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Zusammenfassung

Brennstoffzellen werden eine Schlüsselrolle bei der Etablierung einer emissionsfreien En-
ergiematrix spielen. Der Elektrolyt ist Herz und Seele einer Brennstoffzelle; der Bestandteil,
der ihre Funktion ermöglicht, aber auch ihre höchsten Verluste verursacht.
Elektrolyte wurden bisher fast ausschließlich mittels monokausaler klassischer Modelle un-
tersucht und charakterisiert, z.B. durch das Ohmsche und Ficksche Gesetz. Diese Ansätze
haben sich im Vergleich zu experimentellen Daten als teilweise, wenn auch nicht vollständig,
unbefriedigend erwiesen. Eine alternative Beschreibung ist der multikausale Ansatz , der als
Nichtgleichgewichts-Thermodynamik bekannt ist, wie er vom Physik-Nobelpreisträger Lars
Onsager entwickelt wurde. Es hat sich gezeigt, dass der Ansatz zu einer höheren Übereinstim-
mung zu experimentellen Daten von Membranprozessen wie z.B. bei PEM-Brennstoffzellen
führt.
In dieser Arbeit wurden die Elektrolytmaterialien von zwei kommerziell etablierten Brennstof-
fzellentypen untersucht: der oxidkeramischer Elektrolyt und der Polymerelektrolyt. Für beide
Elektrolyte wurde je ein Nichtgleichgewichts-Modell entwickelt, deren definierte Transportko-
effizienten mit Hilfe der elektrochemischen Impedanzspektroskopie experimentell bestimmt
werden. Dies stellt einen neuartigen Ansatz dar.
Ein Hoch- und ein Niedertemperaturprüfstand wurden dahingehend modifiziert, den zu
prüfenden Elektrolyten Temperatur- und Konzentrationsgradienten aufzuprägen. Hieraus
ergibt sich eine Kopplung der Transportprozesse, die die experimentelle Bestimmung der
Transportkoeffizienten ermöglicht.
Die Messungen des oxidkeramischen Elektrolyten zeigten große Abweichungen gegenüber
Literaturwerten, sodass nur eine qualitative Aussage möglicht ist. Der Ionentransportkoef-
fizient wurde bestimmt und der gekoppelte Transportkoeffizient wurde angenähert. Mögliche
Verbesserungen zur Erhöhung der Zuverlässigkeit der Messungen und des Prüfstands wurden
vorgeschlagen.
Die Charakterisierung des Polymerelektrolyten erwies sich aufgrund der Kopplung zwis-
chen den Transportvorgängen des Elektrolyten und des Gasdiffusionsmediums als noch



anspruchsvoller. Darüber hinaus konnte eine Störeinkopplung des Prüfstands in die Messstrecke
nicht verhindert werden, wodurch die Aussagekraft der Messungen verringert wurde. Die
Ionenleitfähigkeit wurde direkt aus Impedanzspektren berechnet, während die gekoppelten
Koeffizienten aus den Steigungen etablierter Kurven angenähert wurden. Die Ergebnisse
wurden mit Literaturwerten verglichen, die aus monokausalen Modellen geschätzt wurden.

Keywords: Brennstoffzellen, Electrolyte, Polymerelektrolytmembran, Yttriumoxid sta-
biliziertem Zirkoniumdioxid, Electrochemische Impedanzspektroscopie, Thermodynamik irre-
versibler Prozesse.



Abstract

Fuel cells shall play a key role in the transition and establishment of a emission free energy
matrix. The electrolyte is the heart and soul of a fuel cell, being the component that makes
possible their functioning but also causing their highest losses.
Electrolytes have been studied and characterised up to date almost exclusively by means
of mono-causal classical models, e.g. Ohm’s Law and Fick’s Law. These approaches have
proved to be partially, when not entirely, unsatisfactory when compared to experimental
data. Therefore it is proposed to study and measure the transport processes taking into
consideration a multi-causal approach, known as Non-Equilibrium Thermodynamics, as
proposed by the Nobel prize award physicist Lars Onsager. The approach has been proved to
fit better experimental data of membrane processes, as e.g. in PEM fuel cells.
The two widespread types of fuel cells have been considered, so that two electrolytes were
subject to investigation: the solid oxide electrolyte and the polymer electrolyte.
Both electrolytes were investigated in terms of Non-Equilibrium Thermodynamics. Models
were developed to experimentally determine the transport coefficients defined by this theory
by means of Electrochemical Impedance Spectroscopy, the novelty of this thesis.
Two test benches were modified to apply gradients in temperature or concentration, so
that the coupled effects could be magnified thus making possible to measure the transport
coefficients.
The measurements of the solid oxide electrolyte show large deviations compared to literature
values, making possible only a qualitative analysis. The ionic transport coefficient was
determined and the coupled transport coefficient was approximated. Possible improvements
to increase the reliability of the measurements and the test bench were proposed.
The characterisation of the polymer electrolyte proved to be even more challenging because
of the coupling between electrolyte and gas diffusion media. Moreover, the test bench
introduced a distortion frequency, reducing the meaningfulness of the measurements. The
ionic conductivity was calculated directly from impedance spectra while the coupled coefficients
were approximated from the slopes of established curves. The results were compared to



literature values, estimated from mono-causal models.
Keywords: fuel cells, electrolytes, Proton Exchange Membrane, Yttria stabilized zirconia,
electrochemical impedance spectroscopy, Non-Equilibrium Thermodynamics.
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Chapter 1

Introduction

Many people argue that climate change is a bourgeois concern born in the mid 20th century
once basic needs had been satisfied. They claim that climate change is a geological cyclic
process, resulting in an alternating global warming and cooling. Nothing could be further
from the truth [1], [2].
Already in the Ancient Greece, philosophers pointed out in the 4th century BC that swamp
draining made regions prone to freezing and that deforestation will lead to an increase of
temperature due to the increased sunlight exposure of the ground [3]. In the 10th century,
the Chinese published a theory of climate change over centuries, after discovering petrified
bamboos in a dry region thousands of kilometres away from the tropical region were they
usually are found [4]. Four hundred years after, the Europeans described alterations of the
Mediterranean Region over the last millennium due to forest clearing, irrigation and grazing
[5].
During the 19th century, diverse theories were suggested to explain and locate the cyclic
climate change: biblical ice ages/floods, fluctuations in the composition of atmospheric gases,
volcanic activity, the gravitational forces from the Sun and the Moon, etc. At the end of the
century, Arrhenius studied the effect of CO2 in the atmosphere, calculating that halving the
CO2 known to be at the atmosphere at that time would cause an ice age and doubling it
would increase the Earth mean atmospheric temperature by about 5− 6 K [6].
The 20th century was characterised for the increasing concern on the anthropological contri-
bution to the CO2 concentration in the atmosphere; many geologists were and are still sceptic
about it, arguing that the time and mass scale of Earth are out of range to the humankind,
despite the stunning evidence of the catalyst effect human activity is showing [7]. Every
renamed scientific agency emphasised their concern during the 60s and 70s: the US Atomic
Energy Commission, the NATO, [8] the American Petrol Institute, [9] the UN Conference on
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Human Environment, the US National Research Council. . . the pressure accumulated resulted
in the 1992 Rio Summit, which led to the establishment of the UN Framework Convention
on Climate Change, UNFCCC.
The UNFCCC stipulates that the delegates of the member countries meet every four years at
the Conference of the Parties, COP. At this instance one of the most celebrated agreements
was achieved, the 1997 Kyoto Protocol, aimed to reduce the greenhouse gas emissions, admit-
ting the consequences of human activity on global warming. The countries who have signed
this Protocol, commit to the reduction of their emissions from 2008 and on. Despite the
initial joy, the US, responsible for 50% of the worldwide greenhouse gases emissions, refused
to ratify this vital Protocol in 2008, so that no binding reductions were imposed [10].
The frustration after the retrieval of the US, Russia and Japan as well as the exponential
growth in CO2 emissions observed between 1990 and 2010 encouraged the COP15 to finally
resume responsibility and actively do something to mitigate climate change, resulting in the
most ambitious treaty up to date: the Paris Agreement. It stipulates that the mean global
temperature should not rise more than 2 K, ideally 1.5 K compared to pre-industrial levels.
Moreover, it aims to reach net-zero emissions in 2050. It was signed so far by 195 countries.
Such an ambitious goal shall require every possible effort to reduce emissions and neutralise
the emissions that cannot be avoided. Europe accounts for 10% of the worldwide emissions,
while Germany is the largest CO2 producer of the continent [11]. Almost half of the carbon
is emitted by Germans to generate either electricity or thermal energy. Luckily, there is one
electrochemical device that can yield electricity and thermal energy without carbon being
involved: the fuel cell. Fuel cells are the key to a sustainable energetic matrix, being able
to generate heat and electricity from fuel chemical energy without intermediate steps, thus
increasing the total electricity yield when compared to the combination of combustion-heat
engine-generator and avoiding CO2, keeping in mind that the best carbon for the Earth
atmosphere is the carbon that is never produced. Fuel cells can be, depending on their
electrolyte type, adapted to both stationary and mobile applications, so that they can be
used for power generation or the transport sector. The largest flaw of Paris Agreement is the
exclusion of the air and maritime transport sector, where the fuel cell also will be of major
impact.
A fuel cell is basically an electrolyte sandwiched between two electrodes. The heart of a fuel

cell is the electrolyte, which presents the highest losses and thus reduces the energy conver-
sion efficiency. Optimising the electrolyte is of vital importance to increase their efficiency.
Electrolytes have been studied intensively the last five decades, and an enormous advance
has been achieved in material science and in the Electrochemistry. The investigations have
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Figure 1.1: Historical carbon CO2 emissions given by country/sector. Figure by Tomast-
vivlarenc

considered the transport processes in the electrolyte (and in the other components of a fuel
cell) to be mono-causal: the charge is transported through the electrolyte due to an electric
potential, thermal energy is transported due to a temperature potential or difference and so
on. As fuel cells are membrane devices, i.e. their electrolyte is thin compared to the gradients
they are exposed to, side effects have been observed. Instead of modeling the fuel cell in a
systematic manner, investigations developed a vast literature of new pseudo-thermodynamic
quantities to explain what was being empirically obtained [12]. A new universe of empirical
values such as water content or transport numbers was born.
It has been shown that the coupling effects in membrane processes cannot be neglected
[13], [14]. Rather than correcting mono-causal equations by means of "effective" transport
coefficients, it would be desirable to study fuel cells from a multi-causal point of view, as
proposed by a theory called Non-Equilibrium Thermodynamics (NET). The basic idea of
the NET theory is that every thermodynamic force (temperature differences, concentration
gradients, electric potentials) influences every transport mechanism. The resulting transport
coefficients have been calculated by Molecular Dynamics and approximated by classical
transport coefficients (such as ionic conductivity, Peltier coefficient or the thermal conductiv-
ity). The literature on NET-defined transport coefficients being directly measured is very
limited. Previous works of this research Institute approximated the transport coefficients
with mono-causal ones (as it has been stated in the literature for years) and compared the
model with experimental work carried out, as depicted in Fig. 1.2. The comparison concluded
that the larger the gradient, the larger the deviation from the model was. Even though the
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Figure 1.2: Observed deviation of the predicted Open Circuit Voltage of a modeled Thermocell
(given by Marquardt [15] from experimental data [16]

mono-causal coefficients are obtained empirically, the model based on them failed to predict
the behaviour of the fuel cell in conditions that differ from open circuit condition and constant
temperature condition. It became clear that the transport coefficients for applying the NET
theory must be determined experimentally.

Fuel cells have been characterised experimentally widely by means of Electrochemical
Impedance Spectroscopy (EIS) since the mid 1980s, when MacDonalds [17] made this mea-
surement procedure popular. EIS is a technique that, under certain circumstances, allows the
separation of losses caused in a fuel cell or in an electrolyte. Since fuel cells are electrochemical
devices, an electric quantity, such as impedance, delivers information about its chemical
processes, which are more difficult to determine directly. That is what makes EIS so attractive.
The experimental determination of transport coefficients making use of EIS is the question
raised. EIS is a technology present in almost every fuel cell laboratory; developing a way to
determine intriguing and almost unknown transport coefficients with an accessible device
becomes extremely interesting.
In this study, two types of electrolytes were modeled using NET, their transport mechanisms
were approximated with EIS and they were characterised using this technique. The coupling
effect was clearly visible and the transport coefficients were either calculated or approximated
and, when possible, validated with literature values. This thesis opens a door to an exciting
concept to be broadened and enhanced in the following years.
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Chapter 2

Theoretical background

2.1 Fuel Cells
A fuel cell is an electrochemical device capable of converting the internal energy of a fuel
directly into electrical energy. Fuel cells avoid intermediate energy conversions subject to
losses when compared to the classical conversion path of combustion, heat engine and electrical
generator, i.e. they are not limited by the Carnot efficiency. Furthermore, they present little
to no mechanical losses, since they have no moving parts [19].
The fuel cell function principle is based on the redox reaction of water formation:

H2 + 1
2O2 → H2O (2.1)

Should the reactants of reaction 2.1 make direct contact, as observed in Fig. 2.1 (a), a
spontaneous combustion takes place and the chemical energy turns completely into heat.

(a) Combustion reaction of hydrogen
(b) Local separation of half-reactions to gain electricity from the
chemical reaction

Figure 2.1: Two possible outcomes of hydrogen making contact with oxygen/air as given by
Kabelac and Hanke-Rauschenbach [18].
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2.1 Fuel Cells

Figure 2.2: Schematic representation of a general fuel cell [18].

The function principle of a fuel cell consists on the local separation of the half-reactions
involved, so that the produced electron flow can be directed into an external circuit and used
as direct current, as depicted in Fig. 2.1 (b). The presented reaction is now an electrochemical
reaction.

Components of fuel cells

A fuel cell, as any other electrochemical cell, consists of three main parts: two electrodes, an
electrolyte and an external electric circuit, as seen in Fig. 2.2. The electrolyte is the heart
of a fuel cell, since it does not only keep the reactants separated to avoid combustion but
also allows ions to move between electrodes through the electrolyte. Ideally, the electrolyte is
also not permeable to electrons, so that they must take the external circuit to complete the
electrochemical reaction.
As per definition anode is the electrode where the oxidation take place, i.e. where a reactant

A loses its electrons becoming oxidised. On the contrary, cathode is the electrode where the
reduction take place, i.e. where a reactant B gains electrons becoming reduced into AB:

Anode: A→ A+ + e− (2.2)

Cathode: B + A+ + e− → AB (2.3)

There are several types of fuel cells, distinguished by their electrolyte types and operation
temperature ranges. The electrolyte type defines the charge carrier, as depicted in Fig. 2.3.
This dissertation focuses on the two widespread types of fuel cells: the proton exchange
membrane (PEM) fuel cell and the solid oxide fuel cell (SOFC). Table 2.1 summarizes the
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2.1 Fuel Cells

Figure 2.3: Types of fuel cell, named after their electrolyte [20].

Table 2.1: Comparison of the two widespread types of fuel cells: PEM and SOFC

FC type Anode Electrolyte Cathode
PEM H2 → +2H+ + 2e− Polymer 1

2O2 + 2H+ + 2e− → H2O
SOFC H2 + O2− → H2O Solid oxide 1

2O2 + 2e− → O2−

key facts of them including the half reactions that result from applying Eqs. 2.2-2.3.

Electrolyte

As previously stated, the electrolyte is the heart of the fuel cell and has three main tasks:
the local separation of the supplied gases, the conduction of the ions and electronic isolation.
As it can be extracted from Table 2.1, each type of fuel cell have different charge carriers,
which means their electrolytes must be different. The nature of both electrolytes and the ion
diffusion mechanisms will be treated in next chapter.

Electrodes

The electrodes have also multiple functions. Firstly, they have to be porous, so that they
ensure that the gases supplied arrive at the catalyst layers located on both sides of the
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2.1 Fuel Cells

Figure 2.4: Components of a generalised fuel cell, originally depicted by Kabelac and Hanke-
Rauschenbach [18] and thereafter modified.

electrolyte, where the half reactions take place. Secondly, they must be electric conductive
and form a path to the current collectors (known as bipolar plates), so that the electrons can
easily arrive or leave the catalyst layers. They must be additionally chemically resistant to
the either oxidising or reducing environment of the electrode.

Catalyst layers

The half reactions that make possible the local separation of a redox reaction do not necessarily
take place spontaneously. As it will be explained in Sec. 2.3, these reactions must overcome
an activation barrier, which can be reduced by using catalysts. A catalyst layer is then applied
between the electrode and electrolyte. The interface electrode-catalyst layer-electrolyte forms
what is known as a triple phase boundary (TPB), which must comply with the following
conditions:

• being porous to facilitate gas transport

• being electrically conductive for fast electronic motion

• being conductive to ions to promote the diffusion into or out from the electrolyte

Catalyst layers must also be chemically resistant as well as chemically, mechanically and
thermally compatible with the materials used both for electrode and electrolyte. In case
of PEMFC, the most common catalyst is platinum. As for SOFCs, there are different
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2.2 Thermodynamics of fuel cells

Figure 2.5: Side view of a bipolar
plate, modified from Kabelac and Hanke-
Rauschenbach [18].

Figure 2.6: Front view of a bipolar
plate, making visible the flow field pat-
tern according to Li and Sabir [21].

options, being nickel the most common anode catalyst, and similarly LSM/LSCF (lanthanum
strontium manganite and lanthanum strontium cobalt ferrite) for the cathode side.

Current collectors - bipolar plates

The current collectors enhance the external path for electrons from anode to cathode,
therefore they must be electrically conductive. Since they face the electrodes, they must also
be resistant to both reduction and oxidation, as well as mechanically stable since they assure
the compression of the other layers contributing to the fuel cell sealing. In real fuel cells the
current collectors are part of the electrodes, because they are designed as flow fields with
a double function: supplying gas and conducting electrons, as shown in Fig. 2.6. The ribs
or channels are in contact with the electrode while the hollows supply the gases. In case
fuel cells are stacked to increase the total output power, the current collector of one cell is
at the same time the cathode of its neighbouring cell, so that the mentioned flow fields are
present at both sides of the device and thus receiving the name of bipolar plates, as depicted
in Fig. 2.5. In most cases, the bipolar plates are also part of the cooling system of the fuel
cell, having passages for the cooling fluid inlet and outlet.

2.2 Thermodynamics of fuel cells
A fuel cell is constantly supplied with hydrogen and oxygen/air, so that it can be modeled
as an open system. Considering the fuel cell in a steady state, the net energy of the system
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2.2 Thermodynamics of fuel cells

Figure 2.7: Fuel cell energy balance for the general case [18].

remains constant: dE
dt

= 0. The system boundaries are chosen to circumvent the fuel cell,
and the electric and thermal power, P el and Q̇, respectively, are considered as net fluxes, as
depicted in Fig. 2.7. The following rule has been considered: superscripts note the location,
e.g. electrolyte while subscripts mark the element, e.g. water. Applying the first law of
Thermodynamics for the molar case and neglecting the contributions of potential and kinetic
energy, it follows:

dE

dt
= 0 = P el + Q̇+ ṅH2Hm,H2 + ṅO2Hm,O2 − ṅH2OHm,H2O (2.4)

In a similar manner the second law becomes:

dS

dt
= 0 = Q̇

T
+ ṅH2Sm,H2 + ṅO2Sm,O2 − ṅH2OSm,H2O + Ṡirr (2.5)

The thermodynamic temperature T is the temperature at the system boundary, where Q̇ is
crossing. The concept of molar reaction enthalpy ∆RHm and molar reaction entropy ∆RSm

are introduced taking into consideration the stoichiometric factors νi:

∆RHm =
∑

i
νiHm,i, (2.6)

∆RSm =
∑

i
νiSm,i. (2.7)

The stoichiometric factors νi result from the corresponding overall chemical reaction, Eq. 2.1
to give νH2 = −1, νO2 = −1/2 and νH2O = 1, i.e. the reactants are considered negative and
the products positive. The conservation of mass, when expressed in molar fluxes gives:

ṅH2 = 2ṅO2 = −ṅH2O (2.8)
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2.2 Thermodynamics of fuel cells

Introducing Eq. 2.8 in Eq. 2.4 under consideration of Eq. 2.6 results in:

dE

dt
= 0 = P el + Q̇− ṅH2∆RHm (2.9)

In a similar manner the second law results:

dS

dt
= 0 = Q̇

T
− ṅH2∆RSm + Ṡirr (2.10)

In the reversible case, it is possible to calculate the thermal power Q̇ from the reaction entropy
using Eq. 2.10. If this is then introduced into the first law, the reversible electric power P el

rev

can be obtained making use of Gibbs free enthalpy Gm = Hm − TSm:

P el
rev = −ṅH2∆RGm (2.11)

The Gibbs free enthalpy sets the maximum obtainable electric power. This upper limit is,
of course, technically not possible, since reversibilities could be reduced but not completely
avoided. The fraction of available free enthalpy G to the theoretical enthalpy H is known as
the thermodynamic efficiency ηth of a fuel cell:

ηth = ∆RGm

∆RHm
(2.12)

The open circuit voltage (OCV): the Nernst equation

The fuel cell potential or voltage is given by the potential difference between electrodes:

Ucell = ϕC − ϕA = ∆ϕC −∆ϕA −∆ϕM (2.13)

The potential results from a charge separation at the reaction layers while no net electric
(or ionic) current is flowing. Since the fuel cell is based on an electrochemical reaction, its
resulting open circuit voltage (OCV) or Ucell,0 should be reached when the reactants and
products are ready to go, but the flow of charge charriers is interrupted. The initial state is
given by a minimum in the Gibbs free enthalpy:

dG = −SdT + V dp+
∑

i
µidni

!= 0, (2.14)

which only holds when every term is zero, as T, p and all ni are independent variables. The
infinitesimal change in the amount of substance of the third term can be replaced by the
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2.2 Thermodynamics of fuel cells

Figure 2.8: Schematic representation of the Nernst potential due to charge separation [18].

equality dni = dξ · νi, but the extent of reaction ζ is zero when there is no reaction. Since the
reaction is not chemical but electrochemical, the chemical potential µi ought to be replaced by
the electrochemical potential µ̃i = µi + ziFϕ, zi being the charge number (not to be confused
with the number of electrons n), so that it follows:

0 =
∑

i
µ̃iνi. (2.15)

Applying the condition of minimum Gibbs free enthalpy given in Eq. 2.15 to the anode
(H2 → 2H+ + 2e−) and considering that the charge of a proton is +1 and of an electron −1:

0 = −µH2 + 2(µH+ + Fϕma) + 2(µe− − FϕA). (2.16)

Reordering this equation gives the anode potential:

∆ϕA = ϕA − ϕma = −µH2 + 2µH+ + 2µe−

2F . (2.17)

Similarly for the cathode:

∆ϕC = ϕC − ϕmc =
1
2µO2 + 2µH+ + 2µe− − µH2O

2F . (2.18)

The cell potential can now be obtained using Eq. 2.13:

Ucell,0 =
1
2µO2 + µH2 − µH2O

2F . (2.19)
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2.3 Kinetics: the Butler-Volmer equation

Taking into consideration the definition of chemical potential and assuming ideal gas (iG)
behaviour µθ,iGi (T, p, x) = µθ,iG0,i (T, pθ) +RmT ln fi(T,p,x)

pθ , the cell potential can be rewritten:

Ucell,0 =
1
2µ

θ,iG
O2 + µθ,iGH2 − µ

θ,iG
H2O

2F + RmT

2F ln (fH2/p
θ) · (fO2/p

θ)1/2

(fH2O/pθ)
. (2.20)

Given that the first term equals the negative reaction Gibbs enthalpy −∆RGθ
m(T ) due to

Euler’s equation Gm = ∑
i xiµi for given (T, pθ) at a standard pressure pθ, and generalising

the second term for k species taking part in the reaction results in:

Ucell,0 = −∆RGθ
m(T )

2F + ln
k∏

i=1

( fi

pθ

)νi
, (2.21)

which is known as the Nernst equation and is depicted in Fig. 2.8. Writing the equation in
this manner allows a more detailed study. It is observable that the higher the temperature T
are, the lower is the OCV Ucell,0, since the Gibbs reaction enthalpy decreases at increasing
temperature. This fact is, in actual fuel cells, counteracted by an improvement of kinetics
at higher temperature [22], so that a high temperature is desired. Material properties play
also a role limiting the operation temperatures. The second term predicts a higher OCV at
high pressures, which holds true in reality. Nevertheless, material properties also limit the
operation pressure, and the fact that gases must be compressed at expense of the electric
power generated by the fuel cell leads to limitations in high pressure practical applications
[23].

2.3 Kinetics: the Butler-Volmer equation
Most electrochemical reactions can be modeled by means of the Butler-Volmer equation. It is
not in the scope of this thesis to deduce this equation, it is taken from the literature [24].
Kinetics plays an essential role at the electrodes of a fuel cell, whereas no electrochemical
reaction takes place in the electrolyte.
The Butler-Volmer equation provides a relationship between the reaction rate rk, i.e. how
fast a reaction takes place, and the reaction overpotential ηk, i.e. how much electric potential
is consumed to cause or activate the reaction ηk = EΘ − Eeq,k.
The electrochemical reaction rate is dependent on, among others, temperature and concen-
tration [24]. In its most general approach, the Butler-Volmer equation can be expressed
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as:

rk = (a · d) · j
ref
0
nF

{ ∏
k=ox

(
ci

cref
i

)βi,k

· exp
[
− αk|nk|F

RT
· η
]

−
∏

k=red

(
ci

cref
i

)γi,k

· exp
[
− (αk − 1)|nk|F

RT
· η
]}

.

(2.22)

At each electrode k reactions can take place, being involved i species in each of them. The kth

reaction rate rk results from the forward reaction rate rk,f , given by the first term, and the
backward reaction rate rk,b in the second term. The directions are defined for the reduction
reaction, i.e.:

Ox + ze− rk,f−→ Red, (2.23)

Ox + ze− rk,b←− Red. (2.24)

The fraction ci
cref

i
gives the dependency of the reaction rate on the concentration of the i

species, since the concentration is dependent on time and space ci = f(−→r , t).
Furthermore, the following coefficients are to be determined experimentally:

• αk is called the charge transfer coefficient or symmetry factor.

• βi,k and γi,k are the reaction orders of the reactions, i.e. they determine the (power)
time dependency of the reaction rate.

• (a · d), called electrode roughness [22], describes the electrode surface availability, a
being the active inner surface per volume unit (in m2

active/m
3) and d the electrode

thickness.

Both the SOFC and the PEMFC, when fed with hydrogen, perform one single reaction
(k = 1) at each electrode. It is known that, in both cases, activation losses in the cathode are
greater than in the anode, i.e. the cathode reaction rate is the limiting factor for the fuel cell
performance [22], [23]. The cathode reaction rate rC given by Butler-Volmer is illustrated
exemplary in Fig. 2.9 versus the overpotential ηC.

In order to experimentally determine the above listed parameters and coefficients, it
becomes necessary to split up the equation. In case of great overpotentials, either the
back or the forward reaction rate becomes predominant (if η >> 0 → rk,f << rk,b; if
η << 0 → rk,f >> rk,b) and only one term of the equation is considered, what is known as
the Tafel equation approximation, as observed in Fig. 2.10 (a). On the other hand, if the
overpotential is small, tending to zero, the exponential function can be approximated to a
linear function (if η ≈ 0 → exp(η) ≈ 1 + η), as depicted in 2.10 (b).
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Figure 2.9: Cathode reaction rate rC vs. the overpotential ηC = EΘ − EC
eq [18].

(a) Tafel equation (b) Linear approximation

Figure 2.10: Approximations of the Butler-Volmer equation [18]
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2.4 Transport of mass, charge and thermal energy

2.4 Transport of mass, charge and thermal energy
Fuel cells are typically described in terms of classical mono-causal equations. The transport
of thermal energy in electrolytes, for example, can well be described using Fourier law of
conduction:

Q̇ = −k(T ) · ∇T, (2.25)

since both polymer and solid oxide electrolytes are solids and therefore no convective heat
transfer takes place. The heat flux Q̇ has only one cause, the gradient of the temperature ∇T
as the single driving force. Radiation could, however, play a role in solid oxide electrolytes,
although previous studies have shown that its contribution within the dimensions of a solid
oxide cell is negligible.
The ion transport in solid oxide ceramics occurs through defects in the lattice [25]. The
diffused particles jump from one defect to the next one, thus moving through the material.
Depending on the solid structure, it allows the diffusion of cations, anions and/or electrons.
Diffusion can be approximated, in its simplest mono-causal way, with the Fick law of diffusion:

J i = −Dij(p, T )∇cj
i, (2.26)

where the mass flux of species i is proportional to the gradient of the concentration of i in
the medium j and the proportionality factor is given as the diffusion coefficient Dij.
The transport or charge can be modeled using Ohm’s law: an electric current, either electronic
or ionic, is mono-causally driven by an electric potential:

j = −σ(T )∇ϕ, (2.27)

where the proportionality coefficient is called electric or ionic conductivity σ. The conduction
mechanisms in non-metallic solids are different than in metals. The ionic conductivity is
caused mainly by defects in the solid lattice. The ionic conductivity σi in a solid can be
described as:

σi = |zi| · F · ∇ci · ui, (2.28)

being zi the charge number, ci the molar concentration of ion i and ui the mobility of the ion
or charge carrier, which is defined as:

ui = wi

∇ϕ
, (2.29)
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i.e. it is proportional to the velocity wi of the ions i and to the inverse of the electric potential
as the driving force.

2.5 Coupled effects
The transport of ions has been so far presented in two different manners, both as mass
and charge. This indicates that a transport of ions can be initiated either by a gradient in
concentration of this species or by a gradient in potential or both. Their nature makes it
necessary to consider the coupling of both effects to calculate the net flux, which can be
accomplished by introducing the electrochemical potential µ̃, as previously mentioned, so
that it can be stated:

J i = −D̃ij∇µ̃i (2.30)

in which D̃ij is the electrochemical diffusion coefficient, different than the (chemical) diffusion
coefficient since it is multi-causal: it could happen that chemical and electrical potential have
the same magnitude and different direction, so that no transport takes place.
One of the well known coupling effects is the thermoelectricity, which is function principle of
thermocouples. In this case a temperature gradient causes an electric potential under open
circuit conditions:

(∇ϕ)j=0 = S(T )∇T , (2.31)

being S the Seebeck coefficient of the material. The Seebeck coefficient is positive when the
temperature gradient is opposite to the electrochemical potential gradient. The thermoelec-
tricity can also be expressed in terms of the Peltier effect, where a thermal energy flux is
driven by an electric current Q̇ = Π(T )I. The interplay between them is given by Thomson
second relation Π = TS. Measuring the Peltier coefficient of electrolytes is, however, more
difficult than measuring the Seebeck coefficient, since heat fluxes cannot be directly measured
(which is given for electric potentials) and keeping a constant temperature while heat is
flowing through the system is impractical [26].
In a similar manner, the gradient in temperature could also cause a mass transport, effect
that is known as thermodiffusion or Soret effect:

J i = −ST(T )∇T , (2.32)

where ST is called the Soret coefficient. Analogously the heat flux caused by a gradient in
the concentration (or, more precisely, a gradient in the chemical potential of the species i) is
called Dufour effect Q̇ = SD∇ci and SD is the Dufour coefficient. They are not as widespread
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and well investigated as thermoelectricity, as they are considered to be of minor relevance.
Couple effects have been studied by classic Thermodynamics as particular conditions for
few applications, mostly when their effect cannot be neglected: either when the coefficient
is noticeable or when the (coupled) driven force is large. A more systematic approach that
covers the coupling of transport mechanisms with a more systematic approach is given by
Non-Equilibrium Thermodynamics, which will be introduced in the following section.

2.6 Non-Equilibrium Thermodynamics (NET)
Based on the works of Onsager [27], [28], for which he was awarded a Nobel price in Chemistry
in 1968, Non-Equilibrium Thermodynamics is the effort of many researchers to explain and
model systems that are not in global equilibrium [14].
In such systems, this theory redefines the second law of Thermodynamics considering that a
local equilibrium is given. The entropy of a real system can only increase; in the theoretical
case of a reversible process entropy remains constant. The key assumption of NET is an
ambiguous view on a local element: there is a non-equilibrium situation with gradients and
transport processes going on, but the Gibbs fundamental equation (which is derived for a
thermodynamic equilibrium situation) still holds true. The law of conservation for the entropy
flux Js in an infinitesimal small element reads:

∂s

∂t
= −∇Js + σ̇, (2.33)

where Js is the volumetric entropy density and σ̇ is the volumetric entropy production. The
latter plays a key role in the NET theory.
Applying Gibbs fundamental relation to the previously defined infinitesimal volume dV :

du = Tds+
∑

j
µjdci, (2.34)

so that the first term of Eq. 2.33 can be obtained by solving for ds from Eq. 2.34 and
differentiating it on behalf of time:

∂s

∂t
= 1
T

∂u

∂t
− 1
T

∑
j
µj
∂ci

∂t
. (2.35)
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The concentration rate is given by:

∂ci

∂t
= −∇Jj + νjr, (2.36)

where Jj is the flux of species j, νj the stoichiometric factor of species j in the chemical
reaction and rj the reaction rate. The definition of Gibbs reaction enthalpy (see Eq. 2.21)
makes possible to sum up:

∆RGm =
∑

j
νjµ0,j. (2.37)

The inner energy rate from Eq. 2.35 can be obtained from the energy conservation law:

∂u

∂t
= −∇Jq − j∇ϕ, (2.38)

where Jq is the heat flux, j the electric current and ∇ϕ the electric potential. Introducing
the measurable heat flux J ’

q = Jq −
∑

j HjJj and replacing Eqs. 2.38 and 2.36 in 2.35 and
thereafter in Eq. 2.33, making use of the differentiation product rule and solving for σ̇, it
follows the basic equation for the local entropy production rate:

σ̇ = Jq∇
1
T

+
∑

j
Jj
(
− 1
T
∇µ0,j

)
+ j

(
− 1
T
∇ϕ

)
+ r

(
− ∆RGm

T

)
. (2.39)

As observed in Eq.2.39, the entropy production rate σ̇ can be understood and therefore
now defined as the product sum of conjugated fluxes Ji = Jq, Jj, j, r, and forces Xi =
∇ 1

T
,− 1

T
∇µj,− 1

T
∇ϕ,−∆RG

T
[14]:

σ̇ =
∑

i
Ji ·Xi. (2.40)

The fluxes Ji are dependent on all forces Xi [13]:

Ji =
∑

j
Lij ·Xj. (2.41)

The proporcionality coefficients Lij in Eq. 2.41 are called phenomenological coefficients,
transport coefficients or simply conductivities.
NET offers a general description of homogeneous systems where coupled processes cannot
be neglected, such as mass and charge in the electrolyte. Moreover, it can also be extended
to heterogeneous systems, where phase boundaries are present. This fact makes possible
to consider the coupling of chemical reactions at interfaces, as it happens at the electrode
surfaces [13]. In the most general case, fuel cell electrolytes are subject to a thermal energy
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flux Jq, a mass flux Jk for every species k and a charge transport j, driven by gradients in
the temperature ∇ 1

T
, chemical potential 1

T
∇µk and electric potential 1

T
∇ϕ:

Jq = −Lqq∇
1
T
−
∑

k
Lqk

1
T
∇µk − Lqϕ

1
T
∇ϕ, (2.42)

Jk = −Lkq∇
1
T
−
∑

k
Lkk

1
T
∇µk − Lkϕ

1
T
∇ϕ, (2.43)

j = −Lϕq∇
1
T
−
∑

k
Lϕk

1
T
∇µk − Lϕϕ

1
T
∇ϕ. (2.44)

These equations will be the starting point of the next chapter, where a specific case and
appropiate boundary conditions will be applied for different electrolytes studied in this work.
For both cases, the fluxes shall be considered one-dimensional in the direction of the y-
cordinate, across the electrolyte (which surface area is given by xz), considering that transport
in other directions might be present but negligible small, so that the vector fluxes Ji can
be replaced with scalar fluxes Ji and the gradient ∇Xj is reduced to a total derivative dXj

dy .
Furthermore, the inverse temperature dependency shall be reconfigured to gain simplicity by
means of the mathematical relation d

dy

(
1
T

)
= 1

T 2
dT
dy .

2.7 Characterisation techniques
As is true for any other device, the real performance of fuel cells deviate from their theoretical
behaviour. Characterisation is essential to optimise their design, reducing losses. Among
the different characterisation methods ex situ and in situ techniques can be distinguished.
The former evaluate the performance of a component or group of components standing alone,
while the latter study them under operating conditions. Widespread ex situ techniques worth
mentioning are:

1. Porosity determination: the gas diffusion in the electrodes depends on their pore
structure, hence the importance of their porosity determination. Some of them are
nonetheless destructive techniques [23].

2. Imaging: aided by different imaging techniques, such as Infrared (IR), Screening
electronic microscopy (SEM), Transmission Electronic Microscopy (TEM) or X-Ray,
the microscopic structure of electrodes, electrolytes or catalysts can be determined.

3. X-Ray Difraction (XRD): with this method it is possible to determine the composition
and crystal structure of components.
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Figure 2.11: U-j characteristics of a PEM fuel cell modified from [18].

4. Thermal conductivity: there are mainly two methods to obtain the thermal conductivity
of the different layers of a fuel cell; the termed transient methods and the constant heat
flux techniques [29].

5. Brunauer-Emmett-Teller (BET) surface area measurement. The active surface area of
a catalyst is of extreme importance to reduce activation losses. With this techique it is
possible to accurately determine the surface area of many types of materials [30].

6. Gas permeability: testing gas permeability is important to examine the goodness of
electrodes as well as verifying that electrolytes present low to none.

On the other hand, in situ techniques have the main advantage of taking into consideration
the interplay between all electrochemical forces during the measurement as well as junction
effects, while their drawback consists of the difficulty to separate the individual contribution
of components to the total loss. According to O’Hayre [23] the most common methods are:

• U-j Characteristics: the steady state cell voltage is recorded while the current is increased
slowly. An example of the obtained curve for a PEM fuel cell can be found in Fig. 2.11.

• Cyclic Voltammetry (CV): the applied voltage to the cell is swept between two values
and the current response is recorded resulting in a cyclic voltammogram, as depicted
exemplary in Fig. 2.12.

• Current interrupt measurement: a current is imposed to the cell for a short time at
t = 0, and the voltage response is measured until it reaches a steady state. The

21



2.8 Electrochemical Impedance Spectroscopy (EIS)

Figure 2.12: Function principle of cyclic
voltammetry, taken from [23].

Figure 2.13: function principle of cur-
rent interrupt, taken from [23].

diagram obtained is given as an example in Fig. 2.13. It allows to determine the
dynamic behaviour of the cell, useful for the estimation of the parameters defined by
Butler-Volmer in Eq. 2.3.

• Electrochemical Impedance Spectroscopy (EIS): a frequency dependent sinusoidal
signal is applied, and the frequency dependent response is measured. This method is
explained in detail in next section, as it is the characterisation technique chosen for
this dissertation.

2.8 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to differentiate the source
of losses, given the condition of sufficient distance between relaxation times of the different
electrochemical processes.
The method consists in applying a periodic electrical signal, either a current or a voltage,
to an electrochemical system and measuring its periodic response. If the applied signal is
a current, it is called galvanostatic EIS; when periodic voltage is applied it is known as
potentiostatic EIS.
Let for instance potentiostatic serve as an example to explain the function principle of
EIS. The excitation is given by a voltage of constant amplitude and varying frequency
U(ω) = U0 · sin(ω · t). The periodic response of the sample should be a current I(ω, ψ) =
I0 · sin[ω · t + ψ(ω)], so that the quotient of both quantities results in the frequency dependent
impedance Z(ω, ψ):

Z(ω, ψ) = U(ω)
I(ω, ψ) = Z0(ω) · e−iψ = Z0 · cos(ψ)− i Z0 · sin(ψ) (2.45)
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Figure 2.14: 3D representation of impedance dependency Z(ω, ψ) as given by Hollmann [31].

Figure 2.15: 2D diagrams of impedance curves Z(ω, ψ) as given by Choi et al. [32].

As seen from Eq. 2.45, the impedance curves have two variables, so that a 3D representation
is needed for its complete understanding, as depicted in Fig. 2.14. Such representations are,
however, rare. Widespread are Nyquist plots, and seldom, Bode plots. Both are exemplary
depicted in Fig.2.15. The former are intended to represent the complex nature of impedance,
plotting the negative imaginary part −ImZ versus the real part ReZ, whereas the latter
plot the frequency dependency of both the magnitude |Z|(ω) and phase shift ψ(ω) of the
impedance.
The characterisation of complex electrochemical systems such as fuel cells using EIS usually

consists in measuring its impedance and deduce an equivalent (electric) circuit, as known
within electrical engineering. This behaviour shall be first explained, in order to understand
the limitations of this approach.
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Figure 2.16: Nyquist plot of a single resistor R according to [23]

2.8.1 EIS and equivalent circuits

The impedance Zk is defined as a complex number, where the real part is given by the
resistance Rk and the imaginary part by the reactance Xk = XL −XC:

Zk(ω) = Rk + i(XL −XC) (2.46)

Applying EIS to a pure ohmic resistor Rk would result in a single dot on the abscissa,
since resistors show no frequency dependence, as shown by Fig. 2.16. If the resistor is now
connected in series to a capacitor Ck, the impedance results:

Zk(ω) = Rk − iXC = Rk − i
1

ωCk
(2.47)

More relevant to electrochemical cells becomes the parallel connection between resistor and
capacitor:

Zk(ω) = 1
1/Rk + iω Ck

(2.48)

The impedance curve of both RC circuits are given in Fig. 2.17. While the series connection
shows a straight line, the parallel circuit results in a semicircular behaviour. As stated before,
the latter is of interest, due to the nature of fuel cells. The high concentration of opposite
charge carriers at both sides of the electrolyte, as explained in detail in Sec. 2.3, causes a
double layer effect, similar to a plates capacitor, where one side presents a negative charge
while the other one is positively charged. If a non conductive material lies between them,
from the Coulomb’Law this shall cause an electric field E, explaining the analogy to the
capacitor Ck. Furthermore, the resistor Rk can be understood as the electrode resistance Rk

to the reaction kinetics when this reaction can be simplified with the Tafel approximation
[23]. The overpotential can then be expressed as:

ηk = − RT

αnF
ln i0 + RT

αnF
ln i (2.49)
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(a) Series circuit (b) Parallel circuit

Figure 2.17: Nyquist plots of RC circuits, according to [23].

Figure 2.18: Nyquist plot of a single cell formed by a 3YSZ electrolyte and brushed Pt-
electrodes measured at T = 973 K as given by Lee et al. [33].

Considering that at small perturbations, as usual when applying EIS, the electrode impedance
Z = U

I
can be approximated to Z = dU

dI
i.e., to the slope of the U − j response, the resulting

impedance is independent of the resistance and the electrode resistance Rk can be estimated
as:

Zk = Rk = RT

αnF

1
i

(2.50)

In that case, the diameter of the semicircle is given by the resistance Rk and from the
frequency at the apex ωa it is possible to estimate the relaxion time ω−1 = τ = RkCk.
Real electrodes can seldom be modeled with R//C elements, e.g. the Nyquist Plot of a

3YSZ electrolyte with Pt-electrodes at T = 973 K, given by Lee et al [33]. In most cases
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Figure 2.19: Nyquist plot of a R//CPE element, taken from [31].

Figure 2.20: Electrical circuit from passive elements Ri, Ci and Li connected as shown in
the left part. In the right part, the approximation of the real system with N number of R//C
elements. Taken from Schoenleber et al. [34].

they present an arc behaviour, as shown in Fig. 2.19. At this point, a divergence must be
highlighted. Following the state-of-the-art EIS characterisation, it was proposed to introduce
a new passive element, a constant phase element (CPE) to model this arc as a parallel
connection to a resistor, R//CPE. The limitations of this approach are presented in the
following section.

2.8.2 Limitations of the equivalent circuit approach

The impedance arc measured from real systems can be fitted to several idealized equivalent
circuits, either the parallel connection R//CPE presented before or a number N of R//C
elements, as proposed by Schoenleber et al. [34] and depicted in Fig. 2.20.
The lack of uniqueness between electrochemical systems and their equivalent circuit repre-

sents the greatest limitation of this approach, because wrong conclusions could be drawn.
Following the example given by Schoenleber [34], a Nyquist plot of an electric circuit consisting
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of resistors, capacitors and inductors, was obtained. Afterwards it is demonstrated that the
obtained Nyquist plot can be fitted by a series connection of R//C elements. Moreover, the
quality of the fitting can be increased by increasing the number of the R//C elements. The
analogy as a basis for the characterisation thus proves to be insufficient. If EIS ought to
be implemented to determine the conductivities Lij, another approach must be introduced,
rather than applying the established equivalent circuit method.
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Chapter 3

Electrolyte materials

The performance of fuel cells as explained in Sec. 2.1 is constrained by technical issues,
since it is very difficult to find or develop materials that fit all of the requirements. Since
this thesis focuses on electrolytes, several materials, both state of the art materials and
recently discovered materials will be explained in this chapter, along with their advantages
and disadvantages. Special focus will be given to the electrolyte materials that are to be
modeled and characterised in the following chapters, i.e. 3YSZ as a solid oxide electrolyte for
high temperature fuel cells and electrolysers (SOFC) and Nafion® as a polymer electrolyte
for low temperature fuel cells and eletrolysers (PEM).

3.1 The solid oxide electrolyte
Ions are conducted in solid oxides via defect hopping mechanisms [23]. The defect density in
natural oxides is, however, low. In order to increase this density, ceramic oxides are doped
with small quantities of other ceramics. Even doped oxides present a low ionic conductivity at
ambient conditions, a quality that increases at increasing temperatures. They become suitable
as ion conductors at temperatures of 1000−1300 K, that is why they are colloquially known as
high temperature fuel cells. Although this fact reduces their suitability for some applications, it
turns out to be a kinetic advantage when compared to PEM fuel cells, presenting significantly
lower activation overpotentials. Moreover, at such temperatures there is a wider range of
inexpensive catalysts for the electrodes’ reactions.
The defects caused by the doping process can promote ionic or electronic conductivity or both.
Widespread ceramics like YSZ (yttria-stabilized zirconia) or GDC (gadolinia-doped ceria) are
anion conducting. While YSZ presents excellent chemical inertness and stability, as well as
high fracture toughness and negligible electronic conductivity [23], GDC shows a significant

28



3.1 The solid oxide electrolyte

higher ionic conductivity, which brings along a high electronic conductivity under reducing
conditions, a fact that makes them questionable on behalf of its applicability in fuel cells. To
overcome this difficulty, YSZ/GDC multilayers electrolytes have been introduced, achieving
power densities of 400 mW/cm2 [35] at T = 673 K. Furthermore, other multilayer electrolytes,
i.e. BSFSb-SDC, have shown power densities of over 1000 mW/cm2 at T = 823 K. On the
other hand, there are also proton conducting ceramics, like established YCB and YZB (yttria
and ceria-stabilized baria and yttria and zirconia-stabilized baria) and Ba7Nb4MoO20 which
is in a developing stage [36]. These materials will be explained in Sec. 3.1.3.

3.1.1 Yttria stabilized zirconia (YSZ)

As already mentioned, yttria-stabilized zirconia is the state of the art electrolyte for solid
oxide fuel cells. Small amounts of yttrium oxide (usually no more than 10% Vol.) are mixed
with zirconium oxide to obtain the precursor powder. A zirconium atom becomes chemical
stable by bonding to four oxygen atoms, i.e. Zr4+, whereas an yttrium atom only needs
three for the same purpose Y3+. By incorporating small amounts of yttrium oxide in the
zirconium oxide, yttrium atoms replace some zirconium in the crystal structure. To maintain
the electrical neutrality, the oxygen atoms must jump through the lattice, as observed in Fig.
3.1. Thus, doping these oxides increases the defect density, increasing the ionic conductivity
of the ceramic. Increasing the dopant concentration increases the ionic conductivity until a
certain maximum, after which conductivity decreases again; this value lies between 4− 10%
depending on the author [23], [37]. Several theories explaining this behaviour have been
proposed, going beyond the scope of this thesis.

Preserving electroneutrality in the doped ceramic means that for every oxygen being
incorporated to the oxide (and producing an excess or deficit of charge) electron holes must
be produced, allowing electronic conduction. In the Kröger-Vink notation this doping process
can be expressed:

Y2O3 2 Y′ + VO + 3 O×
O (3.1)

As previously mentioned, the ionic conductivity of solid oxides is strongly dependent on
temperature, a fact that can be modeled with the Arrhenius equation:

σET = σE
0 exp

(
− EA

RT

)
(3.2)

This assumption can be observed in light of experimental data, depicted in Fig. 3.2, as the
ionic conductivity versus the inverse of temperature. The y-axis is often in a logarithmic
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Figure 3.1: Representation of valence for (a) pure ZrO2 and (b) ZrO2 doped with Y2O3.
Figure from Geesmann [38]

Figure 3.2: Fields of Ionic conductivity σ of different solid oxides versus temperature according
to Guan and Liu [39].
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Figure 3.3: Literature reported values for the total conductivity of 3YSZ, showing the data
scattering and a possible linear fit. Figure designed by Aldesoki [40] and modified afterwards
for this thesis. Raw data from Brune et al. (BRU98) [41], Heiroth et al. (HEI10) [42], Scherrer
et al. (SCH12) [43], Ryu et al. (RYU12) [44], Abend et al. (ABE97) [45], Etoh et al. (ETO19)
[46], Duran et al. (DUR89) [47], Weller et al. (WEN88) [48], Ram et al (RAM99) [49] and
Srdic et al. (SRD01) [50]

scale to show the exponential dependence and the x-axis is usually enlarged by a factor 103

for convenience. As it can be observed, fields rather than lines are depicted: the reported
values are scattered in the literature. It is believed that the manufacturing process of both
the precursor powder and the pellet influence the electrical and mechanical properties of the
electrolyte. The data scatter can be observed in Fig. 3.3.

3.1.2 Other anion conducting solid oxides

Doped ceria presents a higher ionic conductivity than stabilized zirconia. Cerium oxide CeO2

is usually doped with samarium Sm or gadolinium Gd, achieving a maximum conductivity at
dopant concentrations of 10− 20%, after which it decreases at increasing concentrations. As
explained by O’Hayre et al [23], if the dopant concentration is too high, a high interaction
between ions takes place as a result of an elastic tension caused by the mismatch between the
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Figure 3.4: Lattice structure of a perovskite with the general formula ABO3 according to
Chen et al. [51].

size of dopant ion and host ion. Thus, to achieve high ionic conductivity, the crystal lattice
must remain as unchanged as possible and the doping ion must have a similar size to the
host ion. In that sense GDC lattice is more homogeneous than the YSZ one.
Nevertheless, GDC also presents disadvantages: the reducing ambient of the cathode promotes
the reaction Ce4+ + e− → Ce3+ at the expense of the oxygen ion formation. Moreover, the
thermal expansion coefficient of cerium oxide increases in reducing conditions, resulting in
possible breakdown. This fact also limits the development of multilayer electrolytes, since
the different thermal expansion of both YSZ and GDC introduces a possible failure, as well
as the extra contact resistance.
Another oxide structure acting as a promising ion conducting material is given by perovskites,
which follow the general formula ABO3, being A and B the metal atoms and O is the
oxygen. [36] Its lattice structure can be seen in Fig. 3.4
Depending on the dopant, perovskites can conduct oxygen anions and/or protons. Proton

conducting perovskites will be dealt with in the next section. One of the most extensively
studied oxides is lanthanum gallate (LaGaO3), whose high ionic conductivity is achieved by
replacing some lanthanum atoms by strontium, calcium or barium atoms. The minimum
lattice distortion rule previously discussed seems to apply also for this material, so that
strontium emerges as the most suitable choice. The oxygen vacancy can further be increased
by adding divalent cations, such as Mg2+, to replace some gallium. This leads to a family
of complex oxides known as LSGM, general formula La1−xSrxGa1−yMgyO3−δ. [23]. LSGM
conductivity lies between the conductivity of YSZ and GDC, being more expensive than GDC
but more resistant to reduction. Furthermore, its thermal expansion properties are similar
to the ones of YSZ, presenting less mechanical issues. However, the main disadvantages of
LSGM are given by its chemical reactivity: it reacts with the common materials for electrodes,
such as nickel in the anode and cathode materials under oxidizing conditions.
Another promising family of materials is associated to polymorphism, the existence of more
than one crystal structure, like bismut oxide (Bi2O3) and the family of LAMOX compounds
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(La2Mo2O9). Bismut oxide presents a monoclinic structure α at room temperature that turns
into a cubic type δ when heated above T = 1000 K. This configuration has a much higher ionic
conductivity than the α structure. Doping the oxide with rare elements (Y,Dy,Er) has proved
successful to stabilize the high temperature phase at low temperatures. [23] Nevertheless,
they are unstable at temperatures below T = 700 K, being up to date not suitable for
intermediate temperature applications. LAMOX, as well as bismute oxides, change their
phase at T ≈ 900 K increasing its ionic conductivity. Similarly, the stabilization of this high
temperature phase at lower temperatures becomes possible by doping with elements like
Bi, W, V. The main difference is given by the conduction mechanism, known as lone-pair
substitution (LPS). It consists of a valence electron not shared nor coupled to other atoms [23],
which in this case are believed to act as structural elements of the crystal [52]. LAMOX
compounds are in a developing stage, facing challenges related to their reduction easiness
and degradation.

3.1.3 Proton conducting solid oxides

Among proton conducting solid oxides it can be distinguished between perovskites and
perovskites derivatives.
Among perovskites the proton conduction is obtained from the hydration of the oxide[36]:

H2O + VO + O×
O 2 OHO · (3.3)

so that water molecules place themselves in the oxygen vacancies in the lattice, releasing
protons H+; the protons are not entirely free, since they are bonded to oxygen ions in hydroxyl
ions OH•. This binding energy is, nevertheless, not large, so that the protons can jump from
one oxygen ion to its neighbour. The process can be considered as lattice diffusion similar
to oxygen motion rather than the vehicle mechanism proposed in polymers (see Sec. 3.2).
Their highest conductivities are seen at intermediate temperatures, above which the anion
conductivity becomes dominant [23]. Widespread perovskites proton conducting oxides are
BaCeO3 and BaZrO3 doped with Y, Yb, Er, Mo [36].
Derivatives of perovskites can be formed by introducing defects or layering the ABO3 lattice
with structural motifs [36]. Hexagonal perovskites are obtained from mixing face-sharing and
corner-sharing BO6 octahedra, which previously resulted from piling up hexagonal and cubic
layers of AO3. Among this group of perovskites it is worth mentioning Ba7Nb4MoO20 and
BaeEr2ZrO13, which become proton conducting when hydrated, being their main disadvantage
their mixed conductivity. Ruddlesden–Popper (RP) structures are promising perovskites with
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the general formula An+1BnO3n+1. RP oxides are obtained alternating n layers of corner-
sharing BO6 octahedra with AO layers.[36] Relevant for fuel cells due to good chemical and
mechanical properties are RP oxides of the types A2BO4 or A3B2O7 (with A = Sr, La, Nd, Pr
and B = Fe, Ni) which present triple conductivity, ie. protonic, electronic and anionic, being
suitable for the interface electrode-electrolyte. Last but not least, brownmillerite perovskites
(A2B2O5) result in layers of corner-sharing octahedra and tetrahedra formed in ordered rows.
In this group Ba2In2O5 can be named, usually doped with silicate, phosphate or sulphate; its
electronic conductivity as well as its chemical and mechanical instability makes it unsuitable
for fuel cell applications.

3.2 The polymer electrolyte
Ionic conduction in polymers is not as easily understandable as in oxides. The widespread
theory of chain conduction is based on attraction and repulsion of charge sites depending on
their polarisation, as well as the availability of free volume: if a high cationic conductivity is
desired, the polymer should present a high density of negative charged sites, so that one site
attract the cation and the motion occurs when the next charged site obtains the cation from
its neighbour. The ions need the polymer to present free volume in its lattice, so that they
can jump from one charged site to the next one; completely dense polymers are not suitable
for this purpose. However, most polymers do present certain free volume. Similar to doping
oxides, increasing the density of charged sites increases the ionic conductivity but decreases
mechanical stability [23].
Another possible explanation for ionic conduction in polymers is the vehicle mechanism. The
vehicle mechanism is based on the transport of other species through the free volume of the
polymer. The other species called the vehicle, gives the ions a ride, i.e. it takes the ions
with them. One of the most common vehicles in polymers is water; if the ion motion is
given exclusively by water molecules, the conduction process can be modeled analogously to
aqueous electrolytes [23]. Both mechanisms are depicted in Fig. 3.5 (b).
There is only a limited selection of polymers used in PEMFC electrolytes. The widespread

material is a perfluorinated polymer, commercially known as Nafion, which will be explained
in detail in the following section. Other established and promising polymers are presented in
Sec. 3.2.2.
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3.2 The polymer electrolyte

(a) Structure of Nafion
(b) Proposed conduction mechanisms in Nafion: chain mecha-
nism top left and vehicle mechanism in the center.

Figure 3.5: Schematic representation of Nafion, according to O’Hayre et al. [23] and Gottschalk
[53].

3.2.1 Nafion®

Perfluorinated polymers like Nafion are the state of the art electrolyte for PEM and direct
methanol fuel cells [54]. Nafion is a brand name, originally developed by Dow Chemicals. Its
structure consists of a modification of polytetrafluoroethylene, better known as Teflon® adding
sulphonic acid functional groups, SO−

3 H+, as it can be seen in Fig. 3.5 (a).
The teflon forms a backbone for mechanical strength, and the sulphonic acid groups add
charge sites for the ionic conductivity [55]. It is considered that both the chain and the vehicle
mechanisms contribute to the conductivity of Nafion, where the free volumes form paths big
enough for water molecules to move, while the walls of these paths become polarised with the
sulphonic acid chains. If the polymer is well hydrated, the protons H+ abandon the sulphonic
ion SO−

3 to form hydronium H3O+, leaving the acidic chain. If enough water is present in the
polymer, the ions move inside the polymer exclusively through water, as if the polymer were
aqueous, thus exhibiting an ionic conductivity comparable to aqueous electrolytes. Moreover,
the teflon molecules that care for the mechanical stability are hidrophobic, so that they
increase the formation of paths and the transport of water by repelling the water molecules.
Thus, this dependency of ionic conductivity on hydration is defined as the water content λM.
From the NET perspective, this an important example of coupled processes and can therefore
be modeled favourably following Eq. 2.41.
One of the most famous studies of Nafion was carried out at Los Alamos National Laboratory

(USA) by the research group of Zawodzinski and Springer. The water content λM is defined
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3.2 The polymer electrolyte

Figure 3.6: Experimental results for nafion N117 membrane water content λM versus water
activity aw = pW

pS
W

at T = 303 K, given by Zawodzinski et al. [56].

as the ratio of the number of water molecules to the number of charge SO−
3 H+ sites.[12]

Zawodzinski et al. [56] measured the dependency of water content on the water activity aH2O

for a N117 membrane at T = 303 K and their results are depicted as dots in Fig. 3.6. The
referred activity a is the thermodynamical activity, which in this case is approximated to the
fugacity for gases, i.e. the ratio of the partial pressure of water and the saturation pressure of
water at the same temperature. The water saturation of nafion depends on the water phase,
showing a much higher saturation when in equilibrium with liquid water (λM = 22) than with
water vapour (λM = 14). Later on, his colleague Springer et al. [12] proposed a polynomial
of third grade (continuous line in Fig. 3.7) to approximate the isothermal at T = 303 K for
the vapour equilibrium:

λM(T = 303 K) = 0.043 + 17.81a− 39.25a2 + 36a3 for 0 < a < 1. (3.4)

Although the curve was obtained only for one temperature, they considered it to be also
applicable to higher temperatures. The group [56] also measured the ionic conductivity σM

at different water activities and by fitting the data it was obtained: T = 303 K:

σM,303 = 0.5139λM − 0.326 forλM > 1. (3.5)

The coupling of water flux and ions motion plays a role in the conductivity, which was
defined by the transference number t, commonly used in diffusion in solids. The transference
number, in this case, represents the number of water molecules dragged per proton H+. [56]
Springer, Zawodzinski et al. [12] estimated the transference number proportional to the water
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Figure 3.7: Approximation of nafion membrane water content on water activity for T = 303 K
by Springer [12], Eq. 3.4 and T = 353 K by Hinatsu [57], Eq. 3.8

content from two measurements at T = 303, 323 K:

t = 2.5
22 λ

M, (3.6)

based on the water content of t = 2.5 measured from a membrane in equilibrium with liquid
water, λM = 22. Later on, Fuller and Newman [58] obtained a completely different curve
for t = f(λM) in equilibrium with water vapour at T = 298 K, which made Los Alamos
measure the transport number for the same water activity range, so that Zawodzinski, Davey
et al [59] obtained a constant value of t = 1.03 at T = 303 K independent of water content,
refuting the previous approximation. The approaches are depicted in Fig. 3.8. As for the
ionic conductivity, it was proposed to be exponentially dependent on temperature, similar to
an Arrhenius equation, as previously explained in Sec. 3.1.1. By measuring the conductivity
of fully hydrated membranes for two temperatures, an activation energy was obtained and
assumed to hold for all temperatures:

σM(T ) = σM,303 exp
1268

 1
303 −

1
T

 (3.7)

Other studies, e.g. Hinatsu et al., [57] have measured the water content dependency on water
activity at T = 353 K for N117, proposing the following Equation:

λM(T = 353 K) = 0.300 + 10.8a− 16.0a2 + 14.1a3 for 0 < a < 1, (3.8)
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Figure 3.8: Transference number t of a Nafion membrane vs. water content λM. (-) the
approach of Springer [12], Eq. 3.6 (-.-) the approach of Fuller and Newman [58] and (o) the
approach of Zawodzinski [59].

showing that the assumption of water content dependence on water activity proposed in Eq.
3.4 for the temperature range 303 ≤ T ≤ 353 does not necessarily hold true, as depicted
in Fig. 3.7. As pointed out by Maldonado Sanchez [60], pre-treatment history plays a key
role in the water sorption of nafion: drying the membrane at temperatures T > 370 K sets
a maximum water content at a certain water activity, which can be overcome by avoiding
previous thermal treatments.
Moreover, the linear dependence of ionic conductivity on water content from Eq. 3.5 contrasts

with the polynomial second grade proposed by Neubrand [62] given by Eq. 3.9, as it can be
seen in Fig. 3.9. It becomes necessary to investigate polymer electrolytes in a more formal
manner, since empirical equations are too scattered. Non-Equilibrium Thermodynamics
might overcome this difficulty.

σM = 0.03637(λM)2 + 0.14177λM − 0.034 (3.9)

As mentioned before, the properties of Nafion membranes, e.g. water content, are dependent
on factors like thermal history or preparation procedure. The N117 membrane, which has
been described so far, is obtained by (melt) extrusion. This procedure contributes to its
mechanical strength but increases its ionic resistance. If the Nafion electrolyte is prepared by
dispersion casting, e.g. Nafion N211, thinner membranes are obtained, presenting a higher
ionic conductivity but also a higher hydrogen crossover. The water content dependence on
water activity for N211 was measured by Peron et al. [63] and is given in Fig. 3.10. It can be
seen that, when compared to N117, a larger water sorption is obtained. Moreover, a greater
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Figure 3.9: Ionic conductivity dependency on water content, according to Siemer [61].

ionic conductivity was also measured, as depicted in Fig. 3.11.

3.2.2 Other polymer electrolyte materials

One alternative to Nafion is given by polyetheretherketones (PEEKs), which make use of
aromatic hydrocarbon polymers instead of perfluorinated polymers for the backbone, making
the polymer less expensive and more environmental friendly (they are easier to recycle) and
improving the water sorption of the electrolyte, since their density of polar groups is higher.
Also they can be implemented at higher temperatures. On the other hand, PEEK has a
poorer chemical and thermal stability as well as a higher ionic resistance when compared to
nafion operation temperatures. In this case, the polymer results from ether and kethone units
and the ionic conductivity is obtained by adding sulphonic acid functional groups, similar
to nafion. Nevertheless, at temperatures of T = 333− 353 K, PEEKs show a lower protonic
conductivity, [64] around 30% of Nafion, which increases up to 50% when additives, such as
phosphotungstic acid (PWA), are incorporated. At (PEM) high temperatures of T > 420 K
nafion and PEEKs show a similar ionic conductivity [23].
Following aromatic hydrocarbon based polymers, it is worth mentioning another material,
the phosphoric acid doped polybenzimidazole (PBI). Its structure is similar to PEEK but the
adding sulphuric acid to the hydrocarbon, a strong acid like phosphoric acid (H3PO4). The
conduction mechanism does not rely on the sulphonic functional groups but on the interplay
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Figure 3.10: Water content dependency
on water activity, according to Peron et
al. [63]

Figure 3.11: Ionic conductivity de-
pendency on temperature, according to
Peron et al. [63]

base-acid, since the polymer is relatively basic and the acid is a strong one; the conduction is
believed to occur via the vehicle mechanism, free of acid [23]. When compared to Nafion it
shows several advantages, such as its ionic conductivity is similar but almost independent on
water content, a better thermal and mechanical stability and its extremely lower cost. On
the other hand, the acidic environment reduces its durability and the kinetic of the cathodic
reaction; finding suitable catalysts is also challeging.
Last but not least, the doping of nafion with inorganic substances has been tried, giving
birth to polymer-inorganic composite membranes. It can be achieved by either incorporat-
ing hydroscopic oxides (like silica or titania) to increase water uptake (by increasing the
operation temperature) or by adding proton-conducting materials (such as phosphates or
heteropolyacids) to reduce the ionic resistance. Even though these composites improve water
sorption, its ionic conductivity lies still below that of nafion and they are just as dependent
on hydration as nafion [23].
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Chapter 4

Modeling the electrolyte

This chapter presents the implementation of Non-Equilibrium Thermodynamics to model
the transport mechanisms within electrolytes, which are the objects of this thesis. The solid
oxide electrolyte consists of a 3%mol yttrium oxide stabilized zirconium oxide, commonly
known as yttria-stabilized zirconia with the composition (Y2O3)0.03(ZrO2)0.97. The samples
consists of pellets of 5 mm and 10 mm, having an active area of (40 · 40) mm.
The polymer electrolyte consists of Nafion membranes of the type N1110, which is extruded.
Thus they belong to the N117 family, which is the most characterised membrane so far. The
electrolyte has a thickness of dM = 1.27 mm, more details can be found in Sec. 5.2.1.

4.1 Modeling the solid oxide electrolyte
This section is based on previously published works, one poster at the European Fuel Cell
Forum 2020 and one manuscript in the Journal Solid State Ionics [65] with the title A novel
method to determine the transport coefficients of an YSZ electrolyte based on impedance
spectroscopy.

4.1.1 EIS applied to 3YSZ electrolytes

A real YSZ electrolyte cannot be directly used for electrical characterisation using EIS, since
the solid oxide does not conduct electricity, thus making it necessary to create an electric
contact. Since at both surfaces of the electrolyte the ions might readily be formed and
adsorbed, it is important to use a compatible metal for the electric contact, one that can
work both as contact and catalyst of the ion formation. Among the most used metals are
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Figure 4.1: Model of a single cell with symmetric electrodes and a YSZ-electrolyte [66]. (a)
Equivalent circuit and (b) Resulting Nyquist-Plot when EIS is measured.

worth mentioning, gold, [67], [68] silver [69] and platinum [70].
This test object can be, in the simplest case, approximated by an equivalent circuit of three
R//C elements in series; every element consisting of a resistance R connected to a capacitor
C in parallel, as depicted in Fig. 4.1 (a). As mentioned in Sec. 2.8.1, when EIS is applied
to a R//C element, this results in a semicircle in the Nyquist plot. Therefore the 3YSZ
electrolyte should show a Nyquist plot similar to the one observed in Fig. 4.1 (b). However,
one condition must be accomplished: the relaxation times τ = 1

R·C of the electrochemical
processes must be separated from each other at least by one order of magnitude, [17] ideally
three orders.
The three elements represent the bulk conductivity σb, the grain boundary conductivity σgb and
the catalyst layer conductivity σcl or interface Me | YSZ or YSZ | Me, with Me = Au,Ag,Pt,
i.e. where the process 1

2O2 ⇌ O2− takes place. Real examples of these three semicircles
are scarce in the literature, eg. the Nyquist Plot of a 3YSZ electrolyte with Pt-electrodes
measured at T = 973 K by Lee et al [33]. When compared to the theoretical curve shown in
Fig. 4.1 (b), one arc instead of three semicircles is seen in the experimental result. There are
some factors that influences the shape and size of the semicircles obtained in experimental
studies:

• Powder preparation: precursors used, organic compounds involved, in some cases: laser
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power and wave length.

• Pellet fabrication: sintering method, sintering temperature, pressure applied.

• Crystal structure: cubic, tetragonal, monoclinic, rhombohedric.

• Grain size (associated with the crystal structure).

• Measuring/operating temperature

The effect of all of these factors are beyond the scope of this study, they can, however, help
understanding the scattering of the results obtained for the conductivity of YSZ, as previously
shown in Fig. 3.3. Only the last factor, ie. the operation temperature will be taken into
account, since it is the only one that can be controlled during the experiments.
The arc observed in Fig. 2.18 can be fitted with equivalent circuit presented in Fig. 4.1 (a). In
that case, the first semicircle, associated to the bulk impedance is considerably smaller than
the grain boundary impedance, while the relaxation time of interface impedance appears to be
similar to the conductivity in the grain boundary. When the measuring temperature decreases,
the bulk conductivity becomes dominant and the sizes of the semicircles are inverted, as
shown by El-sayed Ali et al [71] in Fig. 4.2. Although it is not to be compared quantitatively,
as the authors performed their measurements with a 8YSZ electrolyte, the temperature effect
is observed. The bulk and grain boundary conductivities dependence on temperature are
plotted in Figs. 4.3 and 4.4.

The data from both figures is summed up in Table 4.1, from which it can be seen that the
scattering of experimental data for 3YSZ does not only apply for the total ionic conductivity
σ (see Fig. 3.3 for reference) but also for the bulk conductivity σb and for the grain boundary
conductivity σgb, since their reported activation energies are also scattered. The mean bulk
activation energy results (0.84± 0.09) eV, while the grain boundary activation energy equals
(1.09± 0.11) eV
As mentioned before, it is beyond the scope of this thesis to determine which factors influence
which part of the ionic conductivity. Up to this point and as far as known, there is no
conclusive statement in this sense. It has been, however, point out, that both the precursor
obtaining process as well as the pellet shaping play a key role in the crystal structure and thus
on the ionic conductivity. Nevertheless, different authors have employed similar powders and
similar mechanical methods for the pellets to measure a different ionic conductivity. Since the
focus of this study lies in the characterisation method, these factors shall not be taken into
account. For the purpose of validation the large standard deviation ought to be considered.
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Figure 4.2: Nyquist-Plot of an 8YSZ electrolyte with Pt-electrodes, measured at 773 K, as
given by M. El-sayed Ali et al. [71].

Figure 4.3: Bulk conductivity σb vs. temperature for an 3YSZ electrolyte
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Figure 4.4: Grain boundary conductivity σgb vs. temperature for an 3YSZ electrolyte

Table 4.1: Activation energies EA in eV found in literature for bulk and grain boundary
conductivities

Study Bulk Activation Energy EA Grain boundary Activation Energy EA

WEN88 [48] 0.97 1.30
RAM99 [49] 0.97 1.21
SRD01 [50] 0.78 1.00
MON99 [72] 0.83 1.04
GUO03 [73] 0.84-0.85 1.03-1.05
WEL86 [48] 0.62-0.92 1.17
CIA94 [74] 0.91 1.07
FLO02 [75] 0.67 0.99
DUR89 [47] 0.82 0.98
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Figure 4.5: Scheme of the fluxes through a solid oxide electrolyte with two oxygen/air
electrodes

4.1.2 NET applied to 3YSZ electrolytes

The starting point to derive the model equations to describe the transport mechanisms of
fluxes within the frame of Non-Equilibrium Thermodynamics are Eqs. 2.42-2.44. Due to
the conservation of charge, the electronic current j measured externally(anode to cathode)
must equal to the sum of electronic current and ionic currents ∑Jk, where k stands for
every possible type of ion. In the case of YSZ k = Zr4+,Y3+,O2−[76]. Nevertheless, for the
temperatures studied electronic conductivity is negligible small, as it has been shown in MD
simulations [77] as well as experimentally, [78] proving to be at least 3 orders of magnitude
smaller than ionic conductivity. Furthermore cation diffusion can also be neglected, [79] since
it requires temperatures T > 2000 K to be observable [25]. As a consequence, the external
current and the anionic current are proportional to each other j

zF
= JO2- . As the driving force

for the electric current the electrostatic potential shall be expressed as dφ to differentiate it
from electric potential dϕ. The relation between electrostatic potential and electric potential
is given in the next paragraph. The Eqs. 2.42-2.44 applied to the solid oxide electrolyte
returns as:

Jq = −Lqq
1
T 2

dT
dy − LqO

1
T

dµO2−

dy − Lqφ
F

T

dφ
dy , (4.1)

JO2- = −LOq
1
T 2

dT
dy − LOO

1
T

dµO2−

dy − LOφ
F

T

dφ
dy , (4.2)
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j = −Lφq
F

T 2
dT
dy − LϕO

F

T

dµO2−

dy − Lφφ
F

T

dφ
dy . (4.3)

As expressed in Sec. 2.5, the electrochemical nature of ions makes Eq. 4.2 equivalent to
Eq. 4.3. Aided by the Onsager relations LOφ = LφO and Lqφ = Lφq, equating coefficients
lead to [76] Lφφ = z2LOO, LφO = zLOO and Lφq = zLOq, reducing the number of coefficients
necessary to describe the electrolyte. The electric potential ϕ is defined proportional to the
electrochemical potential ϕ = µO2−/(zF ), so that the thermodynamic fluxes can be expressed
as [65]:

Jq = −Lqq ·
1
T 2

dT
dy − LqO ·

zF

T

dϕ
dy , (4.4)

JO2- = −LOq ·
1
T 2

dT
dy − LOO ·

zF

T

dϕ
dy . (4.5)

Let the electrolyte control volume be so macroscopic thin such that the differential of the
thermodynamic functions κ = T, µ, ϕ can be considered as differences dκ ≈ ∆κ, ie. the
driving forces are independent on the thermodynamic function profile Xj ̸= κ(y). In that case,
the conductivities Lij can be considered as bulk properties of the electrolyte. Experimentally
this means that only small gradients are to be applied to the electrolyte, and that the thickness
of the electrolyte approximates its differential dy ≈ dE. The thermodynamic fluxes result
then:

Jq = −Lqq ·
1
T 2

∆T
dE − LqO ·

zF

T

∆ϕ
dE , (4.6)

JO2- = −LOq ·
1
T 2

∆T
dE − LOO ·

zF

T

∆ϕ
dE . (4.7)

Making use of the previously stated equality j
zF

= JO2- , Eq. 4.7 can be rewritten solving for
the electric current, which is actually what is measured by performing EIS experiments:

j = −LOq ·
zF

T 2
∆T
dE − LOO ·

(zF )2

T

∆ϕ
dE . (4.8)

This implies that by means of EIS it is possible to measure the conductivities LOO and LOq.
If additional conditions are applied, it would be also possible to determine Lqq. For example,
if the net heat flux Jq in Eq. 4.6 is experimentally set to zero, solving for the temperature
difference and then replacing in Eq. 4.8, obtaining:

j = −
(
LOO −

L2
Oq

Lqq

)
· (zF )2

T︸ ︷︷ ︸
σeff

·∆ϕ
dE , (4.9)
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so that an effective electrical conductivity σeff can be defined:

σeff =
(
LOO −

L2
Oq

Lqq

)
· (zF )2

T
. (4.10)

Under these circumstances, the measured electrical conductivity is not only dependent on
the pure ionic conductivity LOO but also on the cross conductivity LOq and the thermal
conductivity Lqq. Most studies do not take this dependency into consideration, so that their
measured conductivity might over- or underestimated, misleading the interpretation of results
[65].
To prove the feasibility of this approach, the conductivities were first calculated, making use of
Molecular Dinamics (MD) simulations for ordered crystals of 8YSZ, i.e., a model for the bulk
conductivity alone at T = 1300 K and zero pressure. The basic idea consists in extracting
the frequency dependency of the impedance (or its inverse, the admittance): if one could
determine the impedance curve from the conductivities it is also conceivable that obtaining
the conductivities from the impedance curve should be possible. This is one important aspect
pursued in this thesis. The comparison of this model to experimental values is limited to
single crystals, since the MD simulation only considers the microfluxes in a lattice structure
with no disorder, i.e. grain boundaries, between lattice elements.
Heitjans and Indris [80] express the fluctuation-dissipation theorem expressed by the Kubo
formula to obtain the frequency-dependent conductivity from the auto correlation function
(ACF):

σ(ω) = Ld

kB · d
1
T

∞∫
0

⟨j(0)j(t)⟩ · eiωt dt, (4.11)

where L is the length of the modeled system, d the dimension of the system so that Ld

becomes the volume of the system, integrated over time. The auto correlation function (ACF)
necessary for this approach was previously obtained from a MD study [37]. In that work, the
microfluxes Ji are calculated using classical Equilibrium Molecular Dynamics (EMD). Then
the auto correlation functions of these fluxes Ji(0)Ji(t) and the cross correlation functions
Ji(0)Jj(t) are obtained in a similar manner to the Green-Kubo relations, which provide an
expression to determine the phenomenological coefficients or conductivities Lij. [81], [82]
Valadez et al [37] calculated the conductivities Lij using the Green-Kubo formula:

Lij = V

3kB

∞∫
0

⟨Ji(0)Jj(t)⟩dt, (4.12)
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Figure 4.6: Complex ionic transport
coefficient LOO dependency on frequency,
originally published on Solid State Ionics
[65]

Figure 4.7: Complex thermal energy
conductivity Lqq dependency on fre-
quency, originally published on Solid
State Ionics [65]

so that combining both equations results in the frequency dependent conductivities Lij(ω):

Lij(ω) = V

3kB

∞∫
0

⟨Ji(0)Jj(t)⟩eiωtdt, (4.13)

The conductivity LOO can be obtained from the ACF of the ionic microflux: The first
integration attempt was limited to the frequency range technically possible, ie. 10−3 <

f in Hz < 106, which delivered a single dot on the abscissa, as reported in literature for
the bulk conductivity of YSZ single crystals at high temperatures (T > 873 K) [83]. The
frequency range was thereafter increased until a semicircle was obtained, as depicted in Fig.
4.6, completing the semicircle at f = 1012 Hz. This fact shows that the relaxation time
at T = 1300 K for the bulk conduction is too low for the current EIS devices. Validating
this model would require to decrease the operation temperature to increase the relaxation
time, thus decreasing the characteristic frequency to the measurable range. Decreasing the
temperature would lead to difficulties in obtaining good correlation functions, since the low
temperature decreases the ion mobility and the interaction between them within the lattice.
In the complex graphical plane, the ionic conductivity LOO shows a bow-alike behaviour,
where the high frequency tail decreases its real part.

LOO(ω) = V

3kB

∞∫
0

⟨JO2-(0)JO2-(t)⟩eiωtdt, (4.14)
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Figure 4.8: Complex cross transport
coefficient LOq dependency on frequency,
originally published on Solid State Ionics
[65]

Figure 4.9: Detail of the complex cross
transport coefficient LOq, limited to the
common frequency range to the three
transport coefficients. Originally pub-
lished on Solid State Ionics [65]

The ACF of the heat microflux delivers the conductivity Lqq:

Lqq(ω) = V

3kB

∞∫
0

⟨Jq(0)Jq(t)⟩eiωtdt, (4.15)

which was integrated at increasing frequency ranges similarly to LOO, resulting in the curve
depicted in Fig. 4.7 for the frequencies 101 < f in Hz < 1011. The direction of Lqq at
increasing frequencies is the opposite of LOO, which was to be expected from Eq. 4.10, since
Lqq is in the denominator. If this equation is written in the complex plane, the following Eq.
results:

σeff =
(
|LOO| · eiϕOO − |LOq|2

|Lqq|
· ei(2ϕOq−ϕqq)

)
(zF )2

T
, (4.16)

so that the contribution of the thermal conductivity Lqq to the effective conductivity σeff

increases at increasing frequencies (the module of |Lqq| decreases with increasing frequency,
thus its inverse 1/|Lqq| increases).
The cross transport coefficient LOq = LqO cannot be directly obtained from the ACFs of
the ionic and heat microfluxes, since they have different physical backgrounds; the cross
correlation function (CCF) was defined, after several mathematical attempts, as:

⟨JO2-(0)Jq(t)⟩ = 1
2
[
⟨JO+q(0)JO+q(t)⟩ − ⟨JO2-(0)JO2-(t)⟩ − ⟨Jq(0)Jq(t)⟩

]
, (4.17)
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Figure 4.10: Complex effective conduc-
tivity σeff and ionic conductivity σOO de-
pendency on frequency, originally pub-
lished on Solid State Ionics [65]

Figure 4.11: Complex effective
impedance Zeff and ionic impedance ZOO
dependency on frequency, originally pub-
lished on Solid State Ionics [65]

so that the conductivity LOq can now be calculated:

LOq(ω) = V

3kB

∞∫
0

⟨JO2-(0)Jq(t)⟩eiωtdt, (4.18)

which shows a very unsual behaviour, as seen in Fig. 4.8; showing at least four arcs/semicircles
and reaching further on behalf of frequencies than the other conductivities, up to 7 · 1012 Hz.
Its real part is negative, opposite to both the ionic and heat flux, thus diminishing both
the mass transport JO2- and the thermal energy transport Jq. Nevertheless, when σeff is
calculated, only the frequency range common to the three conductivities is considered, so
that only the portion of LOq depicted in Fig. 4.9 matters. The odd curve observed might
be a result of obtaining the transport coefficient at the expense of an artificial CCF, thus
increasing the final uncertainty due to statistical propagation.

The effective conductivity σeff(ω) from Eq. 4.10 is depicted in Fig. 4.10 and compared
to σOO, the pure ionic conductivity dependends only on LOO, ie. obtained from Eq. 4.10
neglecting the effect of the other transport coefficients results in:

σOO = |LOO|eiϕOO
(zF )2

T
, (4.19)

showing that neglecting the other transport coefficients does have an influence, mostly at
high frequencies. This effect is nevertheless small when the complex impedance is studied, as
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4.2 Modeling the polymer electrolyte

observed in Fig. 4.11, which is calculated as the inverse of the complex conductivity:

Z̃eff = 1
σ̃eff

, (4.20)

where both effective and pure ionic impedance Zeff, ZOO show a similar frequency dependency,
unlike the conductivity.
This section presented a relationship between the transport coefficients in solid oxide elec-
trolytes and the frequency dependent impedance. It has been shown that the complex
impedance curves, as known from EIS as Nyquist plots, can be artificially obtained from the
conductivities Lij defined by NET. If the frequency dependent impedance Z(ω) can be deter-
mined from the transport coefficients Lij it should be possible to obtain these conductivities
from the impedance curve. This hypothesis is the heart of this doctoral thesis and will be
validated and revised in Sec. 6.1.

4.2 Modeling the polymer electrolyte
There is a vast literature on nafion membranes based on experiments, such as the ones
developed by Los Alamos laboratory and reproduced here in Sec. 3.2.1. From those empirical
relationships many models were developed, although the water content postulates were proven
to be not entirely correct [60] , [57].
Since the widespread measurement model approach has shown its limitation, much more can
be won from the process model approach, consisting in solving the governing equations of
the electrochemical system [84] rather than fitting parameters to a pre-established equivalent
circuit.
As previously mentioned in Sec. 3.2.1, the ionic conductivity of Nafion membranes depends
to a great extend on the water content, putting emphasis to a non-equilibrium approach
and adding a third thermodynamic flux when compared to solid oxide electrolytes. The
complexity of water transport can be limited by carrying on experiments with two hydrogen
electrodes, so that no water is produced at the cathode.

4.2.1 EIS applied to Nafion membranes

A typical PEM fuel cell, ie. consisting of a nafion membrane as an electrolyte, a fuel electrode
supplied with hydrogen and a air electrode supplied either with air or oxygen can be modeled
under open circuit (OC) conditions using the equivalent circuit of Fig. 4.12. (The electrodes
consist moreover of a conductive current collector or bipolar-plate (BPP), a gas diffusion layer
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4.2 Modeling the polymer electrolyte

Figure 4.12: Equivalent circuit for a
complete PEM fuel cell with H2/O2 elec-
trodes at OC

Figure 4.13: Impedance complex repre-
sentation of the electric circuit from Fig.
4.12 given by Lasia. [85].

(GDL) and a suitable catalyst layer (CL)). The resistor REl represents the ohmic resistance
of the electrolyte, while the elements Rct//Cdl do so for the electrodes, as already explained
in Sec. 2.8.1. If this electric circuit is investigated by means of EIS, a Nyquist plot similar to
the one depicted in Fig. 4.13 should be obtained. Both electrodes should have relaxation
times three orders of magnitude apart from each other in order to obtain good results, as it
has been pointed out by MacDonald [17]. This condition has been experimentally confirmed,
though seldom [85], [23].
Since the cathode losses at the cathode are much larger than the anode losses, a more
appropiate equivalent circuit must be proposed for the test cell of nafion membrane with two
hydrogen electrodes. Rezaei Niya and Hoorfar [86] based their process model on the empirical
relationships derived from Springer et al [12] to determine the impedance of the hydrogen
electrode, while Kjelstrup, Pugazhendi and Bedeux [87] made use of NET to determine the
impedance of the hydrogen electrode. Both arrive to the same equivalent circuit, as depicted
in Fig. 4.15. Previously, Rezaei Niya and Hoorfar [84] had also developed a process model for
the nafion membrane N117, together with the interface nafion membrane/electrode, taking
into consideration the water transport resistance in both membrane and electrode, resulting
in an equivalent circuit reproduced in Fig. 4.14.
This membrane-interface equivalent circuit can be split in three parts, according to Rezaei

Niya. The first resistance R0 represents the pure ohmic resistance of the membrane at high
frequencies, also known as high frequency resistance (HFR), the parallel circuit of R1//C

is considered as the water transport in the membrane, while the circuit R1//(R2 − L) shall
represent the water transport in the diffusion medium (GDL), part of the electrode.
This model was validated with experimental data for both H2/O2 and H2/H2 electrodes.

The water transport in the membrane and in the GDL was experimentally observed in
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4.2 Modeling the polymer electrolyte

Figure 4.14: Equivalent circuit pro-
posed by Rezaei Niya et al [84] to model
the electrode/electrolyte impedance

Figure 4.15: Equivalent circuit pro-
posed independently by Kjelstrup et al.
[87] and Rezaei Niya et al. [86] to model
the electrode impedance.

Figure 4.16: Nyquist plot of a PEM cell
with a nafion electrolyte and two hydro-
gen electrodes at different humidification
rates given by Malevich, Halliop et al.
[88].

Figure 4.17: Nyquist plot of a PEM cell
with a nafion electrolyte and H2/air elec-
trodes at different humidification rates
given by Kadyk, Hanke-Rauschenbach et
al. [89].
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4.2 Modeling the polymer electrolyte

Figure 4.18: Proposed equivalent circuit for the PEM cell with two hydrogen electrodes

EIS measurements by Malevich, Halliop et al [88] (see Fig. 4.16) as well as by Kadyk,
Hanke-Rauschenbach et al [89] (depicted in Fig. 4.17). Both studies consider that the water
transport can be seen at low frequencies (f < 1 Hz), an expected fact taking into consideration
that chemical diffusion in solids is a slow process when compared to electronic conduction.
All these experiments and models are isothermal, i.e. temperature is considered to be
constant, so that the effect of a temperature gradient given by the cross conductivity Lϕq is
neglected. For the approach proposed in this thesis, which is based on the experiments shown
above, the temperature gradient is considered to contribute to all the processes relevant
within the electrolyte (electrolyte itself, water transport through the membrane and interface
electrolyte/electrode), so that the experimental work to be carried out shall be modeled by
means of an equivalent circuit similar to the one depicted in Fig. 4.18. The basic idea of this
proposal shall be explained below.
In the proposed equivalent circuit, the first and second element represent the electrolyte (and
a part of the electrode), given by the resistance R0. This refers to the HFR, ie. the ohmic
resistance to the proton motion for a given temperature and water chemical potential; the
circuit RE//CE represents the water transport impedance in the electrolyte, while the circuit
RE//(RGDL−LGDL) accounts for the water transport impedance in the gas diffusion medium.
The third element represents the electrode, so that the element RAW//CAW refers to the
chemical reaction impedance, while the element RA//CA represents the surface polarisation.
Based on the proposed equivalent circuit shown in Fig. 4.18, the expected Nyquist plot

should consists of an abscissa intercept followed by two semicircles/arcs. The intercept shall
deliver R0, the first semicircle or middle frequency (MF) should determine the coefficients
CE, RE, RGDL and CGDL; to separate the contribution from water transport in the electrode,
different gas diffusion media should be implemented. The second semicircle or low frequency
(LF) return the electrodes’ parameters, CA, RA, RAW and CAW. The determination of the
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4.2 Modeling the polymer electrolyte

conductivities Lij from these electrical passive elements is adressed in the following section.
This all depends on the differences in the relaxation time.

4.2.2 NET applied to Nafion membranes

This section is partially based on the modeling presented in previous works by Siemer et al.
[90] and Marquardt et al. [15].
Similar to solid oxides, Nafion membranes have a negligible electronic conductivity, so that the
external current is proportional to the protonic current through the electrolyte JH2 = j/2F ,
thus mass and charge transport fluxes are proportional to each other.
With this assumption considered, the following thermodynamic fluxes depicted in Fig. 4.19
resulting from the Non-Equilibrium approach for the polymer electrolyte result:

J ’
q = −Lqq

1
T 2

dT
dy − Lqµ

1
T

dµH2O

dy − Lqϕ
1
T

dϕ
dy , (4.21)

JH2O = −Lµq
1
T 2

dT
dy − Lµµ

1
T

dµH2O

dy − Lµϕ
F

T

dϕ
dy , (4.22)

j = −Lϕq
1
T 2

dT
dy − Lϕµ

1
T

dµH2O

dy − Lϕϕ
1
T

dϕ
dy . (4.23)

Similar to solid oxides, the conductivities Lij shall be considered to be bulk properties, small
perturbations ought to be applied, so that dκ ≈ ∆κ is a valid assumption, which leads to
dy ≈ dE. The NET equations now read:

J ’
q = −Lqq

1
T 2

∆T
dE − Lqµ

1
T

∆µH2O

dE − Lqϕ
1
T

∆ϕ
dE , (4.24)

JH2O = −Lµq
1
T 2

∆T
dE − Lµµ

1
T

∆µH2O

dE − Lµϕ
F

T

∆ϕ
dE , (4.25)

j = −Lϕq
1
T 2

∆T
dE − Lϕµ

1
T

∆µH2O

dE − Lϕϕ
1
T

∆ϕ
dE . (4.26)

The third equation allows the direct characterisation by means of EIS, since both the potential
∆ϕ and a current j are known.
However, when comparing Eq. 4.26 to the equivalent circuit presented in Fig. 4.18, it can

be observed that there are too many electric elements to be estimated. It has to be kept in
mind that this equivalent circuit is a proposal. It is not known if it successfully reproduces
the electrochemical system. Moreover, the literature does so far not consider any temperature
gradients ∆T , at least not simultaneously with a gradient in water chemical potential ∆µH2O.
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4.2 Modeling the polymer electrolyte

Figure 4.19: Scheme of the fluxes through a polymer electrolyte with two hydrogen electrodes

The equivalent circuit also shows, that the water transport in the membrane cannot be
separated from the water transport in the gas diffusion layer, introducing new unknowns to
the problem, ie. the transport coefficients La,c

ij of the electrodes’ GDL. The problem becomes
more complicated when the LF elements, corresponding to the electrodes/catalyst layers are
not well delimited, so that the MF and LF arcs have similar relaxation times, as observed by
Kjelstrup, Pugazhendi et al. [87]
It becomes clear that a characterisation of the polymer electrolyte standing alone based on
EIS, in terms of NET coefficients Lij as already proposed for the solid oxide electrolyte, is not
possible. It becomes extremely important to reduce the contribution of both the GDL and
the CL to the impedance curve before trying to approximate them by passive elements of the
proposed equivalent circuit, since these elements are partially dependent on the transport
coefficients of the other fuel cell components, as shown by Rezaei Niya [84], [91] in several
occasions.
Nevertheless, a more pragmatic approach allows a first approximation of the electrolyte
conductivities, as elaborated in the following subsections.

4.2.2.1 Determination of Lϕϕ

When at both sides of the membrane the temperature is the same, in a first approximation
no temperature gradient ∆T = 0 is assumed. The electrolyte could still show a temperature
profile due to dissipation. In a similar manner, when the chemical potential of water is
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4.2 Modeling the polymer electrolyte

the same at both sides, no gradient in the chemical potential is assumed, to hold true
approximately for the membrane ∆µH2O = 0, and the electric current j is only driven by the
electric potential U = ∆ϕ:

j = −Lϕϕ
T

∆ϕ
dM

(4.27)

The applied signal X in EIS contains two parts, X̄ is frequency independent (as in direct
current) and X̃ is frequency dependent (as in alternate current), X = X̄ + X̃, being X either
current or voltage (galvanostatic or potentiostatic). Considering that in the general case of
galvanostatic EIS a periodic current I = Ī + Ĩ is applied, the test cell reacts by giving a
periodic voltage answer U = Ū + Ũ :

1
A

(Ī + Ĩ) = −Lϕϕ
T

(Ū + Ũ)1
d

(4.28)

In case of OC, Ī = 0 and the OCV is also zero, since no voltage results from symmetrical
hydrogen electrodes, (Ū = 0) so that:

Ũ

Ĩ
= Z̃ω→∞ = − d

A
· T
Lϕϕ

. (4.29)

Thus the conductivity Lϕϕ can be determined from the high frequency intercept with the
abscissa (high frequency resistance HFR) of the impedance curve, since the conductivity is a
real value. In that case, a relationship between LOO and the resistance R0 from the equivalent
circuit, Fig. 4.18 can be found:

Z̃ω→∞ = R0 = − d
A
· T
Lϕϕ

(4.30)

A graphical description is given in Fig. 4.20.
Thereafter two separate cases shall be considered experimentally: the variation of temperature

while the water chemical potential in the membrane is kept constant and secondly the variation
of the water chemical potential while the membrane temperature is kept constant.

4.2.2.2 Determination of Lϕµ

Shall the temperature of the electrolyte be constant, the temperature gradient again is absent,
∆T = 0 and Eq. 4.26 results in:

j = −Lϕµ
1
T

∆µH2O

dE − Lϕϕ
1
T

∆ϕ
dE . (4.31)
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Figure 4.20: From the high frequency intercept with the abscissa it is possible to determine
the conductivity Lϕϕ

If the electric circuit of the test cell is kept open while increasing the gradient of the water
chemical potential across the electrolyte, the OCV increases proportionally:

0 = −Lϕµ∆µH2O − Lϕϕ∆ϕ. (4.32)

Solving for the conductivity gives:

Lϕµ = −Lϕϕ
∆ϕ

∆µH2O
, (4.33)

making possible to approximate the conductivity Lϕµ from the slope of the UOC −∆µ curve.
This approximation considers the potential loss at the electrodes to be negligible.

4.2.2.3 Determination of Lϕq

On the other hand, if the water chemical potential is kept constant at both sides of the
polymer membrane, i.e. ∆µ = 0 and the test cell is open, Eq. 4.26 results in:

0 = −Lϕq
1
T 2

∆T
dE − Lϕϕ

1
T

∆ϕ
dE , (4.34)
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so that the conductivity Lϕq can be obtained proportional to the slope of the UOC − ∆T
when the electrolyte is exposed to a temperature gradient ∆T :

Lϕq = −Lϕϕ · T
∆ϕ
∆T (4.35)

Although in both electrolyte types transport coefficients of similar meaning shall be modelled
and determined by the same technique, i.e. electrochemical impedance spectroscopy, the
methods to obtain them differ notoriously. The conductivities of the solid oxide electrolyte
should be determined more directly, as the charge is only couple to a heat transport. This
approach cannot be transferred to the polymer electrolyte, since water vapour is also trans-
ported through. The extra flux adds up to six conductivities. The task becomes impractical
to solve if proper assumptions are not taken. These assumptions weres presented in the
previous sections (see Sec. 4.2.2.2-4.2.2.3).

60



Chapter 5

Materials and Methods

The experiments presented in this chapter were carried out at the facilities of the Institute
of Thermodynamics, Leibniz University Hannover, mostly at the fuel cell laboratory. The
laboratory offers a high temperature test bench (FuelCon GmbH) depicted in Fig. 5.1 and
test bench for a PEM stack of 16 cells with a single temperature conditioning system, which
is located inside a laboratory extractor. The facilities also offer another extractor to place
a PEM single cell test bench, which is to be designed and assembled. The test bench is
presented in Fig 5.2. More about its design can be found in the following sections.

5.1 The high temperature test bench for solid oxide
electrolytes

The test bench used for the characterization of the 3YSZ electrolyte is an Evaluator C1000-HT
from FuelCon GmbH, which allows a fully automated operation at high temperatures. It
consists of an insulated furnace with a testing device inside, as shown in Fig. 5.3. The testing
device is composed of a versatile housing, called TrueXessory-HT ®, to test cells, stacks and
electrolytes. The testing device is depicted in Fig. 5.4.
The alumina housing consists of two casings, the top casing (TC) and the bottom casing

(BC). In between there is a ceramic sealing for the test object. The TC has two boreholes,
one at the top to place the ceramic bar that supports the current bar and a small one at the
front to measure the voltage. In the inside it is hollow to place the nickel block that acts as a
fuel flow field and a current collector (which is connected to the current bar). The fuel side
flow field consists of milled parallel channels (width 1.5 mm., height 1.5 mm.). To enlarge
the contact area, a nickel mesh is included between nickel block and electrode. The BC has
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5.1 The high temperature test bench for solid oxide electrolytes

Figure 5.1: High temperature test
bench Evaluator C1000-HT from Fuel-
Con GmbH.

Figure 5.2: PEM single cell test bench.
Design and assembly by the Institute
of Thermodynamics, Leibniz University
Hannover.

Figure 5.3: CAD cross section of the test bench furnace: 1) current bar, 2) ceramic housing of
the current bar, 3) external heater, 4) cell housing, 5) test cell and 6)nickel block
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5.1 The high temperature test bench for solid oxide electrolytes

four boreholes on its bottom, that account for the fuel and air streams, each of them having
an inlet and an outlet. The BC is in the centre milled to form a flow field for the air side,
with similar sizes as at the fuel side. Above the flow field a platinum mesh is placed. This
mesh has two terminals, one to connect the current circuit and one to measure the voltage.
Between TC and BC there is room for a sealing gasket, which was designed for cells but
cannot be used for electrolyte experiments due to the differences in thickness. Lastly, the test
cells are placed between TC and BC.
The test rig allows the incorporation of an extra heater in the ceramic bar around the current
bar. This electric heater, shown in Fig. 5.4, lies on a circular groove present in the nickel
block. The extra heat flux flows from the heater to the nickel block and thereafter to the
cell/electrolyte.
A natural temperature gradient through the test objects (cells and/or electrolytes) has been
observed, even though the external heater was switched off. It is suspected to be a consequence
of design, as the oven insulation is thinner at the bottom of the oven compared to its walls and
at its top. Several attempts were made to improve the insulation, resulting in a decrease of the
gradient and a decrease in the electrical power of the oven for a given temperature. However,
it was not possible to get completely rid of it. Since no temperature gradient is allowed
to corroborate the absence of electric potential (given that the chemical potential is also
the same at both electrodes), it becomes necessary to counteract this "natural" temperature
gradient. Therefore another external heater was placed at the air side. It consisted of a
heating wire (Block RD100/0, 2. R = 15.6 Ω/m) insulated with a fiber glass hose (Techflex
GmbH, ϕ = 0.3 mm.). This wire heater was placed on the channels of the air side flow field
and powered by a generic power supply unit. It has proven to be effective to compensate the
natural temperature gradient, so that finally no temperature difference across the electrolyte
was present. Depending on the set temperature, the necessary power to fully compensate the
temperature gradient was 1− 20 W.
In the original configuration temperatures were measured with thermocouples type N class 1

(Omega Engineering GmbH) in two positions: at the nickel block (above the upper electrode,
T1) and at the bottom part of the housing (below the down electrode, T2). That is why the
measurement equipment of the test bench must be modified to better measure and control the
experimental conditions around the electrolyte. The first modification consisted in changing
the position from T1 to T3 to measure the electrolyte temperature at the top, since placing
a thermocouple at T1 is extremely difficult, as it has to go through a tight borehole in the
heater. Several thermocouples broke while attempting to place it. Moreover, it is not possible
to check if the measuring end of the thermocouple is in contact with the nickel block or if it
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5.1 The high temperature test bench for solid oxide electrolytes

Figure 5.4: Housing (TrueXessory-HT) for the characterization of electrolytes in the high
temperature test bench Evaluator C1000-HT. Modified from Hollmann [31].

floats somewhere else, measuring the hollow air temperature, hence underestimating the real
temperature. T3 is, on the contrary, easily accesible from the side, making posible to check
the contact between thermocouple end and nickel block.
It is extremely important to measure the temperature difference at both sides of the elec-
trolyte. Since thermocouples have large error tolerances at high temperatures, measuring the
temperature difference with two independent thermocouples would lead to an error in the
difference of at least twice the tolerances, reaching in some cases δ∆T = 15 K. Considering
that the test rig can apply a temperature gradient of, at the highest, ∆T = 20 K it is
important to reduce the instrument tolerance, which could represent more than 100% of the
measured value (e.g. considering each thermocouple type N class 2 has a tolerance of at
least 2.5 K, the temperature difference would present a tolerance of at least 5 K, which would
lead to an experimental error of 100% when measuring a temperature difference of 5 K). To
overcome this difficulty, a differential thermocouple diffT = diffTtop − diffTbottom was built
by bridging two thermocouples as shown in Fig. 5.5.
The main disadvantage of this approach is the lack of an absolute temperature at the elec-
trolyte sides. That is why T3 was used as an absolute temperature measurement, as it
measures one of the electrolyte surfaces, parallel to the differential temperature diffTt. Fig.
5.6 shows the positioning of the mentioned thermocouples.
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5.1 The high temperature test bench for solid oxide electrolytes

(a) Two thermocouples connected to each other to measure
temperature difference (b) Analysis of the measure circuit

Figure 5.5: Concept of a temperature difference measure with two thermocouples short-
circuited on one pole, given by [92].

Figure 5.6: Positioning of thermocouples in the housing of the high temperature test bench.
Modified from Hollmann [31].

5.1.1 The solid oxide test cell

The cells were obtained by brushing platinum paste (71% Pt, ChemPur GmbH) on thick
3YSZ blocks (Zell Quarzglas GmbH). The size of the blocks was (40 · 40) mm. in two different
thicknesses, 5 and 10 mm.. The platinum electrodes were calcined in the FuelCon test rig at
1270 K during 5 hours at a heating rate of 2 K/min, following the procedure given by Toghan
et al. [93].

5.1.2 The solid oxide electrolyte experiments

Once the bottom thermocouples (T2, diffTb) and the wire heater were placed, the platinum
mesh was laid on the BC, followed by the holder frame and the test cell. After that the
fuel side platinum mesh and the nickel block were put on the test cell, followed by the top
thermocouples (T3, diffTt) and finally the TC. Afterwards the ceramic bar containing the
current bar is placed on the TC, its terminals (power source for the heater, wires, connectors
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for the EIS) are connected and finally the oven is closed.
The measurement series consists of a variation of temperature and temperature difference
across the electrolyte. Three temperatures were examined, T = 373, 500, 600 K as well as
three temperature differences ∆T = 0, 10, 20 K. The temperature difference limitation of
∆ET = 20 K is given by the test bench, when reaching this maximum an alarm is triggered
and the power supply is turned out. Since it is a safety issue, this feature cannot by switched
off.
The set of experiments started by setting the desired temperature.Due to the heating rate of
1 K/min it takes several hours to reach a steady state inside the housing. Once the steady
state is achieved, the gas mass flows rates are set at the mass flow control meters. In order
to check if there is a dependency on the gas stream, the gas mass flows were varied in the
range 0.2− 1 Nl/min as well as different gases were supplied, such as oxygen, nitrogen and
compressed air.
Secondly, the compensation wire heater is turned on and the supplied power is adjusted until
the temperature difference thermocouple showed 0± 2.6µV, which is approximately 0± 0.1K.
After that, the open circuit voltage (OCV) was measured during five minutes. Thereafter
electrochemical impedance spectroscopy (EIS) was taken, also in open circuit conditions. The
measurement was galvanostatic with an amplitude of 0.5− 3µA (depending on the resulting
impedance) in the frequency range 106 − 1 Hz, taking care that the voltage response do
not exceed 20 mV. Both measurements were carried out with a device ModuLab (Ametek
GmbH) containing a Potentiostat 1 MS/s (PSTAT) and a Frequent Response Analyzer (FRA)
10 µHz - 1 MHz. After that, the external heater was turned on and the electric power was
slowly increased until it reached steady state, which took several hours. The open circuit
measurement followed by EIS was repeated and the next desired temperature difference was
set by increasing the power supplied to the external heater and checking steady state with the
differential thermocouple. This procedure was repeated until all the desired measurements
were carried out.
It was observed that, at high temperatures, the thick electrolyte (dE = 10 mm) does not
reach the temperature difference of 20 K when the maximum heating power is supplied.

5.2 The low temperature test bench for polymer elec-
trolytes

As mentioned before, this low temperature test bench had to be designed and assembled
before the measurement series could be started, that is why the experimental data is not as
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Figure 5.7: Mono-polar plates employed in the low temperature test bench. Original from
Marquardt et al. [16].

extensive as the high temperature ones.
The bipolar plates were already available, in this case they ought to be named monopolar

plates, since only one surface is milled to obtain the flow field. They consist of stainless steel
plates (DIN 1013 - 1.4541), as seen in Fig. 5.7. They have four boreholes through their width
to adjust their temperature with a thermal working fluid. The fifth borehole conducts the
gas mixture (hydrogen/water) to the flow field. The contact area (ACell = 25 cm2) was, as
mentioned before, milled on one of their surfaces and the flow fields were milled afterwards in
this area, creating a gap between the top of the grooves and the top of the plates to place the
GDLs. The channels are rectangular with a width w = 1.50 mm and a depth h = 1.30 mm.
In the first concept, the individual layers of the test cell were compressed by means of bolts,
nuts and a torque wrench, using the four boreholes in the corners of the plates, see Figs. 5.7
and 5.8. This method proved to be highly inefficient, since the preliminary results were not
reproducible: after disassembling and assembling again, the measured impedance scattered
unacceptably. It was also observable, that the pressure applied by the corner bolts was not
distributed homogeneously over the active surface.
This first concept for cell assembly included an indirect humidification by means of a bubbler,

as depicted in Fig. 5.8. The hydrogen gas bubbles from the bottom of a closed tank filled in
with distilled water, whose temperature can be adjusted by a thermostat. Determining the
relative humidity of the outgoing gas stream was not possible. To circumvent this deficit, it
was considered that the gas stream leaving the bubbler is saturated, so that the water partial
pressure is determined by the bubbler temperature. Given the height of the bubbler this
assumption is plausible. Much effort was dedicated to make this device work, nonetheless for
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Figure 5.8: First PEM test bench used. Figure by Meyer [94].

several reasons it was not possible to obtain a steady state for longer periods of time. This
makes impossible to measure EIS, as these measurements need stable conditions for a long
period.
Therefore it was decided to design a more accurate test bench, where the partial pressure of
water vapour could be measured or at least more precisely set. A scheme of the resulting test
bench is depicted in Fig.5.9. It allows to control the conditions of the electrodes i = A, C
independently from each other, such as temperature T i, water mass flow ṁi

H2O and hydrogen
mass flow ṁi

H2 .
The temperature of the electrodes T i can be controlled by thermostats within ±0.01K.

The thermal working fluid flows through four boreholes in the monopolar plates to give an
homogeneous temperature along the flow field. To assure this homogeneous temperature at
the cell surface area, the plates are sufficiently large and the boreholes are evenly spaced.
The plate temperature is measured close to the flow field.
The gas streams are controlled by thermal mass flow controllers (MFC) (Bronkhorst, Model
EL-FLOW Prestige, V̇H2 = 0.1− 5 Nl/min). The water flows are controlled by coriolis mass
flow controllers (Bronkhorst, Model mini CORI-FLOW, ṁH2O = 10− 100 g/h). Both streams
are mixed and then brought to the desired temperature in evaporators, which consist of
mixing chambers followed by heat exchangers (Bronkhorst, Model W-202A CEM). The
evaporator temperature controllers were designed and constructed at the institute by Mr.
Larki Harchegani. The gases were obtained from gas cylinders (purity 99.999%, Linde AG),
and the distilled water came from a purification plant Milli-Q® Elix Advantage UV (Merck
Millipore, σ ≤ 0.067µS/cm). The distilled water was kept in a pressurized tank, so that
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5.2 The low temperature test bench for polymer electrolytes

Figure 5.9: Scheme of the test bench for the polymer test cell. Based on a figure by Reißner
[95].

both fluids enter the mixing chamber at the same pressure. While the gas pressure was
regulated with pressure valves and reducers, the water tank was pressurized with compressed
air previously filtered. The pipeline between evaporator and test cell was heated with a
heating cord (Horst GmbH, Model HS42, 350 W) powered by a generic power supply unit, to
avoid heat losses and condensation. The supplied power (6− 30 W) was mostly dependant
on the water mass flow, it was adjusted to keep the temperature at the cell inlet 3 − 5 K
above the plate temperature.
All temperatures were measured with thermocouples type K class 2 (TC Direct GmbH)
previously calibrated for the temperature range 10 − 110 °C with a dry block calibrator
(Isotech 580 Oceanus-6) where the reference temperature was given by a thermometer PT25
(measure bridge Isotech).
The compression system based on bolts and nuts was replaced by a compression hardware
(LeanCat, Model AC-50) depicted in Fig. 5.10. It was operated with compressed air, the
contact area between compression hardware and test object is limited to (90 · 90) mm. This
is important in order to determine the actual pressure applied to the test cell.

The commissioning of the compression hardware showed that the milled surface of the
MPP was not perfectly even, since one corner was about 10µm deeper. That is why the
GDL had to be changed in order to assure sealing and proper contact to the membrane.
The tests to control the pressing consisted in piling the test cell components between the
mono-polar plates, inserting a PRESCALE®pressure film (Fujilm GmbH) in between, varying

69



5.2 The low temperature test bench for polymer electrolytes

Figure 5.10: Scheme of the compression hardware by Leancat®[96].

their position in the stack.

5.2.1 The polymer test cell

The electrolyte consisted of Nafion® membranes N1110. As one membrane has a thickness of
dM = 254µm, and due to its fairly good thermal conductivity, it turns out necessary to pile
up more than one membrane, so that moderate gradients can be obtained. After a feasibility
study it was chosen to form the electrolyte with five membranes. Therefore a total thickness
of dM = 1.27 mm is achieved. A series of studies was carried out with squared laboratory
cells of 100 mm2, which were not satisfactory due to edge effects. That is why it was decided
to use larger membranes, which had a surface area of (100 · 100 mm). The membranes facing
the plates were coated within a surface area of (50 · 50 mm) with a platinum catalyst layer,
the loading was 0.3 mg/cm2 (Ion Power GmbH). Both GDLs were selected to fill the gap
(≈ 300µm) between the plate surface and the flow field grooves. Carbon paper treated with
PTFE (commercially known as Teflon®) is the widespread material used as GDL, available
with a thickness of 150 − 300µm and a compressibility of 10−20% under operating pressures.
Given the gap present in the plates at one corner, other options had to be considered, so
that it was chosen to use a carbon cloth (CT, Model W1S1011, d = 410µm) with a thickness
of ≈ 350µm at 1.0 MPa. Carbon cloths offer a better mechanical stability because of their
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5.2 The low temperature test bench for polymer electrolytes

thickness at the expense of a higher electrical resistance.
The test sealing was achieved by PTFE foils of 50 µm (High-tech-flon GbR). The components
were assembled and kept at a constant pressure given by the compression hardware. Due to
the ratio piston area to cell area, a pressure of 3 bar applied to the piston results in a cell
pressure of:

pCell = ppiston ·
Apiston

ACell
= 3.1 bar · 81 cm2

25 cm2 ≈ 10 bar (5.1)

5.2.2 The polymer electrolyte experiments

The measurement series includes two temperatures, T = 333 and 348 K and two membrane
relative humidity levels rHM = 60 and 85%, which corresponds to water contents of λM = 4.2
and 8.4, respectively. Each of these four measuring points shall be exposed to temperature
differences of T = 0, 5, 10, 15 and 20 K as well as water chemical potential differences
ofµH2O = 0, 180, 360, 540, 720 and 900 J/mol.
Once the test cell has been assembled and has been positioned in the test bench, it can be
powered up. Firstly, the thermostats are set to the desired temperature, the heating cords
are turned on and adjusted to deliver enough energy to keep the gas inlet temperature as
previously specified. Afterwards, the gas flow is released followed by a gradual release of the
water flow. The cell must now be humidified long enough to assure a homogeneous partial
water vapour pressure through the membrane assembly, which was achieved after several
hours of gas flow at the water saturation pressure. This was carried out during night.
A series of experiments starts in the morning by adjusting the temperatures of the thermostats
and adjusting the power of the heating cords. The constant temperature at the plates is
reached within half an hour. Meanwhile the water stream is also adjusted. After achieving
the desired conditions the system is given at least 45 minutes to reach a steady state. This
waiting time is necessary to obtain a homogeneous humidity (and thermal conductivity) of
the electrolyte.
The steady state condition is checked up with the open circuit voltage (OCV), which is
measured five minutes with a rate of 2 samples per second. After that the electrochemical
impedance spectroscopy (EIS) measurements were initiated, in an open circuit condition. The
measurement was galvanostatic with an amplitude of 1− 5 mA (depending on the resulting
impedance) in the frequency range 105 − 10−1 Hz. After that, some minutes were given to
the system in order to recover steady state. Finally U − j characteristics were taken. The
scanning rate varied in the range 5 − 20 µA/s, depending on the OCV. A series of three
electrical measurements were carried out with the same device described in 5.1.2
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5.2 The low temperature test bench for polymer electrolytes

Afterwards the next measuring point was set, following the previously mentioned order
(thermostat, heating cord, MFCs).
Considering that the chemical potential of water vapour at the reaction layers (i = am, cm)
(see Sec. 2.2)

µam
W (p, T am, xW) = Gm,W(T am) +RT am · ln

(pam
W
pΘ

)
, (5.2)

µcm
w (p, T cm, xW) = Gm,W(T cm) +RT cm · ln

(pcm
W
pΘ

)
, (5.3)

is dependent not only on the water partial pressure at the reaction layer piW/pSW (indirectly
given by the set point of the water coriolis mass flow controller) but also on its temperature
T i, it turns out necessary to calculate the temperature, which is extremely difficult. From a
macroscopic point of view it is difficult to place a thermocouple between the reaction layer
without disturbing the electrochemical mechanisms severely. Thus it was decided to calculate
T i based on the plates temperatures T i (i = A, C). Given that every layer (plates, GDL,
membrane) has a bulk thermal conductivity independent on the position (ki = f(T ) ̸= f(y)),
the temperature profile across the test cell will develop as presented in Fig. 5.11. The
electrolyte’s thermal conductivity kM, dependent on the water content λW, as expressed by
Khandelwal et al. [97] is given by Eq. 5.4:

kNaf =
λW
ρW
· kW + 1

cSO3−·MW
· kNaf,Dry

1
cSO3−·MW

+ λW
ρW

, (5.4)

where kW is the water thermal conductivity in (W/(m·K)), cSO−
3

the sulfonic ion concentra-
tion in Nafion in mol/l, ρW the density of water in kg/m3, MW the molar mass of water in
kg/kmol and kNaf,Dry the thermal conductivity of the dry Nafion membrane. This last value
can be approximated, according to a previous publication of Marquardt, Valadez Huerta et
al [16], by:

kNaf,Dry = −0.0009 · T + 0.4432. (5.5)

An iterative estimation of the heat flux Jq through the test cell, neglecting the contributions
from the other terms from Eq. 4.6, results in:

Jq =
∑

n

1
rn
·∆T = kn

dn
·∆T (5.6)

The temperatures at the reaction layers can now be calculated as:

T am = TA + Jq · (rP + rGDL), (5.7)
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Figure 5.11: Temperature profle across the cell, modified from Marquardt et al. [16].

T cm = TC − Jq · (rP + rGDL), (5.8)

so that once the temperatures T am, T cm are known, the water chemical potential at the
reaction layers can be estimated by an iteration procedure, taking the water partial pressure
(pam

w , pcm
w ) as the iterated value. It is then necessary to adjust the water mass flow at every

electrode for the measurement series to achieve ∆µH2O = 0.
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Chapter 6

Results and Discussion

The solid oxide electrolyte 3YSZ as well as the polymer electrolyte Nafion N1110 were
extensively investigated by means of, among others, U − j characteristics and Electrochemical
Impedance Spectroscopy (EIS). Measurements were carried out when the test cells showed
constant values, so that a steady state could be assumed. The directly measured values, eg.
x = T, ṁ, U, I, are recorded at a frequency f over a period of time t so that n measured
points are obtained, n = 1 . . . i . . . n. Averaging x gives the mean value x and the quality of
the mean value is estimated with the standard deviation σx:

x = 1
n2

( n∑
i=1

xi
)
, (6.1)

σx =
√√√√ 1
n2

n∑
i=1

(xi − x)2, (6.2)

so that they can be expressed as x = x± σx. Moreover, the quantities that are not measured,
but which dependent on measured variables through functions y = f(x1, . . . , xj, . . . , xm), are
also subject to experimental errors, which can be approximated by means of the propagation
of uncertainty, in which case the error is estimated as the differential of the function dy:

σy ≈ dy =
m∑

j=1

∣∣∣ ∂y
∂xj

∣∣∣σxj (6.3)

and they are to be expressed as y = y(xj)± σy thereafter.
The temperature, voltage and pressure raw data was collected with measuring cards and
chassis from National Instruments and their software Labview, in their version 2018. The
EIS was collected with the software provided by Solartron Analytical, XM studio ECS. All
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6.1 The solid oxide electrolyte

Figure 6.1: Nyquist plot measured for
3YSZ electrolytes in two thicknesses, 5−
10 mm at T = 373 K

Figure 6.2: Nyquist plot measured for
3YSZ electrolytes in two thicknesses, 5−
10 mm at T = 500 K

calculations and iterations have been carried out in Matlab®version 2017b. Fitting data was
done with the user interface of the program XM studio ECS.

6.1 The solid oxide electrolyte
The ionic transport coefficient LOO can be calculated from the diameter of the first semicircle
(HF) of the Nyquist plot, given that no temperature gradient is present. From Eq. 4.8 it is
known that the current density is given by:

Ĩ

A
= −LOO ·

(zF )2

T

∆̃ϕ
dE . (6.4)

Solving for the impedance Z = ∆̃ϕ
Ĩ

and considering that in the limit of frequencies (f →∞)
the capacitance tends to zero, the impedance results in a resistance:

Rf→∞ = − 1
LOO

T

(zF )2
dE

A
(6.5)

The impedance spectra obtained experimentally were fitted using a series connection of 3
R//C elements, as explained in Sec. 4.1.1 and depicted in Fig. 4.1. The 3YSZ pellets used
as electrolytes presented two different thicknesses, dE = 5 and 10 mm, in order to verify the
geometry dependency of the sample, as both resistance R and capacitance C depend on the
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6.1 The solid oxide electrolyte

Figure 6.3: Arrhenius plot of the exper-
imental bulk conductivity σb and grain
boundary conductivity σgb for the 3YSZ
electrolyte with thickness of 5 mm

Figure 6.4: Arrhenius plot of the exper-
imental bulk conductivity σb and grain
boundary conductivity σgb for the 3YSZ
electrolyte with thickness of 10 mm

geometry themselves. For a rectangular prism of height d and surface area A they result in:

R = 1
σ

d

A
, (6.6)

C = ε
A

d
, (6.7)

where ε indicates the permittivity of the material, which is the material’s ability of storing
electric energy. The peak of the semicircle occurs at the characteristic frequency. Its inverse,
the relaxation time τ of the electrochemical process, defined as the product of R · C, so that
the capacitance of the process can be calculated. The Nyquist plots for the 3YSZ electrolytes
with both thicknesses are depicted in Fig. 6.1 for T = 373 K and in Fig. 6.2 for T = 500 K. In
both cases the impedance spectra show no observable difference, although both resistance and
capacitance depend on the thickness dE. This fact becomes more obvious when the measured
conductivity is depicted vs. temperature, as shown in the Arrhenius plots of Fig. 6.3 for the
pellet of dE = 5 mm and Fig. 6.4 for the sample of dE = 10 mm. The conductivity is a specific
property, thus independent on the geometry and therefore both samples should deliver the
same line. This is not the case because the measurements of the thicker sample resulted in a
higher conductivity. They show similar slopes, thus presenting a similar activation energy,
which, as expected, should not dependent on geometry.
Compared to the values collected in the literature and summed up in Fig. 4.3 and Fig. 4.4
for bulk and grain boundary conductivity respectively, the conductivity measured from the
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6.1 The solid oxide electrolyte

Figure 6.5: Measured bulk conductivity
σb of the 3YSZ electrolyte at different
temperatures for the frequency range 1−
1 · 106 Hz, thickness 5 mm

Figure 6.6: Measured bulk conductivity
σb of the 3YSZ electrolyte at different
temperatures for the frequency range 1−
1 · 106 Hz, thickness 10 mm

samples in this study were considerably lower, at least 2 orders of magnitude. It becomes
clear that the determination of the transport coefficients Lij can now only be qualitative.
For a quantitative approach it is necessary to reproduce values from literature with the test
bench. Much effort was put in finding the source of these large deviations, which led to small
improvements only. Unfortunately they proved to be insufficient for the purpose aimed for.
The obtained bulk conductivity spectra were calculated as indicated in Eq. 4.20, and the
results for the frequency range 1− 1 · 106 Hz are depicted in Fig. 6.5 for the 5 mm sample
and in Fig. 6.6 for the 10 mm electrolyte. When compared to the simulated curve illustrated
in Fig. 4.10 it becomes clear that it is not possible to differentiate the effect of the transport
coefficients in this range. The hypothesis of reducing the temperature to increase the relaxation
time of the ionic bulk conduction seems to be correct but insufficient, since the relaxation
time is still too low for the lowest measurement point presented from this setup.
The effect of the coupled coefficient LOq has been, however, observed, as shown in Fig. 6.7
and 6.8 for temperatures T = 500 K and T = 600 K, respectively. This means that it is still
possible to approximate this conductivity, which is explained in Sec. 6.1.2. For the lowest
temperature, T = 373 K the complete spectra remained unchanged despite of the applied
temperature difference, so that it was discarded for further analysis.
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6.1 The solid oxide electrolyte

Table 6.1: Calculated ionic transport coefficient LOO of 3YSZ at different temperatures from
samples of two thicknesses

LOO in 10−12 mol2K
J m s T = 373 K T = 500 K T = 600 K

d = 5 mm −0.57 −2.09 −5.82

d = 10 mm −1.32 −5.47 −13.78

6.1.1 The conductivity LOO

The conductivity LOO was calculated from Rb from Eq. 6.5, the results are summed up
in Table 6.1. As previously stated there is a difference in the conductivity obtained for
the different samples, which cannot be explained physically, since this value ought to be
independent from the geometry. It is believed that the reasons for these deviations lie in the
test bench, as its complex parts have caused experimental distortions in the past. Nevertheless,
the conductivity increases at increasing temperatures, as expected.
It is believed that the commercial blocks used for the measurements have some impurities in
the composition, which could explain the deviations observed. Another cause could be the
electrodes used, since it was not possible to determine quantitatively how homogeneous the
Pt-layer was, and if its thickness varied from sample to sample. Moreover, not having calcined
the Pt-meshes to the brushed electrodes could also cause an increased contact resistance.
All these factors of influence must be studied in detail before a precise quantitative determi-
nation of the coefficients is carried out. The time this work would consume was out of the
scope of this thesis.

6.1.2 The conductivity LOq

As the conductivity spectra show no variation in the measured frequency range, it is not
possible to calculate the transport coefficients based on the model presented. Also it was not
possible control the heat flux in a manner that a zero net heat flux could be measured and
corrected. One approach to calculate the conductivity LOq is based on the definition of the
Seebeck coefficient as the variation of the electric potential when a temperature difference is
applied and no current flows through the system. If Eq. 4.8 is solved for the ratio ∆ϕ/∆T ,
Eq. 6.8 results: (∆ϕ

∆T
)

j=0
= LOq

LOO

1
zFT

(6.8)

Obtaining the coupled coefficient LOq from the slope of the UOC −∆T becomes difficult in
this case, because the samples showed a base potential of around 6 mV. It was found that
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6.1 The solid oxide electrolyte

Figure 6.7: Measured Nyquist plot of
the 3YSZ electrolyte at T = 500 K and
different applied temperature gradients.
Thickness 5 mm

Figure 6.8: Measured Nyquist plot of
the 3YSZ electrolyte at T = 600 K and
different applied temperature gradients.
Thickness 5 mm

the cleaning process applied, as described from Toghan, [93] was insufficient to obtain clean
samples, i.e. that would deliver zero electric potential when neither temperature nor chemical
potential gradients were applied. The samples were polished thereafter with diamond-hard
discs to reach this zero potential condition. Unfortunately, after brushing once more the Pt-
paste to obtain the electrodes, the offset potential was observed again. The small temperature
gradients which the test bench allows to apply caused a raise in the electric potential, but the
increase of less than 1 mV was still in the uncertainty region of the measured offset. Therefore
it was decided to approximate LOq from another point of view. In the experimental case, the
net heat flux Jq was not absent, so that the measured temperature difference, as from Eq.
4.6, in this case results in:

∆T
dE = − T 2

Lqq

(
Jq + LOq

zF

T

∆ϕ
dE

)
. (6.9)

Replacing the temperature difference in electric current, in this case Eq. 4.8 reads:

j = LOq

Lqq
zFJq −

(
LOO −

L2
Oq

Lqq

)(zF )2

T

∆ϕ
dE . (6.10)

Solving for the electric potential to determine the impedance afterwards gives:

∆ϕ
dE =

[
j − LOq

Lqq
zFJq

](
− T

(zF )2
LOOLqq − L2

Oq

Lqq

)
. (6.11)
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6.1 The solid oxide electrolyte

Table 6.2: Calculated conductivity LOq at different temperatures for two thicknesses

LOq in (10−4) mol K
m s T = 500 K T = 600 K

d = 5 mm −3.93 −4.04

d = 10 mm −2.69 −6.78

Considering that the square of the cross-coupled coefficient is much smaller than the product
of the main coefficients, i.e. L2

Oq << LOOLqq, it can be concluded for the electric potential:

∆ϕ ≈ 1
LOO

T

(zF )2
A

dE I + LOq

LOOLqq
zF

A

dEJq. (6.12)

In Eq. 6.12 the thermodynamic forces and fluxes should be close to local equilibrium. The total
current I results as the sum of a direct current I and a periodic current Ĩ, I = I+Ĩ. Impedance
spectroscopy imposes the periodic one. As it has been stated before, the periodic excitation
causes a periodic response, so that the steady state part can be considered negligible. Eq.
6.12 is now rewritten and divided by Ĩ to finally obtain the frequency dependent impedance:

∆ϕ̃
Ĩ

= 1
LOO

T

(zF )2
A

dE + LOq

LOOLqq
zF

A

dE
J̃q

Ĩ
, (6.13)

where the first term can be identified as the impedance when no temperature gradient is
present, Eq. 6.4, so that the second term must represent the difference.
The heat flux can only be approximated by neglecting the coupled term, so that the transport

coefficient LOq can be approximated by means of the temperature difference, which was
indeed measured. All these assumptions taken, the calculated conductivity is given in Table
6.2. The transport coefficient is temperature dependent, as expected. The Seebeck coefficient
has shown to be temperature dependent for other materials at the same temperature range
[98], [99].
On the other hand, the coupled conductivity shows a thickness dependency, which contradicts
the linear approach in NET, that transport coefficients do not depend on the thermodynamic
force. They are calculated from the temperature gradient (the thermodynamic force) applied
to the electrolyte, both thicknesses should deliver the same value. It is believed that the
assumptions made during the deduction of Eq. 6.13 have a larger influence than thought and
they shall be revised. Alternatively, the temperature difference could be imposed in smaller
steps to prove if this behaviour is observed again. This would require, however, more precise
thermocouples, otherwise the thermocouples uncertainty will be larger than the measured
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6.2 The polymer electrolyte

Table 6.3: Approximation of the phenomenological coefficients with classical transport coeffi-
cients given by Kjelstrup and Bedeux [14]

NET coefficient KJE orig.[14] Auxiliary equation(s)

Lϕϕ σM · T [3.4], [3.5]

Lϕµ
t
F
· Lϕϕ [3.6]

Lϕq S · T · Lϕϕ [2.31]

value. Furthermore, the direction of the thickness dependency is contradictory, increasing
at T = 600 K and decreasing at T = 500 K. This could also be a hint of experimental error,
supporting the previous idea of coefficients independent of thickness.
Finally, the general size of the samples could influence the measurements. They were chosen
big enough to discard boundary effects and thick enough to make the coupling observable.
One could argue that they might be too thick; Kjelstrup and Tomii [100] measured the
Seebeck coefficient of YSZ with a thicker sample, d = 150 mm, so that it is strongly believed
that the size of the samples used in this setup is appropriate.
More care should be taken, however, in the composition and manufacture of the samples. For
further investigation it is recommendable to use laboratory pellets of a more homogeneous
composition rather than the commercially available pellets. The provider of the samples used
could say neither how the precursor powder was obtained nor how the blocks were shaped, so
that no conclusions can be made from the sample prehistory.

6.2 The polymer electrolyte
The results here presented have been partially presented at the DECHEMA Thermodynamik
Kolloquium 2021, held virtually in September 2021.
Since NET is not a widespread model approach, there are not many experimental values for

the special transport coefficients available in the literature which are needed in this approach.
As already mentioned, one possibility consists of approximating the phenomenological coeffi-
cients with classical coefficients; this approach was extendely used by Kjelstrup and Bedeux
[14] for the PEM fuel cell, and more precisely, the polymer electrolyte. In that case, the
main coefficients Lii are calculated based on the proportionality factors of the mono-causal
transport equations, see Sec. 2.4, whereas the cross coefficients Lij(i ̸= j) are defined by
means of the proportionality factors of coupled transport processes, as already expressed in
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6.2 The polymer electrolyte

Figure 6.9: Nyquist plot of the polymer
electrolyte fuel cell at a constant tem-
perature T = 333 K and a mean water
activity pW

pS
W

= 0.60 under variation of the
water chemical potential.

Figure 6.10: Nyquist plot of the poly-
mer electrolyte fuel cell at a constant
temperature T = 333 K and a mean wa-
ter activity pW

pS
W

= 0.60 considering the
measurement uncertainty

Sec. 2.5. The resulting equations are summed up in Table 6.3. The original approach of
Kjelstrup and Bedeux, shorten KJE orig., approximates the ionic conductivity with the
first experimental data from Los Alamos Laboratory, making use of too many assumptions
since they did not have other experimental values. As already mentioned, measures of water
content versus water activity at T = 353 K have shown that the polynomial for T = 303 K is
not valid for this temperature [57]. Therefore, the water content for the nafion membrane in
the temperature range T = 303− 353 K should be corrected using a weighted mean:

λM(T ) = λM
303

(353− T
50

)
+ λM

353

(T − 303
50

)
, (6.14)

where λM
303 is obtained from Eq. 3.4 and λM

353 by means of Eq. 3.8. This modified value is
then used to calculate the ionic conductivity and referred to as KJE modif.
As previously stated in Sec. 4.2, the water transport JH2O in the membrane shall be visible

in the low frequency region of the impedance curve. In the experiments carried out it was
not possible to investigate this region because of the measuring conditions: the OCV showed
a sinusoidal-like behaviour with neither non-negligible amplitude nor frequency(-ies). In
statistical terms the OCV standard deviation is small in comparison to the mean OCV, but
its frequency(-ies) interferes with the EIS frequency. These disturbances influenced the U − j
characteristics in a way, that they cannot be included in this analysis. An shown by Fig. 6.12
for the test cell measured at T = 333 K and a mean water activity aH2O = 0.60 imposed to a
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6.2 The polymer electrolyte

Figure 6.11: Measured pressure of com-
pressed air in line (black) and at the top
of the water tank (red). The curves are
qualitative, thus out of scale.

Figure 6.12: UOC vs. time measured
for the PEM test cell at a constant tem-
perature T = 333 K and a mean water
activity pW

pS
W

= 0.60, exposed to a water
chemical potential of 360 J/mol.

water chemical potential difference of 360 J/mol the OCV did not remain constant over time.
A closer look in the system showed that this frequency was observed not in the compressed
air line but in the water tank, as shown in Fig. 6.11. This observation can be explained by
the function principle of the inlet valves of the coriolis mass flow controllers for water. As for
the observed frequencies (one for each CMC), the inlet valve appears to follow an ON/OFF
actuator, which is in accordance with the very small water mass flow rates (10− 100 g/h).
A possible solution could be the introduction of a buffer system between evaporator and test
cell, so that the mass flow fluctuations can be reduced. Even with this changes it can not
be assured that the OCV will be constant enough for the EIS in the low frequency range
(1− 10−3 Hz). Such modifications are unfortunately outside the time scope of the thesis work
presented here, considering the time-consuming assembly and adjustment of the test bench.
Nevertheless, it must be pointed out that even with stable measuring conditions it becomes

challenging to observe the influence of water transport by means of EIS, i.e. of the coupled
coefficient Lϕµ. As already mentioned, Kadyk et al. [89] measured the impedance of a H2/air
cell in the frequency range 103 − 10−2 Hz, as given in Fig. 4.17. It can be observed how the
inductive loop shows the influence of the water transport at the lowest frequencies, as well as
the scatter of these points and their large uncertainties. More recently, Kosakian and Secanell
[101] reached 10−1 Hz, in this case for a H2/O2 cell, their Nyquist plots are depicted in Fig.
6.13 for low current densities and in Fig. 6.14 for higher current densities. The experimental
data is compared to their simulations (plotted to 10−4 Hz). As it can be observed, they are
qualitatively in good agreement, but the measured impedance spectra shows larger relaxation
times than the simulated ones, so that the characteristic frequency of the loop is found at
lower frequencies.
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6.2 The polymer electrolyte

Figure 6.13: Kosakian and Secanell
[101] experimental data compared to sim-
ulated Nyquist plots of the water trans-
port in a H2/O2 cell at T = 353 K and
rH = 50% at low current densities.

Figure 6.14: Kosakian and Secanell
[101] experimental data compared to sim-
ulated Nyquist plots of the water trans-
port in a H2/O2 cell at T = 353 K and
rH = 50% at high current densities.

It is believed that their test bench was also fluctuating during the low frequency measurements,
therefore they did not go further down. As it can be seen, there is multiple evidence of the
inductive loop being caused by the water transport, however, it is up to date difficult to
obtain constant conditions in the test facilities. Measuring under 10−2 Hz takes several hours,
meanwhile the electrochemical system must remain very stable and invariant.

6.2.1 The conductivity Lϕϕ

The conductivity Lϕϕ was calculated from the High Frequency Resistance (HFR) as previously
explained in Sec. 4.2.2.1, so that from Eq. 4.30 the conductivity Lϕϕ is obtained as:

Lϕϕ = − d · T
A ·R0

. (6.15)

Table 6.4: Experimental values for the conductivity Lϕϕ compared to the calculated conduc-
tivity, as proposed by Kjelstrup and Bedeux, the original approach [14] (KJE orig.) and a
modified one with Eq. 6.14 (KJE modif.)

T = 333 K T = 348 K
pW
pS

W
= 0.60 pW

pS
W

= 0.85 pW
pS

W
= 0.60 pW

pS
W

= 0.85

This work −684.04± 34.20 −1300.13± 65.00 −595.61± 29.78 −1384.34± 69.21
KJE mod. −593.84 −1149.21 −615.56 −1097.95
KJE orig. −879.37 −1962.00 −1082.90 −2416.10

84



6.2 The polymer electrolyte

The obtained values are summarised in Table 6.4.
The original approach, ie. KJE orig. found in the literature, overestimates the coefficient
LOO at all four measured temperatures and water chemical potentials, with a deviation up
to ∆LOO ≈ 90%. This shows that the approach can only be considered for temperatures
and relative humidity levels close to the original measurements. When compared to the
values obtained with the water content weighted mean KJE modif., it is observable that the
experimental data obtained here agrees with the ones obtained from the model, showing
a deviation of ∆LOO = 3− 15 %. Moreover, the deviation is stochastic, ie. for some cases
positive and for some negative, so that no systematic can be recognised. The ionic conductivity
dependency on the water content expressed in Eq. 3.5 was also measured only for T = 303 K.
Using this value for higher temperatures might also not be entirely correct; the lack of more
data makes it necessary to determine it experimentally.

6.2.2 The conductivity Lϕµ

As previously stated in Sec. 4.2.2.2, the conductivity Lϕµ can be calculated from the slope of
the U −∆µ curve. As this approach calculates the phenomenological coefficient proportional
to LOO, it is preferred to compare the experimental raw data, i.e. the slopes, rather than the
calculated coefficients, to avoid the deviation propagation ∆LOO stated in the previous section.
To obtain the accurate slope, it turns out that it is necessary to determine the chemical
potential of water vapour at the boundary surfaces of the membrane. Since Eqs. 5.2 and 5.3
depend on assumptions, their calculation should only be considered as an approximation. In
this case, the temperature across the cell is constant, so that the water chemical potential
depends only on the water partial pressure at the triple phase boundary (TPB). As a direct
measurement of the relative humidity is per se complicated, it becomes almost impossible to
do so for an uncertain location, given that the TPB is only a few nm thick. It is, however,
possible to calculate the chemical potential at the membrane knowing the water partial
pressure at the cell inlet, which can be fixed to a certain value. Different studies have shown
different parameterisation [86], [87] of the water transport through the GDL. For that reason,

Table 6.5: Slopes of the U −∆µ curves obtained experimentally.

t in mV
kJ/mol

pW
pS

W
= 0.60 pW

pS
W

= 0.85

T = 333 K 7.187 4.859

T = 348 K 7.219 8.015
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6.2 The polymer electrolyte

Figure 6.15: UOC−∆µ curves measured
at T = 333 K and water activities pW

pS
W

=
0.60, 0.85

Figure 6.16: UOC−∆µ curves measured
at T = 348 K and water activities pW

pS
W

=
0.60, 0.85

as a first approach, the water activity was considered to be constant through the GDL. This
assumption shall be discussed further in light of the results.
The measured electric potentials versus the water chemical potential difference at the mem-
brane ∆Mµ at the water activities pW

pS
W

= 0.60 and 0.85 are depicted in Fig. 6.15 for T = 333 K
and in Fig. 6.16 for T = 348 K. The experimental values are summed up in Table 6.5.
According to the approach given in KJE orig., the slope of the UOC −∆µ curve determines
the transfer number t:

∆ϕ
∆µ = t

F
. (6.16)

KJE orig. modeled the transport coefficient Lϕµ with a transfer number measured by Ot-
tøy [102], who obtained t = 1.2 at T = 298 K. In that case, the slope ∆ϕ

∆µ results
12.437 mV/(kJ/mol). They assume this value to be constant for all temperatures. When
compared to the experimental values of this work (Table 6.5), it is clear that this value
overestimates the transfer number. If the value obtained for T = 353 K and pW

pS
W

= 0.85 is
excluded (it can be considered as an outlier, as at a given temperature the transference
number should be constant or increase at increasing water activity), the deviation from the
model is around 40% (more precisely 35 < ∆Lϕµ in % < 42).
From the experimental data obtained, the transfer number depends on both temperature and

water activity, contradicting the observations from Zawodzinski et al. [59]. As shown by the
contradictory results obtained at similar laboratory conditions from Springer et al.[12] and
from Fuller and Newman, [58] the region of low water activity requires a deeper investigation,
as it might take longer than expected to reach equilibrium in this situation. The chemical
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potential of water vapour as determined in this study is very uncertain. This could be one
cause for the large deviation between the literature data and this study. It was assumed
here that an hour should be sufficient for water vapour to humidify the five membranes
homogeneously, which can be questioned considering the results obtained here.
Another cause of deviations could lie in other components present in the test cell used. The
largest source of uncertainty lies within the unknown water transport at the GDL: considering
the water activity to be constant through the GDL might underestimate the transfer number
of the membrane, as it neglects the water concentration losses due to diffusion. Up to date
and as far as concerned, there is no model available in the literature for carbon cloth based
GDLs, so even modeling the concentration loss analogously to carbon paper GDLs would not
be entirely correct, thus this is a possible improvement for future work in this matter.
Furthermore, the GDLs might cause distortions larger than what has been expected, given
their thickness of 2/3 of the electrolyte thickness. As pointed out by Rezaei Niya, [84] the
GDLs also present a transfer number tGDL, which can be neglected if they are thin compared
to the membrane and if the latter is sufficiently humidified. For this study it was not possible
to reduce the GDL thickness due to the deepening of the flow field found in the mono-polar
plate.
When compared to other experimental data, it must be pointed out that they are based
mostly on ex-situ methods: neither Mottøy nor Zawodzinksi investigated the membranes in
situ; they measured the potential of half cells in equilibrium with HCl solutions. This method
might facilitate the determination of the water content, but could lead to an overestimation
of the parameters in question, as the membrane is in ideal conditions, see Sec. 2.7 for further
details.
More important to determine the deviation between KJE orig. approach and the experimental
data is to map the temperature and water activity functions. As it can be seen from the values
obtained, two temperatures and two water partial pressures are not sufficient to conclude
how the conductivity Lϕµ depends on these thermodynamic quantities in detail.

6.2.3 The conductivity Lϕq

In analogy to Lϕµ, the phenomenological coefficient Lϕq, coupling the electric potential to the
temperature gradient, is proportional to the conductivity LOO, so that the raw experimental
data, in form of the slopes of the UOC − ∆ T curves, is evaluated carefully. In this case,
the slope of electric potential vs. temperature difference at open circuit turns out to be the
Seebeck coefficient: (∆ϕ

∆T
)

j=0
= S. (6.17)
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Table 6.6: Slopes of the U −∆T curves experimentally obtained

S in mV/K pW
pS

W
= 0.60 pW

pS
W

= 0.85

T = 333 K 0.600 0.692

T = 348 K 0.580 0.631

Figure 6.17: UOC − ∆ T curves mea-
sured at T = 333 K and water activities
pW
pS

W
= 0.60, 0.85

Figure 6.18: UOC − ∆ T curves mea-
sured at T = 348 K and water activities
pW
pS

W
= 0.60, 0.85

To determine the Seebeck coefficient of the electrolyte requires the evaluation of the temper-
ature difference at its boundary surfaces, i.e. at the TPB. Inserting thermocouples, whose
diameter exceeds the TPB thickness did not seem appropriate when the test cell was designed.
Instead of this, the temperatures needed were simulated with the model approach given in
Sec. 5.2.2. Moreover, the potential losses at the electrodes are considered negligible for this
case. The measured electric potentials versus the temperature difference ∆MT for water
activities pW

pS
W

= 0.60 and 0.85 are depicted in Fig. 6.17 for T = 333 K and in Fig. 6.18 for
T = 348 K. The experimental values are summed up in Table 6.6.

KJE orig. models the coefficient Lϕq with the Peltier coefficient, which they calculated
from the Seebeck coefficient using the Thomson relation (Π = S · T ). This approach intro-
duces a further error source. Their attempts to measure the Peltier effect for the nafion
membrane with two hydrogen electrodes [87] were not successful, but they could measure
the Seebeck coefficient with a fair accuracy. In that study, the coefficient was determined
to be S = 0.67 ± 0.05 mV/K at T = 340 K for three membranes N1110 with a maximum
temperature difference of ∆MT ≈ 25 K. With a slightly different setup, Yang, Sun et al.
[103] obtained S = 0.531 mV/K at T = 333 K with a membrane N117 and for a maximum
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Table 6.7: Coupled conductivities Lϕµ and Lϕq, experimentally obtained at T = 333− 348 K
and pW

pS
W

= 0.60− 0.85

T = 333 K T = 348 K

pW
pS

W
= 0.60 pW

pS
W

= 0.85 pW
pS

W
= 0.60 pW

pS
W

= 0.85

Lϕµ in K mol
m V s −4.916± 0.255 −6.317± 0.323 −4.300± 0.220 −11.095± 0.563

Lϕq in K A
m −136.74± 6.98 −272.54± 17.36 −120.21± 6.48 −304.23± 21.94

temperature difference of ∆MT = 15.3 K. Their setup was a closed loop so that no hydrogen
was consumed during their experiments, but it was recirculated between the electrodes, so
that this internal circulation could have diminished the Seebeck effect to a small extend.
From the experimental data obtained in this work, reproduced in Table 6.7, it can be con-
cluded that the conductivity slope depends on both temperature and water content, although
the measured effect of increasing temperature and water content lies within the experimental
uncertainty. The assumption can be supported by the values of Kjelstrup, Vie et al. [26],
who measured it at water activities higher than 1, i.e. in the supersaturated range, reporting
a higher Seebeck coefficient than the ones presented here.
Moreover, the calculation of the temperatures at the PTB instead of measuring (or trying
to measure) them might underestimate the temperature difference at the electrolyte, thus
underestimating the Seebeck coefficient of the membrane. Thus the data presented here is
seen to be preliminary data, but it has proven the concept proposed in this work.

6.3 Further remarks on the polymer electrolyte results
As already proposed by Marquardt, Kube et al. [16], approximating the phenomenological
coefficients Lij to classical (mono-causal) transport coefficients might be valid only close to
the measurement point. The greater the gradients are, the larger the deviations of the model
will be, as shown here. Moreover, the empirical equations, e.g. for the water transport,
obtained in the 1990s and early 2000s from data fitting have no physical background. Feasible
explanations were developed to explain why the water content of Nafion remains fairly constant
at increasing activities of water vapour for the regions of low water activity (aH2O = 0.2− 0.8,
see Fig. 3.6). Two data gaps can be clearly recognised, reducing the quality of the fitting.
Much effort was devoted into modeling the behaviour of Nafion, making use of the empirical
equations obtained for a single temperature instead of actually measuring the water uptake
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of the polymer at other temperatures, as well as the ionic conductivity at other temperatures
and water contents.
In that sense, NET proves to be a powerful tool to explain the transport processes, as it
follows a physical approach. The studies carried out here show that the phenomenological
coefficients must be measured for different temperatures, water contents and loads; the latter
was unfortunately not covered by this investigation. Approximating multi-causal transport
coefficients Lij to mono-causal coefficients (σ, κ, S,Π) reduces the advantages of the physical
model of NET over the classical approaches.
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Chapter 7

Conclusions and Outlook

Fuel cells convert chemical energy directly into electric energy without intermediate steps, thus
reducing intermediate losses and circumventing limitation imposed by the Carnot efficiency.
This direct energy conversion is possible due to the main component of the fuel cell, its
electrolyte, separating electrical charges.
In this work, the complex transport mechanisms that occur in a fuel cell electrolyte were
investigated. Two different electrolytes were studied, the polymer electrolyte used in low tem-
peratures fuel cells (PEMFC), typical for mobile applications and the solid oxide electrolyte
in high temperature fuel cells (SOFC), more appropriate for stationary operation.
The fluxes of mass, charge and thermal energy through the electrolyte were studied consid-
ering Non-Equilibrium Thermodynamics, a theory proposing multi-causality to explain the
interaction between the thermodynamic forces acting within the electrolyte. This multi-causal
approach has been proven to be more accurate than classical mono-causal approaches for
membrane and/or electrochemical processes. By means of this theory it became possible to
quantify the local entropy production rate, fundamental for an appropriate fuel cell design:
the best entropy is the one which is never produced (by irreversibilities).
Non-Equilibrium Thermodynamics defines a set of proportionality factors between the lin-
earised fluxes and thermodynamic forces; these coefficients are called transport coefficients
or conductivities. The possible determination of the transport coefficients in an electrolyte
applying Electrochemical Impedance Spectroscopy is the main hypothesis of this study. The
Impedance Spectroscopy is a material characterisation technique widespread in the fuel
cell research and electrochemical research. A time periodic electric signal is applied to an
electrochemical system and its electric response is measured to determine the impedance of
the system under investigation.
The challenge is to extract the different phenomenological coefficients out of the EIS signal
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knowing about all assumptions and boundary conditions. Two different approaches were
developed to find the relation between transport processes and impedance spectroscopy, one
for each type of electrolyte.
The proposed model for the solid oxide electrolyte creates a relation between the transport
mechanisms of ions and thermal energy and the frequency dependent impedance. Unfor-
tunately, the very low relaxation time of some of these electrochemical transport processes
made it very difficult to validate this approach with experimental data. The low relaxation
time requires too large frequencies, which is a challenge for the EIS to detect. Furthermore,
the test facilities presented here are believed to cause some distortion in the measurement
(e.g. the OCV of the PEM test cell, the offset voltage of the solid oxide electrolyte), so that
reproduction of well established literature values was difficult. The differences between the
measurements carried out here and reported in literature could be connected to the samples
structure, however. One possible factor is the concentration of impurities in the commercial
ceramic samples. No post-mortem analysis has been carried out yet, because the samples
had to be used by the research team after the experimental work presented here. That is one
reason why it is not possible to determine the homogeneity of the samples on behalf of their
composition.
Nevertheless, an approximate calculation of the transport coefficients was carried out. The
ionic conductivity was obtained from the Middle Frequency Resistance (MFR) of the
impedance spectrum, prior fitting to an equivalent circuit consisting of 3 R//C elements.
Furthermore, on behalf of the influence of the heat and coupled transport, which has been
experimentally observed, an approximate qualitative method to determine the coupled trans-
port coefficient has been proposed. The results are conclusive to a limited extend only, as
they show contradictions in temperature dependencies. As far as concerned, there are no
studies that have determined these transport coefficients for 3YSZ ceramics at intermediate
temperatures (T = 300− 600 K), so that it was not possible to compare the values obtained
here with literature data.
As for the polymer electrolyte, an equivalent circuit to determine the transport coefficients of
the electrolyte has been proposed. This equivalent circuit is based on the process modeling
approach and some special equivalent circuits already established in the literature, adapting
them to the experimental conditions of this work, i.e. the condition of two hydrogen electrodes.
The fitting of the measured impedance to the proposed model was possible only to a limited
extend, due to the large contribution from the gas diffusion layers to the overall impedance.
Moreover, the function principle of the mass flow controllers for water is believed to cause a
sinusoidal distortion in the cell inlet water flow, as the same frequency of this control system
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has been observed in the electric potential measured at the test cell. This induced some
low frequencies in the same range of the characteristic frequency of the water transport in
the GDL and in the membrane, thus turning the determination of the coupled conductivity
from the impedance spectra impractical. Fitting the spectra delivered poor results and was
therefore discarded, even though this is a promising approach which should be followed in
the future.
The ionic transport coefficient was obtained from the High Frequency Resistance (HFR)
of the impedance spectrum, similar to the ionic conductivity. The coupled coefficients, i.e.
the coupled heat and ionic conductivity as well as the coupled water and ionic conductivity,
were calculated from the slopes of the U −∆T and U −∆µ curves, respectively. A direct
determination from impedance spectra was difficult due to the large distortions in the low
frequency (LF) region, where they are to be observed. These values have been compared
to an approach found in literature, where the transport coefficients are approximated to
classical mono-causal coefficients. The coupling between water and ionic transport introduces
a large deviation, which can be explained by the assumptions made by the authors. As for
the coupling of heat and ionic transport, the results agree with the experimental findings
presented in this work, taking into consideration the different water contents of the polymer
electrolyte.
The experimental findings showed that coupling effects are observable and that the multi-
causal approach given by Non-Equilibrium Thermodynamics cannot be neglected. A precise
determination of the transport coefficients, either by means of EIS or OCV curves, requires a
very precise and stable control of the test bench, enabling steady measuring conditions for
days. It would be ideal to automatise the modifications carried out in both test benches,
so that small deviations could be corrected as soon as possible. For example, temperature
variations within 0.1 K cause measurable OCV deviations, so that they must be avoided.
These conditions necessary to extract data at very low frequencies were not enabled in the
setup presented here.
More experimental determination of the transport coefficients in the solid oxide electrolyte
will require a new housing concept. The housing should allow the assembly of both heaters,
external and compensation, in an easier way, so that it can be double checked if they are
positioned correctly, otherwise it is difficult to determine whether they are in contact with
the other elements of the housing or not. Moreover, the assembly of thermocouples should be
enabled externally, preferably with extra boreholes, so that they do not lie within the flow
field, obstructing the gas stream. Furthermore, the type and class of the thermocouples might
be adequate for fuel cell research but insufficient for electrolytes. If possible, the temperatures
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shall be measured with thermocouples type S, class 1, which have an uncertainty of max. 1 K
at T < 1300 K, allowing also experiments at lower temperature differences.
In addition, the ceramic samples ought be traceable, i.e. composition and thermal prehistory
should be available. Only in this manner it is possible to categorise the deviation sources
and discard the influence of the chemical composition. The samples should be preferably
developed and prepared for these experiments, rather than be commercially available samples.
A post-mortem analysis (XRD, Raman Spectroscopy) should be carried out, as transverse
homogeneity is extremely important for these experiments.
Similar modifications are desirable in the low temperature test rig for polymer electrolytes.
The low temperatures enable the measurerement of the temperatures with PT100 thermome-
ters, which are more precise than thermocouples type K. The temperature and potential
at the electrolyte sites should be measured and not calculated (as it was the case in this
study). Care should be taken when assembling these measuring devices, as it has already
been reported in the literature, that they might hinder the mass/charge transport and disturb
the chemical reaction. As for the mono-polar plates, it is important to design them especially
for these experiments; the flow fields should be optimized for the experimental procedure.
The groove between plate surface area and flow field should be reduced or eliminated, and the
assembly should form, together with the sealing, a gas-tight housing, so that the membranes
cannot exchange water/humidity with the ambient air.
The PEM test cell ought to be especially designed for the EIS characterisation. Stacking
even a small amount of membranes to form a thick electrolyte introduces contact resistances
that disturb the measurement. The resistance can be reduced by increasing the pressing
pressure, but if the pressure is too high the GDL are too much compressed and obstruct
the gas transport from electrode to the TPB. As stated for the solid oxide electrolyte, it
is desirable to self design the membranes, so that thick membranes of d > 1 mm can be
obtained. The coupling effect can also be enlarged by reducing the thermal conductivity of
the polymer. Moreover, the selection of the GDL should be considered of vital importance,
since the water transport in the membrane is coupled to the water transport in the GDL.
In the experiments it was not possible to choose other GDLs than the ones used because
of the grooves present in the mono polar plates. The carbon cloth in the given thickness
creates an electric resistance three times larger than carbon paper and the diffusion resistance
could go as high as ten times more. Furthermore, the activation of the chemical reactions has
been considered to be negligible when compared to the losses in the electrolyte due to the
platinum density of the catalyst layer. This assumption ought to be verified. Finally, the test
cells could be pre-pressed in order to reduce the contact resistance, as it is common practice

94



7 Conclusions and Outlook

in carbon paper based fuel cell engineering.
The experimental determination of transport coefficients in electrolytes, and moreover, in
all other components such as gas diffusion median and catalyst layers, is vital to locate
and reduce fuel cell losses, which allows an optimal design of fuel cells, making them more
attractive for commercial use. The idea of measuring them by means of an inexpensive and
relative easy technique as the Impedance Spectroscopy remains attractive and should be
broadened and enhanced, considering the problems encountered and described in this work.
Alternative technologies to fossil-based and established devices/power plants ought to be not
only carbon neutral, greenhouse gases free but also efficient. Fuel cells are no exception as
they still show some room for improvement when accurate modeling and precise experimental
analysis extracts the avoidable irreversibilities.
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Appendix A

Appendix

A.1 Parameters from the fitting for 3YSZ, d=5 mm

Table A.1: Passive elements in Ω or F

element T = 373 T = 500 T = 600

R1 44969 30080 7212

C1 1,82E-06 3.59E-08 2,74E-09

R2 80371 64676 14693

C2 2.17E − 10 2,83E-10 6,34E-09

R3 20735 24510 930,3

C3 1,82E-06 2,83E-10 2,74E-09

A.2 Parameters from the fitting for 3YSZ, d=10 mm

Table A.2: Passive elements Ω or F

element T = 373 T = 500 T = 600

R1 47294 25352 11067

C1 1,31E-09 5,12E-08 9,29E-10

R2 87507 66018 16217
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A.3 Resistance differences for 3YSZ

C2 1,8047E-10 1,19E-09 6,46E-09

R3 13790,9 30249 6089,8

C3 1,38E-10 2,0485E-10 2,72E-10

A.3 Resistance differences for 3YSZ
Differences in resistance and temperature used to calculate the conductivity LOq.

Table A.3: Resistance difference in Ω, temperature difference in K

T in K d in m ∆R ∆T

500 5,00E-03 7392 8,64

500 5,00E-03 14234 19,08

600 5,00E-03 2662,6 8,05

600 5,00E-03 4107,9 16,22

500 1,00E-02 4642 9,92

500 1,00E-02 9231 18,08

600 1,00E-02 2798 7,53

600 1,00E-02 7285,9 17,15
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