. Presently the most employed
reference seems to be platinum (or other noble metal) contacted to the solid
electrolyte. Even an "absolute" scale, based on noble metal electrodes was re-
cently suggested by Tsiplakides et al. [150,151]. In other studies different oxide
reference couples as Fe/FeO [152-154], CuO/Cuz0 [155], or some other oxide
systems have been used [152,156-161] as well a sodium based reference system
was suggested [162]. The limitation of the reference electrodes of second order
is the oxygen activity /potential range of stability. Usually these oxide systems
are chemically stable in a potential range of approximately 500 mV. A review
on specific solid state techniques, including comments on the used reference

electrodes was recently published by Fleig [109].

The Zr/ZrO9 couple has been applied as an electrode with a fixed oxygen ac-
tivity for high temperature oxygen sensors [163] and as a sense electrode for an
amperometric titration in molten salts [164]. The first work suggests Zr/ZrOq
as a suitable reference electrode for determining the oxygen activity in gases and
molten salts, where a special attention is paid on the dependence of transfer-

ence number of O?~ in undoped ZrOs on the temperature and on the external
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oxygen partial pressure. In the second paper the Zr/ZrOy system was applied
to the molten KNOg salt electrolyte, in order to determine the oxygen ion ac-
tivity. The dependence of the Zr/ZrOs potential (versus Ag/Ag") on the O~

concentration has been studied.

Application of Zr/ZrO, as a reference redox couple for solid state re-
action studies

In this chapter the application of Zr/ZrOs is considered as a reference electrode
applied to solid oxide electrolytes. The system is treated as a reversible ther-
modynamic system. According to reaction Zr 4+ Og = ZrOg (the mass-action
constant and the standard free enthalpy of formation are defined as in equa-
tions 2.57 and 2.58) and the Gibbs free reaction energy can be calculated from

the available thermodynamic data [55]:
ArGo = AyGrro, — ApGz: — Ay GO, (6.5)

At 700 K this value is equated as A,G2 = —912 kJ.mol~! and the reaction
proceeds spontaneous to the right side of equation 6.5. The electromotive force
of this reaction can be calculated according to the relation given by eq. 2.59.
It should be mentioned that the calculated values for £° can be experimentally
observed only in case, that the transfer number of oxygen ions is equal or close
to unity. The emf equals EF° = 2.4 V at 700 K. Under real conditions ZrOs
is formed as a stable product on the metal surface, preventing the free oxygen
access to the Zr-metal surface, thus lowering the rate of reaction 2.56 further in
both directions. The transference number of oxygen in the ZrOs film influences

the electromotive force of the cell according to:

RT /ln a62

E=-——
4F Inao,

to2-dInao, (6.6)
where ag, is the fixed oxygen activity side and the transference number of
oxygen ions is defined as: tgz— = 02— /Ttotar- At the interphase between the two
phases (Zr and ZrOs) the oxygen activity ao, is fixed at given temperature. The
dependence of the cell emf on the oxygen activity, respectively of the standard

emf on the temperature is given in fig. 2.10.
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6.2.1 Definition and choice of the reference reaction

The main reason using a reference electrode is to provide a stable and repro-
ducible electrode potential value (energy level). Versus this reference energy
level the potential of the working electrode has to be measured. So the refer-
ence electrode should be understood not only as a simple electrode, but as an
electrode reaction. This reaction must proceed in both straight and backward
directions reversible, without or with negligible overvoltage. There must be only
one electrochemical redox reaction taking place on a certain reference electrode
system and this reaction should involve only one electron transference step as
the existence and/or stability of any intermediate species will make the reaction

unacceptable as reference reaction.

6.2.2 Gibbs phase rule and kinetic arguments

The Zr/ZrO; system
In order to characterize the reference system thermodynamically , the Gibbs

phase rule is applied:
P+F=C+2 (6.7)

where P designates the number of phases; F' - the degrees of freedom and C
- the number of components involved in the system. Assuming reaction 2.56,
there are three phases: Zr; ZrO9; Og or P = 3. The number of components was
calculated as follows: three components (Og; Zr; ZrO2) minus one independent
equation, describing the related chemical process (C = 2). For the degree of
freedom F one obtains:

F=2+2-3=1 (6.8)

Thus, if the temperature is kept constant, the oxygen activity is fixed and
the system is at thermodynamic equilibrium and provides a stable electrode

potential and can be used as a reference electrode.
Noble metal electrodes

Considering platinum or other noble metal as a reference electrode, the sit-
uation changes, compared to metal/metal oxide systems. If we assume, that

the noble metal remains inert and does not form more or less stable surface
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intermediates, applying the Gibbs phase rule to this system an important dif-
ference with the previous system appears. We have two phases: Pt,and Os (P
= 2). The number of components is also two, (C' = 2). So for the degree of
freedom obtained according to eq. 6.7 is F' = 2. This means that one have
to keep two parameters constant (both temperature and pressure) in order to
preserve the thermodynamic equilibrium, which is practically impossible during
electrode polarization or other electrochemical experiments as the application
of voltage leads automatically to a change of the oxygen partial pressure. The
situation is more complicated if we also take into account that Pt is reacting

with ZrOg, forming a series of intermetallic compounds [130].

Not only thermodynamic, but also kinetic factors are playing an important
role. Platinum forms oxides stable up to temperatures of approximately 750
°C [131,132]. The existence of oxides on the electrode surface polarizes the elec-
trode and in this way disturb the equilibrium condition with the surrounding
atmosphere. It is also well known that the oxygen reduction/oxidation proceeds
via at least one intermediate step. Each stable intermediate valence state, ex-
cluding the initial and the end one, provides also a reaction serving temporary as
a reference. After the potential required for a further proceeding of the interme-
diate reaction to the end state is exceeded a new redox couple begins to serve as a
reference. These reasons are convincingly enough to discard the noble metals as
a reference electrodes. Moreover there are a number of oxygen species detected
by Luerfen et al. and Vayenas et al. on the surfaces of noble metals [165-167].
The existence of such species fails the requirement for a simple, reversible and
stable electrode reaction. Working with such a reference electrode one mea-
sures the potential each time versus different reference potential, temporary
determined only by the adsorbed species. An experimental confirmation of the
irreversibility of the oxygen reaction are numerous voltammograms [168-172],
including ours (see section 6.3.1), showing clearly the large potential difference
between the oxidation and reduction peaks, which is a clear sign for irreversible

process and an irreversible process cannot serve as a reference reaction.

We conclude, that neither the noble metal electrodes nor O~ /O redox couple
can fulfil the thermodynamic and kinetic requirements for a reference electrode.

They cannot provide a stable reference reaction and form different surface in-
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termediates depending on the surrounding environment.

The Me/MeOy systems on the other hand ensure a stable redox reaction and
being at thermodynamic equilibrium are suitable for application as reference
electrodes on oxygen conducting solid electrolytes. From the commonly accessi-
ble oxides thermodynamically stable systems applicable at temperatures above

600 °C are Zr/ZrOq; Hf /HfO2; Y/Y203 and also Ta/TayOs.

6.2.3 Determination of the standard reference potential via UPS

From thermodynamics we can easily calculate the theoretical value of the oxygen
activity at the Zr/ZrOy interface but we cannot a priori compare this value
with the well known aqueous electrochemical potential scale (the Nernst scale)
or the absolute work-function scale referred to the vacuum level (the physical
scale). With the present experiment we have determined the energy required for
an electron transfer from zirconium metal to the oxide or from the oxide to the
metal. Practically in this way the difference in the Fermi levels between the both
phases was determined, where the difference in the Fermi levels is the electrode

potential as depicted in figure 6.6. Because the Fermi level for zirconium oxide

VB

Zr ZrO,

Fig. 6.6: Schematic presentation of the difference in the Fermi level of zirconium metal in

contact with ZrOs

lies deep in the band gap the required energy for an electron transfer between
the two phases is defined as the difference in the energetic levels between the

valence band of ZrO5 and the Fermi level of the Zr metal.

FEzxperimental details
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Zirconium metal finely polished up to 0.02um was covered (by PLD) with a
20 nm thick ZrOs film which was analyzed by ultraviolet photoelectron spec-
troscopy (UPS). Before the experiment the sample was sputtered in the chamber
with argon ions for one hour in order to remove from the surface the adsorbed

species as water, COq, etc.

In figure 6.7 the resulting UPS spectrum is presented. The scan is shown

Zr/ZrO, sample

|| at room temperature ; 4

intensity | a.u.

| ——| L | L | |

. L
-2 0 2 4 6 8 10 12 14 16 18

binding energy | eV

Fig. 6.7: UV photoelectron spectroscopy on Zr/ZrOs sample at room temperature

with a respect to the Fermi level of the metal (set as zero) and the position of
the valence band is given by the intercept of the tangent of the steep emmision
step with the x-axis. The energy difference is found to be 3.89 eV which is
in a good agreement with the values for the ZrOy system reported by other
authors [31,173]. The next step was to compare our experimentally determined
value with the well known in the liquid electrochemistry standard hydrogen
scale. The energy difference for an electron transfer of the redox couple HT /Hy

is according to IUPAC recommendation 4.44 eV [174]. Comparing the both
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values we can easily determine the position of Zr/ZrOy couple on the absolute
electrochemical scale. FEyps(Zr/ZrOg) = 3.89 — 4.44 = —0.55 V vs. SHE. Of
course this comparison is only an approximation because the 4.44 eV for the
hydrogen reaction is given ounly for liquid systems and we cannot compare it
directly to a system in a purely gas (or vacuum) atmosphere. However this
value is an orientation for the ability of Zr/ZrOs redox pair to share or attract
electrons. Further we have defined the half cell reaction which provides the
reference potential and based on the Nernst equation we have calculated the

standard reference potential E7 7605 We define the half cell reaction as:
ZrOg + 2V +4de™ = Zr + 20 (6.9)

We write the reaction at equilibrium in the terms of chemical/electrochemical
potentials where first equation 6.9 was rearranged, because to the structural
elements (i.e. Of and V&) no chemical potential can be assigned. Only the

building units possess a chemical potential:

o~

(027)0

i+ 20 o _ e (2:02) = i, + 4 () (6.10)
———

By rearrangement of equation 6.10 assuming that az, = 1, az;0, = 1 and ae-

— 1 we obtain

[¢] 1 o 1 1 [}
Fo(Zr) = pe- = =1z — Gh02- + Fp(Zr02) + S nzo, (6.11)
1 1 1 o
F p(Zr) — p(ZrOs2)] = —Thze = GHO~ + 11220, T He- (6.12)
Ap
1., 1 1, 1, 1
FAp = — i + Ho2= 7 J P70y T Y He- _§RT Inag:- (6.13)
LARGe
or finally we obtain
o RT
A()OZr/ZrOQ = ASDZI‘OQ - ﬁ In ap2- (614)

In equation 6.14 we have already experimentally determined the value for the
equilibrium potential via UPS (A¢ = —0.55 V). The activity term we re-
place with the mole fraction, where the deviation from the stoichiometry § in

ZrO, is approximately 1073 [20]. The standard electrode potential Ay /703
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or E%r/ZrOQ of this reaction can now be estimated. EET/ZYOQ = —0.57 V vs. SHE
at 700 °C. The comparison of the electrochemical and physical scales and the

position of the E7 /7x0s standard electrode potential are shown in figure .

Electrochemical scale / V Physical scale / eV
—4.44 +— 0
E°(LiL) _3.06 L -1.39 T+ -1
| T -2

1 387 |~ e@zizo,)
E°(H'H,) 0 T4
1 + -5
| + —6
E°(FIF)  2.87 L =131 o+ -7
+ -8

Fig. 6.8: Comparison between the electrochemical scale (left) and the physical scale (right)

and the position of E%T/ZTOQ

6.2.4 Conclusions

In this chapter were defined the boundary conditions for the electrochemical
studies on the nitrogen incorporation kinetics. We have tested gold and silver as
materials for the working micro electrodes , where Au was found appropriate for
the kinetic studies because it does not tend to adsorb species on its surface and
silver as a material with higher oxygen overvoltage. We use two different types
of working electrodes - needle micro electrodes with a tip diameter between 3
pm and 60 um and photo lithographically printed square shaped electrodes with
side length of 100 pm up to 200 pum. The first type allows an easy movement
and positioning of the tip on the electrolyte surface and the second type ensures
a defined surface and a perfect electric contact to the oxide beneath, but its

position cannot be relocated.

From series of zirconia electrolytes doped with different amounts of yttria
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(in the range from 3 mol% up to 9.5 mol%) we selected YSZ doped with 7
mol%, respectively 9.5 mol% Y203. The first one shows the highest current in
nitrogen atmosphere and the second one has a fully stabilized cubic structure
and is widely applied in the praxis. We confirmed that by applying voltages
above 2 V the metal electrode reacts with the YSZ electrolyte and either metal
particles remain on the oxide surface (at voltages up to —3.4 V) or a part of the

electrolyte was torn at U larger than —3.5 V.

Our experiments show that the capacity of the electrical double layer formed
on the electrode/electrolyte interface should influence the kinetics of the elec-
trochemical processes especially in the case of needle micro electrodes, where
the EDL capacity exceeds 50 uF.cm™2. At temperatures of about 750 °C the
EDL capacity reaches a maximum for both types of working electrodes. This
maximum is associated with adsorption/desorption phenomena involving gas
molecules of the surrounding environment but also ionic species from the elec-

trolyte.

In order to obtain a qualitative current-voltage characteristics we have de-
termined the conductivity (cg2- = 107! [Q~L.em™!] + 107 [27L.em™!]) of our
materials where the measured resistance vary in the range 1 MQ + 10 k€2 de-
pending on the temperature and the dopant concentration. On the basis of
these results the ohmic drop in the oxide electrolytes (IR) can be calculated
and subtracted from the potential-current characteristics in order to improve
the peak sharpness. We keep in any case the IR drop low because of the small
electrode surface but its subtraction from the E/I curves helps for a clearer

presentation.

Finally we suggest to apply the Zr/ZrOs couple as a reference electrode in-
stead of noble metal electrodes. The advantages of Me/MeOy are the constant
oxygen activity at the metal/oxide interface and the stable and reproducible
electrode potential. We have used UV photoelectron spectroscopy to determine
the exact value of Zr/ZrO reference couple: E7 J7x0s = —0.59 V at room tem-
perature vs. the standard hydrogen electrode scale or —3.87 eV vs the absolute
physical scale. On the other hand we show that from thermodynamic and also
kinetic reasons the noble metal electrodes are not appropriate to be used as

reference electrodes.
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6.3 Electrochemical studies on the nitrogen reaction

It is not only of theoretical but also of practical importance to find out whether
molecular nitrogen is electrochemically active. As discussed in section 1.1 ni-
trogen is usually treated as an inert gas and only the report from Wilcock-
son [19] leaves the door for further discussions open. The nitrogen molecule
(N — N distance 1.0976 A) is very stable. Its dissociation energy corresponds
to 945.33 kJ/mol or 9.79 eV. The dissociation constant for: No — 2N is K4 =
107160 [132]. So practically we cannot expect the existence of free nitrogen
atoms even at elevated temperatures. The study of the electrochemical nitrogen
reaction on oxygen conducting electrolytes is even more complicated, because
it proceeds simultaneously with the oxygen redox reaction and in the case of
very low oxygen partial pressures an electron exchange between the electrode

and the solid electrolyte takes place (reduction of the electrolyte).

We have studied the nitrogen reaction by potentiodynamic and as well by
steady state electrochemical methods. In order to distinguish the nitrogen
signals from those of the possible simultaneously proceeding concurrent redox
processes on the current-potential curves the electrochemical characteristics of
the oxygen reaction and those of electron exchange between YSZ and the work-
ing electrode in argon atmosphere were firstly determined and just after the
studies on the nitrogen reaction were performed. In order to obtain a direct
confirmation of the nitrogen incorporation, the surface of the electrolyte be-
neath the electrode contact was analyzed after electrochemical polarization by

SIMS.

6.3.1 The oxygen reaction

The oxygen reaction of yttria stabilized zirconia has been thoroughly studied
with a variety of solid electrolytes and electrode materials. In most studies
the Pt or Ag (i.e. noble metals) reference electrode are used. If we directly
accept the reaction characteristics from the existing literature this could lead
to wrong assumptions concerning the reaction potentials reflecting in incorrect

interpretation of the experimental results. We performed potentiodynamic and
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steady state polarization measurements in order to determine the potentials
of oxygen reduction respectively oxidation on micro electrodes with Zr/ZrOq

reference electrode.

FEzxperimental details

We performed potentiodynamic (CVA, LSV) and steady state (galvanostatic
and potentiostatic) electrochemical experiments on the oxygen reaction with
gold micro-electrodes on approximately 3 pm thick 9.5YSZ films, deposited by
PLD on a Zr/ZrO4 substrate used as both reference and counter electrode. The
sweep rate for LSV and CVA was varied in the range 100 mV.s~! up to 1 V.s~1.
The applied voltages were in the range &= 6 V, and the temperatures varied

between 400 °C and 700 °C.

Dynamic electrochemical measurements(CVA)

In fig. 6.9 the first two sweeps from the cyclovoltammogram of a gold working
electrode on 9.5YSZ in air are presented. The measurements started at highly
positive potentials (E = 4.3 V vs Zr/ZrO3) where the lattice 0%~ ions are
oxidized to molecular oxygen. In the cathodic sweep this oxygen is reduced
again to O?~. The peak potential of the reduction reaction: Oy 4 4e~ — 202~
is registered at £ = —0.85 V. Beside this peak no other reactions are detected up
to potentials of about —6 V. On the reverse (anodic) sweep a peak associated
with oxygen adsorption on the electrode surface appears at potentials £ = 1.65
V followed by an increase of the anodic current due to oxygen evolution. This
voltammogram shows no significant differences with those well known from the
liquid electrochemistry. It demonstrates clearly that the oxygen reaction is
completely irreversible (charge transfer controlled) since the potential difference
between the cathodic and anodic peak potential is much larger (over 2.5 V)
than those required from the criterium for reversibility of the system given
as By — Ef = 23K i [96]. In the second cycle of the cathodic sweep the
oxygen reduction peak is at the same potential position (E = —0.85 V), but the
current of the peak is much lower. As in the first cycle no other cathodic peaks
are present in the whole potential range. A further increase of the number of

cycling results in voltammograms absolute identical with those from the second
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Fig. 6.9: Cyclovoltammogram of a gold micro-electrode on a 9.5YSZ thin film in oxygen

atmosphere. T = 450 °C; sweep rate v = 500 mV.s~!

cycle.

The difference between the first and the following sweeps is not surprising,
as the starting potential is highly positive and the equilibration time of the po-
tentiostat was set to 10 seconds. During these 10 sec we saturate the electrode
surface with oxygen molecules which are subsequently reduced in the cathodic
sweep resulting in high current peak values. On the reverse (anodic) scan oxy-
gen molecules are also produced, but as the sweep rate was 500 mV.s~! their
quantity is much lower compared to those at the initial conditions. The lower
oxygen amount on the electrode surface results in lower reduction currents on
the cathodic scans of the second and following cycles. When the experimental
conditions are not changed in the following runs the form and position of the

voltammograms remain constant.

The experiments with a variation of the sweep rate shown as expected a

negative shift in the oxygen reduction peak potential by increasing the sweep
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rate. However, as these results are going out of the scope of this work they are

not analyzed or discussed further.

Steady state electrochemical measurements

The steady state galvanostatic experiments on gold electrodes demonstrate that
the oxygen reduction reaction, respectively the oxygen limited current appears
at potentials between —1 V and —1.5 V versus Zr/ZrO; reference electrode.
Figure 6.10 presents the current-voltage of a gold working electrode dependence

on 9.5YSZ solid electrolyte. A plateau associated with the limited current of

10 F Au working electrode .
L] 9.5YSZ electrolyte |
T=450°C
8t ' : : : _
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Fig. 6.10: Galvanostatic current-potential curve at a gold electrode on 9.5YSZ in oxygen
atmosphere. T = 450 °C

the oxygen reduction can be seen at about —1 V. A further increase of the
current does not lead to a large potential shift and corresponds to enhanced
oxygen incorporation rate, as no reduction of the material has been detected.

We observed that within the current range from 0.06 mA to 0.9 mA the potential
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values were not stable and oscillated continuously with a constant rate between
—1.3 —2.4 V. If the current exceeds 0.9 mA the potential characteristics become
stable with the time again. The origin of these oscillations is not clear. As
possible explanation we suggest that in this region because of charge transfer or
diffusion problems we gather a certain amount of oxygen atoms and/or molecules
at the electrode/electrolyte interface. The created layer acts as an insulator and
shifts the potential towards more negative values. When the potential required
for the reduction and incorporation (diffusion in the bulk) is achieved the surface
amount of accumulated oxygen is consumed and the potential shifts back to its
initial value. This procedure is repeated until the current is high enough to

ensure a regular consumption of the adsorbed species.

On the n/logi plot (fig. 6.11) two Tafel regions can be identified. The first
region is found at potential values up to —1 V and the second region is found

at values above —2 V. In both regions the high values for the Tafel constant
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15F p=-0.72 =.0.75 ]
L 6 2 " ' |
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Fig. 6.11: Tafel plot of the current voltage characteristics of a gold electrode on 9.5YSZ
in oxygen atmosphere. T = 450 °C
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b suggest that the process is diffusion controlled or at least controlled by both
the charge transfer and diffusion. The oxygen diffusion from the gas phase to
the reactive electrode/electrolyte interface cannot be the limiting factor (the gas
diffusion is fast) so the diffusion of the oxygen species into the bulk remains to
limit the current. As the operating temperatures are relatively low to ensure the
maximum ion conductivity of YSZ we can expect that the process of diffusion

in the bulk is limiting the overall process.

The results of the steady state polarization measurements seems to disagree
with the CVA experiments demonstrating clearly a serious difficulties in the
electron exchange. But comparing the both methods we should keep in mind
that during the potentiodynamic measurements (higher sweep rates) we may not
detect the diffusion limits as the reactance time is short and thus we determine
only the charge transfer resistance. So the results from both measurements are
not in conflict and we can assume that the oxygen reduction process is limited
in real-time conditions by the diffusion of O%~ species from the electrode surface

into the bulk.

In the same system and under the same conditions we investigated the oxy-
gen evolution process. It starts at potentials of about 1 V. The steady state
galvanostatic curve shows higher Faradaic currents in the order of potentials

above 1.3 V.

A plateau associated with the limited current of oxygen evolution is found at
1.9 V, followed by a rapid increase of the current. Because of the large plateau
(about 1 V) we can confirm the results obtained by the CVA experiments sug-
gesting that the oxygen species are firstly adsorbed on the electrode/electrolyte
interface and later at higher potentials oxygen gas molecules are evolved. How-
ever such a mechanism is well known in the liquid electrochemistry and can
also be expected on solid electrolytes. The slope on the Tafel plot shown on
fig. 6.13 suggests an oxidation process controlled also by diffusion. The limiting
factor may be as in the case of the reduction process the diffusion of the 0%~
from the bulk towards the electrode surface, but it can also be the evolution
or recombination of the oxygen atoms/molecules from the electrode in the gas
phase. From this study alone it is difficult to conclude which of these both steps

is exactly the slowest, respectively we do not offer a concrete mechanism of the
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oxygen evolution. We investigated the oxygen reaction and we have determined
the potentials at which the oxygen process takes place and the kind of its control

only in order to distinguish the oxygen from the nitrogen process.
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Fig. 6.12: Anodic galvanostatic current voltage characteristics of 9.5YSZ at gold electrode

in oxygen atmosphere. T = 450 °C

Conclusions

From both cathodic and anodic experiments we can conclude that the oxy-
gen reaction proceeds in both directions under diffusion control. Of course we
cannot exclude (because of the low exchange current densities) that both the
diffusion and the charge transfer are determining the reaction rate (mixed con-
trol). However the diffusion of the lattice O?~ ions into the bulk material at
these temperatures seems to be the limiting factor of the overall electrochemical
process. The experiments performed at higher temperatures (up to 800 °C) do
not show large deviations in the potential peak positions but the current densi-
ties were larger. In our further studies on the nitrogen electrochemical reaction
we expect to detect the oxygen impurities (if any) resulting in a reduction peak

at potential position of about -1 V vs. Zr/ZrO; reference electrode.
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Fig. 6.13: Tafel plot of the anodic current voltage characteristics of 9.5YSZ at gold elec-
trode in oxygen atmosphere. T = 450 °C

6.3.2 Electrochemical nitrogen reduction

The process of electrochemical reduction of nitrogen is pretty complicated. As
discussed in section 2.5 a reduction process involving simple nitrogen species
(N37) was reported only in [57] and [58] for high temperature nitrogen ion con-
taining melt electrolytes purged with gaseous nitrogen. We performed studies
of the molecular nitrogen reduction for the first time on oxygen conducting

electrolyte.

FEzxperimental details

We performed potentiodynamic (CVA, LSV) and steady state (galvanostatic
and potentiostatic) electrochemical experiments on the nitrogen reaction with
gold micro-electrodes on approximately 3 pum thick 7YSZ films, deposited by
PLD on a Zr/ZrO4 substrate used as both reference and counter electrode. The

sweep rate for LSV and CVA was varied in the range 100 mV.s~ ' up to 1 V.s7!.
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The applied voltages were in the range from 1 V to —4 V and the temperatures
varied between 600 °C and 700 °C. The nitrogen reduction reaction was studied
in a pure nitrogen atmosphere with ap, = 107!4. As inert atmosphere a pure

argon (ap, = 10713) was used.

Dynamic electrochemical experiments (CVA, LSV)

The cyclovoltammetry and linear sweep voltammetry have found a wide ap-
plication in kinetics studies and electrochemical characterization of all kind of
redox systems (see section 3.1.3, p. 72). In figure 6.14 the cyclovoltammogram
on 7YSZ electrolyte at gold micro electrode is presented. The temperature is
700 °C and the cell is thoroughly purged with ultra pure nitrogen (a flow rate
of 4 sccm) where oxygen activity measured at the gas outlet is extremely low
- ap, = 10714, It can be seen that the voltammogram has quite complicated
form. At least four cathodic peaks (the lack of sharpness is due to the IR of
the electrolyte) have been detected on the forward sweep. However no anodic
peaks were registered on the reverse sweep, which is a clear criterium that all
cathodic peaks are definitely irreversible. The absence of anodic peak on the
voltammogram shows that the polarization of the cathodic reaction was too
high and the oxidation potentials of the reaction lie out of the potential range
of the sweep. Our LSV experiments on the nitrogen oxidation show peaks at

potentials of approximately 2.5 V.

To confirm that the cathodic peaks are really associated/related to the ni-
trogen reduction and no other processes like for example the electrolyte reduc-
tion are involved we have performed measurements in pure argon atmosphere
(a0, = 10713). This CV curve is shown on fig 6.15 below, but it is also shown
for comparison in fig. 6.14. On the curve recorded in pure argon (i.e. in really
inert atmosphere) the currents are of about one order of magnitude lower than
those in nitrogen. It starts at equilibrium potentials of about E = —2.5 V. This
value is very close to the theoretical predictions for the potential of electrolyte
decomposition. No peaks can be seen on the voltammogram and the current
rises approximately exponentially with the increase of the potential. It should

be mentioned that the current corresponding to the potential at equilibrium
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Fig. 6.14: Cyclovoltammogram on 7YSZ at gold micro electrode in ultra pure nitrogen
atmosphere. T = 700 °C; N, flow rate = 4 sccm; ap, = 10714; sweep rate v =
200 mV.s~*

conditions (the initial potential) does not equal zero as it should be expected.
It starts at a non-zero value, decreases and just after reaching zero starts to
increase. We can explain this behavior with a difference in the concentration
of the adsorbed species on the electrode/electrolyte interface (the first two or
three atomic layers) compared to the bulk material, where the regular distri-
bution of the defect species is governed by the electro neutrality conditions in
one homogenous environment. The higher surface concentration causes a higher
reduction current. However the experiments performed in Ar confirm that the
peaks recorded in the CV curve (fig. 6.14) are associated with the nitrogen

electrochemical reduction.

It can be seen that on the cyclic voltammograms the cathodic and the anodic
part of the curve overlay. This overlapping causes difficulties for the determina-

tion of the exact position of the recorded peaks. Additionally the reverse sweep
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Fig. 6.15: Cyclovoltammogram on 7YSZ at gold micro electrode in ultra pure ar-
gon atmosphere. T = 700 °C; Ar flow rate = 4 sccm; ap, = 10713; sweep rate
v = 200 mV.s~!

does not provide any useful information as no peaks appeared. For these reasons
we discuss in the further analysis only the forward scan, i.e the linear sweeps
(LSV). Another advantage of LSV is that during the experiments it is not pos-
sible to oxidize the lattice O?~ ions (only cathodic potentials were applied) thus
forming unexpected oxygen species. In figure 6.16 linear sweep voltammograms
on zirconia electrolytes with 3, 5, 7, 9.5 and 13 mol% Y203 are shown. We
determine the potential positions of the four peaks recorded at sweep rate of

100 mV.s~!, present in table 6.3.2. During the experiments we acknowledge

peak 1 | peak 2 peak 3 | peak 4

E, || 27V |-28 V |-311 V|-34 V

no oxygen peak (expected in potential range between E = —0.8 V and —1.5
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V). So we can be sure that the oxygen reaction does not influence the recorded

electrochemical characteristics.
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Fig. 6.16: Linear sweep voltammograms on micro electrodes in ultra pure nitrogen at-
mosphere after IR correction. Ny flow rate = 4 sccm; ap, = 10714; sweep rate
v = 100 mV.s~!

a) 3YSZ at 840 °C; b) 5YSZ at 800 °C; ¢) 7YSZ at 700 °C; d) 9.5YSZ at 750 °C; e)
13YSZ at 650 °C

The analysis of the voltammograms recorded at various sweep rates (up to 500

mV.s~!) are performed according to the criteria given in chapter 3.1.3. However
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Fig. 6.17: E,/Inv plot for 7YSZ (left) and 9.5YSZ (right) on gold micro electrode at

temperature 700 °C in pure nitrogen (ap, = 10714)
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because we changed the position of the micro-electrode for each new sweep
rate (in order to eliminate the influence of nitrogen incorporated during the
sweeps) the real electrode surface may vary and cannot be defined exactly, re-
spectively no current density can be calculated we do not use the plot i, vs. vl/2
as a criteria for reversibility /irreversibility. Additionally the diffusion coefficient
of nitrogen ions is still not precisely determined and the transfer coefficients are
not known so we cannot calculate the theoretical slopes for this dependence to
compare them with the experimental ones. However as already mentioned the
absence of anodic peaks on the reverse scan of CV’s is a clear diagnostic that

the processes are controlled by the charge transfer and not by the diffusion.

Further in order to determine the Tafel constant b, respectively the parameter

an (b = f’ﬁ?) we plot the peak potential versus logarithm of the sweep rate
(Ep vs. Inv). From the slope of the line the Tafel constant b was calculated.
On figure 6.17 E,/Inv plots for all four peaks on 7YSZ and 9.5YSZ electrolyte
are present. The values for b vary in the range between 106 mV and 230 mV for
this temperature. If we take into account that % = 0.084 the values for an,,
can be calculated. Assuming one or maximum two electron exchange per single
act we calculate a transfer coefficient for each the individual steps between 0.4

and 0.6 which value is usual for the transfer coefficient in the electrochemically

controlled kinetics.

Determination of the activation energies

As next step we have performed measurements at different temperatures in
the range 500 °C + 840 °C in order to determine the activation energies of
the individual steps. It has been already discussed (see chapter 2.6.1) that
the chemical reaction rate can be expressed in electrical units: v = i/nF. So
plotting the dependence of the peak current on the temperature in Arrhenius
(logi vs 1/T) coordinates we calculated the activation energies. In figure 6.18
Arrhenius plots for 7YSZ and 9.5YSZ solid electrolytes are given. Two regions
can be clearly distinguished on both graphs. The first one is up to temperatures
of approximately 750 °C. The Arrhenius plots consist of straight lines with slopes
corresponding to the activation energies of the individual steps of the nitrogen

electrochemical reduction. The second region is at temperatures above 750 °C
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up to 840 °C. In this region we calculate negative slopes, respectively negative
activation energies, because the current decreases with increasing temperature.
To explain this result we suggest that in this region the nitrogen molecules had
become enough thermal energy to desorb from the electrode surface in the gas
phase, thus lowering the rate of the electrochemical reaction. The latter results
in negative slopes of the activation energies. The temperature range near 750
°C seems to be a very special region for the YSZ/Me(Ng) system. Exactly at
these temperatures we measure a maximum in the double layer capacity (see
chapter 6.1.4). Above 750 °C this capacity also decreases. As Ny molecules
are electrically neutral species their adsorption at the electrode/electrolyte in-
terface causes an increase in the capacity of EDL and respectively their des-
orption should decrease it. So both capacity measurements and temperature
dependent experiments (Arrhenius plot) confirm our suggestion that at tem-
peratures of about 750 °C a maximum concentration of adsorbed species is
achieved. Above these temperature these species are desorbed or at least leave

the electrode/electrolyte interface.

Further we have compared all the activation energies in order to determine
the step controlling the overall reduction process i.e. we calculate the activation
energies for all four peaks recorded on zirconia electrolyte with different YoOg3
concentration and we have compared them as individual and absolute values.

Figure 6.19 presents the variation of individual peak activation energies as a

function of dopant amount. The individual peak values vary in the range of 1
eV up to 3.06 eV. For the sample doped with 3 mol% yttria the highest activation
energy is required for the fourth step of the reduction process Ep = 3.08 eV.
It is followed by the second, third and the first steps with decreasing energy
values respectively. The sample doped with 5 mol% Y203 shows the largest
deviation in the peak activation energies of the individual steps. The first one
consists of only 1 eV, followed by second, third and the fourth steps, where
the highest activation is needed for the last one Ep = —2.02 ¢V. The most
favorable energetic conditions for the nitrogen reaction are measured for the
7YSZ sample. The first peak (E = —2.7 V) requires activation of only 1.89 eV
and the highest energy required is for the second peak at potential of —3.0 V:
Ea =1.94 eV. The 9.5YSZ electrolyte has much higher value of the first peak



6.3 Electrochemical studies on the nitrogen reaction 159

T T ' T T T T+ T T T T 1
3.0 F N
—m—peak 1 (E=-2.7V)
—e—peak 2 (E=-3.0V)
] —A—peak 3 (E=-3.1V)
o5 L —v—peak 4 (E=-34V) |
|
E 20k v v
LLI< A
15} o 7]
1.0 - 7]
1 1 1 1 L 1 1 1 1

Y203/ mol%

Fig. 6.19: Dependence of the individual peak activation energies at gold micro electrodes

on YSZ electrolyte as a function of Y2O3 content

(Ea = 2.32 eV) but it is the highest one compared with the other three peaks.
They are characterized by approximately equal activation energies of 2.0 eV. In
table 6.1 the calculated values of the activation energies as a function of yttria
content for the different peaks are summarized. The individual values of the
activation energies provide an information about the maximal energy required
to proceed the overall reaction and respectively which of the individual step
is determining the reaction rate. Additionally we can compare this energy for
zirconia containing different Y903 amount and choose the most appropriate

solid electrolyte.

As already mentioned above the most favorable electrolyte we found to be
TYSZ. Its activation energy of the second step of 1.94 eV is the lowest activa-
tion energy (compared to the samples with other yttria content) determining
the overall reaction rate. Further followed the 5YSZ with 2.02 eV, 9.5YSZ with
2.32 eV and at the end is 3YSZ with 3.08 eV. We also can see that the reaction
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Table 6.1: Activation energies of the different electrochemical reduction steps as a function

of Y503 content in zirconia

3YSZ 5YSZ 7YSZ 9.5YSZ

peak 1] 27 eV |1 eV | 1.8 eV | 2.32 eV
peak 2 || 3.06 €V | 1.48 eV | 1.94 eV | 2.06 eV
peak 3 || 3.02 eV | 1.71 eV | 1.89 eV | 2.04 eV
peak 4 || 3.08 eV | 2.02 eV | 1.87 eV | 1.95 eV

proceeds with different rate determining steps depending on the Y2Og3 concen-
tration. Thus for the 3YSZ and 5YSZ the last step determines the overall rate
whereas for 9.5YSZ and 7YSZ the first, respectively the second one is the lim-
iting factor. It looks perhaps surprising, that the electrolyte with the highest
vacancy concentration (9.5YSZ) requires higher activation energies for nitrogen
reduction than those with 5 mol% and 7 mol% yttria. However the change of
the double layer capacity as a function of the dopant concentration may answer
explain this result. It is well known that the capacity and the structure of the
EDL are related to the overvoltage. As higher is the capacity as higher is the
activation energy of the reaction and as higher is the overvoltage required to
keep a constant reaction rate. The double layer capacity for the 9.5YSZ has the
highest value compared to the electrolytes doped with 3, 5 and 7 mol% yttria.
That is the reason why the activation energy is high and may be exactly that is
the reason the first step to be the limiting one. Of course in the case of 3YSZ
the high activation energies are related to the high resistivity of the material
and the low vacancy concentration. Also we should clearly distinguish the elec-
trochemical reduction, which is a surface/interface process and diffusion in the
bulk. The potentiodynamic measurements are sensitive to surface reactions and

not to the slower diffusion processes.
Conclusions

To summarize the results from the cathodic potentiodynamic measurements:
We detect the electrochemical signals of the reduction process of molecular ni-

trogen. At least four peaks were registered in the potential range between E =
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—2.5 Vand —3.5 V versus Zr/ZrOg reference electrode. All the individual steps
are irreversible. The charge transfer of these individual stages is characterized

by values for the transfer coefficient « of approximately 0.5.

The measurements performed at different temperatures allow to calculate the
activation energies of the individual steps and as well to determine the activation
energy of the step controlling the rate of the overall reaction. In Arrhenius plot
two regions were distinguished: below and above 750 °C. At temperatures below
750 °C the values determined for the individual peaks depending on the Y503
content in the ZrOs electrolyte vary between 1 eV and 3.08 eV, where the most
favorable condition is obtained for 7YSZ. At temperatures above 750 °C the
activation energies become negative. We interpret this result with desorption of
nitrogen atoms/molecules and/or other species from the electrode/electrolyte
interface. These results supported the conclusions from the measurements of
the double layer capacity showing a maximum at 750 °C thus suggesting the

adsorption/desorption processes at this temperature.

Steady state electrochemical measurements

In contrast to potentiodynamic methods the steady state polarization measure-
ments are not appropriate for direct detailed studies of all the individual electro-
chemical steps especially if they do not proceed with comparable rates. But as
already discussed in section 3.1.3 the advantage of this method is the complete-
ness and integrity of the information which we extract from the current-voltage
dependencies. In contrast to CVA the electrochemical response originates not
only from the concentration of species in the vicinity of the surface but also

from the bulk of material.

We have studied the electrochemical nitrogen reduction in the temperature
range between 650 °C and 700 °C. This region has been chosen in order firstly
to ensure a high ionic conductivity and secondly to avoid any undefined ex-
perimental conditions due to adsorption/desorption processes taking place at
temperatures around 750 °C (see 6.3.2) which will influence the recorded elec-
trochemical characteristics. In figure 6.20 the steady state potential-current

curve of a gold micro-electrode on 7YSZ is shown as a function of time. This
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Fig. 6.20: Steady state potential-current curve of a gold micro electrode on 7YSZ in pure

nitrogen. T = 700 °C, ap, = 10714

presentation of the results has the advantage that it also depicts the current-
time dependence giving an impression for the charge used for the process. The
charge can be further calculated by integration of the area beneath the I/t
curve. In contrast to the steady state curve in oxygen the E/I dependence
in nitrogen starts at much lower (more negative) potential values. Due to the
reduced oxygen content in the working atmosphere the oxygen species do not
contribute to the potential determining reaction (at least not so strong) and the
electrochemical equilibrium is shifted to the next redox couple. Additionally the
polarization (the overvoltage) of the reaction is extremely high (about 600 mV)
which is a sign for a large capacity of the electrical double layer and leads to

the conclusion of reaction rate controlled totaly by the charge transfer kinetics.

On the curve two plateaus can be distinguished. Each of these plateaus
represents a limited current of the overall electrochemical reaction. The first

one appears in potential range between £ = —2.78 V up to £ = —2.82 V
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and the second one in the range of £ = —2.94 V up to F = —2.96 V. A
further increase of the potential does not change the form of the curve. At
potential values above —2.5 V according to the thermodynamical calculations
the process of reduction of the electrolyte can also appear. However its rate is
much lower than those of the nitrogen reaction but in long lasting experiments
(exceeding 40 min.) this reaction should not be neglected. In our experiments
taking over 40 minutes we detect an increase of the electric conductivity of the
samples. The latter is most probably a result of the substitution of oxygen by
nitrogen resulting in ZrN formation (ZrN is an electronic conductor) and/or
due to the reduction of YSZ. Both factors can contribute to increase the overall
conductivity but a detailed spatially resolved analysis on eventual change in the

structure of the material were not possible.

More detailed information on the redox processes was obtained by present-
ing the experimental data in Tafel plot as shown on figure 6.21 below. On the
Tafel plot we can clearly define three regions. The first one at the beginning
(E=-1.9Vupto E=—-2.2V) is characterized by negligible Faradaic current
(non-Tafel region), where the potential - current dependence is still not expo-
nential but linear (see chapter 2.6.1, p. 47). The second region is the most
extended one between £ = —2.2 V and F = —2.85 V. It is a typical Tafel
region with a slope of 225 mV. The third and the last one is in the potential
range ' = —2.85 V and = —3.08 V. It is characterized by a higher slope and
the electrochemical process is controlled by diffusion or has a mixed control.
From the results presented in the Tafel plot we draw the following conclusions:
The electrochemical process of nitrogen reduction occurs under charge transfer
control. A Tafel slope of b = 225 mV was determined. The exchange cur-
rent density was calculated according to the relation iy = exp(—a/b) and has
extremely low values: iy = 6.57 x 10718 A.em™2 which experimentally proofs
that the nitrogen molecules have a negligible self-incorporation rate into zirconia
solid electrolyte, predicted also by the thermodynamic calculations in chapter
2.3. To calculate the transfer coefficient o we take into account that at this
temperature the constant RT/F has the value of 84 mV and for the parameter
an the value of 0.86 was obtained.However on the basis of this value alone we

still cannot make any conclusions concerning the energetic barrier of the process
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Fig. 6.21: Tafel plot of steady state potential-current curve on 7YSZ at gold micro electrode
in pure nitrogen. T = 700 °C, ap, = 10714

because we do not know the number of the exchanged electrons at this step.

Mechanism of the electrochemical nitrogen reduction

In order to study the mechanism of the electrochemical nitrogen reduction we
combined the steady state polarization measurements with the concept for the
stoichiometric number as described in section 2.6.3, p. 51. We plot together
the anodic and the cathodic polarization curve in logarithmic coordinates as a
function of the overpotential. The anodic curve was recorded on a sample of
nitrogen doped 7YSZ solid electrolyte prepared via pulsed laser deposition at
gold micro electrodes. In order to prevent any oxidation reaction of the mole-
cules from the gas phase (oxidation of Ny to N** species) we have performed
the measurements in pure argon atmosphere (ap, = 10713) at the same temper-
ature (700 °C) as the cathodic curve was recorded. As the No/N3~ redox couple

has more negative standard electrochemical potential than the O/O?~ couple,
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N3~ ions should be preferably oxidized. Because of the complexity of the nitro-
gen reaction we have additionally subtracted from the anodic curve of N-doped
7YSZ sample the I — E curve of an electrolyte which does not contain nitrogen
ions. So we assume that the recorded current-voltage dependence is a result of
the electrochemical oxidation of nitrogen. The combined anodic/cathodic Tafel

plot is shown on figure 6.22. According to the theory of the single step electron
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Fig. 6.22: Mixed anodic and cathodic Tafel plot of steady state potential-current curve of
a gold micro-electrode. The anodic curve was taken in pure argon on a N-doped 7YSZ

sample. The cathodic curve on 7YSZ in pure nitrogen. T = 700 °C

transfer (see chapter 2.6.1) both tangents (cathodic and anodic) to the Tafel
slopes should cross in one point at n = 0, thus determining the exchange cur-
rent density. For such simple processes the exchange currents of the anodic and
the cathodic reactions are equal. In graphic 6.22 this is obviously not the case
as the both reactions have different exchange currents and do not cross at n = 0.
The latter is an evidence for a multi-step charge transfer reaction. It can be seen
that the anodic exchange current is much larger (of approximately ten orders

of magnitude) than the cathodic one which demonstrates that nitrogen ions are
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much faster oxidized as nitrogen molecules are reduced and incorporated. Thus
the electrochemical reduction of nitrogen is found to be complicated, where the
charge transfer is controlling the kinetics of the overall reaction. From the Tafel
slope we cannot calculate the transfer coefficient « or 3 for the cathodic, re-
spectively anodic reaction, but the apparent transfer coefficients a. and «, as

defined in section 2.6.2 (p. 50). From the relations b. = 2§’pr and b, = 25(3@1?

we have calculated the apparent transfer coefficients: o, = 0.86 and a, = 1.17.
Assuming a multi-step electrochemical process we apply the concept of stoichio-
metric number for the overall redox reaction: N + 6e~ = 2N3~, which involves
the exchange of six electrons. In general it is energetically highly unfavorable
that all six electrons are transferred by a single elementary act. Such reactions
involving the transfer of more than two or three electrons in a single act are
extremely rare and we neglect the possibility that all six electrons in the nitro-
gen electrochemical reduction are transferred in one single step. To understand
the mechanism of the reaction and to suggest a reasonable reaction route we
have to evaluate the stoichiometric number of the rate determining step which
controls the overall reaction rate. Equation 2.138 relates the apparent transfer
coefficients and the total number of exchanged electrons to the stoichiometric
number v as: v(a.+a,) = n. From the Tafel slope shown on fig. 6.22 the appar-
ent transfer coefficients a. and a, equal to 0.86 and 1.17 respectively. We also
assumed that the total number of exchanged electrons n = 6, and substituting

these values in eq. 2.138 we obtain:

n—m

Qe + g = (T:+aRDS> + ( —aRDS> (6.15)

or
n 6

e =~ 3
o+ oy 0.86+1.17

(6.16)

where appg is the transfer coefficient of the rate determining step. The value

obtained is the number of repetitions of the slowest step (RDS) in order to

proceed from nitrogen molecule to the final product 2N3~. In the reaction rout

the rate determining step should be repeated 3 times i.e. v = 3. An additional

criterium in the evaluation of the reaction parameters is the ratio g—z From
e _ _mta

this ratio we calculated, according to 5= = 52~ the number of steps before

(m) and after (n — m — v) the rate determining step (see eq. 2.145, p. 56).
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Because nitrogen can exist as an anion in all possible valence states (-1; -2, -3)
and because the single electron transfer is the mostly energetic favorable we

assume that in each of the intermediate steps only one electron is transferred.

a. (% +arps)

= =a

(6.17)
™ — agpSs)

Qg
If we substitute for simplicity in this equation a./a, by ¢ and assume a transfer
coefficient value of the single electron transfer process in the rate determining
step arpg = 0.5 we can solve the equation in respect to m and obtain:

c 0.74
- on— v=———F1]-6—-05-3~1 1
m <1+c) n — arps -V (14_0.74) 6—0.5-3 (6.18)

According to equation 6.18 one step precedes the rate determining step (m = 1)

and two steps follow it (n —m — v = 2).

To summarize the results from the steady state polarization experiments: We
conclude that the process of electrochemical nitrogen reduction is a multi step
charge transfer process. The evaluation of the experimental data suggests that
the rate determining step is repeated three times to obtain as a final product
2N3~. The rate determining step is preceded by one and followed by two other

steps under the assumption that in all the steps only one electron is transferred.

The next step is to suggest possible intermediate species. As discussed above
the dissociation energy of the nitrogen molecule is extremely high (see page 143)
and we do not suppose that nitrogen atoms can exist alone and participate in the
electrochemical reduction. It is energetically more favorable that the nitrogen
molecule are partially reduced forming intermediate species of the type Ny
and /or Ng_. Interestingly the existence of Ng_ has been proven by Auffermann
et al. and Prots et al. as being the anion within SrNy [175,176], and it has been
found to be relatively stable. The set of possible reaction routes is formulated

under the following assumptions:

1. Only nitrogen molecules (and not atoms) are participating in the reaction
leading finally to the formation of N3~. Thus we neglect N-atoms as stable

intermediates.

2. We assume that the only possible stable intermediates are Ny and N3~ as

the acquisition of more than two electrons by the nitrogen molecule will
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result in energetically unstable composition which will decompose very

fast.

The reactions listed below described not all the possible reactions, but we have
selected only those involving the transfer at least one but no more than four

electrons per single act.

Ny +e” =Ny (6.19)

Ny +e” =N3~ (6.20)

Ny +2e~ = N2~ (6.21)

N3~ +4e” = 2N3~ (6.22)

N2~ +3e” = N3~ 4 N2~ (6.23)
N2~ 42~ = N3~ 4 N- (6.24)
N2~ +2 =N 4 N (6.25)
ON3™ +4de” = 2N* + N3~ (6.26)
ON3™ +3e” = 2N3" + Ny (6.27)
2N2™ 4+ 2¢” = 2N~ + N, (6.28)
N2~ +e” = N3~ NZ7 + N (6.29)
N3~ +e =N~ + Ny + N~ (6.30)
3N3™ +4e” = 2N% 4 2N3 T (6.31)
3N3” +4e” =3N3" + Ny + N (6.32)
3NZ™ +3e” = 3N~ + Ny + N (6.33)
3N3™ +3e” = 2N3" + N2~ + Ny (6.34)
3N3™ +2e” = 2N% 42Ny (6.35)
3N2™ + 2" = 2N3" 4+ NZ7 4+ N, (6.36)
3N~ +e” = 2N* + Ny + Ny (6.37)

We have formulated eighteen possible reactions involving the formation and the
consumption of the both possible intermediate species N; and Ng_. From these

eighteen equations we can eliminate equations 6.23, 6.24, 6.25, 6.29, 6.30, 6.32
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and 6.33 because they involve either the formation of atomic nitrogen or a single
charged nitrogen atoms which is highly improbable. Additionally equations 6.22,
6.26 and 6.31, respectively 6.27 and 6.34 as well equations 6.36 and 6.28 are equal
and only one of each group remain, and as a final result we reduce the possible

equations to a set of eight electrochemical steps representing the most probable

pathways.

1) No +e” = Ny

2) Ny +e” = NI~

3)  Np+2 = N3°

4) NI t4e = 2N

5)  2N3T +3e” = 2N LN

6) 2NZT + 2" = 2N3T £ Ny

7)  3NZT 12 = 2N3T 2N,

8)  3NIT e = 2N £ N; + Ny

According to equation 2.134 (see page 52) we can calculate the number of
independent solutions:

P=S-1=8-2=6 (6.38)

The six possible reaction routes are further reduced on the basis of the ex-
perimental results i.e. the parameters m, v and n — m — v. The steady state

condition require that the sum of all intermediates along the particular pathway

equals zero. We denote N5 = 1 and Ng_ = 2, and for species 1 it follows:
8
Z vsibs1 =vi1 —v31+uvs1i -2+ =0 (6.39)
s=1

We define a matrix with the possible values for the coefficients vy, (for the s
values the numbers of eqs. 1 - 8 are used) which fulfill the requirements of equa-
tion 6.39. As discussed in section 2.6.3 we can apply any linear mathematical
operation valid for vectors on these solutions and it will be automatically valid,
but it is important to take care that there is a physical meaning behind this
operations. We can sort out different routes for production and consumption
of N5, but it is clear that reaction (1) cannot be excluded as it is the only
reaction which creates N5 species directly from Nj. So all routes with vy 1 =0
are excluded from further considerations. The other solutions are all possible

and on this stage we cannot further reduce their number. In the second step
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Table 6.2: Possible values for the coefficients v, 1 according the solutions of equation 6.39

Vi1 —V31 Vsl 271 g

A
N N = = = e
W W W w NN =
_ O O = O = O
S O = O O o O
O = O = = O O

we analyze the second intermediate species. The steady state condition is here
formulated as:

8
D Vegbso=vaat ks —vap—vs2—Ve2-2—vr2-3—1g2-3=0 (6.40)

s=1

The possible mathematical solutions for this equation are given in the table

below. We neglected the term 159 corresponding to N%_ created in reaction

Table 6.3: Possible values for the coefficients v, 5 according to the solutions of equation
6.40

V3o —li2 —2VUs2 —2U2 —3Ura —3 182

A S
W W W W NN =
O O == OO
o O = O O = O
[ e e e = R ]
O = O O O o o©
_ o O O o o O

(2), otherwise we have no step before the RDS or we should propose another
step to be the rate determining involving species of the type N5~ with x > 2

which do not correspond to our initial conditions and experimental results.
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The analysis of the possible reaction routes involving the formation and con-
sumption of the two most probable intermediate species N5 and N3~ alone sug-
gest more alternative solutions. To reduce their number we take into account
our experimental results and the calculated reaction parameters (m, and v).
We should mention that in the calculation of the steps before (m) and after
(n—m —v) the rate determining step we have assumed that all individual steps
involve only a single electron exchange. In the step before the RDS (m) it is
reasonable to expect only single electron transfer because as the experimental
results suggest we have one step before RDS. If two electrons are transferred
during this first step we should expect as a second charge transfer act (the RDS)
a step involving a creation of intermediate species of the type N;’_. As we al-
ready discussed the energy of such a molecular ion will be too high, i.e this
species will not be a stable intermediate and it cannot polarize the electrode.

In other words such a reaction cannot be a rate determining step.

As the total number of exchanged electrons is six we expect that in the steps
after the RDS two additional electrons are exchanged leading to 2N3~ formation.
We cannot experimentally determine by the steady state measurements if these
two electrons are transferred in a single act or in two steps. In this case we
have to refer to the potentiodynamic experiments (section 6.3.2, p. 151). We
detect four peaks where for 7YSZ electrolyte, where the second one has the
highest activation energy i.e. determines the overall reaction rate. Two peaks
are detected after the RDS and one before. So these experiments confirm our

suggestion for single electron transfer steps.

In table 6.3 we point out the minimum set of independent solutions for the
second intermediate. As the stoichiometric number is three (v = 3) only routes
4 to 7 fulfill the steady state condition requirement. As discussed above we can
multiply the coefficients of the pathways 1 to 3 achieving v32 — 3, but this does
not result in a new independent solution. We can further reduce the number of
the probable reaction routes as route 4 and route 5 are not in agreement with
our initial assumptions (i.e. the value for n), and route 7 (reaction 8) involves
only one electron exchange, whereas our results suggest two steps after the rate
determining step and the number of electrons cannot be lower than two. After

this the only remaining route is route 6 {3 0 0 0 1 0} suggesting reaction



172 6 FElectrode processes

(7) to be the pathway for the overall reaction. Except the final product 2N3~
as a side product 2N, ions are created which can further participate in Ng_

formation.

Referring again to table 6.2 we are now able to propose a reaction route for
the N5 formation involving reaction (7) and we can safely conclude that the only
possible route for these species is route 5 {1 3 0 1 0}, which involves their
formation as a result of reactions (1) and (8) and their consumption by reaction
(3). As a possible mechanism of the reaction of electrochemical reduction of
molecular nitrogen to N3~ on gold electrode we suggest on the basis of our

analysis the following route:

1

Ny + e~ NZ_
N, +e” N2~ (repeated 3 times)

R
3N3™ + 2~ = 2N3T 4 2Ny

The most probable mechanism of the overall reaction of the electrochemical
nitrogen reduction on 7YSZ solid electrolyte at gold electrodes proceeds via
three steps: N5 formation, its reduction to Ng_ which is the rate-determining
step and the final step to form N3~ (the third stage) anion. In this final step Ny
is also produced which leads to a feedback step. The reaction route is graphically

presented in figure 6.23.
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Fig. 6.23: Schematic presentation of the reaction route of the reduction of molecular

nitrogen to nitrogen ion.
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To summarize briefly the analysis and considerations: We have applied the

concept of the stoichiometric number to the study of the mechanism of electro-
chemical nitrogen reduction and incorporation. Two species have been chosen
as the most probable intermediates - Ny and N3~. We have formulated a set
of chemical equations which represent different possible reaction routes for the
overall reaction involving the formation and consumption of these intermediates.
Taking into account the experimentally determined stoichiometric number v and
the number of steps before and after the rate determining step (calculated on
the basis of the results provided by the steady state polarization measurements)
we suggest a mechanism of the overall reaction of the electrochemical nitrogen
reduction on 7YSZ solid electrolyte at gold electrodes, where the rate determin-
ing is the second reduction step and it should be repeated three times in order

to let the overall reaction proceed once.

6.3.3 SIMS analysis on the local nitrogen incorporation

In order to confirm by a direct analytical method the incorporation of nitrogen
ions into zirconia and also to determine at what potential value the incorpora-
tion starts we have analyzed the oxide surface beneath the micro electrode and
its vicinity after polarizing the electrode by secondary ion mass spectrometry

(SIMS).

Ezperimental details

We performed the experiments of the nitrogen incorporation into YSZ elec-
trolyte with 7YSZ thin films deposited by PLD and with (111) orientated 9.5YSZ
single crystals. The working electrodes were of silver or gold. The working tem-
peratures were between 600 °C and 700 °C. The applied voltages were in the
range ¥ = —1.0 Vup to £ = —3.55 V. The experiments in nitrogen atmosphere
were carried out for 10 min and in air for 30 min. The nitrogen incorporation

was proven after the experiments by SIMS.

Electrochemical nitrogen incorporation in thin films and single crystals

Based on the potentiodynamic curves (see figures 6.14 and 6.16) we have firstly

tried to incorporate nitrogen into 7YSZ films at highly negative potential (E =



174 6 FElectrode processes

—3.55 V), where on the voltammograms the mostly negative peak can be found.
After 10 min. polarization time the micro electrode position was changed and
potential of —3.55 V was applied for 5 min. The third position of the elec-
trode was at —3.5 V for 10 min. After the experiment we have analyzed the
electrolyte surface with SIMS to detect if the nitrogen was incorporated during
the polarization. Figure 6.24 shows a combined image of nitrogen distribution
on the surface (SIMS mapping) and an optical picture of the analyzed surface
taken by an interference microscope, where the position of the nitrogen signal

is related to the position of the micro electrode. The SIMS distribution profile

. & \ Point 1

4

Fig. 6.24: Nitrogen distribution on 7YSZ surface after electrochemical polarization in pure
nitrogen atmosphere (ap, = 1071%) at 650 °C (the bright color corresponds to higher
nitrogen content).

Point 1: E = —3.55 V for 10 min.; Point 2: E = —3.55 V for 5 min.; Point 3: E =
—3.5 V for 10 min.

indicates clearly the incorporated nitrogen. The optical image (displayed as a
background) shows that the electrolyte material have been torn by the micro
electrode for Point 1 and Point 2 and for this reason the nitrogen signal comes
only from the near edge positions. At Point 3 (E = —3.5 V) the material beneath
the electrode had not been damaged and we observe a homogeneous distribution
of the nitrogen signal. It can be seen especially for Point 1 and Point 2 that the

nitrogen ions diffuse faster via the grain boundaries, where the bright colored
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lines (corresponding to a higher nitrogen content) mark the diffusion pathway.
In order to confirm diffusion through the bulk material we have repeated the
experiment at the same conditions as Point 3 (F = —3.5 V; t = 10 min) but the
electrolyte was a single crystalline (111) orientated 9.5YSZ. The SIMS analysis

confirms clearly the nitrogen incorporation. Both SIMS ion images proof the ni-
QOZr14N QOZr14N / 962r160
lon intensity  plus average filter

Fig. 6.25: Nitrogen distribution on (111) orientated 9.5YSZ single crystal surface after
electrochemical polarization E = -3.5 V for 10 min. in pure nitrogen atmosphere (ap, =

10~14) at 650 °C (the bright color corresponds to higher nitrogen content).

trogen incorporation into the single crystal. The position of the micro electrode
can also be determined as the intensity of the signal is higher, respectively the
color is brighter. Practically with the experiments on the single crystalline sam-
ple and the thin PLD layer we confirm definitely that the nitrogen is not only
electrochemically active as demonstrated in the electrochemical experiments but
can be incorporated into the oxide. Additional experiments performed at po-
tential valuesof E = —-1.0V, E=—-15V, F=-20V, F=-25V, F=-3.0
V and F = —3.5 V show that the incorporation starts at £ = —2.5 V with
increasing intensity of the nitrogen signal by increasing the applied voltage but
the strongest signal (corresponding to the highest nitrogen concentration) was

obtained for the sample polarized at —3.5 V.

Finally we studied how strong the oxygen reaction influences the nitrogen in-
corporation. For this reason we have applied a voltage of —3.5 V to a 9.5YSZ sin-

gle crystalline samples (random orientation) in both air and argon atmospheres,
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where the both working and counter electrodes (macro electrodes from silver

paste) were positioned on the sample surface as shown on figure 6.26. It can be

Fig. 6.26: Random orientated 9.5YSZ single crystals. On the left is the reference sample.
On the right is the sample polarized (E = -3.5 V) for 30 min at 700 °C in open air

conditions

seen that the sample polarized in air had changed its color from transparent (see
the reference sample) to pale yellow-red. The sample was analyzed by SIMS to
determine if there is a chemical change in the YSZ crystal (i.e. if nitrogen from
the air was incorporated). The nitrogen signal recorded at the both sides of
the sample, approximately 1 pm away from each electrode is presented in figure
6.35. The difference in the intensity of the “ZrN signal on the anodic side (going
down to the background level) and on the cathodic side is clearly demonstrated.
It is more pronounced at a depth up to 250 nm. The both signals become prac-
tically identical at a depth of approximately 1 pm. Of course we expected that
the nitrogen concentration will decrease in the depth as the both electrodes are
placed on the upper side of the crystal and we observe the electrochemical reac-
tion and the following ion diffusion only in the first few hundred nanometers on
the sample surface. In spite of the relatively low total intensity of the nitrogen
signal we should remind that the experiment run for only thirty minutes and
the working temperatures are not as high as in the usual application of YSZ as

electrolyte in the fuel cells.

An additional information we obtain from the optical absorption spectra
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Fig. 6.27: SIMS analysis on the cathodic and anodic side after 30 min. polarization (E =
-3.5 V) at 700 °C in open air conditions

shown in fig. 6.28. The intensity of absorption was measured at the cathodic
and the anodic side of the single crystal polarized in air as well of a reference
sample (only heated in air) and a sample polarized at the same conditions but
in pure argon atmosphere. The spectrum of the sample polarized in air near
the cathodic side is different than the spectra at the anodic side and of the ref-
erence. An absorption in the range between 380 nm and 640 nm was observed
with a broad maxima at approximately 470 nm. The sample polarized in argon
was completely black and almost not transparent, showing a broad absorption
in the whole visible spectrum and as the absorption intensity was much higher

this spectrum is not shown in fig. 6.28.

As we discussed in section 4.2.3 (p.110) the maximum at around 500 nm
was assigned to nitrogen doped and/or reduced YSZ samples where a clear
distinction between both have not been made. However, because our experiment

was carried out in air and no visible blackening of the material was observed we
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assign this absorption to the incorporated nitrogen.
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Fig. 6.28: Optical absorption spectra of a reference sample and the cathodic and anodic
side of the single crystal after 30 min. polarization (E = -3.5 V) at 700 °C in open air

conditions

So nitrogen seems to be incorporated in YSZ material when the equilibrium
potential of the redox couple N3~ /Ny is exceeded. Moreover according to our
preliminary galvanostatic experiments the initial presence of N3~ in the YSZ
(i.e a material initially doped with nitrogen) leads to a shift in the equilibrium
electrode potential thus accelerating the nitrogen reaction rate. Oxygen on the
other hand plays an important role not only as a concurrent reaction, but it

also prevents the reduction of zirconia at these extremely negative potentials.

6.3.4 In-situ XPS study on the electrochemical nitrogen reduction

The electrochemical reduction of nitrogen was studied in-situ during electrode
polarization by XPS experiments (u-ESCA beam line) at the synchrotron ELET-
TRA in Trieste, Italy. A detailed description of the experimental setup and some
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technical details are given in [177] The beam line provides a unique possibility

to follow the reduction steps involving species of different valence state.

Ezperimental details

For our experiment we used an iridium micro-electrode placed on a (111)
9.5YSZ single crystal as gold was found too soft and the contact to the crystal
was not good. The counter electrode was a platinum paste burned on the back
side of the sample. The working temperature was approximately 7" = 500 °C.
The voltage was varied in the range U = 0 V up to U = —3 V. The nitrogen

partial pressure in the XPS-chamber was 10~° Pa.

No nitrogen signal can be detected at voltages up to —1.5 V. When —1.5 V

is exceeded a peak at biding energies of 397.2 eV appears. Typical N 1s spectra
are shown in fig. 6.29.
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Fig. 6.29: N 1s consecutive XPS spectra at iridium micro-electrode after applying a voltage

of U= —1.5V. t - the time (t;>ty>t3>ty), T = 500 °C, p(N2) = 1075 Pa

As discussed in chapter 4 at these binding energies nitrogen is supposed to

exist as N3~ ion most probably participating in a Zr-(O-N) bond. The intensity
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of the signal increases with the time and it can be seen that the last spectrum
(at t4) shows two components. The first one appears at binding energy of 397.2
eV and the second one at 397.9 eV. This splitting of the nitrogen peak was
confirmed later by experiments at higher voltages where this effect was more
pronounced. The appearing of the N 1s peak is reversible and after switching
the voltage off the peak disappears completely with the time. In fig. 6.30 the
decrease of the intensity of N 1s signal is shown after the applied voltage of

—1.5 V was switched off. In this way we have reduced nitrogen at the electrode
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t1
>t -
z :
g
gL -
ts
t4
1 " 1 " 1 " 1 " 1
394 396 398 400 402

Binding energy | eV

Fig. 6.30: N 1s consecutive XPS spectra at iridium micro-electrode after switching the
applied voltage of U = —1.5 V off. t - the time (t; >to>t3>t4), T = 500 °C, p(N5) =
1075 Pa

and nitrogen species have been detected on the surface but it has not been
incorporated in the YSZ single crystal and desorbs from the surface if the electric
filed is not present. Applying more negative voltage to the micro-electrode the
intensity of the nitrogen peak increases as shown in fig. 6.31 but the process
remains reversible until a voltage of —2.5 V was achieved. Above this voltage

the nitrogen peak remains constant as position and intensity after switching the
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voltage off. In fig. 6.31 we also register the existence of at least one another

3.0V |

2.5V

_ 23V |

- WM%MAM 2.0V
MWW%N ATV

394 396 398 400 402

intensity

Binding energy | eV

Fig. 6.31: N 1s spectra at iridium micro-electrode at different voltages, p(N2) = 1075 Pa,
T =500 °C

peak component at higher biding energies. It is especially pronounced for the
spectra recorded at —3.0 V. As reference data are not available at this point
we cannot identify the surface species and we cannot conclude about the charge
they carry. However, it is clear that the shift of the peak position towards higher
binding energies is related to a decrease of the negative charge. As the second
component is much more pronounced at higher negative voltages we exclude the
possibility that nitrogen can be present at —3 V in a valence more positive than
at —1.5 V or —2.7 V. In addition, according to our conclusions from the steady
state electrochemical experiments the limiting factor for the reduction is the
charge transfer i.e. not all ions/molecules at the electrode/electrolyte interface
can react. Thus we suggest that the peak at this binding energies may represent

negatively charged molecular anions.

In order to study in more details the nitrogen speciation we improved the
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time resolution. All spectra shown in figures 6.29- 6.31 are a sum of at least
three consecutive sweeps. The time necessary to collect these sweeps depends
on the energy resolution, the step and the scan range. However at least five
minutes are required for one integral scan. Recording each individual spectrum
we improve the time resolution at least by a factor of three. Individual N 1s
spectra recorded consecutively upon polarization of —3 V are shown in figure

6.32. Two different nitrogen species can be clearly distinguished. The first

392 394 396 398 400 402
F T T T T T T T T T T 3
- N1s - Peak M, .
L U=3V A % ]
| T=550°C ?@f? .
£ A4 ' weep3
- ‘mwmm# ! Tﬁﬁﬂf‘%%
5[ wfﬁ‘\
S . %
E - ‘L.. o‘% -
1%} ? o sweep2 ]
S Hemeded¥ Pighader o
£ i%. _
3 o '.'JF' sweep1
| g -u'l"/\.-"-;‘/\.“" P |
E " " 1 " 1 " 1 " 1
392 394 396 398 400 402

Bindungsenergie | eV

Fig. 6.32: N 1s spectra of three consecutive sweeps. U = —3 V, p(N3) = 1075 Pa, T =
500 °C

one at a binding energy of 397.5 eV and the second one at binding energy
of 398.5 eV. However a shoulder at higher binding energies can be seen for
the second peak and we suppose that both peaks consist of more than one
component. As mentioned above the lack of reference data makes the fitting
procedure extremely difficult and a deconvolution of the N 1s spectra as well a
clear interpretation is still missing. However the results suggest that nitrogen is

reduced upon the electrochemical polarization and exists in differently charged
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states. These states are different from those without applied electric field where
the N 1s peak appears at binding energy of 396.9 eV. Thus, we can differentiate
between nitrogen ions being already incorporated in the YSZ and those being
reduced but still not incorporated at the moment of the scan, i.e. we assume
that the experiments displays the chemical shift of nitrogen proceeding through

an intermediate state(s) upon electrochemical reduction.

In addition we record the N 1s spectra at the iridium micro-electrode during
the polarization process in order to study wether nitrogen species are reduced
at the metal surface rather than at the triple phase boundary. However no
nitrogen was detected. We also confirmed that no chemical reaction between
reduced YSZ and molecular nitrogen takes place. A reduced, nitrogen free YSZ
crystal was exposed at the same temperature to nitrogen atmosphere, but as
no nitrogen peak was detected we exclude a chemical reaction between reduced
YSZ and nitrogen. Thus we report for the first time the electrochemical activity

of molecular nitrogen, where more than one nitrogen species were detected.

One of the advantages of the u-ESCA beam line is the possibility for a direct
chemical imaging of the surface in a given range of binding energies i.e. we can
reproduce the distribution of an element on the surface. We have studied the
N 1s distribution near to the electrode edge. In the XPS image shown in fig.
6.33 each point depicts the intensity of the N 1s peak, related to its concen-
tration. It can be seen that the most intensive signal is recorded at and near
to the micro-electrode and it decreases moving away from the electrode. The
dark spot in the middle on left axis is the iridium electrode, where no nitro-
gen signal was detected. The nitrogen signal decreases constantly away from
the electrode/electrolyte interface, and it disappears completely about 2.7 mm
away from the electrode edge. After the experiments the sample was analyzed
by SIMS in order to obtain an information on the nitrogen depth distribution.
In figure 6.34 images of the surface and the depth profiling of the nitrogen sig-
nal are shown. The surface distribution image (fig.6.34a) reproduces the XPS
results confirming a high nitrogen concentration exactly at the point of con-
tact. The intensity of the signal decreases away from the electrode and goes
back to the background level at a distance of 2.7 mm. The images (b and c¢)

show the vertical nitrogen distribution (a slice in XZ, respectively YZ direction).
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Fig. 6.33: XPS image of the N 1s distribution near to the electrode edge during nitrogen
incorporation. U = —3 V, p(N3) = 1075 Pa, T = 500 °C

Both figures clearly show the highest intensity of the nitrogen signal beneath
the electrode. The results suggest that nitrogen had moved under influence of
the applied electric field throughout the YSZ crystal and the most intensive
nitrogen signal is observed below the electrode/electrolyte interface. Thus we
confirm that nitrogen migrates in YSZ under the condition of an applied electric

field.

To summarize - we confirmed the electrochemical activity of nitrogen by in-
situ XPS experiments. At least two different nitrogen species were detected dur-
ing cathodic polarization but an exact interpretation is still missing. No chem-
ical reaction between reduced YSZ and nitrogen gas, and no nitrogen species
on the iridium micro-electrode were detected. The SIMS analysis confirmed the
nitrogen incorporation into YSZ and shows clearly that the migration of nitro-

gen occurs only beneath the point contact between the micro-electrode and YSZ
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Fig. 6.34: SIMS image of nitrogen distribution around the electrode after cathodic polar-
ization. The field of view of each image is 251x251 um?. a) a XY surface image; b) a
XZ depth profile; ¢) a YZ depth profile

single crystal.

6.3.5 Nitrogen incorporation from ammonia gas phase

We concluded from our electrochemical studies that the electrode kinetics is rate
determining for the complete process of nitrogen reduction and not the diffusion
in the bulk. We have performed additional incorporation experiments in am-
monia gas phase. In ammonia nitrogen is present in N3~ state and according to
the conclusions from the previous experiments it should be incorporated much
easier into zirconia, as we do not have any kinetic difficulties due to the redox

process.

FEzxperimental details

In this experiment a voltage of —1.5 V was applied to a gold electrode on a
9.5YSZ (111) orientated single crystals at a temperature of 700 °C for 10 min.

The samples were exposed at 10° Pa ammonia atmosphere.

After the experiments the color of the samples had changed, more pronouncedly
around the electrode, from fully transparent to pale yellow or even slightly or-
ange. The sample was analyzed by SIMS and the results are presented in figure
6.35.

The ion image (a) confirms the incorporation of nitrogen under these experi-
mental conditions. The intensity of the nitrogen signal is much more pronounced

in the area near and at the electrode edge. So we can definitely conclude that
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electrode

Fig. 6.35: SIMS analysis of electrode area beneath the contact between the gold electrode
and (111) orientated 9.5 YSZ single crystal after 10 min. polarization (E = -1.5 V) at
700 °C in pure ammonia, p(NHs) = 1 atm  a) ion image and b) optical image

with the depth crater

we have incorporated nitrogen at much lower voltages compared to the process
of the reduction of molecular nitrogen. The low voltages at which nitrogen
have been incorporated from ammonia phase are especially convenient, because
they lay much lower (about 1 V difference) than the thermodynamic decompo-
sition voltage of the YSZ electrolyte. Of course we should not forget that the
atmosphere is strongly reducing which additionally contributes to the applied

voltage but no visible reduction (blackening) of the single crystals was observed.

To summarize - the electrochemical experiments in NH3 support our conclu-
sions for a charge transfer control of the reduction process of molecular nitrogen
at the electrode and demonstrate a possibility for electrochemical incorporation
of N3~ ions into YSZ at voltages much lower than its decomposition voltage. In
spite of the reduction behavior of ammonia gas no visible reduction of zirconia

single crystals was observed during and after the experiments.

6.3.6 The dependence of the equilibrium potential of N3~ /N,

electrode on the nitrogen partial pressure

In our kinetic studies we found that the electrochemical reduction of nitro-
gen molecules is an irreversible process. However we tested the behavior of
the system Au(Ng2)/7YSZ : N/ZrOy/Zr, where enough time for equilibration of

the potential determining reaction was left. The application of thin electrolyte
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films (the thickness of the 7YSZ layer was up to 1 um) minimizes the diffusion
pathway of the ions from the electrolyte surface to the reference electrode thus
lowering the response time of the reference system. Additionally the long equi-
libration time ensures enough time for the ions to diffuse under the chemical
potential gradient thus minimizing the diffusion potential contribution to the

total emf of the cell.

FEzxperimental details

We used the electrochemical cell Zr/ZrO2/7YSZ:N/Au(N3) to study if the
nitrogen activity will influence the emf of the cell. The temperature was 700
°C and the nitrogen partial pressure was varied by mixing with argon in ratios
0.125/0875, 0.275/0.725, 0.575/0.425 and 0.725/0.275. The equilibration time
for the emf was typically 10 min.

The dependence of the equilibrium potential at a gold electrode (versus Zr/ZrOq
reference) on the applied different nitrogen partial pressures was measured and
the experimental results are plotted in fig. 6.36. The partial pressure of the
nitrogen was adjusted by mixing with argon in different ratios, thus providing
the required Ny partial pressure. The time for equilibration was not fixed but we
waited until the potential value remained stable with the time. Usually about
15 min. were necessary to achieve a stable potential. According to the Nernst
equation we have plotted the measured potential value versus the logarithm of
the nitrogen pressure expecting experimental points laying on a straight line
with a slope of 2.3RT'/nF' and the intercept with the potential axes shows the
standard equilibrium potential. The slope of the line on figure 6.36 was found
to be 0.0284 V and the intercept with y-axes E = 0.976 V. The theoretical
value for the pre-exponential factor in the Nernst equation for six electron ex-
change reversible process involving a redox reaction of nitrogen molecules at
temperature of 700 °C is 0.031 V. The same calculation for the redox reaction
regarding the participation of N-atoms (i.e. 3 electron exchange process) is
0.0643 V. Comparing these values, the experimentally determined one is close
to the 6 electron exchange reaction. The deviation from the theoretical value
may be caused by the lower nitrogen mobility (compared with oxygen). Thus,
in spite of the long equilibration time it is probable that the concentration of

N3~ is not constantly distributed throughout the whole layer which leads to an
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Fig. 6.36: Dependence of the equilibrium potential of Zr/ZrO5 reference on the nitrogen
partial pressure at gold electrode on 7YSZ:N. T = 700 °C

additional contribution by the diffusion potential. As a second point we should
not forget that the nitrogen redox reaction is not the only potential determining
reaction. Even if we completely ignore oxygen in the gas phase, in 7YSZ the
oxygen ions are also involved in the equilibration of the open circuit potential
resulting in a mixed potential involving at least three different species - Ny, N3~
and O?~. Nevertheless this experiment provides an evidence that the Zr/ZrOs
reference electrode could be efficiently used to detect deviations in nitrogen par-
tial pressure if the oxygen content in the surrounding gas atmosphere is held

constant.
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On the theoretical analysis:

In the present work an analysis of the defect structure of pure ZrOs, nitrogen-
doped ZrOo_s)(1-2)N4a/3, YSZ and YSZ:N is presented. On the basis of ap-
propriate Brouwer approximations, defect models and the related Kroeger-Vink
diagrams for each of these materials have been constructed. Nitrogen can be
incorporated into zirconia either at strongly reducing conditions characterized
by an electron excess (this condition can be achieved either by lowering the oxy-
gen partial pressure or by cathodic polarization) or at extremely high nitrogen
pressures. The nitrogen ion concentration in the oxide remains constant only
at fixed thermodynamic variables, i.e temperature, oxygen activity, nitrogen ac-
tivity. Thus unlike yttria, nitrogen cannot be used as a dopant in a large range
of experimental conditions but only in a controlled atmosphere - at least under

equilibrium conditions.

The analysis of the thermodynamics of an electrochemical cell of the type
M/MX/Xz(Me), where X is non-metal component, M is a reactive metal and
Me is a inert metal, shows that the standard free enthalpy of formation at T
= 0 K of the compound MX can experimentally be determined by plotting
the measured emf value versus the logarithm of the activity of the non-metal
component at different temperatures. In this plot all isotherm lines cross in an
invariant point with the coordinates —A, H°/nF on the z-axis and A, S°/R on
the y-axis. Diagrams for the cells Zr/ZrOy/O2(Me) and Zr/ZrN/No(Me) were

constructed on the basis of theoretical values.

On the experiments:

The design of the experimental setup for high temperature electrochemical ex-

periments was shown. The electrochemical cell we have constructed is equipped

189
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with four micro-manipulators for a precise positioning of the micro-electrodes
on the surface of the solid electrolytes and ensures a gas tight atmosphere and
working temperatures up to 840 °C. The cell ensures the required experimental

conditions to preserve the extremely low oxygen activities in the supplied gas.

On the PLD preparation of YSZ:N thin films:

The pulsed laser deposition technique is found to be appropriate for the incor-
poration of nitrogen (supplied as a background gas) into zirconia. The influence
of the deposition parameters on the surface morphology, the structure and the

nitrogen content was systematically studied.

The AFM and HRSEM images shows a fine structured films with an average
grain size of approximately 30 nm. The grain size depends on the preparation of
the substrate and raw substrate surface resulted in larger grain size. We found

that the YSZ:N films almost reproduce the surface of the substrate.

The effect of nitrogen incorporation influences strongly the orientational struc-
ture of the films. Thus we found that all YSZ:N films deposited in nitrogen
atmosphere show mainly (111) orientation and the other reflexes are almost
missing. The re-oxidation of these samples leads to a loss of nitrogen but the
(111) orientation was retained. The deposited in oxygen atmosphere YSZ films
had a (200) orientation, but the other reflexes of the cubic structure are also
present, whereas the films deposited in argon have (220) main orientation. Thus
by PLD we can deposit YSZ films with a selective orientation. In addition we
found that the YSZ:N films show a small distortion of the cubic cell parameters,
more pronounced for the YSZ:N films and less pronounced for films deposited
in oxygen or in argon atmospheres. The distortion of the cell constant suggests
a possible regularity in the order of the nitrogen ions in the lattice but it also

can be a result of the nano-sized grain structure.

We found the nitrogen concentration in YSZ:N depends on various deposition
parameters. Based on the SIMS analysis as most suitable working temperature
we suggest the range between 500 °C and 600 °C. Above these temperatures
the nitrogen content in the films drops at least twofold and at lower tempera-
tures the quality of the films is poor. The concentration of the cation dopant

(i.e. yttria) was also found to influence the incorporation of nitrogen. The de-
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pendence proceeds through a maximum, where the highest amount of nitrogen
was measured in 7YSZ:N. The distance between the target and the substrate
is reciprocally proportional to the nitrogen content. The highest nitrogen con-
centration was found for a 4 cm distance. The pressure of nitrogen gas in the
deposition chamber is also found to be important. The nitrogen content depends
strongly on the gas pressure, and a maximum is found at 6 x 10~ Pa. The
application of higher or lower gas pressures in the deposition chamber results in

lower nitrogen concentrations.

The XPS studies on ZrO9:N and YSZ:N films show that the binding energies
of N 1s peak are found at positions typical for the three valent nitrogen ions.
However in 7TYSZ:N the position of the peak is shifted to much higher binding
energies (BE = 402.3 eV) suggesting that nitrogen exists either in higher than
3— valence state or as dinitrogen molecular species. The quantitative XPS
analysis confirmed the conclusions made by the SIMS analysis and the highest

nitrogen content was found in 7YSZ:N samples.

The optical absorption microscopy also found a difference in the behavior
of 7TYSZ:N samples. Two absorption peaks were registered - at approximately
263 nm and 455 nm, whereas the other nitrogen-doped samples show only a
maximum at approx. 500 nm. The first maximum for 7YSZ:N at the lower
wavelengths might be related either to a different charge or to a different position
of the nitrogen ions. However the second absorption maximum suggests that
the nitrogen energy levels are placed almost in the middle of the band gap of

the oxide material.

On the transport properties:

The results from the AC conductivity measurements with YSZ:N thin films as
a function of the nitrogen content show in the complex impedance plane (after a
deconvolution of the spectra), that for films with higher nitrogen content the ion
transport in the grain boundaries is limiting the diffusion. The experiments in
a pure nitrogen atmosphere at temperatures up to approximately 700 °C show
that the total ion conductivity decreases by increasing nitrogen concentration,
whereas above this temperature the ion conductivity increases with the nitrogen

content. The activation energies increase with the nitrogen content starting with
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1.3 eV for a nitrogen-free YSZ and increasing to a value of 1.94 eV for zirconia

doped with 6 at.% nitrogen.

On the electrode processes:

The current study demonstrates that the most appropriate electrolyte for
the electrochemical experiments on the nitrogen reduction is 7YSZ showing the
highest conductivity in pure nitrogen atmosphere. In addition, sliver was chosen
as a working electrode material for the nitrogen incorporation experiments and

gold for the kinetic studies.

We found a maximum in the capacity of the electrical double layer at tem-
peratures of 750 °C suggesting that adsorption/desorption processes take place.
Of this reason the working temperature was limited to approximately 700 °C.
We also found that the electrode material reacts with the electrolyte at applied
voltages higher than 2 V.

The analysis of different reference electrodes shown that according to the
Gibbs phase rule and also of kinetic reasons, noble metal electrodes cannot
provide a stable reference reaction and their use in the kinetic studies must
be restricted. Metal/metal oxide electrodes (and particulary Zr/ZrOs) fulfill
the thermodynamic and kinetic requirements and were further used as reference
electrodes in our studies. Via UPS the position of the Fermi-level in the Zr/ZrO2

system was determined and in this way its reference potential.

In the CV and LSV studies four irreversible peaks related to the nitrogen
redox process were detected, suggesting a charge transfer control of the overall
process. The calculated activation energies are of order up to 2 eV confirming the
irreversibility of the process. Depending on the yttria content these values sug-
gested different reductions steps to control the overall process. In the Arrhenius
plot at temperatures above 750 °C we determined negative values for the activa-
tion energies, explained with a desorption processes at the electrode/electrolyte
interface. This conclusion is supported also by the measurements of the capacity

of the EDL showing a maximum at this temperature.

The steady state polarization measurements allowed us to suggest a multi-

step charge transfer mechanism of the nitrogen electrochemical reduction at
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gold micro-electrodes, with a rate determining step: Ny +e~ = Ng_ and stoi-
chiometric number v = 3. One step precedes and two follow the rate determining
step. Thus we suggested for the first time a mechanism of the electrochemical

reduction of molecular nitrogen on solid electrolytes at high temperatures.

The nitrogen incorporation into YSZ thin films and single crystals was con-
firmed by SIMS analysis. Nitrogen was incorporated into YSZ at potentials
above —2.5 V but the process becomes significant at potentials above —3 V. In
the single crystals the distribution of nitrogen is homogeneous around the elec-
trode/electrolyte contact, whereas in poly-crystalline samples at higher voltages
(i.e. E = —3.55 V) nitrogen diffuses faster along the grain boundaries. Addi-
tional polarization experiments in air show clearly that nitrogen can be incor-
porated into YSZ even from the air without visible reduction of the zirconia

electrolyte.

The electrochemical activity of nitrogen was uniquely confirmed by in-situ
XPS experiments. During cathodic polarization of iridium micro-electrode on
YSZ single crystal we detected at least two different nitrogen species. We de-
tected a reversible reduction of nitrogen molecules to ions above potentials of
—1.5 V but the incorporation starts after exceeding potentials of —2.5 V. The
distribution of nitrogen ions was homogeneous around the micro-electrode with

decreasing intensity of the signal away from it.

Considering the nitrogen-doped zirconia as a possible nitrogen ion conductor
or as a possible material for nitrogen sensors two factors contribute to the overall
process: the surface reaction and the diffusion into the bulk. The polarization
experiments in ammonia gas phase show that nitrogen (present as N3~ ion) was
incorporated at voltages of —1 V which are much lower than the decomposition
voltages of YSZ and the voltages required for incorporation from No-atmosphere.
Thus we suggest that the surface reaction (i.e. the electrochemical process) of

molecular nitrogen limits the overall process.

The experiments and results reported in this work trace the first steps on the

way to the nitrogen electrochemistry.
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A Symbols and units

Constants

€0 permittivity of free space, 8.8542- 10712 A? s* m~3 kg~!
T Pi, 3,14159

c velocity of light in vacuum, 2.9979 - 108 m s~!

e electronic charge, 1.6022 - 101 C

F Faraday-Konstante, 96485 C mol~*

h Planck constant, 6.6262 - 10734 J s

k Boltzmann constant, 1.381-10723 J K~!

Ny Avogadro’s number, 6.022 - 1023 mol !

R gas constant, 8.31441 J K~! mol~!

Symbols

@ transfer coefficient

Qe apparent transfer coefficient of the cathodic reaction

Qg apparent transfer coefficient of the anodic reaction
QRDS apparent transfer coefficient of the rate determining step
® Galvani potential [V]

1o electric potential [V]

i chemical potential [J.mol™!] or [J]

electrochemical potential [J.mol~!] or [J]
diffusion layer thickness [m]
deviation from stoichiometry

transmission coefficient

IS A A R

overpotential [V]



216 A Symbols and units
v stoichiometric number

o; conductivity of species i [271.cm™!]

A area [m?

Cox concentration of oxidized species [mol/1'] or [mol/cm?]
Cred concentration of reduced species [mol/1'] or [mol/cm?]
Ca capacity of the electrical double layer [F/m?] or [uF /cm?]
o volume concentration of species [mol/1!] or [mol/cm3]
c® surface concentration of species [mol/1!] or [mol /cm?]
D, self-diffusion coefficient [m?/s] or [em?/s]

Doy diffusion coefficient of oxidized species [cm? /]

DReq diffusion coefficient of oxidized species [cm? /5]

E cell potential, half cell potential, electromotive force (emf) |V]|
E° standard value for E |V]

Ex activation energy [eV]

E, energy of the band gap [eV]

Er Fermi level [eV]

E, peak potential |V]

G Gibbs free energy |J/mol|

H enthalpy [J/mol|

I current [A]

I, peak current [A]

i current density [mA/cm?| or [A/m?]

i0 exchange current density [mA /cm?] or [A/m?]

iq diffusion current density [mA /cm?| or [A/m?|

ip peak current density [mA /cm?| or [A/m?]

J flux density [(m=2.s71)]

k rate constant

m Masse [kg|

n number of exchanged electrons

D pressure [Pal

Q electric charge [A.s]

R resistance ()]
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entropy [J/mol. K]

temperature [K]

time |[s]

transference number of species i [s]
voltage [V]

potential sweep rate [V/s]
impedance [{]

Kroeger-Vink notation

Samples
A%y
05
Y,Zr

Zrl....

general formula
symbol of chemical element or vacancy
relative charge

apparent sub-lattice

positively double charged vacancy in oxygen sublattice
neutral (relatively) oxygen ion in oxygen sublattice
negatively single charged yttrium ion in zirconium sublattice

positively fourfold charged zirconium ion at interstitial position

Abbreviations

AC
AFM
CE
CVD
CvV
DC
EDL
IR
LSV

alternate current

atomic force microscopy
counter electrode
chemical vapor deposition
cyclic voltamperometry
direct current

electrical double layer
infra-red light

linear sweep voltamperometry



218 A Symbols and units
OHP outer Helmholz plane of EDL

PLD pulsed laser deposition

RDS rate determining step

RE reference electrode

SIMS secondary ion mass spectrometry

SOFC solid oxide fuel cell

UHV ultra high vacuum

UPS ultra-violet photoelectron spectroscopy

Uuv ultra-violet light

WE working electrode

XPS X-ray photoelectron spectroscopy

YSZ yttria-stabilized zirconia

YSZ:N  yttria-stabilized zirconia doped with nitrogen
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