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Abstract

Electrochemical impedance spectroscopy (EIS) is a powerful technique that can be
applied in-situ to deconvolute the various loss mechanisms in the polymer electrolyte fuel
cell (PEFC) that occur at different rates. The frequency response of a PEFC that results
from EIS is in essence characterised by energy dissipating and energy storing elements of
the cell. It can be represented by an equivalent circuit that is composed of resistors and
capacitors respectively. By understanding the arrangement and magnitude of the electrical
components in the equivalent electrical circuit, it is possible to generate a deeper
understanding of how and where the electrical energy that is generated due to the redox
reaction is being dissipated and retained within the real physical system. Although the use
of equivalent circuits is often an adequate approach, some electrochemical processes are
not adequately described by electrical components. In which case, it is necessary to adopt
a more rigorous approach of describing processes through the use of differential

equations to describe the physics of the electrochemical system at the frequency domain.

Studies in the literature have attempted to construct mathematical models to describe the
impedance response of the cathode catalyst layer (CCL) based on conservation equations
describing the electrochemical and diffusion processes. However this has resulted in a
complicated mathematical analysis which in turn results in complicated solutions. The
resulting equations cannot be easily validated against real-world EIS measurements and
only analytical results have been reported. In this thesis a mathematical model to describe
the impedance response of the CCL has been developed. This model is derived from
fundamental electrochemical theory describing the physics of the CCL. The mathematical
treatment is simplified by taking into account some considerations based on the EIS
theory. The resulting model can be easily applied to real-world EIS measurements of
PEFCs and presents parameters commonly known in the electrochemical area. The
scientific contribution of this doctoral thesis is mainly divided in two sections: Modelling

and Application.
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The first step of the modelling section develops an equation describing charge
conservation in the CCL and together with Ohm’s Law equation accounting for ionic
conduction, predicts the impedance response of the CCL at low currents. The second step
includes the change of oxygen concentration during the oxygen reduction reaction (ORR)
into the equation accounting for CCL low current operation. The study of mass transport
in the CCL is very complex; the literature has treated it with simplifications and
approximations. The finite diffusion distance for oxygen to reach the reaction sites in the
CCL forms a complicated network of multi-phase parallel and serial paths and can change
in dimension at different operating conditions (flooding, drying). In the mathematical
treatment of this doctoral thesis the finite diffusion distance and surface concentration of
oxygen in the CCL are considered to be independent of the thickness of the CCL. EIS
reflects only bulk measurements based on the total CCL thickness. Even though this
results in an over-simplification for the oxygen diffusion in the total CCL, this approach
simplifies the mathematical treatment to predict the impedance response of the CCL at
high current operation, and as result it can be successfully validated against real-world

EIS measurements.

In the application section the model is applied with real-world EIS measurements of
PEFCs. First the model is applied with EIS measurements presenting inductive effects at
high frequencies. The model reveals mechanisms masked at high frequencies of the
impedance spectrum by inductance effects. The results demonstrate that the practice of
using the real part of the Nyquist plot where the imaginary part is equal to zero to
quantify the ohmic resistance in PEFCs can be subject to an erroneous interpretation due
to inductive effects at high frequencies. Secondly the model is applied to cathode
impedance data obtained through a three-electrode configuration in the measurement
system and gives an insight into the mechanisms represented at low frequencies of the
impedance complex-plot. The model predicts that the low frequency semicircle in PEFC
measurements is attributed to low equilibrium oxygen concentration in the CCL-gas
diffusion layer (GDL) interface and low diffusivity of oxygen through the CCL. In
addition the model is applied with simultaneous EIS measurements in an Open-Cathode
PEFC stack. The factors that limit the performance of the PEFC stack are evaluated with

simultaneous EIS measurements and the model. The results show that the change in
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impedance response of individual cells within the stack is attributed to oxygen
limitations, degradation in membrane electrode assemblies (MEAs) and temperature
distribution. This EIS knowledge enables an assessment of the state of health in
operational fuel cell stacks. In the last section of the application section, the mathematical
model translated in the time domain via reverse Laplace Transform predicts the current
distribution through the CCL. This provides information to improve the performance of

the CCL as well as determine the uptake of product water in the membrane.

Finally the conclusions and future work are presented. This doctoral thesis has
established a backbone understanding of how the electrochemical and diffusion
mechanisms relate to the electrochemical impedance spectra of PEFCs. The goal of a
future work is to develop this EIS knowledge into a real-time EIS system for non-
intrusive diagnostics of degradation in operational PEFCs. This implies a modification of
the model to consider oxygen transport through the CCL thickness as part of a multi-
species mixture using mass transport theory including concentrated solution theory to fuel

cell engineering.
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Chapter 1

Introduction

Polymer electrolyte fuel cells (PEFCs) are electrochemical devices that convert the
chemical energy released from a hydrogen-oxidation and oxygen-reduction (redox)
process into usable electrical energy and thermal energy. The redox process occurs
electrochemically in the catalyst-based electrodes of the cell and forgoes any form of
combustion; the PEFC is as such theoretically unbound by the Carnot limit. Research and
development worldwide over the past two decades is resulting in the gradual
commercialisation of the technology for civil and military markets. In order to maximise
the impact that the PEFC can bring worldwide, there is a need to develop a robust and
potentially cost-effective way of monitoring and optimising the performance, reliability
and operating cost as a function of service life. While much is already known about the
degradation mechanisms that affect PEFCs [1], thus far, this has not been matched by
practical techniques that can be applied to operational PEFC stacks to systematically
diagnose them. Standard techniques are usually based on macroscopic characterisation

and do not necessarily reveal specific underlying degradation mechanisms.

Variations in operating modes and general cell design according to application means that
performance degradation and failure mechanisms are also likely to change according to
application [2]. Key technology indicators such as technology readiness level (TRL) and
manufacturing readiness level (MRL) are intrinsically governed by failure and reliability.
In the context of fuel cells, failure can occur as a consequence of gradual processes, in
which certain operating conditions and operational routines cause a systematic
degradation of structural and electro-kinetic properties of PEFC assemblies and culminate

in the loss of performance below threshold values.

Electrochemical impedance spectroscopy (EIS) is an in-situ experimental technigque that
can unveil the electrochemical and diffusion process that occur at different rates within

the PEFC. EIS has the potential to reveal the internal state and performance of a PEFC
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without affecting its ability to perform as an energy conversion device. The resulting
impedance is commonly represented in a complex plane and represents the
electrochemical and diffusion mechanisms of the PEFC in the frequency domain. The
conventional process of employing EIS for PEFC analysis involves the interrogation of a
working cell using an alternating current (AC) signal, and using this to structure an
equivalent electrical circuit based on its frequency response. EIS has become a primary
tool in fuel cell research and development and as a result it is not only possible to reveal
general changes in cell performance, but also the changes in fundamental internal
electrochemical processes can also be diagnosed. EIS can be used to distinguish between

different failures in a PEFC stack under load, for instance water management failures.

EIS translated into the time domain has not been used and reported in the literature. EIS
measurements translated into the time domain could allow the evaluation of critical
factors during PEFC operation. This technique could be more valuable for fuel cell

research.

1.1 Motivation

EIS could have the potential to determine changes in critical operational factors in PEFCs
such as reactant, liquid water and current distribution, catalytic poisoning, membrane
conductivity and contact resistance. The measured results from EIS are widely interpreted
through various equivalent electrical circuits. However, such interpretation cannot deliver
the electrochemical mechanisms which are truly occurring in the PEFC. Some
misconceptions and misunderstandings about how to relate the physical processes of a
PEFC within the impedance response resulting from EIS have been reported in the
literature. For instance, the ohmic resistance in a PEFC from EIS measurements has been
reported to be where the impedance spectrum intercepts the real part of the complex plot
at high frequencies neglecting intrusive effects from the measurement system. Low
frequency EIS measurements have been commonly related to gas phase oxygen transport
limitations in the gas diffusion layer (GDL) neglecting any mass transport limitations in
the cathode catalyst layer (CCL).
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When measuring EIS over an entire PEFC stack, only average properties of stack
parameters can be determined. Thus, it is not possible to identify inhomogenieties in a
PEFC stack. Simultaneous EIS measurements in combination with fundamental
electrochemical theory of PEFCs will provide reliable information about the factors that

limit the PEFC stack performance.

There is a lack of understanding of how to interpret the frequency response of the EIS in
relation to the spatio-temporal electrochemical mechanisms that occur within the PEFC.
An impedance-based approach which allows a spatio-temporal current distribution

analysis in the CCL has not been presented or validated in the fuel cell research to date.

1.2 Objective

The main objective of this doctoral thesis is to provide a backbone understanding about
how the electrochemical mechanisms of the PEFC are represented at different frequencies
in the EIS complex plot using a mathematical model derived from electrochemical theory.
The mathematical model will be applied with real-world EIS measurements carried in any
region of the polarisation curve. The mathematical model applied to simultaneous EIS
measurements in a PEFC stack will allow an insight into the change in impedance
response of individual cells. The mathematical model translated into the time domain will

simulate the current distribution through the CCL.

1.2.1 Particular Objectives

1 To generate a numerical model to predict the impedance spectrum of the CCL at
low currents based on fundamental electrode theory and the measurable

properties of the CCL.

2 To extend the mathematical model devised in (1) to simulate the impedance
spectrum in the frequency domain at high currents using diffusion theory and

fundamental electrochemical theory.
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3 To provide a clear understanding about how the electrochemical and diffusion
mechanisms of a PEFC are related at different frequencies of the EIS complex

plot using the theoretical treatment developed in (1), and (2).

4 To establish an insight into the change in impedance response of individual cells
within a PEFC stack through the theoretical work developed in (1), (2), (3) and

simultaneous EIS measurements.

5 To simulate the spatio-temporal current distribution in the CCL using the
theoretical work developed in (1) and (2); and to apply the model to determine

the characteristic transient and spatial charge in the CCL.

1.3 Knowledge Contribution

1 By coupling the fundamental electrochemical theory of the fuel cell with the
measurement-based EIS analysis, it is possible to open a wider scope to generate a
greater understanding of how the structure, material composition, and operating

conditions of the CCL govern the cell performance.

2 This study has demonstrated the capability to predict the effect of the effective
diffusion and equilibrium oxygen concentration of CCL on the cell performance

based on the measured frequency response from EIS.

3 This study has demonstrated that intrusive effects, e.g. inductive effect in EIS
measurements, can lead to an erroneous interpretation of the PEFC electrochemical

mechanisms represented in complex-plots at high frequencies.

4 Mass transport limitations in PEFCs have been principally attributed to the gaseous
oxygen transport limitations in the GDL neglecting any mass transport limitations in
the CCL. This study has demonstrated that mass transport limitations in the CCL can

be manifested in EIS measurements of PEFCs.
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5 The combination of the theoretical treatment with simultaneous EIS measurements
allows the identification and particularly the evaluation of the inhomogeneous

performance along a PEFC stack.

1.4 Outline of Thesis

This doctoral thesis has been divided in four sections: Fundamentals (Chapter 2 and 3)
Modelling (Chapters 4 and 5), Application (Chapters 6, 7, 8 and 9) and Conclusions
(Chapter 10).

Chapter 1: Introduction

The first Chapter provides a brief introduction about EIS as a powerful tool for PEFC

diagnosis and discusses the motivation, objectives and contributions.

Chapter 2: Fundamentals of Polymer Electrolyte Fuel Cells and Electrochemical

Impedance Spectroscopy.

The second Chapter will discuss the equations that represent the losses in potential in a
PEFC and fundamental concepts of EIS.

Chapter 3: Literature Review on Electrochemical Impedance Spectroscopy in Polymer
Electrolyte Fuel Cells

The third Chapter will provide a literature review on EIS measurements in PEFCs.

Chapter 4: Cathode Catalyst Layer Impedance Model for Low Current Operation.

In the fourth Chapter, a numerical model to simulate the electrochemical impedance
spectra of the CCL of PEFCs will be developed. The mathematical model will establish a
backbone understanding of how the low current electrochemical mechanisms relate to the

electrochemical impedance response of the CCL.
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Chapter 5: Cathode Catalyst Layer Impedance Model for High Current Operation.

In the fifth Chapter, the mathematical model developed in Chapter 4 for CCL low current
operation will be extended to simulate the electrochemical impedance spectrum in the

frequency domain of the CCL operated at high currents.

Chapter 6: Inductive Effect on the Fuel Cell Cathode Impedance Spectrum at High

Frequencies.

The sixth Chapter will discuss the high frequency electrochemical impedance
measurements which are attributable to the inductance of the electrical cables of the
measurement system using the theoretical treatment developed in Chapters 4 and 5. This
Chapter will demonstrate that the common practice of calculating the ohmic resistance in
PEFCs from EIS measurements can be subject to an erroneous interpretation due to the

contribution of the inductance.

Chapter 7: Low Frequency Electrochemical Mechanisms in the Cathode Impedance

Spectrum.

In Chapter seven an analysis of the mechanisms presented in the low frequency part of
the PEFC cathode impedance spectrum has been carried out using EIS measurements and
the theoretical treatment developed in Chapters 4 and 5. The results of this Chapter will
provide an insight into how low frequency EIS measurements relate to mass transport

limitations.

Chapter 8: Analysis of the Performance of an Open-Cathode Polymer Electrolyte Fuel

Cell Stack using Simultaneous EIS Measurements.

In the eighth Chapter, an analysis of the change of impedance response of individual cells
within a commercial Open-Cathode 4-cell stack is carried out using simultaneous EIS
measurements and the theoretical treatment developed in Chapters 4, 5, 6 and 7. This
Chapter will provide an insight into the factors that limit the performance of the PEFC

stack.
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Chapter 9: Study of Current Distribution in the Fuel Cell Cathode Catalyst Layer
through EIS.

In the ninth Chapter, the model developed in Chapters 4 and 5 in the frequency domain
will be transformed into the time domain by reverse Laplace Transform. The developed
model in time domain can be applied to unveil the effect of kinetic, ohmic, and mass
transport mechanisms on current distribution through the CCL from the measured

impedance results.

Chapter 10: Conclusions and Future work.

The final Chapter will outline the contributions and conclusions of this doctoral thesis

and will suggest the future work to be carried out.
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Chapter 2

Fundamentals of Polymer Electrolyte Fuel
Cells and Electrochemical Impedance

Spectroscopy

In this Chapter, the fundamentals of the polymer electrolyte fuel cell (PEFC) and
electrochemical impedance spectroscopy (EIS) are presented. The equations that describe
the losses in the PEFC potential are derived from an electrochemical, thermodynamic and
fluid mechanics analysis. The phenomenological processes that occur within the catalyst

layer (CL) are also described.

EIS is a technique that can be applied in-situ to characterise the PEFC at a range of
different frequencies. In this chapter the effect of the alternating current (AC) signal on
the electrode-electrolyte interface i.e. carbon-Nafion interface in the CL is described.
When an AC current is applied on the electrode-electrolyte interface an AC voltage
output is obtained. Therefore the ratio between AC voltage output and AC input at a

defined frequency is known as impedance.

2.1 The Structure of the PEFC

PEFCs are the best candidates to be considered as the future source of propulsion for
automobiles because they are able to produce high power density at low temperature and
are not bound by the Carnot cycle. A PEFC converts the chemical energy of a fuel such
as hydrogen gas into electrical and thermal energies. Two electrodes (anode and cathode)
separated by a polymer electrolyte membrane (PEM) are the main components in the

PEFC. Each electrode consists of a gas diffusion layer (GDL) and a CL as a minimum.
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The CL is a layer made of a matrix of carbon grains providing the electron conductivity,
and Pt supported on carbon as the catalyst to drive the oxygen-reduction or hydrogen-
oxidation processes. The GDL is a layer made of a porous carbon cloth and its main
function is to distribute reactant gases to the active zones of the CL. The GDL typically
contains a wetproofing agent such as polytetrafluoroethylene (PTFE) or fluorinated
ethylene propylene (FEP) to facilitate the movement of liquid water through the cell. An
additional layer that can be placed between the GDL and CL is the microporous layer
(MPL), which is similar in composition to the GDL but treated to a higher level of
wetproofing agent in order to force the flow of liquid water in certain directions within
the cell. A primary hardware component of the PEFC is the bipolar plate (BPP), which
provides structural rigidity to the cell and provides conductive pathways that enable the
energy-carrying electrons that are lost in the anode catalyst layer (ACL) due to hydrogen
oxidation reaction (HOR) to be gained in the cathode catalyst layer (CCL) for oxygen
reduction reaction (ORR). Electrons are sent to the cathode electrode by an external

circuit and travel through a load to produce an electrical potential difference.

The PEM is a quasi-porous proton-conducting material which serves to simultaneously
transport the ions lost in the ACL through to the CCL. It is based on a PTFE backbone
that is modified to hold sulfonic acid end groups and depends upon the presence of water
for ionic conductivity. They are classified as perfluorosulfonic acid (PFSA) membranes.
Nafion is a common commercial example of a PFSA membrane. Structurally reinforced
PEMs consist of an inter matrix which is impregnated with PFSA electrolyte. These types
of PEMs are resilient to dimensional change on water uptake and are mechanically
durable. Modern fuel cells use multi-layer assemblies such as the membrane electrode
assembly (MEA), which is a PEM sandwiched by ACL and CCL. The MEA is then
employed with two GDLs on either side to make up a single cell. A gas diffusion
electrode (GDE) is another type of assembly that consists of a GDL with a CL coating on
one side. Two GDEs can be used to sandwich a PEM, thereby making up a single cell

again.
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MEA
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Figure 2.1 Components of a single PEFC

2.2 The Voltage Output in the PEFC

When an external circuit which allows the flow of electrons between the anode and
cathode is not connected to the PEFC, an ideal voltage or reversible potential is present in
the PEFC. This reversible potential is derived from thermodynamic principles and is also
known as the Open Circuit Potential (OCP).

2.2.1 Reversible Potential

In an exothermal process such as the combustion of a fuel, the energy released is the heat
of the chemical reaction or enthalpy. Enthalpy of a chemical reaction is the difference
between heat of formation of products and reactants. Although combustion is not present
in the PEFC, the enthalpy of the hydrogen combustion reaction is considered as a way to
measure the energy input in a PEFC. Therefore the amount of reaction enthalpy that can

be converted to electrical energy in a PEFC is known as Gibbs Free Energy (G).
For each hydrogen molecule consumed and each water molecule produced, two electrons

travel through an external circuit connected between the anode and the cathode. For one

mole of hydrogen consumed in the HOR, 2Na electrons travel between the anode and

10
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cathode, where N, is Avogadro’s number. The electrical charge that flows between the

electrodes is represented as:

q=2zN,e=zF (2.1)

where z is the number of electrons travelling between the electrodes, N4 is the number of
molecules per mole = 6.022 x10*molecule/mol, e is the electron charge 1.602x10°*
coulombs / electron and F is the Faraday constant 96485 coulombs / electron-mole. The
electrical work in the PEFC is defined as the product of the charge transferred in the fuel

cell reaction and the potential:

~W,, = zFE 2.2)

If the system is reversible, the electrical work is equal to the change in Gibbs Free
Energy; therefore the potential in the PEFC is given by:

_AG
ZF

E= 2.3)

For standard temperature and pressure (STP, 298.15 °K and 1 bar), the potential is

expressed as:

AG°
ZF

E°=-

(2.4)

The potential of a PEFC at STP is 1.23 Volts. The Gibbs Free Energy changes at different
temperature and pressure. The fuel cell potential at different temperature and pressure is

obtained through a thermodynamic analysis [1].

For an isothermal process the change in Gibbs Free Energy is expressed as:

dG =V, dp (2.5)

11
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where V_ is the molar volume of the reactant gas, and p is the pressure. Considering the

reactant gas as a perfect gas ( pV,, = RT ) and substituting into Eq. 2.5 yields:

dG = rT P (2.6)

P

Integrating Eq. 2.6 and considering a change in pressure from the standard pressure p°

to a partial pressure p with the reactant gas yields to:

G=G°+RT |n(£oj 2.7)
p

where G°and p° are the Gibbs Free Energy and pressure at standard conditions (1 bar).

For the general cell reaction:
1
H, +EOZ —->H,0 (2.8)

The change in Gibbs Free Energy of the electrochemical reaction (change between

products and reactants) expressed in Eg. 2.8 is given by:

AG =G, , -Gy, —%GOZ (2.9
Substituting Eq. 2.9 into Eq. 2.7 yields:
1
{ pHZO}
AG=AG’+RTIn—LP 1 (2.10)

1 1
{F’Hz} {poz}z
p° || p°

Substituting Egs. 2.3, 2.4 into 2.10 yields:

12
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1 1
B
E-go R LR pl (2.11)
zF [pmo}
po

Eg. 2.11 is only valid for gaseous products and reactants. When liquid water is produced

in the fuel cell the partial pressure of the products is equal to p,, =1. Also considering

the reference pressure as p° =1, Eq. 2.11 can be represented as:

E=E° +%{In(sz)+%ln(po2 )} (2.12)

Eqg. 2.12 represents the potential of the fuel cell for different partial pressures of the
reactants. This potential can also change for different temperature; therefore Eq. 2.12 is

modified as:

E=E°+E; +¥{In(sz)+%ln(poz )} (2.13)

where Eis the potential as a function of the temperature. From the thermodynamic

theory, it is possible to represent the change in Gibbs free energy as:
AG° =AH° —T°AS° (2.14)

where AH °is the heat of formation of the electrochemical reaction , T °is the ambient

temperature, and AS°is the entropy of the electrochemical reaction at standard
conditions. If the temperature is different from the standard temperature, the change in

Gibbs free energy can be expressed as:

AG; =AH, —TAS, (2.15)

13
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According to Brady and Holum [2] the magnitudes of AH,AS; are insensitive for any

change in temperature. This is because the heat of formation and entropy of both reactants

and products increase equally with increasing temperature; therefore the difference

between AH, and AS; is roughly the same. With an approximation given by:

AG; ~ AH® —TAS® (2.16)
it is possible to consider that:

AG; =AG° - AG; (2.17)
Substituting Egs. 2.14, 2.16 into Eq. 2.17 yields:

AG = AS°(T -T°) (2.18)

Substituting Eq. 2.18 into — AG; = zFE; which considers a reversible process gives:

E° - —AS !T -T ) (2.19)

ZF
Finally substituting Eq. 2.19 into Eq. 2.13 gives the potential of the fuel cell at different

temperature and pressure from standard conditions, as such:

E=E°+ —AS"Z('; _T0)+ I:I':F {In(sz)+%ln(po2 )} (2.20)

Eqg. 2.20 is known as Nernst Equation and can be expressed as:

E =1.229—0.85x10‘3(T—298.15)+4.31x10‘5T[In(pH2)+1In(poz)} (221)

Nernst .
2

14
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where E is the reversible potential of the PEFC, T is the operating temperature, Py,

Nernst

is the partial pressure of hydrogen and p,, is the partial pressure of oxygen. When an

external circuit with a load is connected between the anode and cathode to allow
electrical current to flow, losses in the reversible potential occur due to the following

factors:

e The kinetics of the electrochemical reactions due to the energy required to
overcome the barrier changes in the electrode potential.

e Electronic and ionic resistances.

o Fuel Crossover through the membrane.

e Low reactant concentration in the electrodes due to mass transport limitations.

Commonly in the field of electrochemistry, the losses in the reversible potential are
defined as overpotentials. This term has been coined because they are voltages
superimposed over the reversible potential and in the fuel cell reduces the reversible

potential.

2.2.2 Activation Overpotential

This overpotential is associated with the kinetics of the electrochemical reactions that
take place on the electrode surface. The velocity of a chemical reaction is defined as the
amount of substance in moles which is either electro-oxidized or electro-reduced by unit
of time. This velocity is expressed as a function of the electrode area because the
electrochemical reaction takes place between the electrode and the electrolyte interface,
i.e. Nafion/Carbon interface. The rate of ORR for being the slowest reaction and the most
complicated reaction sequence determines the velocity of the electrochemical reaction in
the PEFC and therefore determines the activation overpotential. The activation

overpotential can be expressed mathematically through the Tafel equation [1] as:

Mact = RL ln(.iJ (2.22)

atF  \ Jo
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where Riis the ideal gas constant , T is the operational temperature, z is the number of
electrons released or consumed during the electrochemical reaction, F is the Faraday
constant, « is the charge transfer coefficient and determines the magnitude of the non

equilibrium between a par redox process to transfer electric charge between the electrode-

electrolyte interface, j is the rate of electrical current density at which the
electrochemical reactions are taking place, and j, is the exchange current density and

relates the rate at which a reversible reaction takes place. This parameter can change in
orders of magnitude for different electrochemical reactions and different electrode
composition. In this case, if the exchange current is high, an increase in the activity of the

electrode surface is expected. Eqg. 2.22 is derived from a slope which relates the

activation overpotential 77, as a function of the natural logarithm of the current j .

N = a+bIn(j) (2.23)

where:

a=—(RT/azF)In(j,) and b=RT/azF

Tt

/ Exchange Current Jo

0 71 ; ;

log i mAfcm® |

Figure 2.2 Tafel slope
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Fig. 2.2 shows the Tafel slope to estimate the exchange current in the activation
overpotential. The curve shown in Fig 2.2 represents the activation overpotential for an
electrode (anode or cathode) and is obtained experimentally through a three electrode
configuration in the PEFC. In the three electrode configuration, one electrode is the
working electrode at which species undergo a redox reaction to give the analytical change
in current or potential, a second electrode is called the counter electrode which carries the
current (via a redox process). A third electrode called reference electrode is positioned
close to the working electrode to minimize the effect of the PEM resistance on the

activation polarisation curve.

To reduce the activation overpotential in the PEFC, the following factors have to be
considered: raising the operating temperature to improve the Kkinetics of the
electrochemical reaction, using more effective catalysts (this will increase the exchange
current density), increasing reactant concentration (using pure oxygen instead of air), and
increasing the operating pressure. This overpotential is dominant at low current densities
and low temperature and occurs mainly at the cathode for being a much more

complicated reaction sequence.

2.2.3 Ohmic Overpotential

Electronic resistance in the electrodes and bipolar plates and ionic resistance in the
electrolyte of the CL and PEM are related to this type of overpotential. The drop in

voltage due to the ohmic losses is proportional to the increase in current, as such:

770hm = JRT (224)
where ] is the total current density and R; is the total ohmic resistance to the flow of
ions and electrons in the PEFC. To reduce the ohmic overpotential, electrodes and PEM

with high electronic and ionic conductivity and also a good design and an appropriate

selection of material for bipolar plates have to be considered.

17
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2.2.4 Mass Transport Overpotential

The reactant gas after diffusing towards the electrode-electrolyte interface in the CL is
consumed during the electrochemical reaction thereby a reactant concentration gradient is
present. The gas concentration in the CL surface is less than the concentration present in
the bulk of the GDL and bipolar plate. This drop in concentration affects the potential to
produce the required electrical current. The gas reactant concentration in the CL will
drastically be reduced if the gas reactant is consumed faster than it can reach the
electrode-electrolyte interface. This phenomenon will lead to a limiting electrical current.
Fick’s first law relates the diffusive flux to the concentration field assuming that the flux
occurs from the region of high concentration to the region of low concentration. The flux
rate is a measure of the amount of substance that will flow through a defined area during

a time interval.

(2.25)

where v is the flux of the reactant gas through the electrode, Dis the (effective) diffusion
coefficient of the reactant gas and c¢” is the bulk concentration, ¢ is the reactant
concentration at the surface of the CL, and & is the diffusive distance. Substituting
Faraday’s law v = j/zF into Eq. 2.25 yields a current density generated due to the

difference in reactant concentration:

 7FD(c" —c)
= (2.26)

where j is the current density, zis the number of electrons released or consumed,

and F is the Faraday constant. A limiting current is present when there is no reactant gas

in the CL surface ¢ =0, as such:

_ZFDc’

2.27
N 5 (2.27)
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If the partial pressure of one of the reactant gases (hydrogen or oxygen) changes from p,

to p, and the other reactant is unchanged, Eq. 2.12 can be expressed as:

E,=E° +%In(pm2]oz) E,=FE° +¥In(p2H2'oz) (2.28)

where zis the number of electrons released n or consumed 2n in the HOR and ORR

respectively. Then the potential will change as:

AE=E,-E = % 'n(szz,oz)_%ln(lez,oz) (2.29)

Eqg. 2.29 can be expressed as a function of the reactant concentrations, as such:

C
AE = BT | Srao (2.30)

where cy, 0, is the bulk concentration and is derived from the initial pressure supplied p,,
and C,_, is derived from p, and represents the surface concentration of the reactants in

the CL for anode or cathode. The potential difference due to the change in concentration
between the CL surface and the bulk supplied is called concentration overpotential. When
the term inside the brackets of Eq. 2.30 is equal to 1 (low current range), mass transport
overpotential becomes negligible. At high current density the term inside the brackets
becomes less than 1, and Eq. 2.30 results in a negative expression for the concentration
overpotential. Therefore the equation for the mass transport overpotential has to be
considered with a negative sign. Substituting Egs. 2.26, 2.27 into Eq. 2.30, yields the

mass transport overpotential as a function of the current density:

e =~ n(JL._ jj (2.31)
ZF IR
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2.2.5 Operating Voltage in a PEFC

Combining the reversible potential defined in Eq. 2.21 with the Egs. 2.22, 2.24, 2.31 that
define each overpotential, it is possible to define a general equation for the operating

voltage of a fuel cell at a current density j, as such:

VFC = Enerst “Nact —Monm ~ Meon (232)

The PEM can conduct small amounts of electrons from the anode to the cathode. This
effect is known as internal current in the PEFC. In the same way, there is hydrogen that
crosses through the PEM. This amount of hydrogen passing from anode to cathode reacts
with oxygen molecules due to the Pt catalyst, producing no flow of electrons through the
external circuit. Hydrogen that migrates through the PEM is known as fuel crossover.
This effect of fuel crossover is similar to the internal current because the crossover of one
hydrogen molecule from anode to cathode wastes two electrons, and is the same as the
two electrons crossing from anode to cathode internally, rather than from the external
circuit. The magnitude of the internal current is in the order of 10°Amperes. Larmine
and Dicks [1], and Balking, [3] have included this internal current in the irreversibilities

defining the operating voltage of a fuel cell as:

Vo =E,. _RT:,n( I+ J_(j FiRs ﬁ;,n(h—(_lﬂn)J (2.33)
az Jo z i

The reversible potential calculated from Eq. 2.21, at ambient temperature and pressure is
equal to 1.23 Volts, however in practical situations this reversible potential can drop to a
value less than 1 Volt due to the internal current. This effect can be calculated in Eq. 2.33

at a zero current density j.

The voltage of a fuel cell can be represented through a Voltage-Current Density plot. In
electrochemistry this plot is known as polarisation curve because this curve represents
any change in the equilibrium potential of the electrochemical reactions due to the
irreversibilities present in a PEFC. The voltage of a fuel cell as a function of the current

density is shown in Fig. 2.3.
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Figure 2.3 Polarisation curve of a PEFC

2.3 The Catalyst Layer

The CL is commonly formed by a composite structure of a matrix of carbon grains
providing the electron conductivity, Pt supported on carbon as the catalyst, PTFE as a
binder stabilizing the carbon matrix and as a hydrophobizing agent, and electrolyte
network of perfluorosulfonate ionomer (PFSI) soaked with water. The carbon particles
typically support noble metal or noble metal alloy deposits (i.e., platinum Pt, platinum-
ruthenium PtRu) with sizes in the range of 2-5 nm on its surface to drive the
electrochemical reactions forward at the operating temperatures of the PEFC. In addition,
the CL contains a dispersion of polymer electrolyte to ensure continuity for ion

conduction via the PEM.

The resulting matrix structure is porous in nature and characterised by tortuous pathways
for reactant transport. The matrix of carbon grains forms agglomerate structures. The
agglomerated structure of the CL presents a bi-functional pore distribution. Primary

pores are the pores existing inside the agglomerates between the Pt/C particles. It has
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been proposed that the molecules of the polymer electrolyte do not penetrate into the Pt/C
particles [4]. Instead these molecules form a pathway of ion conduction attached to the
surface of the agglomerated structure. Secondary pores constitute the void spaces
between agglomerates. Electrochemical reactions in the PEFC rely upon the utilisation of
Pt in the CL. Utilisation can be defined as the ratio of the electrocatalytic active surface
area, which is accessible to the electrons and ions, to the total surface area of platinum.

The literature suggests that it is possible to achieve a platinum utilisation of 86 — 87 %

[5]

Electrolyte
(Nafion) Pt supported
Carbon

Figure 2.4 Catalyst layer structure

2.3.1 The Charge Double Layer in the Catalyst Layer

The CL is formed by a double layer structure for the interface between the electrode (Pt
supported carbon) and electrolyte (Nafion) materials. At this interface electrons will be
collected at the surface of the electrode and hydrogen ions H* will be attracted to the
surface of the electrolyte. In the cathode electrode, electrons and ions, together with the
oxygen supplied will take part in the ORR. A potential difference is present because of
the charge distribution between electrons and ions at the electrode-electrolyte interface.
This potential difference has a determinant role in the charge distribution within the
reactants as well as in the position and orientation of the reactant to form the desired
product. This potential difference is the sum of activation and mass transport

overpotentials defined in section 2.2, hence an electrode-electrolyte interface in the CL
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has to be presented during the HOR and ORR. The electrolytic phase consists of two
interfaces. The interface closer to the electrode, known as inner interface, contains water
molecules and sometimes other species such as ions which are specifically adsorbed. This
layer is also known as Helmholtz or Stern Layer. The locus of the electrical centres of the
ions is called the inner Helmholtz plane (IHP) which is at a distance x; from the electrode
interface. The second interface presents solvated ions and can only approach the electrode
at a distance X,, the locus centres of these solvated ions is called the outer Helmholtz
plane (OHP). When the OHP has the same amount of charge as in the electrode surface,
there are two layers charged. The interaction of the solvated ions with the electrode is
assumed to be electrostatic in nature, so that interaction is independent of the chemical
properties of the ions. Helmholtz considered that there is a potential drop confined just
between the OHP in the solution and the electrode surface. This phenomenon is
analogous to an electrical capacitor which has two plates of charge separated by a
distance. Hence this phenomenon is called the double layer capacitance in the CL.
However there are more factors to consider which can be in competition with the
electrostatic interactions in this electrode-electrolyte interface such as diffusion/mixing in
the solution. Under this factor, the ions are assumed to be able to move along the
electrolyte. This region is called the diffusive layer which extends from the OHP into the
bulk in the solution.
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Figure 2.5 Charge double layer in the electrode-electrolyte interface
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2.3.2 AC Current in the Charge Double Layer of the Catalyst Layer

When an alternating current passes through the CL, electrons are pushed and pulled away
from the double layer, at the supply frequency. There is no net current flow. During the
positive cycle of the AC current, conventional current flows to the double layer, and then
electrons are formed in the electrode-electrolyte interface. This phenomenon attracts
solvated ions from the diffuse layer. During the negative cycle of the AC current, a
conventional current is drawn from the double layer interface and releases solvated ions
towards the diffusive layer. The AC current makes the solvated ions oscillate to and from
the diffuse layer at a defined frequency. It is possible to model the distribution of ions in
the electrolyte in terms of capacitive elements. The AC current presents a 90° phase shift

in relation to the AC voltage, as shown in Fig. 2.6.
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Figure 2.6 AC current and voltage waveforms

Fig. 2.6 shows that when the current has its maximum amplitude (A), the electrons flow
back to the double layer and solvated ions from the diffusive layer are attracted to the
electrode interface, at this point the potential difference is equal to zero. When the current
is passing down through zero (B), the double layer is fully charged, the solvated ions
from the diffusive layer are closer to the electrode interface and there is a maximum
potential difference. When the AC current amplitude is at its minimum value (C), the
electrons flow away from the double layer, and the attracted solvated ions are released
back to the diffuse layer and the voltage goes to zero. The double layer is fully discharged

when the voltage is at its minimum value (D).
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2.4 Fundamental Concepts of Electrochemical Impedance Spectroscopy

EIS is an experimental technique to measure the opposition to the flow of an AC current
within an electrochemical system which contains elements that dissipate energy and store
energy. The opposition to the AC load, or impedance, can be measured over a range of
frequencies thereby revealing the frequency response of the system. The term ‘frequency
response’ corresponds to the steady-state response of the PEFC to a sinusoidal input.
When the PEFC is subjected to a sinusoidal input (current), a sinusoidal output (voltage)
will be produced at the same frequency as the input. However, the amplitude and phase of
the output will be different from those of the input. To characterise the PEFC in the
frequency domain, it is necessary to specify the amplitude ratio between the sinusoidal
output (voltage) and the sinusoidal input (current), and the phase shift ratio between the

sinusoidal output and the sinusoidal input as a function of the frequency.

A sinusoidal current signal of amplitude 1,. (amps) can be defined as:

1(t)= 1, sin(et) (2.34)

where t is time (seconds), o =2af is the angular velocity in radians/seconds, f is the

frequency (Hz). The output AC voltage signal obtained from the electrochemical system

can be defined as:
V(t)=V,¢ sin(wt - 6) (2.35)

where V,. is the amplitude of the output voltage (volts), and @is the phase angle

(radians). The phase angle is the difference between the phase of the sinusoidal voltage
and sinusoidal current signals. A pure resistance can be calculated from Ohm’s law but in
the case of an electrochemical system the resulting impedance is not purely resistive and
is a function of the frequency of oscillation of the input signal. Ohm’s law for the AC

case is expressed as:

5 _ Vacsin(at—0) (2.36)
| ¢ sin(at)
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where Z is known as the impedance of the electrochemical system. Eq. 2.35 can be

expressed with trigonometric relationships as:
V(t)=V, sin(wt)+V,. cos(at) (2.37)

where v, =V, cos(9) and V,. =-V,.sin(¢). The first term of Eq. 2.37 on the right
hand side represents the voltage output component in phase with I(t). The second one
represents the output voltage component out of phase by m/2 with respect I(t). The

impedance in Eqg. 2.36 can be expresses through a complex number and through the

following relation:

z2=2+iz’ (2.38)

M represents the real part and 7’ :M
I \c Sin(at | \c sin(at

where 7' = the imaginary

part of the complex number.

2.4.1 Experimental Methods for Impedance Measurements

One key advantage of the EIS technique is that it is non-invasive and can be applied in-
situ. Another advantage is that the frequency response tests are simple to carry out and
can be easily tuned for greater accuracy by using readily-available sinusoidal generators
and precise measuring equipment. Impedance experiments involve the conversion of
time-domain input and output signals into a complex quantity that is a function of

frequency.

Lissajous Analysis

Prior to the use of frequency response analysers (FRASs), which convert time domain
signals into frequency domain signals through a Fourier analysis, an analysis of Lissajous

figures on oscilloscope screens was the accepted method for impedance measurements.
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The amplitude of AC current and voltage superimposed into an electrochemical system

response to estimate the impedance are represented in Fig. 2.7.
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Figure 2.7 a) AC current and voltage superimposed into an electrochemical non-linear

system, b) Lissajous plot in time domain

Fig. 2.7a) shows that for impedance analysis in non-linear systems, a small input
amplitude signal has to be superimposed onto the Voltage-Current response. This small
amplitude allows us to estimate the Voltage-Current response as a pseudo-linear system.
For linear systems, high input amplitude can be superimposed. Fig. 2.7b represents a
normalised value for the magnitudes of the time-domain signals. The shape of the ellipse
provides information about the magnitude and phase angle of the impedance between
output and input signals. The magnitude of the complex number expressed in Eg. 2.38 is

obtained from Figure 2.7b) as:

Z|= \I/AC - 82 (2.39)
AC

and the phase angle is represented as:

. 4( OD
G =sin (_OAJ (2.40)

The shape of the ellipse represented in the Lissajous plot of Fig 2.7 b) changes at

different frequencies.
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Frequency Fourier Analysis

Currently FRAs have replaced the Lissajous analysis through mathematical
transformations by Fourier analysis. FRAs use an orthogonal system that involves sines
and cosines to determine the complex impedance of a single-frequency input signal. A

periodic function of time f(t) that is integrated on [, z] can be expressed as a Fourier

Series as:

=% +i[a cos(nawt)+b, sin(nat)] (2.41)

=1

N \
=]

_1 [fthe a, _1 [ f(t)cos(nat)dt b, _1 [ f(t)sin(net)dt are the Fourier
T:, T T,

coefficients of f(t). Eq. 2.41 can be represented in terms of exponentials through Euler’s

formula, as such:

= 3 [e.em] (2.42)

N=-00

(1/2)a, —i