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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 technique 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. 

 



Chapter 1 Introduction  

 

5 

 

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. 

 



Chapter 2 Fundamentals of Polymer Electrolyte Fuel Cells and 
Electrochemical Impedance Spectroscopy 

Fundamentals 

 

9 

 

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. 



Chapter 2 Fundamentals of Polymer Electrolyte Fuel Cells and 
Electrochemical Impedance Spectroscopy 

Fundamentals 

 

10 

 

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

electrodes is represented as: 

 

zFezNq A ==                                                                                                              (2.1) 

 

where z is the number of electrons travelling between the electrodes, NA is the number of 

molecules per mole = 2310022.6 × molecule/mol, e is the electron charge 1910602.1 −×  

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:   

 
zFEWel =−                                                                                                                   (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: 

 

 
zF
GE ∆

−=                                                                                                                     (2.3)  

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

expressed as: 

 

zF
GE

o
o ∆

−=                                                                                                                  (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: 

 
dpVdG m=                                                                                                                     (2.5) 
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where  mV  is the molar volume of the reactant gas, and p is the pressure. Considering the 

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

 

p
dpRTdG =                                                                                                                  (2.6) 

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

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

 

  







+= o

o

p
pRTGG ln                                                                                                 (2.7) 

 
where oG and op are the Gibbs Free Energy and pressure at standard conditions (1 bar).  

For the general cell reaction: 

 

OHOH 222 2
1

→+                                                                                                       (2.8) 

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

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

 

222 2
1

OHOH GGGG −−=∆                                                                                            (2.9) 

 
Substituting Eq. 2.9 into Eq. 2.7 yields: 
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p

RTGG                                                                          (2.10)                                                         

 
Substituting Eqs. 2.3, 2.4 into 2.10 yields: 
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Eq. 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 1
2
=OHp . Also considering 

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

 

( ) ( )



 ++=

22
ln

2
1ln OH

o pp
zF
RTEE                                                                           (2.12) 

 

Eq. 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: 

 

( ) ( )



 +++=

22
ln

2
1ln OH

o
T

o pp
zF
RTEEE                                                                  (2.13) 

where o
TE is the potential as a function of the temperature. From the thermodynamic 

theory, it is possible to represent the change in Gibbs free energy as: 

 
oooo STHG ∆−∆=∆                                                                                                  (2.14) 

 

where oH∆ is the heat of formation of the electrochemical reaction , oT is the ambient 

temperature, and oS∆ 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: 

 

TTT STHG ∆−∆=∆                                                                                                    (2.15) 
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According to Brady and Holum [2] the magnitudes of TT SH ∆∆ , 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 TH∆ and TS∆ is roughly the same. With an approximation given by: 

 
oo

T STHG ∆−∆≈∆                                                                                                   (2.16) 

 

it is possible to consider that: 

 

T
oo

T GGG ∆−∆=∆                                                                                                      (2.17) 

 

Substituting Eqs. 2.14, 2.16 into Eq. 2.17 yields: 

 

( )ooo
T TTSG −∆=∆                                                                                                    (2.18) 

 

Substituting Eq. 2.18 into o
T

o
T zFEG =∆−  which considers a reversible process gives: 

 

( )
zF

TTSE
oo

o
T

−∆−
=                                                                                                   (2.19)   

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: 

 

( ) ( ) ( )



 ++

−∆−
+=

22
ln

2
1ln OH
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o pp

zF
RT
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TTSEE                                              (2.20) 

 

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

 

( ) ( ) ( )



 ++−−= −−

22
ln

2
1ln1031.415.2981085.0229.1 53

OHNernst ppTxTxE         (2.21) 
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where  NernstE is the reversible potential of the PEFC, T is the operating temperature, 
2Hp  

is the partial pressure of hydrogen and 
2Op 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: 

 

• The kinetics of the electrochemical reactions due to the energy required to 

overcome the barrier changes in the electrode potential. 

• Electronic and ionic resistances. 

• Fuel Crossover through the membrane. 

• 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: 

 









=

O
act j

j
zF

RT ln
α

η                                                                                                      (2.22) 
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 where R is 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, α 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 Oj 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.  Eq. 2.22 is derived from a slope which relates the 

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

 

( )jbaact ln+=η                                                                                                         (2.23) 

 

where:  

( ) ( )OjzFRTa ln/α−=      and   zFRTb α/=     

 

 
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 kinetics 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: 

 

Tohm jR=η                                                                                                                    (2.24) 

 

where  j  is the total current density and TR 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. 
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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. 

 

( )
δ

ccDv −
=

*
                                                                                                              (2.25) 

 

where v  is the flux of the reactant gas through the electrode, D is the (effective) diffusion 

coefficient of the reactant gas and *c  is the bulk concentration, c  is the reactant 

concentration at the surface of the CL, and δ  is the diffusive distance. Substituting 

Faraday’s law zFjv =  into Eq. 2.25 yields a current density generated due to the 

difference in reactant concentration: 

 

( )
δ

cczFDj −
=

*
                                                                                                            (2.26) 

 

where  j  is the current density, z is 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=c , as such: 

 

δ

*zFDcjL =                                                                                                                   (2.27) 
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If the partial pressure of one of the reactant gases (hydrogen or oxygen) changes from 1p  

to 2p  and the other reactant is unchanged, Eq. 2.12 can be expressed as: 

 

( )
22 ,11 ln OH

o p
zF
RTEE +=           ( )

22 ,22 ln OH
o p

zF
RTEE +=                                       (2.28) 

 

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

respectively. Then the potential will change as: 

 

( ) ( )
2222 ,1,212 lnln OHOH p

zF
RTp

zF
RTEEE −=−=∆                                                             (2.29) 

  

Eq. 2.29 can be expressed as a function of the reactant concentrations, as such: 
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zF
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where 22 ,

*

OHc is the bulk concentration and is derived from the initial pressure supplied 1p , 

and 
22 ,OHc is derived from 2p  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 Eqs. 2.26, 2.27 into Eq. 2.30, yields the 

mass transport overpotential as a function of the current density: 

 



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zF
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2.2.5 Operating Voltage in a PEFC 

Combining the reversible potential defined in Eq. 2.21 with the Eqs. 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: 

 

conohmactnerstFC EV ηηη −−−=                                                                                        (2.32) 

 

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 10-3Amperes.  Larmine 

and Dicks [1], and Balking, [3] have included this internal current in the irreversibilities 

defining the operating voltage of a fuel cell as: 
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                               (2.33) 

 

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]. 

 
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 x1 from the electrode 

interface. The second interface presents solvated ions and can only approach the electrode 

at a distance x2, 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. 

 
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 90o phase shift 

in relation to the AC voltage, as shown in Fig. 2.6. 

 

 
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 ACI  (amps) can be defined as: 

( ) ( )tItI AC ωsin=                                                                                                           (2.34) 
 
 
where  t  is time (seconds), fπω 2=  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:  

 

( ) ( )θω −= tVtV AC sin                                                                                                     (2.35) 
 
 
where ACV  is the amplitude of the output voltage (volts), and θ 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: 

 

( )
( )tI
tVZ

AC

AC

ω
θω

sin
sin −

=                                                                                                        (2.36) 
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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:  

 

( ) ( ) ( )tVtVtV ACAC ωω cossin ''' +=                                                                                    (2.37) 

 

where ( )θcos'
ACAC VV =  and ( )θsin''

ACAC VV −= . The first term of Eq. 2.37 on the right 

hand side represents the voltage output component in phase with ( )tI . The second one 

represents the output voltage component out of phase by π/2 with respect ( )tI . The 

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

following relation: 

 
''' iZZZ +=                                                                                                                   (2.38) 

 

where ( )
( )tI

tVZ
AC

AC

ω
ω

sin
sin'

' =  represents the real part   and  ( )
( )tI

tVZ
AC

AC

ω
ω

sin
cos''

'' =  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 (FRAs), 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. 

 

 
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 Eq. 2.38 is 

obtained from Figure 2.7b) as: 

 

OB
OA

I
VZ

AC

AC ==                                                                                                              (2.39) 

 

and the phase angle is represented as:  







−= −

OA
OD1sinϑ                                                                                                           (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 ( )tf  that is integrated on [ ]ππ ,−  can be expressed as a Fourier 

series as: 

 

( ) ( ) ( )[ ]∑
∞

=

++=
1
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2 n

nn tnbtnaatf ωω                                                                       (2.41) 
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=  are the Fourier 

coefficients of ( )tf . Eq. 2.41 can be represented in terms of exponentials through Euler’s 

formula, as such: 
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The coefficient nc from Eq. 2.42 can be evaluated from: 

 

( ) dtetf
T

c tin
T

n
ω−∫=

0

1                                                                                                        (2.43) 

where T is the period of the signal at frequency fπω 2= . Eq. 2.43 can be expressed in 

terms of Euler’s formula: 
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The input AC current signal defined in Eq. 2.34 can be expressed in terms of exponential 

Fourier series Eq. 2.41 as: 

 

( ) ( ) ( ) ( )( )dttittI
T

I
T

ωωω sincos1

0

−= ∫                                                                               (2.45) 

 

and the output AC voltage signal defined in Eq. 2.35 can be expressed as: 

 

( ) ( ) ( ) ( )( )dttittV
T

V
T

ωωω sincos1

0

−= ∫                                                                             (2.46)        

The real parts of the current and voltage signals are defined as: 

 

( ) ( ) ( )( )dtttI
T

I
T

R ωω cos1

0
∫=           ( ) ( ) ( )( )dtttV

T
V

T
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0
∫=                                (2.47,2.48) 

 

The imaginary parts of the current and voltage signals are defined as: 

 

( ) ( ) ( )dtttI
T

I
T

i ωω sin1

0
∫−=              ( ) ( ) ( )dtttV

T
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The impedance is the ratio between the complex numbers of the output signal and the 

input signal, as such: 
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2.4.2 Kramers-Kronig Relations 

The impedance resulting from the Fourier analysis has to be consistent with Kramers-

Kronig (K-K) Relations. These relations are mathematical properties that relate the real 

and imaginary part of the frequency response resulting from the electrochemical system 

studied. K-K relations are applied to systems which are linear, causal and stable and have 
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been applied in electrochemical impedance data over the last 20 years [6,7,8]. In K-K the 

condition of stationarity implies that the causality condition is satisfied, and conversely 

causality condition implies stationarity of the corresponding electrochemical system. The 

derivation of these mathematical relations begins with an application of Cauchy’s Integral 

Theorem [9] which defines the integral around a closed contour and evaluates the real 

part or imaginary part of the impedance at a particular frequency with a pole ω created in 

the real axis of the frequency domain. See Appendix A for derivations of these 

mathematical relations. 

 

The Kramers-Kronig relation that defines the imaginary part Z’’ from the real part Z’ at a 

particular frequency ω is defined as: 
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and the imaginary part obtained from the real part of the impedance is: 
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ω                                                                         (2.53)  

    

where x is an independent and continuous variable that represents the complex frequency. 

If the experimental imaginary part does not coincide with the transformed imaginary part 

(real to imaginary transformation), and the real imaginary part with the transformed real 

part; the data are not obtained under a causal system (the measured response is due only 

to the AC perturbation applied), linear system (for small AC perturbations) or stable 

system (the system returns to its original state after the perturbation is removed and does 

not change with time). The Kramers-Kronig relations cannot be used to determine if the 

measurements were corrupted by instrument artifacts. 
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2.4.3 Representation of the Impedance in the Complex Plane 

Frequency response is often represented in a complex-impedance-plane or Nyquist 

format. The data are presented as a locus of points, where each data corresponds to a 

different measurement frequency. Complex-impedance-plane plots are very popular 

because the loci of the points yield an insight into the possible mechanisms of governing 

phenomena. A disadvantage of the Nyquist format is that frequency dependence and low 

impedance values are obscured. Characteristic frequencies should always be labelled to 

allow a better understanding of the time constant of the underlying phenomena. 

 

 
Figure 2.8 Impedance of a PEFC represented in the complex plane 

 

Fig. 2.8 represents the impedance of a PEFC obtained through a FRA. In the literature 

[10,11], the values of the PEFC impedance at high frequencies with positive imaginary 

component in the complex-impedance plot have been attributed to the inductance of the 

electrical cables of the measurement system. This inductive effect could alter the shape of 

the Nyquist plot and lead to erroneous structure interpretations. Merida et al. [12] 

reported in his work that it is possible to minimise this inductive effect by maintaining 

equal lengths in the cables, twisting the leads, and polishing and clamping the metal 

contacts. In Fig. 2.8 the impedance value where the spectrum intercepts the real axis Z’ 

(1.5 kHz) is related to the ohmic resistance in the PEFC [13,14]. At medium frequency 

(160 Hz-20 Hz) the spectrum features the charge transfer resistance during the ORR. This 

can provide information about the catalyst loading and catalyst utilization in the CL to 

drive the electrochemical reactions [15]. The impedance values at low frequencies (5 Hz -
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1 Hz) feature mass transport limitations. These limitations account for the low diffusivity 

of oxygen to permeate into the active sites in the CL. The interpretation of the 

electrochemical and diffusion mechanisms in the PEFC impedance plot remains a 

challenge for fuel cell research. The use of equivalent electrical circuits with the 

experimental EIS technique is a well-established methodology to characterise processes 

in the PEFC. An electrical circuit can represent an identical impedance response to that 

obtained from the electrochemical system studied. Each electrical component in the 

electrical circuit describes a physical process that takes place in the electrochemical 

system. The most common electrical components to represent the impedance response in 

an electrochemical system are as follow:  

 

Resistor,  this component represents energy losses, electronic and ionic 

conductance in solid and aqueous medium. This element does 

not depend upon the frequency range applied.  

 

Inductance,  this component relates a magnetic field generated in electrical 

conductors of the measurement system and in the electrodes of 

an electrochemical system studied.  

 

Capacitance,  this component reflects the accumulation of electrostatic energy 

between two dissimilar materials.  

 

Warburg,  this element represents the opposition for diffusion of a chemical 

species in a finite or semi-infinite planar medium in the 

frequency domain.  

 

Constant Phase Element (CPE), this element reflects the exponential distribution 

of time-constants in an electrode-electrolyte interface.  

 

The next Chapter will describe the electrical circuits commonly reported in the literature 

to characterise the processes in the PEFC using EIS measurements. 
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Chapter 3     
A Literature Review on Electrochemical 

Impedance Spectroscopy in Polymer 

Electrolyte Fuel Cells 

In this Chapter a literature review on electrochemical impedance spectroscopy (EIS) 

measurements in polymer electrolyte fuel cells (PEFCs) is presented. EIS measurements 

are commonly applied in-situ to characterise physical processes within an electrochemical 

system. Ex-situ EIS measurements provide information about physical properties of 

electrically conductive materials. EIS in-situ measurements allow the study of the 

electrochemical and diffusion mechanisms occurring during the PEFC operation; while 

ex-situ measurements allow the characterisation and the study of the physical properties 

in the different layers constituting the PEFC. The EIS technique measures the frequency 

dependence of the impedance of a PEFC. The objectives of EIS in PEFCs are mainly: 

 

1. To obtain information of the electrochemical and diffusion mechanisms within 

the PEFC which can help to optimise and to select the most appropriate 

operating conditions. 

 

2. To identify and differentiate the contribution of each component of the PEFC in 

the frequency domain such as, catalyst layer (CL), polymer electrolyte 

membrane (PEM), gas diffusion layer (GDL) which can assist to identify failures 

in the mode of operation during the PEFC performance. 

 

3. To model the frequency response of the PEFC with an appropriate equivalent 

electrical circuit and consequently to interpret the electrochemical and diffusion 

mechanisms of the PEFC. 
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In this literature review, in-situ EIS measurements are only taken into consideration as the 

frequency response obtained during PEFC operation is related to the different operation 

modes, different gas fed modes, different operating conditions and the electrochemical 

and diffusion mechanisms within the PEFC. 

 

3.1 In-situ EIS Measurements in PEFCs 

EIS measurements have been carried out over the last 60 years [1,2], and have been 

applied to investigate the electrochemical processes in electrochemical systems as a 

function of the frequency. One of the earliest approaches for EIS measurements has been 

applied to characterise the electrochemical processes in electrodes of electrochemical fuel 

cells. de Levie [3] studied the electrochemical processes in porous and planar electrodes 

through EIS measurements. The conclusions of his work state that for a planar electrode 

the electrical current lines are normal to the electrode surface but for a porous electrode 

the current lines are effectively parallel to the electrode surface. The impedance of a 

planar electrode is the sum of the impedances of the components representing electrode 

processes but the impedance of a porous electrode is the geometric mean of those 

components. The method of ‘squaring’ described by de Levie [3] is a very simple way to 

graphically correlate the impedance of a porous electrode with that of a corresponding flat 

one. In this case, the phase angle is doubled and the absolute magnitude ¦Z¦ is squared. 

 

Ciureanu and Roberge [4] studied the impedance response of a H2/air PEFC at room 

temperature, and its voltage dependence was examined as a function of humidification 

and air flow rate. The results showed that the EIS method has the potential to separate 

individual contributions of components to the overall impedance. The resistance of the 

membrane is calculated from the high frequency limit of the impedance spectrum. The 

cathode catalyst layer (CCL) is the main contributor of the loop at high frequency from 

the spectrum. The impedance of the GDL is responsible for the low frequency loop in the 

spectrum which increases at higher cathode overpotential. This low frequency loop 

appears when an excess of liquid water produced at the CCL starts to accumulate in the 

GDL, resulting in a limitation of the air transport to the GDL-CCL interface.  
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In the study reported by Merida et al. [5] two PEFC failure modes (dehydration and 

flooding) were investigated through EIS on a four-cell PEFC stack. These two extreme 

failure modes can be distinguished by impedance measurements in different frequency 

bands. Dehydration was simulated by switching the oxidant in one cell between saturated 

and dry air streams at the same temperature and maintaining constant humidification in 

the remaining cells. EIS spectra were measured as the cell potential decreases and the 

varying spectra were compared to the spectra obtained before switching the reactant. 

Flooding effect was simulated by altering the reactant stoichiometry of the oxidant flow 

downstream from an individual cell within the PEFC stack. The dehydration effects were 

measurable over the frequency range 0.5-100 kHz, while the flooding effects were 

measurable in the frequency range 0.5-100 Hz. Overall the work presents only impedance 

measurements of the whole PEFC stack and does not measure the impedance of single 

cells. 

 

In the study of Yuan et al. [6] a diagnosis of a 500 W Ballard Mark V PEFC stack was 

evaluated through EIS. Three characteristic semicircles were presented in the spectra. A 

bigger loop from 1 kHz to 0.1 Hz was reported to reflect the behaviour of the stack 

cathode. This loop is known as kinetic loop and corresponds to the charge transfer 

process of the ORR. A smaller semicircle (high frequency loop, from 2 kHz to 1 kHz) has 

been associated to structural features of the membrane electrode assembly (MEA) [7] and 

distributed resistance effects in the electrolyte within the CL [8]. The high frequency 

intercept of the kinetic loop is related to the ohmic resistance of the stack. A third low 

frequency loop reflected the mass transport limitations in the gas phase of the cathode. In 

these EIS measurements the effects of temperature, flow rate and humidity on the stack 

performance were investigated. The diameter of the loop decreased with increasing the 

temperature. The temperature enhanced the kinetics of the oxygen reduction reaction 

(ORR). The third low frequency loop increases with increasing the current. At high 

current there is a higher liquid concentration produced by the ORR therefore a shortage of 

air is present. In the first study the temperature and current dependence of the ohmic 

resistance at high frequency was not reported. An extension from the previous work of 

Yuan et al. [9] to study the ohmic resistance of the 500 W Ballard Mark V PEFC stack 

represented at the high frequency end of the impedance spectra was presented. Two 
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methods (grounded mode and floating mode) were utilized for measuring the impedance 

of individual cells. In the grounded mode measurements, AC impedance spectra were 

measured in the order of one cell, two cells, three cells, etc until the impedance of the 

whole stack was measured. The floating mode method was able to measure the AC 

impedance spectra of each individual cell directly. The advantage of the floating method 

is that the data analysis is faster than the ground mode method. The results show that both 

methods are applicable to individual cells. The results also indicate a good agreement 

between the total Ohmic loss in the stack and the combined Ohmic losses of the 

individual cells. Some works have reported that the membrane resistance increases with 

increasing current density [10,11]. The Ohmic resistance extracted from EIS 

measurements in the study, shows a trend to decrease with increasing current density, 

which is contrary to previous studies [10,11]. This is attributed to the particular 

experimental condition used. AC impedance method is a sensitive technique for detection 

of the degree of membrane dehydration. Variations of ohmic resistances among the PEFC 

individual cells are high at low currents and low at high current.   

 

An impedance analysis in a commercial PEFC stack (Ballard’s 1.2 kW NexaTM) was 

carried out in the study of Dale et al. [12].  Impedance measurements were carried out in 

the fuel cell to study the performance of the whole stack and groups of cells under various 

loads. The study takes into account the effect of the fuel cell control system on the EIS 

results. High frequency artifacts were observed at the high frequency end of the 

impedance spectra due to fuel cell structure. Single cell EIS analysis was also carried out 

for individual cells placed at different locations in the stack. The authors did not draw a 

clear conclusion about the change in impedance for cells at different positions in the 

stack. The reason for change in Bode magnitude at low frequencies for the EIS 

measurements was not fully understood. The lowest ohmic resistance observed in the EIS 

measurements was for the cell nearest the air inlet side. The ohmic resistance increased 

from the air inlet to the hydrogen inlet side. 

 

The limiting polarisation behaviour of a PEFC was studied using EIS measurements, in 

the work reported by Paganin et al. [13]. EIS impedance results were studied considering 

different potential losses caused by the kinetics of the ORR, the opposition to the flow of 
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ions in the electrolyte of the CCL and PEM, the oxygen diffusion in the gas phase in the 

CCL and GDL and the balance of water in the PEM. The EIS spectra show a small 

potential-independent arc at high frequency (20 kHz- 250 Hz) due to the presence of the 

distributed ionic resistance inside the CCL [14]. A potential-dependent arc presented at 

medium frequencies is related to the double layer capacitance between dissimilar 

materials combined with the charge transfer resistance of the ORR. At low overpotentials 

the radius of the impedance arc is dominated by charge transfer resistance of the ORR. At 

high current densities, characteristic processes relate to the oxygen diffusion appear in the 

impedance spectra. Therefore at high current densities the impedance semicircle 

presented at low current densities (low overpotentials) is split into two arcs [15,16]. The 

low frequency arc presented in the impedance measurements at high current is related to 

the water transport characteristic in the membrane. This process plays an important role 

in determining the limiting polarisation behaviour in PEFCs operated at high current only 

if pure oxygen is utilized as a reactant gas. When air is used instead, gas phase becomes 

the limiting factor. 

 

Springer et al. [14] analysed PEFC cathode impedance spectra under various 

experimental conditions. The use of a reference electrode in the impedance measurements 

allowed the measure of the impedance accounting just for the cathode electrode. A 

negligible difference in response was seen when measuring cathode impedance relative to 

the anode or relative to a reference electrode placed on the side of the anode. Therefore, 

in the study it was assumed there is negligible voltage loss and negligible impedance at 

the anode at all currents measured. The resolution in the frequency domain of the overall 

change in cell impedance helps to resolve and to evaluate quantitatively individual 

contributions to PEFC losses. High catalyst utilization is achieved with thin-form catalyst 

layers made of ionomer/Pt/C composites. At medium current densities the ionic 

conductivity in the electrolyte of the CCL, and the finite oxygen permeability in this layer 

have a significant contribution in the impedance cathode spectrum. At high current 

densities the transport limitations in the gas phase in the GDL cathode features a second 

semicircle at low frequencies. This last feature is absent if the cathode is operated on pure 

oxygen where the gas-phase transport limitations are lifted.  
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The state of health of PEFC stacks during drying and flooding conditions has also been 

studied by Kurz et al. [17]. 6-cell PEFC stack impedance spectra were measured through 

a multichannel impedance analyzer. The study shows that the impedance measurements 

at two specific frequencies, one high (1 kHz) and one low frequency impedance (0.5 Hz) 

are a good indicator to predict voltage drops caused by drying and flooding. A 

Proportional Integral Derivative (PID) control strategy, which has the voltage drop as 

input variable and the required air flux for the stack to overcome the two failure modes as 

the output variable, operated the stack fully autonomously and was able to prevent all 

voltage drops caused by flooding.  

 

Localized EIS measurements can assist in the design of flow channels as the local 

conditions in a PEFC can change due to a manufacturing inconsistency during cell 

design. However, the main challenge of the localized EIS technique remains in the 

redesign of a fuel cell to carry out spatially resolved measurements. Localized EIS 

measurements along a single channel of a PEFC were carried out for the first time by 

Brett et al. [18]. A single channel machined out of a printed circuit board that has 10 

segmented current collectors running adjacent and along the channel was used. The EIS 

results showed that the diameter of the impedance spectra increased with distance along 

the channel from the gas inlet. The increase in diameter was attributed to oxygen 

diffusion limitation in the electrode diffuser. Then reactant starvation occurs along the 

flow channel. The results show how conventional EIS measurements on the bulk fuel cell 

are not representative and not sufficient to properly characterise the operation of a PEFC.  

 

A spatially resolved in-situ diagnostic method for PEFCs using EIS measurements was 

carried out in the study reported by Schneider et al. [19]. This method pinpointed 

inhomogeneities in the current distribution. The combination of locally resolved current 

density measurements and local EIS allows the identification of local inhomogeneities in 

the performance of a PEFC. A segmented PEFC 29.2 cm2 was used for the tests in which 

the anode and cathode flow field plates are segmented into 11 electrically isolated 

segments. The GDL of the MEA is not segmented, so lateral currents across the GDL are 

allowed to occur as it happens in nonsegmented PEFCs as well. A multichannel 

frequency response analyser for both data acquisition and frequency response analysis 
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was built up. The analyser consists of ten voltage and ten current channels and can carry 

out impedance measurements for up to nine segments in the flow field plates and the 

entire cell in parallel. The results show differences in the local cell impedance spectra. 

For low humidity for H2/O2 PEFC operation, the locally resolved impedance spectra show 

that the performance loss along the flow field plate channels can be attributed to drying 

effects. For H2/air operation an increasing size of the low frequency loop on the local 

impedance spectra along the gas channels from the air inlet to the outlet is observed. This 

effect can be related to the cumulative flooding on the GDL and a decreasing molar 

fraction of oxygen in the cathode gas stream along the channels. 

     

The contributions of different process effects on the complex plane in PEFCs are 

discussed by Romero-Castanon et al. [7]. EIS experiments were carried out in a 5 cm2 

single cell operated with a back pressure of 20 kPa in the cathode side and 62 kPa for the 

anode and the temperature was kept at room temperature (30 oC). The EIS results show 

that the high frequency region in the impedance spectra was not associated with any 

faradaic process nor with mass transport limitations on the cathode electrode side. The 

MEA structural features could be responsible for this behaviour.  To explore the 

dependence of the ORR in the cathode on the potential, the charge transfer resistance and 

capacitance values were estimated. The charge transfer resistance decreases exponentially 

when the potential is decreased far away from activation control up to a value determined 

by transport limitations. The formation of the cathode capacitance was achieved after the 

polarisation of about 200 mV from open circuit after which the cathode capacitance 

reached a value that remained constant for large currents.  The work concludes that the 

faradaic contribution is shown to exist at the low-medium frequency range measured and 

the MEA structural component in the absence of reaction at the high frequency range. 

The magnitude of the capacitance corresponds to porous electrodes.  

 

A review of EIS technique in PEFC diagnosis was reported by Yuan et al. [20]. In-situ 

experimental methods such as Galvonastatic mode, Potentistatic mode, Gas feeding 

mode, and Reference electrode for measuring the impedance of a PEFC are examined.  

Also typical impedance spectra in several common scenarios are presented. In addition to 

the traditional impedance technique, the applications of EIS in fuel cell research tend 
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towards the local-resolved and the multi-channel impedance measurements. To date, in 

current fuel cell research an impedance approach involving the time-domain technique 

has not been validated in fuel cell research. EIS measurements in time domain could 

make this technique more valuable for fuel cell research [21]. The review discussed in the 

work reported by Yuan, only EIS measurements in the frequency domain are reported. 

The time domain technique, which applies frequency signal to a cell and measures the 

PEFC response as a function of time, is not often used. It is known that the time of the 

AC impedance measurement based on frequency domain depends on the range and 

number of frequencies contained in the spectra and the number of cycles measured per 

frequency. Time domain measurements of impedance based on Fourier Transformation 

have been applied to electrochemical systems [22]. This area needs further work in order 

to apply this technology to fuel cell research.  

 

Overall, the works mentioned so far have identified through a visual inspection of the EIS 

measurements, the electrochemical mechanisms during the ORR and diffusion 

mechanisms in the PEFC for a range of different frequencies. However, this approach 

does not give a clear understanding about the limitations in mass transport represented at 

low frequencies of the EIS spectrum. Other authors as mentioned in the next section have 

defined and applied equivalent electrical circuits within the EIS technique to accurately 

estimate the factors that influence the nature of polarisation curves from EIS 

measurements.  

   

3.2 Representation of the EIS through Equivalent Electrical Circuits 

The use of equivalent electrical circuits with the experimental EIS technique is a well- 

established methodology to characterise processes in the PEFC. 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 electrical 

circuit model that is composed of resistors and capacitors respectively [23,24,25,26]. By 

understanding the arrangement and magnitude of the resistive and capacitive elements in 

the equivalent circuit, it is possible to generate a deeper understanding of how and where 
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the chemical energy that is released from the redox reaction is being dissipated and 

retained within the real physical system.  

 

Inductance is caused by the magnetic field generated by electric currents. Some works in 

the literature have identified inductive effect which is represented in EIS measurements 

with positive imaginary component on the complex plot at high frequencies. Ciureanu 

and Roberge [4] reported in their work that PEFC experimental impedance spectra in the 

high frequency range showed an inductive behaviour characteristic to the experimental 

set up. To avoid complications resulting from such inductive characteristics, they limited 

the high frequency range to 1 kHz. Fouquet et al. [26] reported that inductive behaviour 

from the wires in EIS measurements was predominant above 1 kHz. Merida et al. [5] 

reported in their work that it is possible to minimise the inductive effect by maintaining 

equal lengths in the cables, twisting the large current leads to the electronic load, and 

polishing and clamping the metal contacts. Hampson et al. [27] concluded in their work, 

that the presence of porosity on electrodes may lead to the impedance becoming inductive 

at high frequencies.  To date there is no work published that reveals the high frequency 

inductive effect on PEFC EIS measurements.  

 

Equivalent electrical circuits to interpret the mechanisms related to the impedance 

response of an electrochemical system have been used for over thirty years [27]. Different 

arrangements of electrical circuits from simple components [28,24,4,26] to more 

complicated transmission line representations [29,30,31,32,33,34] have been reported in 

the literature to model and characterise different processes in a PEFC. Each equivalent 

electrical circuit can represent a specific physical process occurring in a PEFC. However 

the circuits are limited to a certain range of operating currents.  

 

Other different arrangements of the electrical components have been reported in the 

literature to model and characterise other phenomenological processes in the PEFC. For 

instance, an electrical circuit proposed by Wagner and Gülzow [28] represents the PEFC 

during normal operation and during CO poisoning in the anode. Ciureanu  and Wang [35] 

proposed an electrical circuit to study the performance of the anode of an H2/H2 fed Fuel 

Cell, this circuit also models the effect of CO poisoning and adsorbed species in the CL.  
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3.2.1 Randles Circuit 

The most common electrical circuit configuration to characterise the PEFC is based on 

Randles circuits which are connected in series with a resistance [36]. This electrical 

circuit consists of a resistance eR accounting for the opposition to flow of ions and 

electrons in the PEM, GDL, CCL connected in series with a resistance RC accounting for 

the charge transfer between the electrode-electrolyte interface during the ORR and 

connected in parallel with a capacitor for the double layer capacitance for the interface 

between dissimilar materials i.e., Nafion/Carbon (N/C). To include mass transport effect 

in the Randles circuit, a Warburg component WS which models finite diffusion of oxygen 

in the electrode is connected in series with the charge transfer resistance of the ORR.  

 

 
Figure 3.1 Randles electrical circuit with Warburg element 

 

The Randles with Warburg element circuit is reported in the study of Orazem et al. [25] 

to demonstrate a graphic representation of the Nyquist and Bode plot for reactive 

electrodes. EIS data are commonly represented through a complex-impedance-plane, 

where each data point corresponds to a different measurement frequency. The impedance 

of the Randles circuit is represented in the complex-plane where the asymptotic limit of 

the real part at high frequency corresponds to Ohmic Resistance eR  and at low frequency 

corresponds to the sum of Ohmic resistance and resistance of ORR ce RR + . A depressed 

semicircle indicates that a more detailed model is required and multiple loops provide a 

clear indication that more than one time constant are required to describe the process. 

Graphical interpretations of Nyquist and Bode plots provide guidance for the 

development of appropriate physical models. A visual inspection of the complex-plane 

does not allow the interpretation of the electrochemical mechanisms in the frequency 

domain. Analysis of the Blode plot for EIS measurements can provide both qualitative 

and quantitative evaluation of electrochemical impedance data.   
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Transfer resistance of ORR and Mass transport resistance in PEFCs with microporous 

layers (MPLs) using EIS were investigated in the study reported by Malevich et al. [24]. 

The impedance spectra were fit to the Randles circuit with Warburg element as shown in 

Fig. 3.1. The medium and high frequency response loops from the EIS measurements are 

attributed to the cathode charge transfer and mass transport processes and are represented 

by a resistor RC and Warburg impedance WS connected in series. In this circuit, a constant 

phase element (CPE) which models the non-homogeneity in the charge distribution 

between the electrode-electrolyte interfaces in the CCL [37] is applied instead of a 

capacitor and is connected in parallel to Rc and WS to represent the double-layer 

capacitance for the cathode. The ohmic resistance accounting for ionic resistances of the 

membrane and the catalyst layers, electronic resistances of the flow field plates, GDLs 

and all interfacial contact resistances is represented by Re. The results show that the 

charge transfer resistance decreases, while the mass transport resistance increases with 

increasing current density for cells with and without MPL. The charge transfer resistance 

for cells with a MPL is lower than that for cells without MPL. Cells with MPL 

demonstrate lower mass transport resistance compared with cells without MPL. In the 

study mass-transport resistance is most likely due to the gas transport in the GDL. The 

presence of MPL helps to reduce the water saturation in GDL, thereby improving the 

oxygen transport to the CCL.  

 

Fouquet et al. [26] monitored the flooding and drying out of a PEFC stack using the 

Randles model with EIS measurements. Parameters of the Randles circuit were fitted to 

the EIS data. In order to improve the quality of the fit, the standard capacitor was changed 

by a CPE in the electrical circuit.  The EIS measurements show a full depressed 

semicircle at high frequencies followed by a smaller semicircle at low frequencies. In the 

case of a flooded PEFC, both real and imaginary parts of the impedance grow larger, and 

the two semicircles are no longer visually resolvable. With a dry PEFC, the whole 

spectrum is shifted toward the positive side of the real axis. The process of flooding is 

characterised by the modification of the low frequency part of the PEFC stack’s 

impedance which, in turn, is associated with the diffusion process through the GDL. In 

the case of a drying membrane, the impedance spectra progressively shift toward the 

positive part of the real axis, while the low frequency loop grows to a comparable size as 
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the high frequency one.  The variations of the Randles parameters while the membrane is 

drying are less dramatic than in the case of flooding. Robust and reliable PEFC’s state of 

hydration monitoring was demonstrated using the parameters defining the Randles 

circuit.  

 

Characterisation of MEA in PEFCs through electrical circuits and EIS measurements was 

conducted in the study of Wagner [23].  Impedance spectra were measured at open circuit 

potential with symmetrical gas supply (H2/H2 and O2/O2), without using a reference 

electrode and at normal operating condition H2/O2. To evaluate the measured impedance, 

the reaction steps are translated into a Randles electrical circuit which contains various 

electrical elements representing the reaction steps. The impedance results in the low 

frequency range are much higher when operated symmetrically with oxygen than the 

impedance when the PEFC is operated symmetrically with hydrogen. The impedance of a 

PEFC at open circuit potential is mainly determined by the charge transfer resistance of 

the cathode. EIS measured on the PEFC operated with H2/O2 at low current show an 

exponential potential dependency due to the high activation energy of the ORR in the low 

frequency range. EIS measurements at frequencies higher than 10 kHz are related to the 

membrane resistance. With further increasing current density, an increase in the PEFC 

impedance is observed. A second time constant in the lowest frequency region appears at 

high current and is related to mass transport. To identify the oxygen diffusion process the 

impedance has to be measured over a wide frequency range, down to 10 mHz.  

 

A measurement model based on the Voight circuit to interpret EIS data in PEFCs is 

shown in the study of Agarwal and Orazem [38]. A Voight circuit consists of Randles 

electrical circuits connected in series and then repeated a finite number of times. By 

including a sufficient number of terms in the Voight circuit it is possible to fit impedance 

data for typical stationary electrochemical systems such as PEFCs.  Lack of complete 

agreement between the data and the measurement model could be attributed to the error 

structure (or noise) of the experimental data or nonstationary processes. The measurement 

model based on the Voight circuit can be used to identify the frequency-dependent error 

structure of impedance spectra. The error structure can be used to weight the data during 

regression and to provide a means of deciding whether a given regression provided a 
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good fit [39,40]. The Voight circuit can be used to check the consistency of 

electrochemical impedance data to the Kramers-Kronig relations because the model itself 

satisfies the Kramer-Kroning relations and provides a statistically adequate fit to 

electrochemical impedance data. The measurement model allows correct identification of 

the number of physical processes that can be discerned from the impedance response of 

systems that are unaffected by mass transport or by the frequency dependence associated 

with nonuniform current/potential distributions.  

 

A modification of the Randles circuit to study the effect of CO (carbon monoxide) in the 

anode when testing the PEFC with H2+CO/ H2 in anode and cathode respectively is 

presented in the study of Jiang et al. [41]. This equivalent electrical circuit includes a 

resistance and constant phase element Rad-CPEad accounting for H2 adsorption connected 

in series with an Rox-CPEox to account for lowering of the H2 adsorption due to CO 

oxidation and also connected in series with the charge transfer resistance RCT of the 

electrode/electrolyte interface, as shown in Fig. 3.2. This electrical circuit has also been 

used by Ciureanu et al. [42,35,43] and Venkataraman et al. [44] to study the influence of 

CO poisoning of the platinum gas diffusion electrodes. The behaviour of the poisoned 

anode is studied in which the gas is switched to different CO content (10, 50, 100 and 550 

ppm). The EIS complex plots present a pseudoinductive semicircle loop at low 

frequencies which is attributed to CO electro-oxidation and removal by oxygenated 

species (OHads) on the electrode surface. Bai and Conway [45], have demonstrated that an 

inductive loop behaviour in systems with adsorbed species is related to a change in the 

sign of the coverage dependence on potential. CO poisoning is reduced at high 

temperature due to CO’s exothermal adsorption reaction mechanisms, therefore more 

vacant active surface sites are available for hydrogen chemisorption at low frequency. If 

the bias potential is increased the hydrogen adsorption impedance curve (inductive loop) 

is reduced because more electrode active surface becomes available for hydrogen 

adsorption as the CO is oxidized. 
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Figure 3.2 Electrical circuit to model the anode impedance during CO poisoning 

 

EIS measurements have limitations and present disadvantages as the low impedance 

values are obscured for low frequencies and some effects are not visible due to a masking 

effect in the impedance complex plot [13]. Yuan et al. [9] attempted to separate both 

processes, charge transfer and diffusional effects, in impedance spectra that account for a 

H2/air PEFC stack operated at high current densities and feature a single loop through a 

Randles electrical circuit. The results showed that the Randles equivalent circuit model 

cannot account for the exact electrode process at high current densities because the charge 

transfer resistance of the ORR increased with increasing current density. Similar results 

have been reported by Springer et al. [14].  

 

Equivalent electrical circuits combined with EIS measurements can deliver information 

about the opposition for the charge transfer during the ORR and the opposition for the ion 

and electron to conduct through the PEFC. However the interpretation of frequency 

dependent mechanisms related to oxygen transport limitations in PEFC is still a subject to 

debate, as this has been principally attributed to the gaseous oxygen transport limitations 

in the GDL neglecting any mass transport limitations in the CCL [46,47,48]. However, it 

is suspected that the CCL becomes flooded before the GDL because water is generated in 

the CCL and transported into the GDL, and the CCL has lower porosity and smaller pore 

size, and tends to have higher flooding levels than the GDL [49].  
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3.2.2 Transmission Line Circuit  

Eikerling and Kornyshev [29] proposed an electrical circuit using a transmission line to 

represent the impedance and to characterise the porous CL of PEFCs. This equivalent 

circuit consists of an upper rail to account for the ionic conduction, and a lower rail to 

represent the electron access in the CL. In the upper rail distributed resistances to account 

for the ionic resistance in the CL electrolyte are considered. Usually the distributed 

electron resistances are neglected to simplify the mathematical analysis because the 

resistance to ion transfer in the electrolyte of the CL is much greater than the resistance to 

the electron transfer in the carbon of the CL by several orders of magnitude. Between the 

upper rail and lower rail, parallel distributed resistances and capacitances to account for 

the charge transfer process and the capacitance effect between the Nafion/carbon 

interface are considered. These three elements are then repeated a finite number of times 

as shown in Fig. 3.3. The transmission line circuit reported by Eikerling and Kornyshev 

to characterise the CCL operated at high currents cannot be used because it does not 

account for oxygen transport limitations in the CCL. At low currents, this phenomenon 

does not occur because the rate of water production is low and so does not appear as an 

equivalent electrical component in the transmission line. The transmission line is 

connected in series with an ohmic resistance and an inductor component. The inductor 

component represents the inductance presented in the electrical cables of the 

measurement system while the ohmic resistance corresponds mainly to the PEM, GDL, 

and Plate. 

 
Figure 3.3 Transmission line circuit 

 

Measurements of CCL electrolyte resistance in PEFCs using EIS were carried out in the 

study of Makharia et al. [30]. EIS measurements were carried out in a 5 cm2 PEFC (H2-

O2) with MEA 0.8 and 0.4 Nafion/Carbon ratio. EIS data were fitted to a PEFC model in 

which the CL physics are accuraterly represented by a transmission line model. Extracted 

parameters include cell ohmic resistance, CL electrolyte resistance, and double layer 



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

Fundamentals 

 

49 

 

capacitance. This author considered that no anode catalyst layer electrolyte loss is 

expected because the hydrogen oxidation reaction (HOR) in the anode is so facile that 

any electrolyte resistance would have the impact of shifting the anode current distribution 

close to the membrane, without requiring significant anode overpotential to do so. 

Parameters were extracted from each impedance curve at various current densities by 

fitting the experimental data to the transmission line equivalent circuit using commercial 

software Zview (Transmission Line-Open Circuit Terminus, DX-Type 6, Scribner 

Associates, Inc., version 2.3). The measured CL electrolyte resistance increased with 

decreasing ionomer concentration in the CCL.  This author concluded that the practice of 

using a single frequency in the EIS measurements to estimate the ohmic resistance of the 

PEFC is subjected to large errors (10-50%) due to contributions from the catalyst layer 

resistance. The size of the errors depends on the frequency used, the size of the ohmic and 

catalyst layer resistances, and the size of the inductance of the measurements cables. 

 

The finite transmission line equivalent circuit describing the impedance behaviour of a 

PEFC electrode was used by Lefebvre et al. [31]. In this study experimental EIS plots for 

carbon-supported Pt electrodes with and without Nafion impregnation were obtained. 

Before EIS measurements were carried out, the cell was operated with H2/O2 at 0.5 V 

until the steady state was obtained. EIS measurements were obtained with nitrogen 

flowing over the cathode and hydrogen flowing over the anode. Diffusion and kinetic 

impedances associated with the faradaic process are negligible because the electrodes 

were purged with nitrogen prior to, and during, the impedance measurements. Fitting of 

simulated data to the experimental data using the finite transmission line equivalent 

circuit provides a profile of the variation of the catalyst layer’s ionic conductivity with 

distance from the membrane. The simulated curves using the finite transmission line 

equivalent circuit shows a 45o region at high frequency due to ionic resistance profile in 

the catalyst layer. The specific capacitance in the Nafion/carbon interface may also 

decrease with distance into the cathode catalyst layer due to decreasing electrolyte 

penetration and wetting. Overall this study demonstrates that the Nafion-containing 

electrode is shown to have a much higher ionic conductivity, and consequently, has a 

larger active catalyst area and provides better fuel cell performance. 
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Suzuki et al. [32] demonstrated diagnostic techniques to evaluate ionic conductivity and 

gas diffusivity in the CL. The ionic conductivity using EIS measurements showed notable 

dependence on Nafion loading. The ionic conductivity is estimated on the basis of a 1-D 

homogeneous model of the electrode which consists of the finite transmission line 

equivalent circuit. The ionic conductivity increases with increasing volume fraction of 

Nafion. This indicates that CLs with a higher volume fraction have a thicker Nafion layer 

covering the Pt/C particle and/or a larger number of ionic channels. The gas diffusivity 

measurements using helium gain revealed the contribution of Knudsen diffusion in the 

CL. The results in this study show that the ionic conductivity increases if the Nafion 

content is increased. Thus ionic transport in the catalyst layers does not appear to bring 

about significant loss. However, oxygen transport is found to be limited significantly in 

the CL. Improving gas diffusivity in the CL by changing the material or preparation 

process could reduce mass transport losses and lead to a high-power MEA.  

 

The impedance response of the PEFC is described by the finite transmission line 

equivalent circuit as reported by Hou et al. [33]. In this study the ionic resistance of the 

CL is measured at different current densities after the PEFC suffered subfreezing 

temperatures. Compared with those of the CL before being frozen, the ionic resistances 

unexpectedly decreased a little, which matched well with the polarisation results. 

Considering that the frequency-dependent penetration depth was small in the high 

frequency region, a semi-quantitative method based on the finite transmission line 

equivalent circuit was followed to investigate the ionic resistance profile across the whole 

CL. The results showed the ionic resistance decreased with increasing current density and 

became smaller within the frequency-dependent (10 kHz to 200 Hz) penetration depth of 

the CL after the cell suffered freezing temperatures. This was consistent with the 

improved cell performance at low current densities. The change of the ionic resistance 

profile induced by ice formation was not equal across the whole CL. The ionic resistance 

close to the interface between the membrane and CL decreased, while the ionic 

resistances farther away from the interface increased. The change of the ionic resistance 

profile was not uniform across the CL after the cell experienced freeze/thaw cycles, 

which was more evident at the higher current densities. 



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

Fundamentals 

 

51 

 

Li and Pickup [34] studied the effect of Nafion loading in the CCL of PEFC electrodes by 

EIS measurements. Experimental impedance data were simulated based on the finite 

transmission-line equivalent circuit describing the impedance behaviour of a PEFC 

electrode. In this work the use of EIS provide a clear understanding of the influence of 

nafion loading on the properties and performances of PEFC cathodes. The impedance 

results show that the ionic conductivity of the cathode increased greatly with increasing 

nafion loading, and this is the main factor responsible for the increase in performance up 

to 30% Nafion. The loss of performance at higher nafion loading must have been due to 

an increasing oxygen transport resistance, because the electrode resistance did not 

increase significantly. In fact the highest electronic resistances were observed at low 

nafion loadings, indicating that Nafion played a significant role as a binder. Loss of 

electronic conductivity in the catalyst layer is not an issue at high nafion loadings, but a 

resistance between the CL and the carbon paper support appears to be a problem if 

insufficient Nafion is used. This work concludes that EIS provides strong evidence that 

accurate conductivity profiles can be determined for PEFC CLs. The results obtained 

follow the expected trends with other observations, and are qualitative reasonable. There 

is good evidence that results obtained under an inert atmosphere are representative of 

conductivity profiles in operating fuel cells. 

 

In the study of Cano-Castillo et al. [50], the gradual flooding of a single PEFC was 

produced and EIS measurements were carried out in order to follow changes of the PEFC 

impedance parameters. The PEFC was tested at room temperature and without 

humidification in both gases and under dead-end configuration. EIS measurements were 

carried out at different degrees of flooding. These changes in flooding were followed by 

using two equivalent circuit models: one simple model of the Randles type accounting for 

cathode and anode interfaces and a more complex model based on a transmission line, 

more suitable for porous electrodes in order to include ionic resistance of the catalyst 

layers. Measurements at open circuit potential show that the overall impedance decreases 

as the water excess increases.  This decreasing in tendency was attributed to a smaller 

charge transfer resistance of the cathode, favoured by the water present in the cell. Both 

models give reasonable description of experimental data, therefore charge transfer 

resistance from Randles model could be used as a seed value in the transmission line 
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model. The anode and cathode capacitance seem constant but the ionic resistance (from 

the transmission line model) in the anode decreases its value while the cathodic ionic 

resistance stays very low for all cases of water content. 

 

The transmission line equivalent circuit has been broadly applied to characterise the ionic 

resistance in the CCL electrolyte for PEFCs operated at low currents. At high currents, 

the product water that is formed in the CCL can begin to saturate the tortuous pathways 

of the porous network, which then acts as a resistance to the mass transport of oxygen 

from the interface with the GDL to the catalyst sites. At low currents, this phenomenon 

does not occur because the rate of water production is low and so does not appear as an 

equivalent electrical component in the transmission line given in Fig. 3.3. 

 

3.3  Formula of de Levie to Characterise Porous Electrodes in PEFCs 

Porous electrodes are used in PEFCs because they have the advantage of an increased 

effective active area. A porous electrode may have the same structure as a porous layer; 

however, the pore walls are electroactive for a porous electrode, while the pore walls are 

inert for a porous layer. The porous electrode is usually represented by a simplified single 

pore-model. The impedance of the pore can be represented by the transmission line 

presented in Fig. 3.4. 

 
Figure 3.4 A small section (dx) of the equivalent circuit of a pore, (e) potential, (i) 

current, (x) distance along pore axis, (R) electrolyte resistance per unit pore length, (Z) 

electrode impedance per unit pore length 

 

The general solution of a pore can be obtained only by a numerical calculation of the 

corresponding transmission line. de Levie [3] calculated analytically the impedance of 

one pore using the transmission line circuit: 
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where R is the electrolyte resistance for one-unit length pore with units of Ω.cm-1 and Z is 

the interfacial impedance for a unit length pore, with units of Ω.cm, and  is the length of 

the pore. RK is the charge transfer resistance of the electrolyte-electrode interface taken 

per unit pore length. 

 

Eikerling and Kornyshev [29] derived a similar formula as the one presented by de Levie 

in Eq. 3.1 to represent the complex impedance of the CCL at low overpotentials. This 

study considered the CCL as an agglomerate structure of carbon particles bounded 

together by polytetrafluoroethylene (PTFE) which serves, in addition, as a 

hydrophobizing agent in order to ensure good gas porosity of the layer. The voids 

between the agglomerates are penetrated by the polymer electrolyte, which forms the 

proton conducting pathways. Similar to the analysis derived by de Levie, the CCL 

structure was represented by a transmission line equivalent circuit where the parameters 

as electrolyte resistance and electrode/electrolyte interface impedance are assumed to 

depend only on the coordinate x (thickness).  The effect of oxygen depletion is neglected 

as this is not represented in the transmission line equivalent circuit of Fig. 3.3. The results 

show that ionic transport limitations in the CCL can be represented by a straight line 

feature in the impedance spectra at high frequencies. This straight line in the high 

frequency domain can provide information about the localisation and distribution of the 

catalyst and electrolyte in the CCL. 

 

Eq. 3.1 can be only used to characterise CCL in H2/O2 PEFCs. If a PEFC is operated with 

H2/N2, there is no faradaic reaction and therefore the kinetic resistance RK in Eq. 3.2 

becomes infinite. Then Eq. 3.2 can be expressed as CiZ ω/1= . Gazzarri et al. [51] 

estimated the local relative humidity (RH) in the CCL of a PEFC as a function of its 

effective ionic resistance. In the study, the term effective ionic resistance denotes the 
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ionic resistance averaged over the CCL thickness, which depends on the distribution and 

self-organized structure of the ionomer in the CCL and the degree of liquid saturation. 

Impedance measurements were carried out in H2/N2 under conditions of equal relative 

humidity on anode and cathode. Two distinct regions in the impedance spectra were 

apparent; a 45o straight line with respect to the real axis to represent ionic transport in the 

CCL, and a vertical line at low frequency typical of capacitive behaviour. The resulting 

impedances were modelled using Eq. 3.1 and considering the kinetic resistance RK as an 

infinite value CiZ ω/1= . The CCL ionic resistance decreased with increasing inlet RH 

on both sides (anode and cathode). More remarkably, ionic resistance at the cathode also 

decreased with increasing anode inlet RH and a constant 30% humidity set at the cathode. 

The latter observation is an indication of a very effective water transport process through 

the membrane and the cathode. 

 

The ionic resistance in the cathode with various ionomer/carbon (I/C) weight ratios was 

characterised in a H2/N2 PEFC using EIS under various operating conditions in the study 

of Liu et al [52]. AC impedance data were analysed by fitting the impedance equation 

derived by Eikerling [29] that describes the impedance of the CCL. The 45o line at high 

frequency end of the spectrum under such operating conditions was presented. The results 

show that the ionic conductivity starts to drop at I/C ratios of approximately < 0.6/1 or an 

ionomer volume fraction of ~ 13% in the catalyst layer. High electrode I/C ratios (I/C ≥ 

0.6/1) are necessary for cells operating at low relative humidity to avoid significant losses 

from high electrode ionic resistances. 

 

3.4 Current Density Distribution through the Cathode Catalyst Layer 

Voltage losses from ionic conduction, ORR kinetics, and mass transport limit the 

performance of PEFCs. To improve the fuel cell performance, it is necessary to determine 

to what extent each process is responsible for limiting cell voltage. In some studies 

[53,54,55], the ORR kinetics have been related to the amount of platinum surface area 

available in the CCL. Also these studies assume a 100% catalyst utilization thereby 

neglecting any potential drop across the CCL. This assumption will not always be correct, 

because the ionic resistance and the ORR kinetic resistance in the CCL change as a 



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

Fundamentals 

 

55 

 

function of fuel cell operating conditions. Ions migrating through the ionomer phase of 

the CCL may react closer to the membrane if ionic resistance is increased or in the case 

where ions react through the entire CCL if ionic resistance is reduced.  The ORR current 

distribution is further influenced by the mass transport resistance of oxygen reactant 

diffusion into the CCL and/or of oxygen permeation through the thin layer of ionomer 

covering the Pt catalyst sites. These mass transport effects would also have an effect on 

the current distribution through the CCL. This emphasizes the need to estimate internal 

current distribution measurements on PEFCs. 

 

To date, different experimental techniques to measure the current distribution through the 

PEFC have been developed such as the printed circuit developed by Brown [56] and 

Cleghorn [57], the partial MEA/subcell and passive current mapping technique by 

Stumper [58], the magnetic loop current sensor by Wiser [59], the segmented cell resistor 

network by Noponen [60] and the segmented cell / multipotentiostatic by Mench et. al. 

[61, 62, 63].  Brett et al. [64], developed a method to measure current distribution in a 

PEFC at high resolution, in real time and in a non-intrusive way. The system consisted of 

a printed circuit board attached to the flow channels to construct an array of current 

collector electrodes. The results showed that there is a dramatic variation in current 

density along the channel depending on operating conditions. This spatial variation is 

influenced by reactant composition and humidity, operating temperature and pressure, 

pore flooding hardware issues such as bipolar plate design, and moisture content of the 

membrane. Measurements of current distribution were carried out by Yang et al. [65] 

using a segmented PEFC. Twelve segmented subcells in conjuction with a multichannel 

potentiostat were used to measure the current distribution. Stainless steel ribs along with 

teflon inserts and a sheet of gaskets form the serpentine gas flow field. Experiments were 

carried out using a commercially available MEA (50 cm2) and carbon paper as GDL. The 

cell temperature was set at 80o C and a relative humidity of 100% for the hydrogen inlet 

and 50% and 25% for the air inlet. The results showed the highest local current density 

near the dry cathode inlet, thus suggesting that membrane dehydration in the inlet region 

is absent under these operating conditions. GDL and MPL in the cathode diffuse the 

water back to the anode side to protect the membrane from losing water. 
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Other works have focused on the estimation of the current distribution through the CCL 

thickness using mathematical models. Neyerlin et al. [66] defined a mathematical relation 

in which the current distribution through the CCL thickness in the absence of oxygen 

mass transport resistances is determined by the ratio of the ionic resistance and an 

effective kinetic resistance described by the Tafel slope. The higher this dimensionless 

ratio is, the more the current distribution will be skewed toward the membrane interface, 

while low values of this ratio predict a homogeneous current distribution. If the ORR 

current distribution is skewed toward the membrane interface, the local current density 

must increase compared to an ideal uniform current distribution, because the same 

average current must be provided by fewer catalyst sites (poor utilization). This increased 

local current density near the membrane results in greater kinetic losses. Overall this 

model predicts electrode potential loss and catalyst utilization in the absence of gas 

transport resistances. So it is possible to estimate from the ratio of ohmic to kinetic losses, 

the catalyst utilization and the ohmic drop in the CCL. 

 

Thompson et al. [67] studied the general behaviour of water uptake by the membrane and 

ice storage in the porous electrodes during isothermal, galvanostatic operation of PEFCs 

and under conditions of initial water content and current density at -20oC. This author 

affirmed that the development of cold-start models that include the physics of membrane 

uptake of product water and filling of electrode pores with water (ice), needs a solid 

knowledge of how the ORR current is distributed through the CCL thickness. The study 

investigated the voltage loss sources, current distribution and ice formation within the 

CCL through experiments based on Cryo-scanning electron microscope (SEM) images of 

electrodes following voltage failures to assess ice filling of the cathode void volume [68] 

and using the model reported by Neyerlin [66]. CCL ohmic losses were measured and 

found to be significant at subfreezing temperatures, therefore the ohmic losses account for 

as much as the ORR kinetic losses. Current distribution modelling with the CCL 

thickness indicates that ORR favours the electrode membrane interface at moderate 

current densities. Cryo-SEM images confirmed this prediction, which indicates that 

filling the electrode with ice occurs from the membrane outward towards the diffusion 

medium. At lower currents, where the model predicts a more uniform current distribution, 

more even ice filling of the electrode appears from cryo-SEM images. 
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A structure-based mathematical model of the CCL in PEFCs is presented in the study of 

Liu [69]. The model incorporates full spatial coupling of porous composite structure, 

liquid water saturation, transport of reactants and products, and electrochemical 

conversion in ORR. The solution allows correlating effects observed in global current-

voltage relations to spatial distributions of liquid water, reactants, and reaction rates. The 

results show that if the accumulation of liquid water is increased in the pores of the CCL, 

the depletion of oxygen concentration is exacerbated, and thus renders the reaction rate 

distribution more non-uniform. In order to generate the same integral current, the rates of 

current generation per effectively utilized catalyst surface have to increase, which in turn 

leads to the increase of the electrode overpotential.  

 

3.5 Conclusions 

Overall the literature review has demonstrated that there is still a lack of understanding 

about how to relate the physical processes of a PEFC within the impedance response 

resulting from EIS. 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 inductive effects from the measurement 

system. Low frequency EIS measurements have been commonly related to gas–phase 

oxygen transport limitations in the GDL neglecting any mass transport limitations in the 

CCL. The available electrical circuits cannot account for the exact electrode processes at 

high currents.  
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Chapter 4 
Cathode Catalyst Layer Impedance Model for 

Low Current Operation 

In this Chapter, a numerical model based on the fundamental electrode theory and the 

impedance experimental study has been developed to simulate the low current 

distribution in the time domain and the electrochemical impedance spectra of the cathode 

catalyst layer (CCL) of polymer electrolyte fuel cells (PEFCs). The model development 

consists of two stages, to establish the fundamental equations for the low current 

distribution in the CCL in the time domain, and to resolve the fundamental theory in the 

frequency domain. It was validated by comparing the simulated impedance of the CCL 

directly against the impedance data measured from an operational test cell. The simulated 

frequency response agrees well with the experimental data. The results showed that the 

model has established a backbone understanding of how the low current electrochemical 

mechanisms relate to the electrochemical impedance spectra of the CCL. It established a 

wider scope to relate the electrochemical impedance data to the fundamental theory of 

PEFCs. 

 

Electrochemical reactions in the PEFC rely upon the utilisation of Pt in the catalyst layer 

(CL). One of the most important challenges is to obtain the highest electrochemically 

active surface area with the minimum amount of the catalyst. It has been proven that a 

simultaneous increase of electrochemical activity and rate of species transport cannot be 

obtained with a single homogeneous phase [1]. Furthermore, improving one property of 

the CL can adversely affect another. For instance, by increasing the amount of the 

electrolyte between agglomerates the ionic conductivity can be enhanced, but will also 

close void spaces for reactant transport. Developing CLs with smaller agglomerated 

structures can increase the electrode-electrolyte interface but can compromise secondary 

pores. An optimal CL structure is thus difficult to achieve. 
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To enhance the understanding of the factors governing the performance of CL structures 

and therefore how to engineer optimal CL structures, it is necessary to harness 

capabilities from both modelling and experimental techniques in a complementary 

manner. As discussed previously in Chapter 3, electrochemical impedance spectroscopy 

(EIS) is a non-invasive experimental technique which measures the opposition to the flow 

of an alternating current (AC) within a system which contains elements that dissipate 

energy and store energy. When subjecting a PEFC to a sinusoidal input (voltage), a 

sinusoidal output (current) is generated at the same frequency as the input but with a 

different amplitude and phase. The PEFC can be characterised in the frequency domain 

by measuring both the amplitude ratio of the input sinusoid (voltage) to the output 

sinusoid (current) and the phase shift as functions of the frequency. The energy 

dissipating and energy storing elements of the cell that result in the observed frequency 

response can be represented by an equivalent circuit model that is composed of resistors 

and capacitors respectively. The equivalent circuit model is fitted to the frequency 

response of the PEFC, to recreate the same spectrum.  

 

The literature demonstrates that the EIS technique has been widely applied to characterise 

and evaluate electrochemical systems, particularly PEFCs. To date, the most rudimentary 

but pertinent application has been based on altering the operating conditions of the cell 

and determining its influence on the overall impedance response of the cell by 

considering both the measured frequency response and the simulated response from an 

equivalent circuit model.  Romero et al. [2] applied this approach to demonstrate that the 

main characteristics in fuel cell impedance spectra are determined by the cathode. A 

classical circuit considering pore impedance coupled to a faradaic impedance component 

was proposed. The dependence of the cathode reaction characteristics on the potential 

was explored and values of the charge transfer resistance and cathode double layer 

capacitance were calculated and plotted. The results showed that the formation of the 

cathode capacitance was achieved after polarisation of about 200 mV from open circuit 

after which the cathode capacitance reached a value that remained constant for large 

currents. Furthermore, the charge transfer resistance diminished as overpotential 

increased. 
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Wagner [3] proved that it is possible to separate the overall cell impedance into 

impedance contributions from the electrode and the electrolytic resistance by simulating 

the measured EIS with an equivalent circuit. This treatment consisted of two resistor-

capacitor (RC) parallel circuits each corresponding to the anode and cathode (charge 

transfer resistance and electrode capacitance), both in series with an ohmic resistance 

representing mainly the membrane. The results showed that the electrode impedances can 

be separated to represent the impedance of different reaction steps. Furthermore, 

integrating the impedance elements in the current density domain enabled the calculation 

of the individual overpotentials in the cell. 

 

The use of EIS technique and the equivalent circuit method have also been used in the 

work of Jiang et al. [4]. This study compared impedance spectra at various CO 

concentrations mixed with hydrogen. An electric circuit was then used to fit the 

experimental impedance spectrum, similar to that applied by Wagner [3]. Modifications 

to the circuit were made in the anode circuit by introducing a 
OXOX CR −  parallel 

combination in series to a adad CR − parallel couple for hydrogen adsorption to account for 

the lowering of the hydrogen adsorption impedance due to CO oxidation. Several sets of 

parameters obtained with the equivalent circuit were presented. The results showed a 

pseudo-inductive curve in the fourth quadrant of the complex-impedance-plane that 

accounts for the higher CO concentrations in the anode. Anode impedance shows that 

higher CO concentrations induced larger overpotentials for hydrogen oxidation by 

reducing the active surface of the anode. Andreaus et al. [5] used a simple model to fit the 

fuel cell impedance, varying the membrane thickness and the humidification of the 

reactants in the PEFC. The study was based on a simple Randles circuit using finite 

diffusion (Warburg) impedance in series with the charge transfer resistance of the cathode 

circuit to account for the limited oxygen supply due to cathode flooding. The results 

demonstrated that the impedance of the anode increased with membrane thickness. This 

could be attributed to a decrease in the net flux of water from cathode towards the anode. 

Wagner and Gülzow [6], included an inductive element in the electrode circuit to 

represent a surface relaxation process due to the competitive oxidation of H2 and CO at 

the anode. In other studies [7,8] although the impact of such an element during fitting is 

small, the literature suggests that these inductive elements can be related to the flooding 
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of the electrodes. Other techniques have been developed using the same electrical circuits 

mentioned above with the aim of analysing the performance of the PEFC by impedance 

measurements considering the various effects influencing PEFC output, such as mass 

transport, charge transfer and ohmic overpotentials [9,10]. 

 

The literature demonstrates that the EIS technique has been increasingly applied to 

characterise the PEFC CL. Makharia et al. [11] applied the transmission line circuit 

model to interpret EIS data for cathodes with two different Nafion-to-carbon (N/C) 

weight ratios. The results demonstrated that the resistance of the CL electrolytic network 

increased with decreasing N/C concentration in the electrode. The work presented by Li 

and Pickup [12] also used the EIS technique and the finite transmission-line circuit to 

describe the effect of Nafion loading in the CCL. The impedance results provided strong 

evidence that the ionic conductivity of the CL increased with increasing Nafion content. 

Lefebvre et al. [13] demonstrated that EIS can be applied to extract detailed information 

about ion transport in the CL. Data for CLs with and without impregnated ionomer were 

compared. The Nafion-containing electrode was shown to have a much higher ionic 

conductivity, and, consequently, had a larger active area and provided better fuel cell 

performance.    

 

Cano-Castillo et al. [7] analysed general flooding characteristics of the PEFC cathode 

using EIS measurements and the transmission line circuit model. As expected, the ionic 

resistance in the anode catalyst layer (ACL) decreased as the content of water in the cell 

increased. This could be explained by the back-diffusion of water from the cathode to 

anode, driven by a gradient in its concentration across the separating polymer electrolyte 

membrane (PEM). As the cathode is the source of water, it is not expected to have high 

ionic resistance but can be subject to flooding, thereby inducing a mass transport effect.  

Eikerling and Kornyshev [14] constructed impedance models for PEFCs and derived 

analytical solutions for several cases. This author also pointed out that there are two 

different ways to approach modelling: (i) using a system of differential equations to 

describe the physics and electrochemistry, or (ii) using an equivalent electric circuit of 

resistors and capacitors. In this approach the effects of reaction kinetic, double layer 

capacitance and ion conductivity in the CL were studied. The results help to distinguish 
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the contribution of the CL from the contribution of other fuel cell components and 

characterise it quantitatively. Suzuki et al. [15] demonstrated diagnostic techniques for 

evaluating ion conductivity and gas diffusivity in the CL. The ion conductivity 

measurements using the AC impedance method showed a reasonable dependence on 

Nafion loading. The gas diffusivity measurement using helium gain revealed the 

contribution of Knudsen diffusion in the CL. From these measurements, gas diffusion in 

the CL appears to limit the cell performance. Devan et al. [16] presented a 

macrohomogeneous model for a porous electrode that includes coupled potential and 

concentration gradients with linear kinetics. The equations are solved to obtain an 

analytical expression of a porous electrode. The results showed that concentration 

gradients become significant at very high exchange current densities. 

 

It is noteworthy that the frequency response of a PEFC obtained from EIS reflects the 

response of the entire cell, including the internal layers and the phenomenological 

processes occurring within them. When an equivalent circuit is fitted to the frequency 

response of the entire PEFC, it is possible to selectively subtract some of the electrical 

components from that circuit in order to obtain the transmission line circuit which 

corresponds solely to one specific CL, as demonstrated by the literature. The frequency 

response of this CL alone can then be reproduced using the obtained transmission line 

circuit and previously-measured electrochemical properties of the CL. In this simulated 

frequency response, a 45° straight-line appears at the high frequency end of the spectra. 

When, for example, a parallel resistor-capacitor (R-C) circuit is used instead of the 

transmission line circuit, this straight-line does not appear. The literature demonstrates 

that this linear region can be associated to the ion transport in the CL [11,13] and that its 

value can be calculated from the projection of this section onto the real axis. 

 

The purpose of this Chapter is to establish the relationship between the fundamental 

theory of the phenomenological process that occur within the CCL at low currents to the 

frequency response of a working PEFC and its equivalent circuit, i.e., the transmission 

line model. The objective of this Chapter is to generate a numerical model to predict the 

impedance spectrum of the CCL at low currents based on fundamental electrode theory 

and measurable properties of the CCL.     
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The study begins by stating the electrochemical reaction rates on a thickness basis to 

define the total current as a function of the CL thickness. Ionic resistance is subsequently 

considered in the expression of total current. The theoretical treatment in the time domain 

is then translated into the frequency domain which leads towards a mathematical 

expression to simulate the impedance spectrum of the CL, taking into account key 

parameters such as the Tafel slope, the exchange current, the ionic resistance and the 

charge capacitance. 

 

The simulated frequency response from the numerical model is then validated at three 

operating temperatures. The physics of the CL (double layer capacitance, charge transfer 

resistance across the electrode-electrolyte interface and ion resistance in the electrolytic 

network) are obtained from experimental impedance curves for a PEFC by fitting the 

experimental curve to a transmission line circuit for the CCL using ZView software 

(Scribner Associates Inc. version 2.3). This is a standard software technique based on the 

Levenberg-Marquadt Algorithm (LMA) [17].  

 

4.1 Electrochemical Mechanisms of CCL  

The theoretical treatment of the electrochemistry of the CCL in this study is considered in 

six steps. The first step focuses on the fundamentals of reaction kinetics for the CCL and 

the definition of the forward and backward rate constants for the oxidation and reduction 

reactions. This is then modified to incorporate the dependence of reaction rates on 

temperature. The third step establishes the basic expression for total current in the CL. 

This is subsequently modified to include capacitance effects in the CCL, and the resulting 

equation is then linearised. The fifth step introduces ion resistance, which leads to an 

expression in the time domain that can be solved to determine spatial and temporal 

current distributions in the CCL. Finally, the key expression in the time domain is 

translated into the frequency domain to predict the frequency response of the CCL. 

 

The main assumptions and considerations for the current theoretical treatment of the CCL 

are as follow: 
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• the mathematical analysis is considered for a PEFC under isobaric and isothermal 

conditions; 

• only effects in the CCL are considered; 

• oxygen diffusion limitations in the CCL are negligible at low currents; 

• spatial gradients are only considered through the thickness of the CCL, and therefore 

the model is mathematically one-dimensional; 

• the resistance to ion transfer in the electrolyte of the CL is much greater than the 

resistance to electron transfer in the carbon of the CL by several orders of magnitude 

[11]. Therefore electronic Ohmic loss in CCL can be regarded as being negligible. 

The literature suggests that this is a reasonable assumption when using a high-

frequency resistance meter to estimate the resistivity of the catalyst layer [15]; 

• the metal alloy deposits supported on carbon and the dispersion of polymer 

electrolyte are spread homogenously in the CCL; 

 

4.1.1 The Current in the Electrochemical Reaction 

The electrochemical reaction occurring at the electrode takes the following form: 
K

eOx ↔+ − Re                                                                                                               (4.1) 

 
where Ox is the oxidized form of the chemical species (reactants), and Re is the reduced 

form of the chemical species (products). In equilibrium both reactions take place 

simultaneously, and the reactant rate (i.e., the amount of a reactant utilised or the amount 

of a product formed per unit time) is proportional to the surface concentration. However, 

the chemical reaction proceeds at different rates. The factors that affect reaction rates are; 

the surface area of a catalyst site; temperature; the phase of the reactants (i.e., gas or 

liquid) and the catalyst loading. A change in one or more of these factors may alter the 

rate of a reaction. When a catalyst is used (platinum in fuel cells) the reaction rate can be 

stated on a catalyst weight or surface area basis. In this analysis thickness basis was 

considered.  

 

For reaction 4.1, the forward reaction flux of the chemical species considering thickness 

of catalyst layer is given by: 
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Of
f ck

dx
dv

=                                     (4.2) 

 

and the backward reaction is given by: 

 

Rb
b ck

dx
dv

=                                        (4.3) 

 

where bfv , is the flux of the species, bfk ,  is the reaction rate coefficient and ROc ,  is the 

surface concentration of the chemical species. Substituting Faraday’s law zFjv =  into 

the forward reaction flux yields an expression for the forward current: 

 

Of
f czFk

dx
dj

=

→

                                                       (4.4) 

 

and into the backward reaction flux yields the backward current: 

 

Rb
b czFk

dx
dj

=

←

                                      (4.5) 

 

where z is the number of electrons released or consumed and F is the Faraday constant. 

Another factor altering the rate of the reaction is temperature. This can be expressed by 

Arrhenius equation: 

 








 −
=

RT
G

Ak bf
abf

,
, exp                                (4.6) 

 

where k  is the reaction rate coefficient, G  is Gibbs free energy of activation, R  is the 

ideal gas constant, T  is the temperature and Aa is called frequency factor. If the potential 

in the equilibrium of the chemical reaction is changed to a new value the Gibbs free 

energy will change as well, as detailed in the Appendix B.1. The forward reaction rate 

coefficient can be expressed as: 
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αexp0                                                                      (4.7) 

 

and the backward reaction rate coefficient as: 

 

 ( ) ( )







 −−−
=

RT
EEzFkk

o

b
α1exp0                                                          (4.8) 

 

whereα is the charge transfer coefficient, E  is the potential away from equilibrium and 

k0 is called the standard rate constant1. Substituting into the forward and backward 

current, Eqs. 4.4, 4.5 yields: 

 

  ( )







 −
=

→

RT
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dx
dj o
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RT
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R
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Under equilibrium conditions, the reaction in Eq. 4.1 proceeds in both directions 

simultaneously at the same rate. Therefore the potential in equilibrium is equal to the 

potential of the electrode, EEo = . In addition, the concentration (denominated as bulk 

concentration under this state) are the same for the chemical species, ∗
ROc , . The rate at 

which the forward and backward transfer of charge occurs at equilibrium is known as the 

exchange current, 0j . As such: 

 
00

0 kzFckzFcj RO
∗∗ ==                                                   (4.11)       

                                            

When an external load is connected to a PEFC a current flows through the electrodes. The 

                                                             
1 In the electrochemical literature, sometimes it is also called the intrinsic rate constant. 
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total current is the difference between the forward and backward currents and can be 

expressed as: 

 

( ) ( ) ( )
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A relationship between the potential far from equilibrium with regard to the equilibrium 

potential can be expressed as: 

 

EEO −=η                                                                                                   (4.13) 

 

where η  is a deviation from both potentials (overpotential). Substituting Eq. 4.13 into the 

expression of total current gives: 
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Multiplying both terms in Eq. 4.14 by the bulk concentration ∗
ROc , , and substituting the 

exchange current Oj  defined in Eq. 4.11, gives: 
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At low currents there are limited mass transportation effects therefore it is considered that 

there is no effect on the concentration of chemical species through the CCL. It can be 

assumed that *cc =  for both reduction and oxidation processes. In addition when the 

overpotential increases, the contribution of the second term on the right-hand side of Eq. 

4.15 becomes small, and therefore it can be neglected. The final equation rate of the 

current generation across the CL is: 

 







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RT
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dj ηαexp0                                                                                                      (4.16) 
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The CL is formed by a double layer structure for the interface between the dissimilar 

materials, i.e., the electrode-electrolyte interface. The electrode represents the electron-

conducting network of carbon-supported platinum agglomerates while the electrolyte 

represents the ion-conducting dispersion of Nafion. At this interface an electric field is 

presented and 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 products. This double 

layer can behave like a capacitor dlC  that is in parallel with the electrode reactions, the 

current passing from the electrode to the electrolyte either can take part in the charge 

transfer reactions or can contribute to the charge in the capacitive effect.  As shown in Eq. 

4.17. 

 

dt
dC

RT
zFj

dx
dj

dl
ηηα

+





= exp0

                                                                                        (4.17) 

 

The PEFC demonstrates a nonlinear current-voltage behaviour, as the current has an 

exponential dependence on potential. This can be seen in the polarisation curve 

representing the performance on the PEFC. Therefore, Eq. 4.17 is inherently nonlinear. 

Eq. 4.17 considers an input variable j , and an output variable η  ; however it is necessary 

to approximate the response of this nonlinear system to that represented by a linear 

system around one point SSη  which represents the steady state of the nonlinear system.  

 

Linearity in electrochemical systems is controlled by potential. The use of a low-

amplitude voltage in the EIS technique allows application of a linear model in order to 

interpret the impedance spectra. For systems presenting a linear current-voltage 

relationship, a very large amplitude can be used. For systems presenting nonlinear 

current-voltage relationship, a much smaller amplitude is needed. 

 

An electrochemical system that follows the Tafel law is polarized at a potential SSη  on 

the polarisation curve. If a potential is superimposed by EIS, the current response can be 

calculated using the Taylor series expansion. As such, a linear equation to represent the 
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current after superimposing a potential can be obtained by applying the mathematical 

treatment described in Appendix B.2 to Eq. 4.17 as such: 

 

dt
dC

Rdx
jd

dl
C

___
ηη

+=                                                                                                       (4.18) 

 

where RC represents the charge transfer resistance presented in the ORR and is defined as  

 

)/exp(0 bj
bR

SS
C η
=                                                                                                        (4.19) 

 

zFRTb α=  is known as the Tafel slope. 

 

4.1.2 Ionic Resistance and Current Distribution in CCL 

The current passing through the electrode-electrolyte interface presents a capacitive 

behaviour due to an electrical field and consequently a potential difference between the 

dissimilar materials. The potential difference is represented as: 

 

ELECTRODEEELECTROLYT ηηη −=
_

                                                 (4.20)  

 

Substituting Eq. 4.20 into Eq. 4.18 gives: 

( )
dt

dC
Rdx

jd ELECTRODEEELECTROLYT
dl

C

ELECTRODEEELECTROLYT ηηηη −
+

−
=

_

                                         (4.21) 

 

Furthermore ion conduction in the CCL depends upon the electrolytic dispersion and the 

state of hydration within the CCL. In addition, by neglecting the electronic resistance in 

the CCL [11,14,15] as a first approximation the mathematic analysis can be simplified. 

The potential in the electrolyte network can be expressed by Ohms law: 
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P
EELECTROLYT Rj

dx
d _

=
η                                    (4.22) 

 

If Eq. 4.21 is substituted into Eq. 4.22 and neglecting the potential of the electrode 

0=ELECTRODEη , and considering SSη  in RC as a constant due to RP/RC<<1 [11], see Appendix 

B.3, gives:  
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                                                                                   (4.23) 

 

Eq. 4.23 is a second-order partial differential equation and represents the low current 

distribution through the thickness of the CCL in the time domain taking into account, 

electrode kinetics, charge capacitance and ionic resistance in the CCL.  

 

4.2 Cathode Catalyst Layer Impedance Model 

The electrochemical reaction in a PEFC results in an inhomogeneous distribution of 

charge in the CL. As a result, a non-ideal capacitive behaviour has to be considered in the 

theoretical treatment. In order to correct for this inhomogeneity, a constant phase element 

(CPE) PYs  is used in the Laplace transform s of Eq. 4.23 to replace the capacitor dlC in 

the electrochemical mechanisms of the CCL [18], as such: 
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where Y represents a parameter related to CPE and superscript P represents a parameter 

to correct the inhomogeneity in the distribution of charge. Eq. 4.24 gives the distribution 

of current in the CCL in the Laplace domain and can take the form of a homogeneous 

equation which can be solved through the method of nth-order homogeneous equations 

with constant coefficients, as described in the Appendix B.4, which gives: 
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( ) ( ) ( )xBxAsj 21

_
expexp λλ +=                                                (4.25) 

 

where 







+±= P

C
p Ys

R
R 1

2,1λ  represents the distinct roots of the characteristic equation 

represented.  

 

Evaluating boundary conditions in Eq. 4.25, at the GDL-CCL 0=x  and ( ) 0
_

=sj , while at 

the CCL-PEM interface 1=x  and ( ) ( )sjsj m=
_ , where ( )sjm  represents the maximum current 

as a function of the ion conduction via the PEM in the Laplace domain, gives: 

 

 BA+=0                                                                                                  (4.26)  

( ) ( ) ( )21 expexp λλ BAsjm +=                                                                                       (4.27) 

 

Evaluating Eqs. 4.26 and 4.27 to determine A and B yields: 

 

( )
( ) ( )12 expexp λλ −

−=
sjA m                   ( )

( ) ( )12 expexp λλ −
=

sjB m                                      (4.28) 

 

Substituting Eq. 4.28 into Eq. 4.25 with the trigonometric identities yields the current 

distribution in the Laplace domain: 

 

( ) ( )
1

1
_

sinh
sinh

λ
λ xsjsj m=                                                      (4.29) 

 

4.2.1 Potential Distribution in Laplace Domain 

The potential in the Laplace domain can be obtained by transforming in the Laplace 

domain s, rearranging and replacing the capacitor dlC by the CPE in Eq. 4.18 as such: 
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Differentiating Eq. 4.29 with respect to x and substituting into Eq. 4.30 gives the potential 

in the Laplace domain: 
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4.2.2 Impedance Model of the Cathode Catalyst Layer in Frequency Domain 

The impedance of the CCL is defined as the ratio between the potential, Eq. 4.31, and the 

current Eq. 4.29 at the frequency domain with ωis = ; whereω is the angular frequency, 

i is the imaginary component, 
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Eq. 4.32 represents the opposition to the flow of an alternating current within the CCL 

which contains physical processes that dissipate energy and store energy. The solution of 

Eq. 4.32 over a range of frequencies will contain real and imaginary components, which 

can be presented on a Nyquist plot. 
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4.3 Impedance Model and Validation 

4.3.1 The Impedance Model in the Frequency Domain 

The overall experimental and modelling framework developed for the current study is 

illustrated in Fig. 4.1. There are in essence two elements of the experimental work; the 

first element provides the frequency response of a working cell for validation purposes 

while the second element provides the requisite kinetic parameters of the CCL from 

electrical test to supplement the theoretical treatment. The modelling work involves two 

sequential stages; initially, a mechanistic description in the time domain followed by a 

translation into the frequency domain. Once validated in the frequency domain, results 

are obtained from the time domain in order to deduce spatial and temporal current 

gradients. This will be discussed in the next Chapter 9. 

 

 
 

Figure 4.1 Overall experimental and modelling structure 
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4.3.2 Experimental Set-up 

A commercial (Electrochem®) 5cm² single cell with carbon-supported 0.5 mgPt/cm2 was 

used for the electrical tests. The cell was supplied with neat hydrogen and oxygen and 

operated with a dead-ended anode and cathode (stoichiometric ratio of 1) both at a gas 

pressure of 1 atm. The operating temperature of the cell was adjusted to 30, 40 and 60 ºC. 

Both gases were fed dry. EIS measurements were taken at one current of the voltage-

current curve in the activation zone for the three temperatures with a two-electrode 

configuration. The tests were performed using a Solartron 1280C electrochemical 

interface and a Solartron 1280C frequency response analyzer. The frequency scan was 

performed from 100 kHz down to 0.1 Hz, with an alternating voltage signal and 10mv 

amplitude. To estimate the kinetic parameters, the fuel cell was tested in a three-electrode 

configuration using CorrWare software. A reference electrode made of a platinum wire 

was in direct contact with the PEM of the cathode side. The 1280C unit measured the 

difference in potential between the working electrode (WE) and the reference electrode 

(RE). 

 
Figure 4.2 Experimental setup 

 

4.3.3 Measured PEFC Impedance Response 

Fig. 4.3 shows the measured impedance response of the whole PEFC when operating at 

30, 40 and 60 ºC. The results show that the diameter of the impedance spectra reduces 

with increasing operating temperature. The results also show that for 30 and 40 °C the 

high-frequency end of the impedance spectra intercepts the x-axis at a higher value than 

for 60 °C. The vertical segment at the high frequency end reflects the inductance in the 
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electrical cables of the measurement system. This vertical segment does not change in 

length and therefore demonstrates no significant change with temperature. Therefore, the 

main differences lie in the arc diameters and the x-intercept. 

 

The arc of an impedance spectrum for an entire cell depends upon the kinetics of both 

electrodes. The reduction in arc diameter with respect to operating temperature occurs 

because the higher operating temperature fundamentally improves the electrode kinetics. 

The x-intercept reflects the resistance of the PEM; the lower the value of the x-axis 

intercepts, the lower the resistance of the PEM. In the current work, the impedance 

spectra are measured under potentiostatic conditions of 0.8 V. The improved kinetics with 

temperature allow a greater current to be drawn at this cell potential. At 30, 40 and 60°C, 

the current drawn is 19, 19.6 and 20 mA/ cm2 respectively. It is possible that the 

resistance of the cell at 60°C could be lower than for the other two temperatures because 

the amount of water generated within the cell, which increases with current density and 

which is also due to residual water in the cell as the three tests are conducted sequentially 

with increasing temperature. 

 
 Figure 4.3 Measured impedance response in a working PEFC under potentiostatic 

conditions of 0.8 V at 30, 40 and 60°C 
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4.3.4 Equivalent Circuit Model 

In order to obtain the parameters of the CCL for the mathematical analysis such as ionic 

resistance and CPE, the EIS was analysed by adjusting experimental data using a 

commonly-used equivalent circuit model where each electrode was represented by a 

transmission line. In this work the Ohmic resistance due to the supporting material in the 

electrode is neglected. The transmission line of each electrode is connected in series with 

an inductor element and a resistor. The inductor element accounts for the inductance of 

the cables used in the test equipment and the Ohmic resistance represents the resistance to 

ion flow across the PEM.  

 

 

Figure 4.4 Equivalent circuit model for the PEFC 

 

As discussed in the literature review, once an equivalent circuit model is fitted to the 

measured impedance spectrum of the entire cell, the transmission line of the anode 

catalyst layer, the Ohmic resistor for the PEM and the inductor element are all removed to 

leave the transmission line of the cathode catalyst layer. This can then be used to generate 

the AC impedance response of just the CCL in isolation, which is otherwise masked in 

the measured impedance spectrum of the entire cell.  

 

4.3.5 Validation 

In order to validate the theoretical treatment developed in this work, it is necessary to 

determine the kinetic parameters of the CCL, the ionic resistance of the CCL and the 

capacitive effect of the CCL for Eq. 4.32. The kinetic parameters are measured using the 

three-electrode configuration and CorrView software. The reported values for exchange 

current density j0 for the ORR vary in literature from 10-4 to 10-7 A/cm2 [19,20] depending 

on the morphology of the Pt catalysts. The ionic resistance and the capacitive elements 

are generated by the ZView software based on the measured impedance spectrum and the 
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transmission line accounting for the CCL as part of the entire equivalent circuit of the 

PEFC. Tab. 4.1 shows the parameters estimated by CorrView and ZView for the current 

configuration and test cases.  

T ºC RP 
2.cmΩ  

j0 

x 10-5 2/ cmA  

b 

x 10-3  V  

Y 

x10-3  
2./ cms P Ω  

P SSη  

V  

30 0.9 6.5 66.88 12 0.806 0.34 

40 0.88 6.9 62.45 12.5 0.775 0.33 

60 0.6 7.3 59.28 11.4 0.787 0.32 

Table 4.1 Kinetics, ohmic and capacitive parameters of the PEFC estimated by Zview and 

Corrview software 

 

The simulated impedance response based on the theoretical treatment is validated against 

the isolated impedance response of the CCL which is regenerated from the transmission 

line model of the CCL, as described in section of Equivalent Circuit Model. Fig. 4.5 

shows the comparison between simulated and measured data at 30, 40 and 60°C. The 

simulated results were obtained from Eq. 4.32, and the measured data were from the 

transmission line equivalent electric circuit accounting from CCL. Overall, Fig. 4.5 

shows that with the parameters given in Tab. 4.1, the theoretical model is capable of 

simulating the frequency response of the CCL with high accuracy. As with Fig. 4.3, Fig. 

4.5 demonstrates that the frequency response is highly dependent upon operating 

temperature due to the effect on electrode kinetics. 
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Figure 4.5 Comparison of impedance between simulated (-) and measured (♦) data 
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4.4 Conclusions 

This Chapter has demonstrated that while EIS serves an important role in terms of PEFC 

diagnostics through in-situ impedance spectra and equivalent circuit modelling, a deeper 

understanding of internal fuel cell processes can be generated by coupling the 

experimental technique to underlying fundamental theory. The current Chapter 

demonstrates that the theory of electrode kinetics can be applied in order to simulate the 

frequency response of a PEFC CCL at low current densities. The theoretical formulation 

in the spatial domain is translated into the frequency domain using Laplace transforms. 

The predicted frequency response of the CCL is validated against that obtained from the 

measured electrochemical impedance spectra of a 5 cm2 active area PEFC. The frequency 

response of the CCL is obtained by fitting the measured frequency response of the entire 

cell to an equivalent electrical circuit model, and reproducing the response of the CCL by 

extracting a transmission line to represent the CCL in isolation. The model is validated at 

three operating temperatures; 30, 40 and 60 °C. The results demonstrate excellent 

agreement between the simulated frequency response of the CCL and that obtained from 

measurements. The validation therefore confirms the theoretical treatment for low current 

operation. 
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Chapter 5 
Cathode Catalyst Layer Impedance Model for 

High Current Operation 

In this Chapter, a mathematical model to simulate the electrochemical impedance 

spectrum in the frequency domain of a polymer electrolyte fuel cell (PEFC) cathode 

catalyst layer (CCL) operated at high currents has been developed. The model is based on 

diffusion theory and the fundamental theories of electrochemistry. The general theory of 

experimental controlled-current methods to account for the change of oxygen 

concentration during the oxygen reduction reaction (ORR) will be taken into account. 

This method allows the derivation of the Warburg impedance that accounts for the 

diffusional impedance semicircle at low frequencies in experimental EIS measurements. 

Change of oxygen concentration due to ORR and ionic conductivity are related to the 

current distribution equation reported in Chapter 4 for low current operation of the CCL. 

The results from the mathematical model are compared against the frequency response of 

an experimental spectrum for a working PEFC reported in the literature.  

 

The performance of a PEFC depends on the concentration of the reactants supplied to the 

catalyst layer (CL). A concentration gradient is therefore established which affects the 

electrochemical reaction. The study of the mass transport in the CCL is complex, yet has 

been treated in the literature with certain simplifications and approximations. Berger et al. 

[1,2,3,4,5] considers that diffusion occurs perpendicularly to the surface of the 

electrochemical reaction. Under this condition it is possible to assume that the drop of the 

reactant concentration is linear. There are two different methods of describing species 

diffusion in electrochemical systems when a thin film of finite diffusion is involved, such 

as in the CCL. Finite diffusion in the CCL describes the slow diffusion of the oxygen 

through a coating or a passive film. Semi-infinite diffusion is another method and can 

occur in batteries or super capacitors [6]. This method relies on a fixed amount of electro-

active material; once it is consumed, it cannot be replaced.  
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As mentioned in the previous Chapters of this doctoral thesis, electrochemical impedance 

spectroscopy (EIS) is a technique that can be applied in-situ to separate the effects of 

physical processes in the PEFC that occur at different rates and to characterise mass 

transport effects. The frequency response that results from the EIS technique can be 

represented by an equivalent electrical circuit that is composed of resistors and capacitors. 

Each component represents a physical phenomenon occurring inside the PEFC. The 

diffusional impedance semicircle represented in experimental EIS measurements at high 

currents has been accurately reproduced through a mathematical expression derived from 

the Butler-Volmer equation and Fick’s Second Law. This mathematical expression is 

known as the Warburg impedance. The literature demonstrates that the Warburg element 

in an equivalent electrical circuit of the PEFC can account for diffusive oxygen transport 

in the CCL, while the use of the Warburg element to model semi-infinite and finite 

diffusion in electrochemical systems has also been demonstrated. Malevich et al. [7] used 

the EIS technique and applied the Warburg element for finite diffusion in the equivalent 

circuit of a PEFC to study the influence of mass transport in the microporous layers 

(MPLs) of the cathode. The results showed that mass transport resistance increases with 

high current density for cells with and without the MPL. However, cells with a MPL 

demonstrated a lower mass-transport resistance compared to cells without a MPL. Skale 

et al. [8] proposed an alternative model for fitting electrochemical impedance spectra of 

protective coatings. EIS measurements were applied to characterise the coating 

degradation which is important to reduce the corrosion rate of metals. In this work the 

Warburg element for a semi-infinite diffusion in combination with EIS data were used to 

analyze the ion diffusion through micropores in the coating. That work concluded that the 

use of the Warburg element presents a better fit for these types of measurements than by 

models employing the constant phase element (CPE). The use of the semi-infinite 

Warburg impedance has also been used by Onda et al. [6] to approximate the response of 

nickel/metal-hydride and lithium-ion batteries. EIS measurements with the pulse current 

method and the equivalent circuit could provide a good estimate of the overpotential 

resistance that describes the thermal behaviour of batteries. Ciureanu et al. [9] applied 

EIS measurements with an equivalent electrical circuit which contains the semi-infinite 

Warburg impedance to measure the ionic conductivity of hydrated membranes of the 

PEFC. The EIS spectra showed a straight line with a 45° slope for the pure diffusion case. 
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At high temperatures the diffusion component of the spectra decreased, which can be 

attributed to dehydration. Fouquet et al. [10] monitored flooding and drying of a PEFC 

using a Randles electrical circuit coupled with a Warburg finite-length diffusion element 

in combination with AC impedance measurements. These results showed that the 

electrical model allowed parameters exhibiting high sensitivity to either flooding or 

drying out of the membrane electrode assembly (MEA) to be identified. 

 

The objective of this Chapter is to develop a mathematical model to simulate the high 

current impedance spectrum in the frequency domain of the CCL using diffusion theory 

and the fundamental theories of electrochemistry. It is possible as such to establish a 

wider scope to relate the AC electrochemical impedance technique to the fundamental 

theory of PEFCs.  

 

5.1 Modelling Considerations 

Studies in the literature [11,12] have attempted to construct impedance models of the 

CCL based on conservation equations. A recent study by Kulikovsky [13] reported a 

system of differential equations based on charge conservation in the CCL, Ohm’s Law 

relating ionic conductivity, and oxygen mass conservation equation to develop a 

mathematical model for the CCL impedance. The oxygen mass conservation equation 

considered Fick’s second Law with oxygen effective diffusion coefficient in the CCL and 

oxygen consumption as a function of the CCL thickness. The solution of the system of 

differential equations resulted in complicated mathematical equations and only 

approximate analytical solutions were reported. No attempts were made to validate the 

model with real-world EIS measurements. 

 

5.1.1 Oxygen Diffusion in the CCL 

• There are three modes of transport of oxygen in the CCL which can have an 

effect on mass transport limitations: gas-diffusion in the electrode-pore, dissolved 

oxygen diffusion in the liquid water surrounding the agglomerate, and dissolved 

oxygen in the ionomer phase. 
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• 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.  

 

• The finite diffusion distance could change in dimension for different CCL 

composition (e.g. Nafion loading, porosity, tortuosity) and at different fuel cell 

operating conditions (current density, temperature, relative humidity, etc.)  

 

• The study of mass transport in the CCL is very complex; the literature has treated 

it with some simplifications and approximations. 

 

•  A modelling approach to consider oxygen transport through the CCL thickness 

as part of a multi-species mixture using mass transport theory with concentrated 

solution theory could give a detailed characterisation of oxygen transport 

limitations through the thickness of the CCL; nevertheless the validation of the 

resulting equations with real-world EIS measurements could become a challenge. 

 

5.1.2 Considerations 

• EIS only measures bulk parameters in the total CCL thickness and reflects a total 

mass transport resistance and a total effective diffusion coefficient for the three 

modes of oxygen transport in the CCL. 

 

• In the mathematical treatment of this Chapter, the finite diffusion distance y for 

oxygen to diffuse through the CCL will be considered to be independent from the 

thickness x of the CCL, as shown in Fig. 5.1, to simulate the CCL impedance 

spectrum at high currents.  

 

• The change in oxygen concentration in the CCL during the ORR will be 

considered from the CCL-gas diffusion layer (GDL) interface *
Oc  at y=0 to the 

CCL-polymer electrolyte membrane (PEM) interface '
Oc  at y=δ, as shown in Fig. 

5.1. 
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• Even though this mathematical treatment results in an over-simplification for the 

oxygen diffusion in the total CCL; this will simplify the mathematical analysis, 

and will allow the derivation of a model with parameters commonly known in the 

electrochemical area such as the Warburg impedance which simulates the low 

frequency semicircle of EIS measurements in PEFCs operated at high currents.  

 

 
Figure 5.1 Oxygen transport in the CCL 

 

5.2 CCL Mechanisms in Laplace Domain 

The CL is formed by a double layer structure between the electrode and electrolyte 

interface. This double layer can behave like a capacitor that is in parallel with the 

electrode reactions. Therefore the current across the thickness of the CCL can take part in 

the charge transfer due to the ORR or contribute to the charge in the capacitive effect. 

This phenomenon was discussed and developed previously in Chapter 4. The 

electrochemical reaction in the PEFC results in an inhomogeneous distribution of charge 

in the catalyst layer. To correct for this inhomogeneity, a CPE PYs  has to be used in the 

Laplace transform s of the low current equation, (Eq. 4.18, Chapter 4) to replace the 

capacitor dlC . In Chapter 4, it was considered that there is no change in oxygen 

concentration in the CCL at low currents. In this Chapter the ratio between oxygen 

concentrations at the CCL-PEM interface and GDL-CCL interface ( ) ( )scsc OO
*' /  defined in 

the modelling considerations from previous section 5.1.2 is taken into account at medium 

and high currents at the Laplace domain. This ratio between oxygen concentrations is 
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considered from the fact that the EIS technique only measures the change in oxygen 

concentration in the total CCL thickness. 
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+=                                                                                     (5.1) 

 

Eq. 5.1 represents the current passing from electrode-electrolyte in the Laplace domain. 

The first term represents the rate of charge transfer due to the distribution of oxygen and 

the kinetics of the ORR in the CCL. The second term represents the rate of charge 

transfer due to the capacitive effect in the Laplace domain, ( )sj
_

is the current across the 

thickness of the CCL in the Laplace domain, ( )s
_
η is the potential difference  between the 

electrode and electrolyte interface in the Laplace domain, ( )scO
'  is the oxygen 

concentration at the CCL-PEM interface, ( )scO
*  is the equilibrium oxygen concentration at 

the GDL-CCL interface in the Laplace domain, Y  represents a parameter related to 

capacitance, superscript P  represents a parameter to correct the inhomogeneity in the 

distribution of charge, RC represents the charge transfer resistance  presented in the ORR 

defined in Eq. 4.19, x represents the thickness (dimensionless) of the CCL from x=0 

CCL-GDL interface to x=1 CCL-PEM interface. The change in oxygen concentration is 

estimated through the theory of controlled-current methods. 

 

5.2.1 Oxygen Transport during the ORR in Laplace Domain 

The concentration profile of chemical species during a simple electron-transfer reaction 
K

eOx ↔+ − Re can be derived from the general theory of controlled-current methods [14]. 

This theory solves Fick’s Second Law of diffusion and relates its solution with the flux of 

chemical species and Faraday’s Law to account for the change in concentration of 

chemical species during an electrochemical reaction at a fixed current. The same 

procedure will be taken into account for the derivation of the change of oxygen 

concentration during the ORR in the CCL.  
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Step 1. Solution of Fick’s Second Law in Laplace domain 

Fick’s Second Law is considered to model the effect of diffusion on the distribution of 

oxygen concentration in the CCL with respect to time, as such: 

 

( ) ( )
t

tyc
y

tycD OO

∂
∂

=
∂

∂ ,,
2

2
                                                                                                 (5.2) 

 

EIS measurements are carried out in PEFCs operated at steady state. At steady state the 

oxygen concentration is independent of time; hence Fick’s Second Law can be expressed 

in Laplace domain s. D  is the effective diffusion coefficient of oxygen. The solution of 

Eq. 5.2 in the Laplace domain requires an initial condition in t=0 as ( ) *0, OO cyc = . This 

solution in the Laplace domain through the method of undetermined coefficients for a 

nonhomogeneous linear differential equation (see Appendix C) takes the form of: 

 

( ) ( ) ( ) ( )yByAscsyc OO 21
* expexp, ββ +=−                                                                     (5.3) 

                                                        

The characteristic equation represented in the homogeneous part of Eq. C.2 Appendix C 

has two distinct roots Ds /2,1 ±=β , y is the distance for oxygen to diffuse in the CCL 

from CCL-GDL interface y=0 to CCL-PEM interface y=δ, as shown in Fig. 5.1. 

Evaluating boundary conditions in Eq. 5.3 at the CCL-GDL interface ( ) ( )scsc OO
*,0 =  while 

at the CCL-PEM interface ( ) ( )scsc OO
', =δ , gives: 

 

( ) ( )
( ) ( )δβδβ 12

'*

expexp −
−

=
scscA OO         ( ) ( )

( ) ( )δβδβ 12

*'

expexp −
−

=
scscB OO                                                        (5.4)   

                                                                                                                                       

Substituting Eq. 5.4 back into Eq. 5.3 gives: 
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Step 2. Change in oxygen concentration during the ORR 

The first term on the right-hand side of Eq. 5.1 represents the current at which oxygen is 

consumed during the ORR in the Laplace domain: 

 

( ) ( )
( )

( )
CO

O

R
s

sc
sc

dx
sjd 1

_

*

'
1

_

η
=                                                                                                           (5.6) 

  

From Faraday’s Law it is possible to establish that the current density in the CCL in the 

Laplace domain is proportional to the charge transferred and the consumption of reactant: 

 

( ) ( )szFv
dx

sjd
=

_

1                                                                                                                  (5.7) 

 

where ( )sv is the flux of reactant, z is the number of electrons consumed during the ORR, 

and F is the Faraday constant.  

 

From Fick’s First Law it is possible to establish that the flux of reactant is proportional to 

concentration gradient  

 

( ) ( )
δ=

−=
y

O

dy
sydcDsv ,                                                                                                         (5.8) 

 

where D  is the effective diffusion coefficient of oxygen and y is the distance for oxygen 

to diffuse in the CCL, as shown in Fig. 5.1. 

 

In steady state the current at which the oxygen is consumed in the ORR from Faraday’s 

Law is equal to the diffusion flux from Fick’s First Law. Combining Eqs. 5.6, 5.7 and 5.8 

yields:  
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Differentiating Eq. 5.5 with respect to the finite diffusion distance y yields: 
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sydc OOOOO                              (5.10) 

 

Rearranging Eq. 5.10 considering trigonometric identities and considering 12 ββ −=  

yields: 
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( )δβ

ββ

1
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Substituting Eq. 5.11 into Eq. 5.9 with the boundary of CCL-PEM interface y=δ yields: 
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Rearranging Eq. 5.12 yields: 
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The use of a small amplitude sinusoidal perturbation through the EIS technique allows 

the use of a linear model to represent the impedance of the CCL. The ratio between 

oxygen concentration at the CCL-PEM interface and CCL-GDL interface can be 

expressed as a function of mass transport resistance in the Laplace domain and charge 

transfer resistance. Considering the Laplace form ( ) sns /1

__

1 =η  and  ( ) scsc OO /** =  in the term 

on the right-hand side of Eq. 5.13 and replacing  
_

1η by zFRT /
_

1 =η  which represents a 

linearized relation of the overpotential [14], where R is the ideal gas constant, T is the 

operating temperature, and Ds /1 =β  yields: 
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where:         

 

( )
( ) 5.0

5.0tanh

W

W
WW sT

sTRZ =                                                                                                    (5.15) 

 

is known as the Warburg Impedance [7,10] and represents the mass transport resistance in 

the Laplace domain and simulates the low frequency semicircle in EIS measurements of 

PEFCs, 

 

with  

 

DcFz
RTR

O
W *22

δ
=                         (5.16) 

 

 defined as resistance for the diffusion process and    

 

D
TW

2δ
=                         (5.17)  

 

defined as the time constant to diffuse oxygen through the CCL. 

 

5.2.2 Current Distribution in Laplace Domain 

Substituting Eq. 5.14 into Eq. 5.1 yields:  
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The literature identifies that ionic resistance in the electrolytic phase (i.e., polymer 

electrolyte) is higher than electron resistance presented in the electrode network of the 

CCL (i.e., typically carbon-supported catalyst) [15]. Furthermore ionic conduction in the 

CCL depends upon the electrolytic dispersion and the state of hydration within the CCL. 

In addition, by neglecting electron conduction in the CCL as a first approximation the 

mathematic analysis can be simplified. The potential in the electrolyte network can then 

be expressed by Ohms law ( ) ( ) PRsjdxsd
__

/ =η , where PR  is the resistance to the flow of ions 

in the electrolytic phase of the CCL. This phenomenon was discussed previously in 

section 4.1.2, Chapter 4. If Eq. 5.18 is substituted into the potential in the electrolyte 

network and neglecting the potential of the electrode and considering SSη  in RC as a 

constant due to RP/RC<<1 [15], see Appendix B.3, yields:  
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


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
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+
= sjYs
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p

_
_

2

_
2                                                                                       (5.19) 

 

Eq. 5.19 is a 2nd order homogeneous equation and represents the current distribution 

through the thickness of the CCL in the Laplace domain taking into oxygen distribution, 

electrode kinetics, charge capacitance and ionic resistance in the CCL. Its solution can be 

obtained by applying the method of the nth-order homogeneous equation with constant 

coefficients: 

 

( ) ( ) ( )xBxAsj 21

_
expexp γγ +=                                   (5.20) 

 

where 







+

+
±= P

WC
p Ys

ZR
R 1

2,1γ  represents the distinct roots of the characteristic 

equation presented.  

 

Evaluating boundary conditions in Eq. 5.20, at the GDL-CCL 0=x  and ( ) 0
_

=sj , while at 

the CCL-PEM interface 1=x  and ( ) ( )sjsj m=
_ , where ( )sjm  represents the current density of 

the cell, gives the current distribution in the Laplace domain, 
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( ) ( ) ( )
( )1

1
_

sinh
sinh

γ
γ xsjsj m=                                                     (5.21) 

 

5.2.3 Potential Distribution in Laplace Domain 

The potential in the Laplace domain can be obtained by arranging Eq. 5.18 as: 
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Differentiating Eq. 5.21 with respect to x and substituting into Eq. 5.22 gives the potential 

in the Laplace domain  
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5.2.4 Impedance Model of CCL in Frequency Domain 

The impedance of the CCL is defined as the ratio between the potential, Eq. 5.23, and the 

current, Eq. 5.21 in the frequency domain with ωis = ; whereω is the angular frequency, 

i is the imaginary component, 
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                                                                         (5.24) 

 

With  ( ) 



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
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1
 

 

Eq. 5.24 represents the opposition to the flow of an alternating current AC within the 

CCL which contains physical processes that dissipate energy and store energy. The 

opposition to the AC load, or impedance, can be measured over a range of frequencies, 
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thereby revealing the frequency response of the CCL. By understanding the magnitude of 

the electrochemical and oxygen transport mechanisms represented in Eq. 5.24, it is 

possible to generate a deeper understanding of how and where the chemical energy that is 

released from the redox reaction is being dissipated and retained within the CCL. For the 

specific case where WZ  is considered to be negligible either due to a high diffusion 

coefficient or high bulk oxygen concentration, Eq. 5.24 will represent the current 

distribution in the CCL with equilibrium boundary conditions in terms of oxygen 

concentration. These conditions can occur for low current operation and as such, Eq. 5.24 

reduces to Eq. 4.32 provided in Chapter 4 for low current characterisation. The solution 

of Eq. 5.24 over a range of frequencies will contain real and imaginary components, 

which can be presented on a Nyquist plot. Eq. 5.24 can be represented through the 

impedance of the electrical circuit shown in Fig. 5.2. The four elements represented in 

Fig. 5.2 are represented kN a finite number of times, where k represents a collection of 

carbon-supported catalytic agglomerates coated by a thin layer of polymer electrolyte. Eq. 

5.24 represents the impedance of the circuit shown in Fig. 5.2 considering kN parameters. 

 

 
Figure 5.2 Electrical circuit for CCL characterisation at high currents 

 

5.2.5 Model Validation in Frequency Domain 

The modelling predictions of the mechanistic treatment of Eq. 5.24 can be compared 

against an experimental impedance spectrum reported in the literature of a hydrogen-air 

PEFC (H2/Air) operated at 700 mA/cm2 and 60 °C [7]. Requisite parameters defining the 

kinetics of the ORR, the double charge capacitance, the bulk concentration and the 

(effective) diffusion coefficient of oxygen were determined directly from the published 

experimental data. The validation process is described here. 
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An experimental impedance curve measured at high current of the polarisation curve was 

reported by Malevich et al. [7] and was considered in this study to validate the impedance 

model of the CCL. This author used a Randles equivalent circuit, as shown in Fig. 3.1, to 

estimate the charge transfer resistance, double layer capacitance and the Warburg 

impedance of the CCL.  

 

The parameters of the Randles electrical circuit such as capacitance, charge transfer 

resistance and the Warburg element are estimated using ZView 2.9 software (Scribner 

Associates, Inc). As discussed in the literature [16], once an equivalent circuit model is 

fitted to the measured impedance spectrum of the entire cell, the electrical circuit of the 

anode catalyst layer and the Ohmic resistor for the PEM are all removed in order to reveal 

the equivalent circuit of the CCL. This can then be used to generate the AC impedance 

response of just the CCL in isolation, which is otherwise masked in the measured 

impedance spectrum of the entire cell. 

 

The parameters of the Randles electrical circuit reported by Malevich et al. [7] are shown 

in Tab 5.1. These parameters were used to directly compare the model prediction from 

Eq. 5.24 to the impedance response generated from the Randles circuit. The Randles 

circuit does not take into account the ionic resistance RP in the CCL electrolyte. The value 

of ionic resistance RP in Eq. 5.24 was considered with a small order of magnitude 10-9 to 

be regarded as being negligible.  

 

 

j     mA/ 

cm2 
ohmR  Ω cm2 CR  Ω cm2 WR  Ω cm2 WT   s δ  cm 

700 0.017 0.173 0.136 0.110 0.0035 

Table 5.1 Parameters of the CCL reported in the study of Malevich et al. [7] 

 

Fig. 5.3 shows the comparison between the simulated spectrum from Eq. 5.24 and the 

spectrum generated from the Randles circuit.  
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Figure 5.3 Comparison between simulated data using Eq. 5.24 (-) and measured data (◊) 

from Randles circuit 

 

The results exhibit good agreement between the simulated and the measured data from 

the Randles circuit. The first arc of the impedance spectra reflects the capacitive effect 

due to the double layer interface between dissimilar materials and the kinetics of the ORR 

in the CCL. The second arc reflects the oxygen diffusion process within the CCL and is 

presented at low frequencies of the impedance spectrum.  

 

5.3 Conclusions          

The study began by solving the non-stationary diffusion equation expressed by Fick’s 

second law with Faraday’s Law to define the rate of oxygen distribution during the ORR 

in the CCL. By coupling the rate of oxygen concentration and ionic conductivity with the 

equation derived in Chapter 4 for low current operation of the CCL in the frequency 

domain it was possible to establish the impedance response of the CCL taking into 

account oxygen transport limitations WZ , electrode kinetics CR , charge distribution 

( )PiY ω and ionic resistance PR  in the CCL.  

 

The mathematical treatment is validated against an impedance spectrum reported in the 

literature for a PEFC operated at 700 mA/cm2 and 60 °C. The physical processes in the 

CCL such as charge-transfer resistance, double-layer capacitance, ionic resistance in the 

electrolyte network and mass transport resistance in the frequency domain are taken from 

published experimental data [7]. The mathematical model agreed well with the frequency 

response of the CCL reported in the literature. 
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Chapter 6 
Inductive Effect on the Fuel Cell Cathode 

Impedance Spectrum at High Frequencies 

Little attention has been considered on the inductance effect of the measurement system 

on impedance measured data. This Chapter demonstrates that the inductive effect of the 

electrical cables of the measurement system deforms the high frequency region of the 

cathode impedance spectrum and as such leads to an erroneous interpretation of the 

electrochemical mechanisms in the cathode catalyst layer (CCL). The Chapter 

demonstrates that a realistic understanding of factors governing electrochemical 

impedance spectroscopy (EIS) measurements can only be gained by applying 

fundamental modelling which accounts for underlying electrochemical phenomena and 

experimentation in a complementary manner. 

 

The EIS measurements with positive imaginary components at the high frequency end of 

the polymer electrolyte fuel cell (PEFC) spectrum have been attributed to the inductance 

of the electrical cables of the measurement system. According to Ampere’s law, 

inductance is caused by the magnetic field generated by electric currents. Inductance is 

commonly related to inductors formed by a wire wound in a coil; however a small 

straight piece of wire can present some self-inductance. The effect of inductance is often 

seen at the highest frequencies. The impedance of an inductor increases with increasing 

frequency and its effect can be noticed in low impedance systems < 1 ohm such as the 

PEFC. The inductive effect of the electrical cables in the EIS measurement system 

deforms the high frequency region and leads to an erroneous structural interpretation on 

the impedance spectrum [1,2]. Special care with the electrical connections must be taken 

during impedance measurements, as this could lead to irrelevant information normally 

represented as inductance and can lead to an incorrect interpretation at high frequencies 

of the impedance complex-plane. Ciureanu and Roberge [3] reported in their work that 

PEFC experimental impedance spectra in the high frequency range showed an inductive 
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behaviour characteristic to the experimental set up. To avoid complications resulting from 

such inductive characteristics, they limited the high frequency range to 1 kHz. Fouquet et 

al. [4] reported that inductive behaviour from the wires in EIS measurements was 

predominant above 1 kHz. Makharia et al. [5] concluded that the practice of using a 

specific high frequency value to estimate the ohmic resistance of the PEFC is subject to 

large errors (10-50%). The sizes of these errors depend on the frequency used and the size 

of the inductance. Merida et al. [6] reported in their work that is possible to minimise the 

inductive effect by maintaining equal lengths in the cables, twisting the large current 

leads to the electronic load, and polishing and clamping the metal contacts. Other studies 

have reported that it is necessary to optimise the cables of the measurement system to 

reduce interference signals. In the study of Asghari et al. [7] an inductive characteristic at 

high frequencies in the EIS spectrum resulted from a non-uniform contact (assembly) 

pressure in a PEFC. The inductive characteristic was diminished gradually as the level of 

uniformity of the assembly pressure increased (uniform tightening of the supportive tie 

rods in the PEFC).  

 

The objective of this Chapter is to reveal the inductive effect on the high frequency region 

of the complex-plot for the cathodic side of a PEFC. The validated model that accounts 

for the impedance spectrum of the CCL derived previously in Chapter 5 is applied with 

experimental impedance data reported in the literature. A further validation of the 

inductive effect is carried out by comparing the mathematical model with cathode 

experimental impedance data obtained with a three-electrode configuration and the use of 

conventional electrical cables (power flexible cable) and special low inductive cables 

(Low inductive cable with fusion Lug Technology, TDI POWER).  

 

6.1 Inductive Effect on the Cathode Impedance Spectrum 

In this Chapter the analysis of the inductive effect on the cathode impedance spectrum is 

divided into a theoretical analysis and experimental analysis. The theoretical analysis 

studies the effect of inductance on EIS measurements reported in the literature using the 

impedance model derived in Chapter 5 that accounts for the cathodic side of the PEFC. In 

the experimental analysis, an analysis of the Kramers-Kronig (K-K) consistency for 
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linear, steady and causal electrochemical systems was evaluated to analyse the inductive 

effect on the experimental impedance results. 

 

6.1.1 Theoretical Analysis 

In the previous Chapters 4 and 5, a model was developed based on fundamental 

electrochemical and diffusion theory to simulate the impedance spectrum of the CCL of a 

PEFC operated in any zone of the polarisation curve. The use of equivalent electrical 

circuits with the experimental EIS technique is a well-established methodology to 

characterise processes in the PEFC [8]. The electrical circuit that models the cathode 

impedance spectrum generated from EIS analysis and obtained through a reference 

electrode contains an inductor element that accounts for the inductance of the cables used 

in the test equipment connected in series with a resistance that accounts for the polymer 

electrolyte membrane (PEM), gas diffusion layer (GDL) and bipolar plate and connected 

in series with a circuit accounting for the CCL, in which for this specific case is the CCL 

impedance equation 5.24 reported previously in Chapter 5: 
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 PR         is the resistance to the flow of ions in the electrolytic phase of the CCL,  

 

              RC       represents the charge transfer resistance presented in the oxygen reduction 

reaction (ORR) defined as ( )bjbR SSC /exp/ 0 η= , where b is the Tafel slope, SSη  represents 

a value of  voltage in activation overpotential, and 0j is the exchange current,    

                              

 
WZ   is defined as the Warburg impedance and describes diffusion across a 

finite dimension in the frequency domain [4] ( ) ( ) 5.05.0 /tanh WWWW TiTiRZ ωω= , with 
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( )DcFzRTR oW
*22/δ=  defined as  resistance for the diffusion process and DTW /2δ=   defined 

as the time constant to diffuse oxygen through the CCL,   

 

 ( )PiY ω  Y  represents a parameter related to constant phase element (CPE), 

superscript P  represents a parameter to correct the inhomogeneity in the distribution of 

charge,  

 

 ω  is the angular frequency,  

 

 i  is the imaginary component in impedance,  

 

 L  represents the inductance in the electrical cables of the measurement 

system, 

 eR  represents the total ohmic resistance to flow of electrons and ions in the 

bipolar plate, GDL, and PEM.  

             x          represents the thickness of the CCL (dimensionless) and for EIS 

measurements is equal to 1. 

 

Makharia et al. [5] estimated the ionic resistance in the CCL for a 5 cm2 PEFC (H2-O2) 

using membrane electrode assemblies (MEAs) with 0.8 and 0.4 Nafion/Carbon (N/C) 

ratios through impedance measurements.  The impedance measurements were tested from 

100 kHz to 0.01 Hz through a Zahner IM6e potentiostat.  The authors considered that no 

losses across the electrolyte in the anode catalyst layer were expected because the 

hydrogen oxidation reaction (HOR) in the anode is so facile that any ionic electrolyte 

resistance would have the impact of shifting the anode current distribution close to the 

membrane, without requiring significant anode overpotential to do so. Therefore the 

PEFC impedance spectrum only accounts for the cathode electrode. In these published 

data the lack of a reference electrode could add an uncertainty to the interpretation of the 

data. In this theoretical analysis the published data are considered to represent the cathode 

impedance spectrum obtained through a reference electrode. The experimental analysis in 

the next section will consider a reference electrode to separate the cathode impedance 
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spectrum from the PEFC impedance spectrum.  In the work of Makharia et al., the ionic 

resistance of the CCL was estimated by fitting the experimental PEFC spectrum to the 

equivalent electrical circuit type transmission line using Zview software (Transmission 

Line-Open Circuit Terminus, DX-Type 6, Scribner Associates, Inc., version 2.3). The 

parameters of the equivalent circuit extracted from the experimental data of a MEA with 

0.8 N/C ratio operated at 0.03 A/cm2 are shown in Tab. 6.1.  

 

j  (A/cm2) L (H) 

Inductance 
eR Ω.cm2 

Ohmic 

Resistance 

PR Ω.cm2 

Ionic 

Resistance 

Capacitance 

mF.cm2 
CR  Ω.cm2 

Charge 

Transfer     

Resistance 

0.03 1.32x10-6 0.0687 0.122 19.67 1.215 

Table 6.1 Parameters of the transmission line circuit accounting for the cathode electrode 

 
The parameters in Tab. 6.1 were substituted into Eq. 6.1 to simulate the experimental 

impedance spectrum with no mass transport effect 0=WZ  as reported by Makharia and as 

shown in Fig. 6.1a. The resistive parameters from Tab. 6.1 should be reflected in the real 

component Z’ (Ω.cm2) at Z’’ (Ω.cm2) =0 of the simulated impedance spectrum obtained 

from the mathematical model. 
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Figure 6.1 a) Simulated impedance spectrum from parameters in Tab. 6.1, b) Simulated 

high frequency region 

 

In the literature, the real component Z’Ω.cm2 at high frequency where the imaginary 

component Z’’Ω.cm2 of the impedance spectrum is equal to zero has been reported as the 

ohmic resistance for the PEM, GDL and plate [3,9,10], which in this study corresponds to 

eR  from Tab. 6.1. A 45o region representing the ionic resistance in the CCL at high 

frequency when the PEFC is tested for H2/N2 operation has been also reported in the 

literature [11,12] and has been estimated by projecting the 45o region onto the real part Z’ 

and calculated as 3/PR . The simulated impedance spectrum at high frequency represented 

in Fig. 6.1b reflects a value of Z’ =0.084 Ω.cm2 at Z’’ =0 Ω.cm2, which is different from 

eR  in Tab. 6.1, and the 45o region accounting for 3/PR  is difficult to estimate from Fig. 

6.1b. This difference between eR  in Tab. 6.1 and the real component Z’ =0.084 Ω.cm2 at 

Z’’ =0 Ω.cm2 high frequency of the simulated impedance spectrum is attributed to the 

inductive effect L  present in the impedance measurements.  

 

The inductance L  given in Tab. 6.1 was increased by one order of magnitude and 

decreased by one, two and three orders of magnitude in Eq. 6.1 to demonstrate its effect 

on the high frequency region of the complex plot, as shown in Figs. 6.2a, 6.2b.  
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Figure 6.2 a) Simulated impedance spectrum with different inductance values, b) 

Simulated high frequency region 

 

Fig. 6.2b shows that the real part Z’ of the simulated data at high frequency where the 

imaginary part Z’’ is zero in the complex plot changes for different inductance values. 

Inductance has been attributed to the external measurement system. Fig. 6.2b 

demonstrates that the spectra with different inductance values lead to an incorrect 

interpretation of the cathode mechanisms at high frequencies. Inductance of the 

measurement system does not have an effect on low frequencies were the mass transport 

effect is manifested; however, this inductance can misrepresent the high frequency 

mechanisms such as the ionic (and electro) conductivity in the real part of the complex 

plot Z’ at Z’’=0. Kurz et al. [13] predicted the voltage drop for dehydration in different 

PEFC stack impedance spectra through a specific high frequency value (1 kHz). This 

methodology reported by Kurz et al. to compare impedance data at high frequency 

through one high frequency value taken as a reference would seem a reasonable method, 

as for different inductance present in the system, the real component Z’ will be kept 
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constant and just the imaginary component Z’’ will be changed. Nevertheless this 

procedure would not correctly interpret the PEFC mechanisms present for such 

frequency.   

 

6.1.1.1 Electrochemical Mechanisms in the Cathode Spectrum at High Frequency  

This study demonstrates that if the inductive component L  represented in Tab. 6.1 is 

reduced by 3 orders of magnitude in Eq. 6.1, the 45o line which has been reported in the 

literature [11,12] as the ionic resistance in the CCL is revealed in the cathode spectrum, 

as shown in Figs. 6.3a, 6.3b.  

 

 
 

 
Figure 6.3 a) Simulated impedance spectrum with inductance reduced in 3 orders of 

magnitude, b) Simulated high frequency region 
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Fig. 6.3b shows that at the high-frequency end of the spectrum (100 kHz) the real 

impedance data Z’ approximately reflects the value eR  reported in Tab. 6.1 and the ionic 

resistance is estimated by projecting the 45o region onto the real part Z’Ω.cm2. This 

projection between 100 kHz and 490 Hz is approximately 3/PR , and the difference 

between 3/Pe RR +  and the real impedance data Z’ at a frequency of 0.01 Hz reflects the 

charge transfer resistance CR of Tab. 6.1. The resistive parameters Z’ at Z’’ =0 Ω.cm2 

presented in the simulated impedance spectrum yield a 2% error compared with the 

parameters reported in Tab. 6.1. This error is attributed to the capacitor Cdl in Tab. 6.1. 

Instead a CPE, ( )PiY ω should have been used in Eq. 6.1 which is not reported in the 

published data and appears in the transmission line equivalent circuit in Zview software 

to correct the inhomogeneity of the charge distribution between the electrode-electrolyte 

interfaces in the CCL [14]. This study demonstrates that the cathodic mathematical model 

represented by Eq. 6.1 is reliable in correctly estimating the inductance effect and the 

electrochemical mechanisms of the CCL.  

 

An impedance-based approach which allows a spatio-temporal interpretation of internal 

fuel cell processes has not been presented or validated in fuel cell research to date. For 

example, as reported by Thompson et al. [15] by knowing exactly how the current for 

ORR is distributed through the CCL, it would be possible to develop cold start models 

that include the physics of product water uptake in the membrane and the filling of 

electrode pores with water (ice). Previously in Chapter 4, the low current distribution 

through the CCL thickness in the time that considers electrode kinetics, charge 

capacitance and ionic resistance in the CCL was defined as follows: 

 


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where PR represents the resistance to the flow of ions in the electrolytic phase of the CCL, 

CR  is the charge transfer resistance presented in the ORR, and 
dlC  is the charge 

capacitance between the electrode-electrolyte interface. The first term on the right-hand 

side of Eq. 6.2 defines the current distribution by the ratio of the ionic resistance to the 
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charge transfer resistance.  Neyerlin et al. [16] defined a similar relationship, where the 

higher the non-dimensional ratio is, the more the current distribution will be skewed 

toward the membrane interface, while low values of this ratio predict a homogeneous 

current distribution. If the ratio between ionic resistance and charge transfer resistance 

increases, as expressed in Eq. 6.2, the ions may react closer to the membrane. However, 

in the case where the ratio between ionic resistance and charge transfer resistance is 

reduced, the ions will react through the entire CCL thickness leading to a uniform current 

distribution. 

 

 
Figure 6.4 Simulated current density distribution through the CCL thickness 

 

The parameters from Tab. 6.1 that represent the electrochemical mechanisms of a MEA 

with 0.8 N/C ratio and for a MEA with 0.4 N/C ratio reported in Makharia’s study 

operated at 0.03 A/cm2 were substituted into Eq. 6.2 to simulate the current distribution 

through the CCL thickness. Fig. 6.4 shows the current distribution through the CCL 

thickness. The current distribution increases from the x=0 thickness fraction (GDL-CCL 

interface) to the x=1 thickness fraction (CCL-PEM interface). This reflects the transfer of 

ions from the PEM and the anode catalyst layer, which results in maximum current at the 

interface between the CCL and the PEM and a minimum current at the interface between 

the CCL and GDL as ions are consumed due to the ORR through the thickness of the 

CCL. A high ionic resistance (0.4 N/C) within the CCL electrolyte tends to skew the 

current distribution towards the membrane interface. Therefore, as reported by Thompson 

et al. [15], the same average current has to be provided by fewer catalyst sites near the 

membrane. The increase in ionic resistance results in kinetic losses because the ORR 
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current distribution expressed in Eq. 6.2 is a function of the Tafel slope, exchange current 

density and ionic resistance. The ionic resistance in the CCL related to the magnitude of 

the 45o region ( 3/PR ) in the cathode impedance spectrum at high frequency can bias the 

ORR current density distribution towards the membrane interface, as shown in Fig. 6.4. 

Overall this study demonstrates that it is necessary to take extra care in the hardware of 

the measurement system in order to quantify the cathode mechanisms revealed at high 

frequencies. 

 

6.1.2 Experimental Analysis  

The contributions of the anode and cathode in the PEFC impedance spectrum using a 

two-electrode configuration in the EIS measurements are difficult to interpret, as this 

information is masked in the PEFC impedance spectrum. A three-electrode configuration 

for EIS allows the measurement of half-cell impedance (anode or cathode) to be carried 

out. Some studies [17,18] have applied the three-electrode configuration in EIS 

measurements. Under such conditions, the signals are measured between the working 

electrode (WE) and the reference electrode (RE), and the current induced is collected by 

the counter electrode (CE). 

 

6.1.2.1 EIS Measurements 

A 25 cm2 commercially-available fuel cell and test rig acquired from Baltic Fuel Cells 

were used for the experimental tests. The MEA was DuPont Nafion-115 with a platinum 

loading of 0.4mg/cm2 on both electrodes. The operational temperature was 50oC and the 

back gas pressure was held to 0.9 bar(g) for both anode and cathode. Flow rates were 

constant during all the experiments, hydrogen in the anode with a stoichiometry of 2.5 

and air in the cathode with a stoichiometry of 3. The PEFC was operated with 100% 

hydrogen relative humidity (RH) in the anode; the air supplied in the cathode was dry.  In 

terms of optimal performance of operational PEFCs, the effect of RH in the reactant gases 

is not definite. For instance, Yan et al. [19] reported that optimal performance in a PEFC 

can occur at low air relative humidity and high hydrogen relative humidity.   
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EIS measurements were carried out through a multichannel frequency response analyser 

FRA (Z#106 WonATech Co). The multichannel FRA consists of five channels and 

simultaneously measures five impedance spectra through one induced DC current value. 

The multichannel system is connected with a RBL488 Dynaload load bank. The 

multichannel FRA superimposes a small AC sinusoidal perturbation onto the bias current 

induced by the RBL488 Dynaload unit and measures the AC voltage signals resulting 

from the PEFC.  The impedance measurements were carried out in a galvanostatic mode 

with 5% AC amplitude of the DC current [20,21,22] to obtain a linear answer from the 

system and at frequencies from 10 kHz to 0.2 Hz, the high frequency in the EIS 

measurements was limited due to the bandwidth of the electronic load. The low frequency 

is not relevant in the inductive effect of the measurement cables. To separate the 

impedance spectrum of the cathode from the impedance spectrum of the cell, a reference 

electrode made of a platinum wire was inserted such that it was in direct contact with the 

PEM of the cathode side. Two channels from the Z#106 FRA were used to 

simultaneously measure the impedance of the PEFC and the impedance solely accounting 

for the cathode electrode. 

 

 
Figure 6.5 Experimental setup 

 

Based on the results from the theoretical analysis in section 6.1.1, EIS measurements 

were carried out at 0.2 A/cm2 using two different electrical cables, a conventional 

electrical cable (power flexible cable) and a special electrical cable (Low inductive cable 

with fusion Lug Technology, TDI POWER) connected between the PEFC and the 

RBL488 Load, as shown in Fig. 6.5. A reference electrode and the use of the 

multichannel FRA allowed the separation of the cathode impedance spectrum from the 
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impedance spectrum of the entire cell. For this study high inductance spectra are 

dominant when the conventional electrical cable was used, and low inductance spectra 

when the special low inductive cable referred to above was used in the EIS 

measurements. 

 

It has been proposed that the PEFC impedance spectrum largely represents the 

electrochemical processes in the cathode, and as discussed because the electrochemical 

mechanisms in the anode are fast and facile are not expected to have a contribution [3,4]. 

Fig. 6.6a shows a difference between the spectrum of the cell and the spectrum of the 

cathode. Fig. 6.6b shows that the real part Z’ that accounts for the cathode at high 

frequency when Z’’=0 is smaller than that for the cell. The semi-circular part of cathode 

spectrum presents roughly the same features as the PEFC spectrum and a shift over the 

real part Z’. This difference is expected as the cathode is hydrated by the water produced 

by the ORR and due to electro-osmotic drag from the anode. This difference in the real 

part Z’ between the cell and cathode could be attributed to the electro-osmotic effect in 

the anode. The transport of water from the anode to the cathode by electro-osmotic drag 

can play a role in dehydrating the membrane and inducing performance degradation [23]. 

The magnitude of the inductive effect (EIS measurements with positive imaginary 

component Z’’) on the spectrum of the cell was higher than that of the cathode using the 

conventional cable (high inductance spectra). The sensing cables from the FRA to 

measure the cell impedance spectrum were connnected to the hardware of the cell where 

electrical cables lie. The reference electrode allowed the reduction of the inductive effect 

on the EIS measurements for the cathode by placing the sensing cables from the FRA as 

far apart as possible from the inductive source (electrical cables). 
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Figure 6.6 a) EIS measurements of the PEFC and cathode electrode, b) EIS 

measurements at high frequency 

 

Fig. 6.6b shows the high frequency region of the experimental impedance spectra. As 

expected from the theoretical analysis in section 6.1.1 low inductance in the measurement 

system reveals the 450 region at a frequency of 336 Hz in the cathode spectrum which 

accounts for the CCL ionic resistance and plays an important role in the ORR current 

density distribution through the CCL thickness, as discussed in the previous section. The 

PEFC spectrum with low inductance in Fig. 6.6b also presents a 450 region at 545 Hz 

which is slightly different from that of the cathode.  This spectrum of the entire cell not 

only accounts for the ionic resistance in the CCL electrolyte but also the mechanisms 

present in the anode. 
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6.1.2.2 Kramers-Kronig Analysis on EIS 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. The resulting experimental impedance has to be consistent with K-K relations. 

These relations are mathematical properties that relate the real and imaginary part of the 

frequency response resulting from the electrochemical system studied. The derivation of 

the K-K mathematical relations begins with an application of Cauchy’s Integral Theorem 

which defines the integral around a closed contour and evaluates the real part or 

imaginary part of the impedance at a particular frequency with poles created at –ω and ω 

in the real axis of the frequency domain. K-K relations are applied to systems which are 

linear, causal and stable and have been applied in electrochemical impedance data over 

the last 20 years [24,25,26]. If the experimental imaginary component of the PEFC 

impedance does not coincide with the transformed imaginary component (real to 

imaginary transformation), nor the experimental real component with the transformed real 

component then the experimental data are not obtained under either a causal system (the 

measured impedance response is due only to the AC perturbation applied), linear system 

(for small AC perturbations) or stable system (the system returns to its original state after 

the perturbation is removed and does not change with time) [25]. The K-K relations 

cannot be used to determine if the impedance measurements were corrupted by 

instrument artifacts. In the work reported by Macdonald et al. [26] different amplitudes of 

the AC sinusoidal perturbation with a potentiostatic mode were changed from 5 mV to 

150 mV to test the linearity condition of data for a rapidly corroding aluminium alloy 

through the K-K relations. The results showed a successful K-K transformation of the 

impedance data, in spite of a clear violation of linearity when the amplitude was 

increased. This success in the K-K transformation was an artifact of the experimental 

equipment used for the impedance measurements. The authors concluded that some 

commercial frequency response analysers are narrow band devices that reject inputs at 

frequencies other than that designated; in other words some frequency response analysers 

can reject harmonic components of the current response that manifest nonlinearity.   
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An analysis of the K-K consistency for linear, steady and causal systems was evaluated to 

analyse the inductive effect on the experimental impedance results of this study. The K-K 

consistency was evaluated through ZMAN software [27] in which the K-K transformed 

data are calculated by Maclaurin’s series method. The difference or residual in phase 

angle between the K-K transformed data and the measured impedance data 

EXPKK ZZPhase ϕϕ −=∆  provides excellent sensitivity to discrepancies in the experimental 

values; this also can indicate a need to remove experimental data that are not consistent 

with the K-K relations [28].  

 
Figure 6.7 Residual in phase angle between K-K transformed and measured data for the 

PEFC and cathode impedances under the influence of inductance 

 

The residual phase in Fig. 6.7 is presented because one or more of  the conditions to 

satisfy the K-K relations such as causality, linearity and stability are not fulfilled. Since 

the PEFC polarisation curve is a nonlinear response, the use of a low AC amplitude in the 

impedance measurements allows the evaluation of the PEFC polarisation curve as a 

pseudo-linear response. A high AC amplitude would not be consistent with the K-K 

condition for linear systems [26]. The PEFC under study was steady, thereby the EIS 

measurements were repetitive. The causality condition is not satisfied in the EIS 

measurements with inductance. Hence the measured impedance response is not only due 

to the AC perturbation but also to the external inductance of the measurement cables. The 

condition of stationarity is implicit in the requirement of causality and vice versa [28]. 

The statement mentioned before can be demonstrated in the EIS data presenting high 

inductance where the difference in phase is present at high frequencies (not causal) and 
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low frequencies (not steady), as shown in Fig. 6.7. The K-K relations, based on the 

property of causality, demonstrate a useful method for data validation [29]. 

 

The residual phase in Fig. 6.7 is reduced for the data with low inductance. The cathode 

presents a minor difference in the residual phase compared to the PEFC because the 

reference electrode allows the reduction of the inductive effect on the EIS measurements 

because the sensing cables from the FRA are located away from the inductive source. The 

45o high frequency region in the cathode low inductance impedance spectrum was 

revealed at a frequency of 336 Hz and for the PEFC was revealed at a frequency of 545 

Hz, as shown in Fig. 6.6b.  In Fig. 6.7 the residual phase of the EIS data presenting low 

inductance is less at frequencies of 336 Hz and 545 Hz for the cathode and the PEFC 

respectively than for EIS data with high inductance. The measured EIS data at 

frequencies where the residual phase is different to zero do not reflect the physics and 

chemistry of the electrochemical system studied. If the external inductance of the 

experimental system could be eliminated and the remaining inductance would be due to 

any intrinsic inductance presented in the porous media of the electrode, the K-K 

transformation would be satisfactorily achieved as this inductance would be a physical 

property of the system studied. K-K transforms represent a convenient means of 

evaluating the validity of experimental impedance data. 

 

6.2 Validation of Inductance Effect on the Cathode Impedance Spectrum at High 

Frequency 

In these experimental results, the use of a reference electrode ensures that the data 

accounting for the processes in the CCL are captured for analysis and interpretation. To 

validate the experimental results, the mathematical model devised in Eq. 6.1 was 

compared with the cathode experimental spectra obtained using a graphical user interface 

(GUI) developed in Matlab®, see Appendix D. The GUI allows the fitting of the 

parameters from Eq. 6.1 to achieve a good agreement between the experimental and 

simulated data. The least squares fitting method was used in order to find the best-fit 

between the model and the measured data. A good quality fit is obtained when the sum of 

the deviations squared (least square error) between the simulated and measured 
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impedance data has a minimum value, for instance < 0.1. Figs. 6.8a, 6.8b show the 

comparison between the simulated data and the measured data.  

 

 

 
Figure 6.8 a) Comparison between simulated and measured data, b) High frequency 

region 

 

Scattered data at high frequencies were present for both experimental cathode spectra, as 

shown in Fig. 6.8b, and were more noticeable for the low inductance spectrum. This 

behaviour could be attributed to external noise at high frequency during the EIS tests. The 

noise disappeared when the magnitude of the inductance was increased, for instance in 

the high inductance PEFC spectrum the shape of inductive effect presented a straight line, 

as shown in Fig. 6.6a. To quantify the inductive effect on the experimental data, the 

biggest value of the data presented in the positive imaginary component Z’’ of the 

spectrum was taken as a reference. 
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Eq. 6.1 was first fitted to the experimental cathode spectrum for low inductance using the 

GUI developed in Matlab® (Appendix D) and the results are shown in Tab. 6.2. Mass 

transport effects at low frequencies were apparent during the EIS measurements, as 

shown in the parameters from Tab. 6.2 defining 
WZ in Eq. 6.1. This effect is not relevant 

in the inductive effect at high frequencies. 

 
j  

(A/cm2) 

L (H) 
eR Ω.cm2 PR Ω.cm2 Y CPE 

x10-3 

sP/Ω.cm2 

P 
CR  

Ω.cm2 

WR  

Ω.cm2 

WT  

sec 

0.2 6.77x10-7 0.195 0.12 38.2 0.8282 0.41 0.26 0.003 

Table 6.2 Parameters accounting for the cathode spectrum obtained through the GUI 

 

Once defined, the inductive component which simulates the low inductance cathode 

spectrum was increased from HL 71077.6 −×=  to HL 61007.2 −×=  and the remaining 

parameters from Tab. 6.2 were kept constant. This allowed the simulation of the cathode 

spectrum with high inductance as shown in Fig. 6.8b. It is noticed that the calculated 

inductance of the curve with high inductance presents the same order of magnitude as the 

inductance from the data taken from the literature [5] shown in Tab. 6.1 of the theoretical 

analysis in section 6.1.1 of this study. Therefore, taking these values as a base, an 

inductance of the order of H910− and using a sinusoidal generator and precise measuring 

equipment allowing the increase of the frequency up to 100 kHz would clearly show the 

45o region that extends from the real component Z’ and whose projection onto the real 

part Z’ represents the ionic resistance of the electrolyte in the CCL. The inductance that 

remains present in the data for the low inductive cathode spectrum can be attributed to the 

hardware of the PEFC or any intrinsic inductance presented in the porous media of the 

CCL. Hampson et al. [30] concluded on their work, that the presence of porosity on 

electrodes may lead to the impedance becoming inductive at high frequencies. 

  

This experimental study complements the theoretical analysis presented in section 6.1.1, 

by separating the cathode impedance spectrum from the PEFC and comparing the same 

system under the influence of the inductance on the measurement impedance. The 

inductance of the electrical cables of the measurement system and hardware of the PEFC 
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or for a special case an intrinsic inductance due to the nature of the porous media in the 

electrode can mask the ionic conductivity, which plays an important role in the ORR 

current distribution through the CCL in the high frequency region of the cathode 

impedance spectrum. 

 

6.3 Conclusions 

This Chapter has identified and demonstrated a key technical problem of PEFC 

impedance measurements. The inductance in the electrical cables deforms the high 

frequency region and leads to an incorrect interpretation of the PEFC impedance 

spectrum in the high frequency range. This study is divided in two sections. The first 

section simulates the effect of inductance on cathode impedance measurements reported 

in the literature and reveals the mechanisms in the CCL masked by the inductive effect 

through the mathematical model derived in Chapter 5. Secondly an experimental analysis 

is presented to validate the theory established in the theoretical analysis. This Chapter 

demonstrates that the cathode mathematical model represented in Eq. 6.1 and derived in 

Chapter 5 can be applied reliably in order to correctly estimate the inductance effect and 

the electrochemical mechanisms of the CCL at high frequencies of the complex-plot. This 

study demonstrates that the practice of using the real part Z’ of the complex plot where 

the imaginary part Z’’ is equal to zero, or through a single frequency as a reference to 

quantify the ohmic resistance in PEFC can be subject to an erroneous interpretation due 

to the contribution of the size of the inductance. The K-K mathematical relations were 

applied to the experimental data presenting inductance and demonstrated that the 

measured data at high frequencies do not represent the physics and chemistry of the 

PEFC and cathode. The experimental analysis through the multichannel FRA has 

demonstrated that there is a difference between impedance spectra of the PEFC and 

cathode which contrasts the theory in which there is no anodic contribution in the PEFC 

measured impedance. Future work is expected to fill the gap that exists between 

impedance in a PEFC and the cathode to accurately estimate the factors that influence the 

nature of polarisation curves such as kinetic losses, ohmic losses and mass transport 

losses from experimental EIS measurements. 
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Chapter 7 
Low Frequency Electrochemical Mechanisms 

in the Fuel Cell Cathode Impedance Spectrum 

In this Chapter, a study of the mechanisms presented in the low frequency part of the 

polymer electrolyte fuel cell (PEFC) cathode impedance spectrum has been carried out 

using electrochemical impedance spectroscopy (EIS) measurements and the model 

developed in previous Chapters. In many EIS studies the presence of two loops in the 

complex plot of EIS measurements for a H2/air PEFC have been observed. The high 

frequency loop has been related to the charge transfer process during the oxygen 

reduction reaction (ORR) and the low frequency loop has been related to gas phase 

oxygen transport limitations in the cathode [1]. Other studies have related the low 

frequency loop to back diffusion of water in the polymer electrolyte membrane (PEM) 

and diffusion of water in the catalyst layer (CL) [2]. Freire and Gonzalez [3] reported that 

the loop at low frequencies in EIS measurements has two contributions: the effect of 

liquid water formed at the cathode, which affects the transport of oxygen, and the 

hydration effects that limit water transport in the membrane. In some cases [4,5], there is 

no distinct separation of the two loops in impedance measurements. This makes the 

detailed analysis more difficult and little information has been provided on the relative 

contribution of the charge transfer and diffusional effects under such conditions.  

 

EIS measurements have limitations and present disadvantages as the low impedance 

values are obscured for low frequencies and some effects are not visible due to a masking 

effect in the impedance plot [6]. Yuan et al. [7] attempted to separate both charge transfer 

and diffusional processes in the impedance spectra that account for a H2/air PEFC stack 

and feature a single loop at high current densities through a Randles electrical circuit. The 

results showed that the Randles equivalent circuit model cannot account for the exact 

electrode process at high current densities because the charge transfer resistance of the 

ORR increased with increasing current density. Similar results have been reported by 

Springer et al. [1]. Mass transport effects in EIS measurements due to oxygen transport 
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limitations are still a subject of debate as this has been principally attributed to the 

gaseous oxygen transport limitations in the gas diffusion layer (GDL) neglecting any 

mass transport limitations in the cathode catalyst layer (CCL) [8,9,10]. However, it is 

suspected that the CCL becomes flooded before the GDL because water is generated in 

the CCL and transported into the GDL, and has a lower porosity and smaller pore size, 

and tends to have higher flooding levels than the GDL [11].  

 

The objective of this Chapter is to give an insight about the electrochemical mechanisms 

represented at low frequencies of the PEFC impedance spectrum commonly accounted to 

mass transport limitations. To validate this study, the simulated data from the model 

derived in Chapter 5 that accounts for the cathode impedance spectrum were compared 

with cathode EIS measurements in Bode format (modulus and phase) and impedance 

format (real, imaginary) obtained in a three-electrode configuration in the measurement 

system.   

 

7.1 Experimental 

EIS is commonly applied as a single channel through a two-electrode configuration. A 

two-electrode configuration makes it difficult to identify, to separate and to reveal the 

process related to each electrode (anode, cathode) in the impedance spectrum of a cell. A 

three-electrode configuration in EIS allows the measurement of half-cell impedance 

(anode or cathode) to be carried out. Some studies [12,13] have applied the three-

electrode configuration in EIS measurements. Under such conditions, the signals are 

measured between the working electrode (WE) and the reference electrode (RE), and the 

current induced is collected by the counter electrode (CE). 

 

A 25 cm2 commercially-available fuel cell and test rig acquired from Baltic Fuel Cells 

were used for the experimental tests. The membrane electrode assembly (MEA) consisted 

of a catalyst coated membrane (DuPont Nafion-115) with a platinum loading of 

0.4mg/cm2 and carbon black for the electrodes. The thickness of the CCL was 12µm. The 

contact pressure on the active cell area was adjusted through a pneumatic air cylinder 

from the Baltic Fuel Cell compression unit. The contact pressure on the active area was 
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fixed to 1.4 N/mm2. The operational temperature was 50oC and the gauge back gas 

pressure was held at 0.9 bar for both the anode and cathode. Flow rates were held 

constant during all the experiments, hydrogen to the anode was supplied at a 

stoichiometry of 2.5 and air to the cathode supplied at a stoichiometry of 3. The PEFC 

was operated with 100% hydrogen relative humidity (RH) in the anode; the air supplied 

in the cathode was dry. In terms of optimal performance of operational PEFCs, the effect 

of RH in the reactant gases is not definite. For instance, Qiangu Yan et al. [14] reported 

that optimal performance in a PEFC can occur at low air relative humidity and high 

hydrogen relative humidity.   

 
Figure 7.1 Experimental setup 

 

EIS measurements were carried out through a multichannel frequency response analyser 

(FRA) (Z#106 WonATech Co). The multichannel FRA consists of five channels and 

simultaneously measures five impedance spectra through a DC current value induced. 

EIS measurements were carried out at three different current densities 0.12, 0.2 and 0.32 

A/cm2. The multichannel system is connected with a RBL488 Dynaload, as shown in Fig. 

7.1. The multichannel FRA superimposes an AC sinusoidal perturbation onto the bias 

current induced by the RBL488 Dynaload unit and measures the AC voltage signals 

resulting from the PEFC. The impedance measurements were carried out in a 

galvanostatic mode to control de current through the cell with a 5% AC amplitude of the 

DC current [7,15,16] to obtain a linear response from the system and at frequencies from 

10 kHz to 0.3 Hz. The high frequency in the EIS measurements was limited due to the 

bandwidth of the electronic load. Scattered data in the EIS measurements were 

manifested at high current densities and at frequencies lower than 0.3 Hz. The air gas 
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reactant supplied in the cathode was dry and the water produced by the ORR ensured an 

optimal hydrated state in the CCL and PEM. However at low frequencies < 0.3 Hz during 

the EIS measurements the high water concentration in the cathode lead to instability in 

the PEFC. Previously in Chapter 6, it was demonstrated that the inductance of the 

electrical cables of the measurement system deforms the high frequency region of the 

PEFC spectrum and as such leads to an incorrect interpretation of the electrochemical 

mechanisms at high frequencies. In this study, special electrical cables (Low inductive 

cable with fusion Lug Technology, TDI POWER) connected between the PEFC and the 

RBL488 Load were used to reduce inductive effects on the EIS measurements. To 

separate the impedance spectrum of the cathode from the impedance spectrum of the cell, 

a reference electrode made of a platinum wire was inserted such that it was in direct 

contact with the PEM of the cathode side. It has been demonstrated that misalignment in 

the electrodes of the MEA can significantly shift reference electrode signal [17]. The 

signal of a reference electrode can be shifted towards the electrode that protrudes whether 

the reference electrode is inserted in the anode or cathode side. In these experimental 

results, the reference electrode was in direct contact with the PEM closer to the bigger 

electrode (cathode). Two channels from the Z#106 FRA were used to simultaneously 

measure the impedance of the PEFC and the impedance solely accounting for the cathode 

electrode.  

 

The resulting impedance is commonly shown in a complex plane and represents the 

electrochemical and diffusion mechanisms of the PEFC in the frequency domain. It has 

been proposed that the PEFC impedance spectrum largely represents the electrochemical 

processes in the cathode, and because the electrochemical mechanisms in the anode are 

fast and less complicated sequences, therefore they are not expected to have a 

contribution and can be regarded as negligible [18,19]. This theory will not always be 

valid as the transport of water from the anode to the cathode by electro-osmotic drag can 

play a role in dehydrating the membrane and inducing performance degradation [20]. 
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Figure 7.2 a) PEFC and cathode measured data at 0.12, 0.2 and 0.32 A/cm2, b) High 

frequency region 

 
The diameters of the spectra accounting for PEFC and cathode increase with increasing 

current density, as shown in Fig. 7.2a. When the kinetics of the ORR dominates the cell 

performance such as in the low current density range of the polarisation curve, the 

impedance spectrum mainly represents the charge transfer effect during the ORR and its 

diameter decreases with increasing current density [6]. In Fig. 7.2a, the increase in 

diameter of the spectra with increasing current density can be attributed to an increase in 

oxygen transport limitations. One of the disadvantages of the EIS technique is that 

multiple energy controlled processes during the electrochemical reaction can be masked 

in the impedance plot. The impedance results of Fig. 7.2a reflect the overlapping of two 

semicircles. One is related to the charge transfer of the ORR effect which decreases with 

increasing current density and the other is related to mass transport effect which increases 

with increasing current density. The semi-circular part of the cathode spectra presents 

roughly the same features as the PEFC spectra and a shift over the real part Z’Ω.cm2. This 

effect is expected as the cathode is hydrated by the water produced by the ORR and due 

to electro-osmotic drag from the anode. The difference between the PEFC and cathode 

spectra can be attributed to the electro-osmotic effect from the anode. The cathode and 

PEFC spectra at current densities of 0.2 and 0.32 A/cm2 intercept the real component Z’ 

Ω.cm2 at almost the same position, as shown in Fig 7.2b; this suggests that the PEM and 

CCL are fully hydrated at 0.2 A/cm2 so an increase in current density leads to an increase 

in oxygen transport limitations. 

 

The PEFC impedance response is considered the sum of the individual impedance 

responses of each individual electrode. Then the difference between the PEFC and 
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cathode impedance response represented in Fig. 7.2 gives the anode impedance response 

as shown in Fig. 7.3. 

 

 
Figure 7.3 Anode impedance spectra 

 
In Fig. 7.3, the semi-circle of the anode spectrum is related to the charge transfer of the 

electrochemical reaction that takes place in the anode, and its magnitude decreases with 

increasing current density. This demonstrates that the hydrogen oxidation reaction (HOR) 

taking place in the anode is a faster and a less complicated reaction sequence than the 

ORR in the cathode with increasing current density. The impedance data at high 

frequency presented over the real part Z’ Ω.cm2 of the complex plot in Fig. 7.3 represent 

the ionic resistance in the anode catalyst layer (ACL). This ionic resistance in the anode 

decreases due to the higher water concentration presented in the cathode in which water is 

transported to the anode side to hydrate the entire system. The anode contribution in the 

PEFC impedance spectrum neglecting any contaminant in the hydrogen supplied such as 

CO which can affect the PEFC performance [21] can be considered negligible at higher 

current densities. 

 

7.2 Results  

7.2.1 Cathode Impedance Validation 

The electrical circuit that models the cathode impedance spectrum generated from EIS 

analysis and obtained through a reference electrode contains an inductor element that 

accounts for the inductance of the cables used in the test equipment connected in series 

with a resistance that accounts for the PEM, GDL and bipolar plate. They are connected 

in series with a circuit that accounts for the CCL, in which for this specific case is the 

CCL impedance equation derived in Chapter 5, 
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 PR      is the resistance to the flow of ions in the electrolytic phase of the CCL,  

 

              RC       represents the charge transfer resistance presented in the oxygen reduction 

reaction (ORR) defined as ( )bjbR SSC /exp/ 0 η= , where b  is the Tafel slope, SSη  

represents a value of  voltage in activation overpotential, and 0j is the exchange current,   

                   

 
WZ   is defined as the Warburg impedance and describes diffusion across a 

finite dimension in the frequency domain [18] ( ) ( ) 5.05.0 /tanh WWWW TiTiRZ ωω= , with 

( )DcFzRTR oW
*22/δ=  defined as  resistance for the diffusion process and DTW /2δ=   defined 

as the time constant to diffuse oxygen through the CCL,   

 

 ( )PiY ω   Y  represents a parameter related to constant phase element (CPE), 

superscript P  represents a parameter to correct the inhomogeneity in the distribution of 

charge,  

 ω  is the angular frequency,  

 

 i  is the imaginary component in impedance,  

 

 L  represents the inductance in the electrical cables of the measurement 

system, 

 eR  represents the total ohmic resistance to the flow of electrons and ions in 

the bipolar plate, GDL, and PEM.  
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In these experimental results the use of a reference electrode in the measurement system 

ensures that the data accounting for the processes in the cathode are captured for analysis 

and interpretation. The overall modelling and experimental framework developed for the 

current study is illustrated in Fig. 7.4. The modelling work involves the simulation of the 

cathode impedance through Eq. 7.1 and using a graphic user interface (GUI) developed in 

Matlab®. In Eq. 7.1 there are some parameters that can be estimated through a graphical 

interpretation of the complex plot. This allowed the reduction of the number of 

parameters to be fitted in the measured EIS spectra. The high frequency limit of the real 

part Z’ of the impedance spectrum is given by a resistance eR accounting for ohmic loses 

in the PEM, GDL, and bipolar plate [22]. In Chapter 6, it was demonstrated that if the 

inductance of the measurement cables is reduced, the ionic resistance RP in the CCL 

electrolyte can be represented in the cathode impedance spectrum by a 45o straight line at 

the high frequency end of the spectrum and its value over the real part of the impedance 

spectrum is calculated as 3/PR . Ciureanu and Roberge [19] reported that the double layer 

capacitance is calculated as: ( ) P
Cedl RRYC −−− +=

111/ , and  Hsu [23] defined the capacitance 

as: ( ) 12 −= P
Cdl fYC π , noting that Cf is the characteristic frequency at which the negative 

imaginary part of the impedance reaches its maximum value. The CCL oxygen diffusion 

time constant TW  was fixed at 3ms as reported by Springer et al. [1] to avoid inclusion of 

another fitting variable. The charge transfer resistance Rc and mass transport resistance 

RW whose contributions are at medium and low frequencies respectively were the only 

parameters used in the fitting process. This provides assurance that the parameters in Eq. 

7.1 correctly relate to the physics and chemistry that are occurring. The experimental 

work provides the measured frequency response of the cathode for validation purposes. 

The least squares fitting method was used in order to find the best-fit between the model 

and the measured data. A good quality fit is obtained when the sum of the deviations 

squared (least square error) between the simulated and measured impedance data has a 

minimum value, for instance < 0.1.  
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Figure 7.4 Overall modelling and experimental structure 

 

In Fig. 7.5, the results show a good agreement between the measured and simulated data 

in the complex-plot with an exception at the highest frequencies (> 7 kHz) where the 

measured data exhibit a scatter due to high frequency noise present during the EIS test 

and due to external inductance of the measurement system. In Chapter 6, it was 

demonstrated that the property of causality in the Kramers-Kronig (K-K) mathematical 

relations for EIS measurements is violated by the external inductance of the measurement 

cables and external noise during EIS. Thereby the measured data at the highest 

frequencies (scattered data) in Fig. 7.5 do not represent the physics and chemistry of the 

cathode. The model of Eq. 7.1 is based on differential equations describing the detail of 

the physical processes in the cathode, as shown in Chapters 4 and 5; therefore the 

comparison between measured and simulated data provides a good validation of the 

measured data, rather than evaluating the data to an analysis of K-K consistency.  
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Figure 7.5 a) Comparison between measured and simulated data, b) High frequency 

region 
 

A further validation of the mathematical model against the modulus and phase angle of 

the frequency response of the measured data was carried out. Sensitivity to discrepancies 

between model and experimental data can be assessed by comparing the experimental 

data with the simulated data in a Bode format (modulus and phase). Orazem and Tribollet 

[24] reported in their study that the Bode modulus and real part component of the 

impedance plots are relatively insensitive to the quality of the fit of a model to impedance 

data. The imaginary component of the impedance and Bode phase angle plots are 

modestly sensitive to fit quality. 

 

 
Figure 7.6 Comparison in Bode format (modulus) between measured and simulated data 

 

Figs. 7.6, 7.7 show the comparison between measured and simulated data in Bode format. 

Fig. 7.6 shows that the model is able to reproduce accurately the Bode modulus for all the 

frequencies. Fig. 7.7 shows a discrepancy in the phase angle between measured and 
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simulated data at the highest frequencies (> 7 kHz). The model cannot reproduce the 

measured phase angle in the frequency range of 7 kHz to 10 kHz because the measured 

data over this frequency range do not represent the physics and chemistry of the 

electrochemical system, as discussed previously. Fig. 7.6 shows that the modulus at 0.2 

and 0.32 A/cm2 show a similar tendency from 10 kHz down to ~ 6 Hz. The modulus from 

10 kHz to 6 Hz can be related to the hydrated state of the CCL and PEM which indicates 

that CCL and PEM at 0.2 and 0.32 A/cm2 are fully hydrated due to the water produced by 

the ORR. The asymptotic value at high frequency (10 kHz) provides a qualitative value of 

the ionic resistance in the PEM and CCL which decreases at current densities of 0.2 and 

0.32 A/cm2. The asymptotic value of the modulus at a low frequency of 0.3 Hz provides a 

qualitative value of the mass transport resistance which increases with increasing current 

density.  

 

 
Figure 7.7 Comparison in Bode format (phase) between measured and simulated data 

 

In Fig. 7.7 the phase angle for the three current densities presents the same tendency from 

10 kHz down to ~ 120 Hz. The phase angle tends toward zero with decreasing frequency 

< 0.3Hz for the three cases, indicating that the current and potential come into phase as 

the frequency approaches zero. An out of phase shift for the three cases is clearly shown 

in Fig. 7.7. The single peak in the phase angle plot suggests that a single time constant 

describes the electrochemical process; multiple peaks would provide a clear indication 

that more than one time constant is required to describe the electrochemical process 
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during the ORR [24]. In Fig. 7.7, the frequency, where the phase angle reaches its 

minimum value, decreases with increasing current density. This reduction in frequency 

suggests that the process required to control the ORR becomes slower with increasing 

current density. Overall, the simulated data demonstrates that the mathematical model 

shown in Eq. 7.1 can be reliably applied in order to reproduce the measured data obtained 

at the three different current densities.  

 

7.2.2 Estimation of Electrochemical and Diffusion Mechanisms  

The mathematical model represented by Eq. 7.1 allows the estimation of the ionic 

resistance RP  of the CCL electrolyte, charge transfer resistance RC of the ORR and mass 

transport resistance RW due to oxygen limitations in the cathode from EIS measurements. 

The ionic resistance in the CCL electrolyte decreases with increasing current density, as 

shown in Tab. 7.1. This effect is attributed to the water produced during the ORR and the 

water transported from anode to cathode by electro-osmotic drag. The charge transfer 

resistance, whose dependence on electrode potential is given by the Tafel equation and 

reflects the increase in the driving force for the interfacial oxygen reduction process, 

decreases with increasing current density. The mass transport resistance, due to gaseous 

oxygen transport limitations and as a function of the gaseous oxygen equilibrium 

concentration *
Oc in the CCL-GDL interface, increases with increasing current density, as 

shown in Tab.7.1. Mass transport resistance is a minimum at 0.12 A/cm2 due to the low 

water concentration produced during the ORR, which improves the ability of oxygen to 

permeate to the active sites of the CCL; nevertheless low water concentration increases 

the ionic resistance in the CCL. At a current density of 0.2 A/cm2, both charge transfer 

and mass transport resistances have roughly the same magnitude therefore under such a 

current density the balance between the electrochemical and diffusion processes is 

achieved. At a current density of 0.32 A/cm2, the mass transport effect dominates the 

performance of the PEFC.  
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Current 

 

 

 

  

RP  Ω.cm2 RC Ω.cm2 RW Ω.cm2 TW s 

0.12 A/cm2 0.16  0.5675  0.1125  0.003 

0.2 A/cm2 0.1125  0.41  0.445  0.003 

0.32 A/cm2 0.09  0.3125  1.02  0.003 
Table 7.1 Parameters of the CCL estimated through Eq. 7.1 

 

Mass transport limitations have been principally attributed to the gaseous oxygen 

transport limitations in the GDL neglecting any mass transport limitations in the CCL 

[8,9,10]. However, it is suspected that the CCL becomes flooded before the GDL. Mass 

transport limitations represented in the complex plot of EIS measurements have been a 

subject to debate. 

 

Oxygen Permeability Through CCL - 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, Teflon (PTFE) as a binder that stabilizes the carbon matrix and as a 

hydrophobizing agent, and electrolyte network of perfluorosulfonate ionomer (PFSI) 

soaked with water. The matrix of carbon grains forms agglomerate structures. Primary 

pores are those that exist inside the agglomerates between the carbon grains. Secondary 

pores constitute the void spaces between agglomerates. There are mainly three principal 

modes of transport of O2 in the CCL: gas-phase diffusion in the CCL pore (primary, 

secondary), diffusion in the liquid-water film surrounding the catalytic agglomerate, and 

diffusion in the ionomer of the agglomerate. The analysis of this study assumes that the 

catalyst agglomerate is covered by a film of liquid water and Nafion is homogeneously 

spread through the thickness of the CCL. Springer et al. [25] defined and estimated the 

permeability of oxygen in the CCL through EIS measurements.  The permeability of 

oxygen in the CCL *
oDc  was defined by the product of the effective diffusion coefficient 

of oxygen and the equilibrium oxygen concentration in the CL. Their EIS results showed 

oxygen permeabilities of the order of magnitude 10-10 for a CL with 5µm thickness of a 

5cm2 H2/air PEFC. This author concluded that a low value for the oxygen permeability is 

required to generate the break in the cell polarisation curve. The thickness of the CL used 
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in the EIS measurements in this study is 12µm and the oxygen permeability in the CCL 

calculated from EIS measurements and through Eq. 7.1 are 
111110* 1023.2,1086.4,1092.1 −−− ×××=ODc mol/cm.s for 0.12, 0.2 and 0.32 A/cm2 

respectively. The decrease of the oxygen permeability reflects a limitation in transport 

routes for oxygen in the CCL.  

 

Time Constant of Oxygen Diffusion Through CCL - The single peak in the phase 

angle of EIS measurements shown in Fig. 7.7 reflects the fact that a single energy process 

controls the ORR. The single loop of the EIS measurements shown in Fig. 7.5 reflects the 

same assumption. However, this may not always be the case as the capacitance related to 

the charge transfer process of the ORR and the oxygen diffusion effect are normally 

represented together in EIS measurements. One of the disadvantages of the EIS technique 

is that the frequency dependency is obscured because multiple energy controlled 

processes of an electrochemical system can be masked in the frequency plot. Based on the 

results from Fig. 7.5, the mass transport effect was overlapped with the charge transfer 

effect in the EIS measurements. Similar results were reported by Yuan et al. [7] when a 

280 cm2 PEFC stack was operated with a hydrogen stoichiometry of 2, and an air flow 

stoichiometry of 2.5. In the study carried out by Yuan et al, the separation between the 

charge transfer process and mass transport effect in EIS measurements was apparent 

when the PEFC stack was operated with a hydrogen stoichiometry of 2 and a fixed air 

flow rate of 20 standard  L min-1 (low air flow stoichiometry). Ciureanu and Roberge [19] 

carried out EIS measurements in a 25 cm2 PEFC with flow rates at stoichiometry of 1.2 

hydrogen and 2 air. The results show the additional loop at low frequencies that accounts 

for oxygen transport limitations in the cathode. Other studies have reported the presence 

of two loops in the EIS measurements where, at low frequencies, reflects the oxygen 

transport limitations in the gas phase because of the shortage of the air supply operated at 

a fixed air flow rate. Within the fuel cell there is a competition mainly between back-

transport of water from cathode to anode and electro-osmotic drag of water by ions from 

anode to cathode.  If no other source or sink of water is considered, the ideal operating 

point needs to be where both fluxes are equal. If the H2/air PEFC is operated with a low 

air flow rate the semicircle that represents the mass transport limitations at low 

frequencies is visualized in the EIS measurements. In Chapter 5, it was demonstrated that 
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the mathematical model represented in Eq. 5.24 is able to reproduce EIS measurements 

resulting in the low frequency loop attributed to gaseous oxygen transport limitations in 

the cathode.  

 

The time constant to diffuse oxygen through the CCL expressed in Eq. 7.1, is defined by 

DTW /2δ=  where δ  represents the characteristic length scale of the diffusive process in 

the CCL, in which for this specific case is considered to be the thickness of the CCL and 

D represents the effective diffusion coefficient for oxygen transport in the CCL. Springer 

et al. [1] reported time constants to diffuse oxygen through the CCL not larger than 3 ms  
using a mathematical model fitted with EIS measurements for a 5cm2 H2/air PEFC. The 

time constant in their study was fixed at 3 ms for all EIS measurements to avoid inclusion 

of another fitting variable. The time constant for the validation in this study was fixed a 

constant value of 3 ms, as reported by Springer, for the three EIS measurements, as 

shown in Tab. 7.1. The oxygen diffusion coefficients calculated from EIS measurements 

have been reported [26] to be the “effective” oxygen diffusion coefficients for oxygen 

transport through multiphase material in the cathode. The effective diffusion and 

equilibrium oxygen concentration estimated from Eq. 7.1 were 4108.4 −×=D cm2/s and  
877* 10651.4,10013.1,10008.4 −−− ×××=Oc mol/cm3 for 0.12, 0.2 and 0.32 A/cm2 respectively.  

The time constant TW  = 3 ms from Tab. 7.1 was increased by two orders of magnitude in 

Eq. 7.1 by decreasing the effective diffusion coefficient by two orders of magnitude as 
6108.4 −×=D cm2/s to simulate its effect on the EIS measurements. The remaining 

parameters from Eq. 7.1 were kept constant.   

 

The semicircles that represent the charge transfer of the ORR and mass transport effects 

are overlapped in the experimental cathode spectra, as shown in Fig. 7.5. The results in 

Fig. 7.8 show that if the time constant TW  = 3 ms from Tab. 7.1 is increased by two orders 

of magnitude in Eq. 7.1, it is possible to separate at 3.33 Hz the semicircles that represent 

charge transfer effect and oxygen transport limitations in the cathode spectra and whose 

diameters reflect roughly the same value as the Rc and RW from Tab. 7.1. Springer et al. 

[1] concluded that it is not possible to visualize the charge transfer effect and mass 

transport effect in PEFC EIS measurements with time constants of 10-4, 10-3, 10-2 orders 

of magnitude, and with either air or oxygen as a gas reactant. 
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Figure 7.8 Measured data with 3 ms time constant and simulated data with 0.3 s time 

constant, a) 0.12 A/cm2, b) 0.2 A/cm2, c) 0.32 A/cm2 

 

Malevich et al. [26] reported in their study the effective diffusivity of oxygen in gas 

phase and ionomer phase of the CCL to be 41068.2 −× cm2/s and 61083.2 −× cm2/s, 

respectively. These values have the same order of magnitude as the CCL oxygen 

diffusion estimated for time constants 0.003 and 0.3 s in this study. It can be concluded 

from the EIS cathode measurements of Fig. 7.5 with time constants of 0.003 s and CCL 

oxygen diffusion constant of 4108.4 −× cm2/s that the main contribution to oxygen 

transport is through the porous media of the CCL. The simulated cathode spectra in Fig. 

7.8 with a time constant of 0.3 s and a diffusion of 6108.4 −× cm2/s suggest that the main 
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contribution to oxygen transport is through the ionomer surrounding the agglomerate in 

the CCL. 

  

Because this is a macroscopic modelling approach, it is not possible to separate transport 

mechanism contributions due to small pores between agglomerates in which the Knudsen 

flow would be expected to be the prevailing mechanism and due to macropores in the 

void space between the agglomerates where a molecular diffusion would be the dominant 

transport mechanism. Water saturation in the CCL is expected when the PEFC is fed at 

low flow rates. Low flow rates result in the decrease of the effective porosity in the CCL 

due to the accumulation of water. Under such conditions an increase in the CCL diffusion 

time constant is expected. Malevich et al. also reported diffusive time constants with a 

magnitude in the order of 10-1 s in EIS measurements of a PEFC stack with microporous 

layers (MPLs) adjacent to the GDLs. The EIS measurements clearly showed the mass 

transport loop at low frequencies but with a diameter that is relatively smaller than the 

charge transfer loop. The MPL can reduce water saturation in the GDL and promote the 

water back to the CCL. Under this condition a saturation of liquid water in the CCL is 

expected. The mass transport resistance RW, shown in Tab. 7.1, is a function of the 

gaseous oxygen equilibrium concentration *
Oc in the CCL-GDL interface; a MPL 

enhances the gaseous oxygen transport through the GDL and therefore increases the 

equilibrium oxygen concentration at the CCL-GDL interface. Hence EIS measurements 

carried out in a PEFC with MPLs present lower mass transport resistance than for cells 

without MPLs. However under this condition, an increase in the time constant for the 

diffusion process of oxygen in the CCL is expected because the diffusivity of gaseous 

oxygen transport in the CCL is reduced due to the higher water concentration.  
  

In cells without MPLs as the case of this study, an increase in amount of water due to the 

ORR is expected in the GDL with increasing current density. It can be concluded that the 

increase of mass transport resistance as shown in Tab. 7.1 and represented by the 

diameter of the EIS loop at low frequencies is related to the low equilibrium oxygen 

concentration in the CCL-GDL interface as water is blocking the path for oxygen to 

permeate through the GDL, and the time constant for the diffusion process in EIS 
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measurements is related to the oxygen transport through the composite structure in the 

CCL.  

7.2.3 A Qualitative Analysis of Mass Transport Limitations 

It is not straightforward to determine the role of the effective diffusion coefficient D  of 

oxygen in the CCL for different operating conditions, because this parameter is related to 

the different modes of transport through the multiphase material in the CCL. The aim of 

this section is to identify the mass transport effect of the CCL in EIS measurements when 

the cathode is fed with O2 diluted in He and N2. EIS measurements were provided by 

Johnson Matthey Fuel Cells. A 6 cm2 PEFC was operated at 500 mA/cm2, 80 ºC, 20 psig 

anode and cathode inlet pressures, 100% RH for the anode and 30% RH for the cathode.  

The flow rates were kept constant throughout the experiment at 125.5 sccm on the anode 

and 313 sccm on the cathode. The cell was allowed to sit at the required current on pure 

oxygen for 5 minutes.  The gas was then switched to 40% O2 in helium, held for a few 

minutes and then switched to 40% O2 in nitrogen. EIS measurements from 65 kHz to 1 

Hz in a two electrode configuration were measured for each experimental condition. The 

MEA was a developmental sample from Johnson Matthey Fuel Cells with 0.4 mg Pt/cm² 

on both anode and cathode. The membrane was a commercial 30µm perfluorinated 

sulphonic acid membrane. The gas diffusion layers were based on wetproofed Toray 

TGP-H-060. 

 

 
Figure 7.9 Measured spectra with O2 diluted in He and N2 

 

Fig. 7.9 represents the EIS measurements of the PEFC (anode and cathode) where anode 

contribution has a minimum effect at high frequencies and does not contribute in the mass 

transport mechanisms at low frequencies, as discussed in section 7.1. The EIS results 
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presented high inductance values in the positive part of the complex plot at frequencies 

from 63 kHz to 4.1 kHz; these values are not shown in Fig. 7.9 to clearly visualize the 

mass transport effect at low frequencies. In Chapter 6, it was demonstrated that the 

inductance presented during the EIS measurements deforms the high frequency region; 

therefore in Fig. 7.9 it is not possible to draw a conclusion about the difference between 

spectra at 4.1 kHz. The oxygen concentration in the CCL may be considered similar for 

the two cases (O2/He and O2/N2). Thus, concentration-related effects, e.g., the variation in 

charge transfer ORR resistance due to different concentrations, are expected to be 

minimal. This can be demonstrated in Fig. 7.9 in which both semicircles present similar 

characteristics from frequencies of 4.1 kHz to 6.5 Hz. 

 

The diffusivity of O2 diluted in N2 at 80o C has been reported [27] to be 5108.2 −× m2/s and 

the diffusion coefficient of water vapour in N2 is 5109.3 −× m2/s at the same conditions; the 

oxygen diffusivity in He is 41013.1 −× m2/s and the diffusion coefficient of water vapour in 

He is 41014.3 −× m2/s. Gas phase diffusion of oxygen in Heliox (O2/He) is considerably 

faster than in O2/N2 due to the difference in diffusion coefficients of oxygen in nitrogen 

and in helium. So when the background gas in the cathode is switched to N2 from He, a 

difference in impedance measurements is expected, as shown in Fig. 7.9. The loop 

presented from 6.5Hz to 1 Hz for the O2/N2 case may be attributed to processes related 

primarily to the gas-phase oxygen limitations in the GDL which increases oxygen 

limitations at the CCL-GDL interface and low diffusivity of oxygen through the CCL. 

The He dissolved in O2 increased the equilibrium oxygen concentration at the GDL-CCL 

interface. Suzuki et al. [28] carried out experimental measurements using helium-oxygen 

mixture and air. They concluded that Knudsen diffusion in the small pores of the CCL 

limits the performance of the PEFC.  

 

In this study, the PEFC was operated using O2 diluted in N2 and He as background gases. 

The diffusivity of O2 and vapour water diluted in He is higher than if N2 is used as a 

background gas. For practical applications, air (21% O2, 79% N2) is used as reactant gas 

in the cathode side, and the impedance plot under these operating conditions would count 

for mass transport limitations due to low equilibrium oxygen concentration at the CCL-

GDL interface and low oxygen diffusion through the CCL, as discussed in section 7.2.2. 
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7.3 Discussion  

The oxygen diffusion coefficient in the CCL can be adversely affected by CCL structure, 

composition and operating conditions. It is clearly known that by reducing the void space 

between agglomerates due to the accumulation of water the ability of oxygen to permeate 

into the active sites of the CCL will be affected. There are two more modes of transport 

of oxygen in the CCL which can have an effect on the ORR: dissolved oxygen diffusion 

in the liquid water surrounding the agglomerate, and dissolved oxygen in the ionomer 

phase. To date, the effect of the oxygen diffusion on every single phase of the CCL 

material through impedance measurements has not been studied, and the literature mainly 

considers the gas phase diffusion as the crucial factor of the mass transport limitations. 

 

One of the challenges in the impedance technique is to separate the mass transport 

limitations between the CCL and the GDL. Equivalent electrical circuits with Warburg 

electrical component have been broadly used in PEFC impedance measurements to 

estimate the mass transport limitations. However it has not been clear how to relate the 

effect of oxygen transport limitations in the CCL and GDL.  As for a higher water content 

in the CCL the mass transport limitations in the GDL would be reduced and vice-versa. 

Mass transport in PEFC impedance measurements have been commonly attributed to 

oxygen transport limitations in the GDL neglecting any mass transport effect in the CCL. 

This study has demonstrated that mass transport limitations represented in EIS 

measurements are related to the equilibrium oxygen concentration at the GDL-CCL 

interface and the diffusivity of oxygen through the composite structure in the CCL. 

 

7.4 Conclusions 

EIS measurements that account for the cathodic side of the PEFC were compared with 

simulated data obtained through the cathode Impedance model developed in the previous 

Chapters. A validation in the complex-plot and bode format was carried out to account for 

the exact electrode process in the cathode EIS measurements. The results showed that the 

low frequency loop in PEFC impedance measurements that commonly attributed to mass 

transport limitations is attributed to the oxygen equilibrium concentration in the CCL-
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GDL interface and the diffusivity of oxygen through the CCL. It was possible to generate 

a deeper understanding of the internal phenomenological process in the CCL by coupling 

the experimental EIS technique to the fundamental theory. 
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Chapter 8 
 Analysis of the Performance of an Open-

Cathode Polymer Electrolyte Fuel Cell Stack 

using Simultaneous EIS Measurements 

In this Chapter, the factors that limit the performance in a commercial Open-Cathode 

polymer electrolyte fuel cell (PEFC) stack are assessed using simultaneous 

electrochemical impedance spectroscopy (EIS) measurements. Open-Cathode PEFCs 

have to survive under a range of operational environments varying from, for example, a 

winter low of sub-zero air temperatures to a summer high relative humidity. They also 

have to survive under a range of atmospheric compositions which can include sulphur 

dioxide, nitrous oxides and ionic contamination, as well as fuel impurities that can all 

potentially cause irreversible damage to the PEFC [1]. The list of critical contaminants is 

much longer if we also consider the effects of battlefield gases for military application 

[2]. As such, the fuel cell industry requires a fast-performing, non-intrusive and 

affordable diagnostics system which can determine changes in critical operational factors 

such as reactant, liquid water and current distribution, catalytic poisoning, membrane 

conductivity and contact resistance. 

 

EIS is a powerful technique that can be applied in-situ for diagnosis of the PEFC 

performance. Much of the work conducted in fuel cell research has limited the EIS 

technique to a single cell due to the requirement of setting up of a high cost power source 

and limitations in the experimental set-up, for example most commercial load banks 

operating at high currents do not have good frequency response. Few studies [3,4,5] have 

applied EIS measurements in PEFC stacks for different operating conditions and under 

various loading conditions. Commercial PEFC stacks are equipped with a control system 

for safe operation and optimal performance. Some works [3] have suggested that the 

effect of all system components on the PEFC stack must be taken into consideration 
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during EIS measurements. The disadvantage of this method is that inaccurate quantitative 

data at high frequencies can be obtained by intrusive signals from the system 

components. Cimenti [6] et al. reported that if a shunt resistor is connected with a PEFC 

stack to measure the current, a capacitive arc at high frequencies (> 1 kHz) in EIS 

measurements is observed. They concluded that the high frequency arc is likely an 

experimental artefact caused by neglecting the frequency dependence of the shunt 

resistor. Some works have limited the EIS study to 1 kHz to avoid complications from 

such high frequency external artefacts [7]. Previously in Chapter 6, it was demonstrated 

that the inductive effect of the measurement system deforms the high frequency region of 

the PEFC impedance spectrum and gives a wrong interpretation of the electrochemical 

mechanisms at high frequency. 

 

The impedance response of the whole stack does not provide information about the 

factors that limit the performance within the stack. Little work has been done in the study 

of the impedance response of individual cells within a large PEFC stack, and the results 

have clearly shown that the impedance response of the cells changes at different locations 

in the stack. The change in impedance of individual cells within the stack could be 

attributed to the non-uniform distribution of current density along the stack. Therefore in 

order to improve the performance of a PEFC stack, it is important to know and to 

optimise the current distribution within each cell. No accurate information has been given 

in relation to the change in impedance of individual cells within the stack. Dale et al. [3] 

provided no clear argument about the change of the Bode magnitude at low frequencies 

for cells at different positions in the stack. The authors concluded that the deviation of 

bode magnitude at low frequencies was attributed to the capacitance effect between the 

electrode-electrolyte interface. In the previous chapter, Chapter 7, EIS measurements 

were carried out in a single PEFC at three different current densities. The results were 

compared with simulated data from the validated impedance model derived in Chapter 5. 

It was concluded that the asymptotic value of the bode magnitude at low frequencies 

provided a qualitative value of the mass transport resistance which increases with 

increasing current density. In this study an analysis of the performance of an Open-

Cathode PEFC stack using simultaneous EIS measurements has been carried out.  
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The objective of this Chapter is to provide an insight into the change in impedance of 

individual cells within a commercial Open-Cathode 4-cell stack. The electrochemical and 

diffusion mechanisms in each cell are calculated through the theoretical treatment derived 

in Chapter 5; therefore it is possible to have an insight into the factors that limit the 

performance of the PEFC stack. 

 

8.1 Experimental 

A commercial Open-Cathode 4-cell stack with a 16 cm2 area was used for the 

experimental tests as shown in Fig. 8.1. The membrane electrode assemblies (MEAs) 

were made of Nafion 211 with platinum loadings of 0.4mg/cm2 and carbon black for the 

electrodes. The gas diffusion layers (GDLs) were made of carbon felt with 200µm width. 

The 4-cell stack consists of open cathodes with two 5V DC fans for oxidant supply (as 

air) and cooling. The stack consists of bipolar plates made of FU4369 HT material with a 

thickness of 5 mm. High purity hydrogen (99.999 %) was used during the tests to reduce 

fuel impurities which can limit the performance of the PEFC. Open-Cathode fuel cells are 

commonly operated with a dead-ended hydrogen outlet; however under such a 

configuration a non-steady response is expected at medium and high currents due to 

build-up of water. In this study the fuel cell stack was run in a through flow mode at the 

anode. Flow rate of hydrogen in the anode was kept constant during all the experiments 

with a stoichiometry of 2. The hydrogen supplied was dry. The PEFC stack was operated 

at ambient temperature 22 °C and the hydrogen back pressure was held at 0.4 bar(g). 

Polarisation curves were recorded prior to impedance measurements as shown in Fig. 8.2. 

 
Figure 8.1 Open-cathode fuel cell stack for EIS measurements 
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Figure 8.2 Polarisation curve 

 

EIS measurements were carried out through a multichannel frequency response analyzer 

FRA (Z#106 WonATech Co). The multichannel FRA consists of five channels and 

simultaneously measures five impedance spectra through a single induced DC current 

value. The multichannel system is connected with a RBL488 Dynaload. The multichannel 

FRA superimposes a small AC sinusoidal perturbation onto the bias current induced by 

the RBL488 Dynaload unit and measures the AC voltage signals resulting from the 

PEFC. The impedance measurements were carried out in a galvanostatic mode with a 5% 

AC amplitude of the DC current [5,8,9] to obtain a linear response from the system at 

frequencies from 10 kHz to 0.1Hz. Special electrical cables (Low inductive cable with 

Fusion Lug Technology, TDI POWER) connected between the PEFC and the RBL488 

Load were used to reduce high frequency inductive effects on the EIS measurements. 

Five channels from the Z#106 FRA were used to simultaneously measure the impedance 

of the PEFC stack and the impedance solely for each cell. 

 

EIS measurements were carried out at three different current densities 0.1875, 0.3125, 

and 0.4375 A/cm2 of the polarisation curve, as shown in Fig. 8.2. The PEFC stack was 

run over 60 minutes at the required current with no variation in the voltage to ensure a 

steady state for EIS measurements. EIS measurements for current densities 
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<0.1875A/cm2 were not possible, as the low AC amplitude superimposed onto the DC 

current made it difficult for the FRA to distinguish between noise and response. At high 

current densities >0.4365 A/cm2 the fuel cell stack was not steady for a long period of 

time due to the high water concentration produced by oxygen reduction reaction (ORR). 

 

8.1.1 Stack Measurements 

 
Figure 8.3 Stack measured data at 0.1875, 0.3125 and 0.4375 A/cm2 

 

The resulting stack impedance is shown in a complex plane and represents the 

electrochemical and diffusion mechanisms in the frequency domain. The diameter of the 

spectrum decreases from a current density of 0.1875 A/cm2 to 0.3125 A/cm2 and 

increases from a current density of 0.3125 A/cm2 to 0.4375 A/cm2, as shown in Fig. 8.3. 

EIS measurements have limitations and present disadvantages as the low impedance 

values are obscured for low frequencies and some effects are not visible due to a masking 

effect in the impedance plot [10]. Therefore the impedance results of Fig. 8.3 reflect the 

overlapping of two semicircles. One is related to the charge transfer resistance during the 

ORR which decreases with increasing current density and the other is related to oxygen 

transport limitations which increases with increasing current density. At high frequencies 

there is no inductive effect (EIS measurements with positive imaginary component) of the 

measurement cables which deforms the high frequency region of the impedance spectra, 

as demonstrated in Chapter 6. The sensing cables of the FRA which measure the voltage 

levels in each cell were directly connected to the bipolar plates of the PEFC stack. This 

allowed the reduction of inductive effects on the EIS measurements at high frequency by 

placing the sensing cables from the FRA as far apart as possible from the inductive 
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source (current cables). At high frequencies (Fig. 8.3) it is clearly shown that the 45° 

straight line represents the ionic resistance of the catalyst layer as previously 

demonstrated in Chapter 6. At low frequencies inductive effects on the EIS results were 

apparent for the three current densities. Makharia et al. [11] suggested that the possible 

reason for this inductive effect at low frequencies are the side reaction and intermediates 

involved in fuel cell reactions. Antoine et al. [12] showed that the adsorption step 

involved in the ORR of the fuel cell gives rise to this inductive behaviour. Roy et al. [13] 

developed an impedance model to account for the reaction mechanisms that may be 

responsible for the inductive response at low frequencies, the model proposes the 

formation of hydrogen peroxide (H2O2) as an intermediate in a two step ORR. It has been 

reported [14] that crossover of hydrogen to the cathode facilitates the reaction of oxygen 

and hydrogen at the cathode, generating hydroxyl and hydroperoxyl radicals which react 

further to produce H2O2 at the cathode. The hypothesis that H2O2 may be formed at the 

cathode of a fuel cell is supported by the results of Inaba et al. [15]. 

 

8.1.2 Individual Cell Measurements 

The use of the multichannel FRA allows the measurement of the impedance response of 

each cell of the PEFC stack simultaneously. The cells were numbered from the hydrogen 

inlet side starting from 1, as shown in Fig. 8.1. Fig. 8.4 shows the impedance plot for the 

four cells at 0.1875 A/cm2. The four cells show the inductive effect at low frequencies. 

There is little difference observed in this inductive effect at low frequencies for the cells 

at different positions in the stack. The cell located closer to the hydrogen inlet (cell 1) 

results in a smaller impedance spectrum than the other cells, as shown in Fig. 8.4.  The 

second cell shows the highest impedance spectrum which could be related to the 

structural features of the MEA. The measured data from 10 kHz to 100 Hz are similar for 

cells 1, 3 and 4. The difference in impedance response at low frequencies in cells 1, 3 and 

4 could be related to limitations in oxygen transport through the GDL and cathode 

catalyst layer (CCL). 
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Figure 8.4 Measured data for different cells of the stack at 0.1875A/cm2 

 

Fig. 8.5 shows the impedance results of the four cells at a current density of 0.3125 

A/cm2. The diameters of the spectra decrease with increasing current density from 0.1875 

A/cm2 to 0.3125 A/cm2. When the kinetics of the ORR dominate the cell performance 

such as in the low current density range of the polarisation curve, the impedance spectrum 

mainly represents the charge transfer resistance during the ORR and its diameter 

decreases with increasing current density [10]. At a current density of 0.3125 A/cm2 there 

is an increase in the driving force for the interfacial oxygen reduction process. The 

impedance response of cell 3 at low frequencies is higher than cells 1 and 4. Cell 2 shows 

the biggest impedance spectrum. 

 

 
Figure 8.5 Measured data for different cells of the stack at 0.3125 A/cm2 

 

Fig. 8.6 shows the impedance results at a current density of 0.4375 A/cm2. One of the 

disadvantages of the EIS technique is that multiple energy controlled processes during the 
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electrochemical reaction can be masked in the impedance plot. Therefore the semicircles 

that represent the charge transfer of the ORR and mass transport effects are overlapped in 

the experimental impedance spectra. Similar results were reported by Yuan et al. [5] 

when EIS measurements were carried out in a H2/air PEFC stack. Their results show that 

EIS measured data feature a single semicircle at high current densities. The increase in 

diameter of the spectra with increasing current density from 0.3125 A/cm2 to 0.4375 

A/cm2 as shown in Fig. 8.6 is attributed to an increase in oxygen transport limitations. 

 

 
Figure 8.6 Measured data for different cells of the stack at 0.4375 A/cm2 

 

8.2 Results and Discussion 

In this study the factors that limit the performance in the Open-Cathode PEFC stack are 

assessed through EIS measurements and the details of the impedance model derived in 

Chapter 5. It is possible to generate a deeper understanding of the internal 

phenomenological processes by coupling the experimental EIS technique to the 

fundamental electrochemical and diffusion theories. 

 

8.2.1 Electrochemical and Diffusion Mechanisms  

The use of equivalent circuits with the experimental EIS technique is a well-established 

methodology to characterise processes in the PEFC. The electrical circuit that models the 

PEFC spectrum neglecting anode contribution contains a resistance that accounts for the 

polymer electrolyte membrane (PEM), GDL and bipolar plate connected in series with a 
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circuit accounting for the CCL, in which for this specific case is the CCL impedance 

equation derived in Chapter 5, 
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PR  Resistance to the flow of ions in the electrolytic phase of the CCL. 

 

RC Charge transfer resistance presented in the ORR defined as 

( )bjbR SSC /exp/ 0 η= , where b is the Tafel slope, SSη  represents a value of  

voltage in activation overpotential, and 0j is the exchange current. 

 

WZ  Warburg impedance [16] and describes resistance for oxygen diffusion across 

CCL in the frequency domain ( ) ( ) 5.05.0 /tanh WWWW TiTiRZ ωω= , with 

( )DcFzRTR oW
*22/δ=  defined as resistance for the diffusion process and 

DTW /2δ=  defined as the time constant to diffuse oxygen through the CCL. 

 

( )PiY ω  Y  represents a parameter related to constant phase element (CPE), superscript 

P  represents a parameter to correct the inhomogeneity in the distribution of 

charge. 

 

ω  Angular frequency. 

 

i  Imaginary component in impedance. 

 

eR  Total ohmic resistance to the flow of electrons and ions in the bipolar plate, 

GDL and PEM.  
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Fouquet et al. [16] monitored the performance of a H2/air six-cell PEFC stack under 

drying and flooding conditions through EIS measurements. The Randles circuit with 

Warburg element that represents the cathode electrochemical mechanisms was applied to 

the cell impedance data at high currents. The authors made the assumption that the rate 

limiting reaction in the cell is the ORR at the cathode; therefore anode contribution to the 

cell impedance data was considered negligible. In the previous chapter, Chapter 7, it was 

demonstrated that a reference electrode inserted in a PEFC operated with 100% relative 

humidity in the anode and the use of a multichannel FRA allowed the separation of the 

impedance response of the cell and cathode. The results showed that the difference 

between cell and cathode impedance responses attributed to anode contribution (hydrogen 

oxidation reaction) become negligible at medium and high currents. In this study anode 

contribution can be considered negligible for the EIS measurements at medium and high 

currents.  

 

The simulated data from Eq. 8.1 were compared with the measured EIS data using a 

Graphic User Interface (GUI) developed in Matlab®, see Appendix D. The use of the GUI 

with Eq. 8.1 for EIS analysis has already been demonstrated in Chapters 6 and 7. The 

GUI allows the fitting of the parameters from Eq. 8.1 to achieve a good agreement 

between the experimental and simulated data. The least squares fitting method was used 

in order to find the best-fit between the model and the measured data. A good quality fit 

is obtained when the sum of the deviations squared (least square error) between the 

simulated and measured impedance data has a minimum value, for instance < 0.1. The 

results show that Eq. 8.1 cannot reproduce EIS measurements in the positive imaginary 

part of the complex impedance plane at low frequencies as shown in Fig. 8.7. 

 
Figure 8.7 Comparison between measured data and simulated data from Eq. 8.1 



Chapter 8 Analysis of the Performance of an Open-Cathode Polymer 
Electrolyte Fuel Cell Stack using Simultaneous EIS Measurements 

Application 

 

S. Cruz-Manzo, R. Chen and P. Greenwood, 13th Advanced Batteries, Accumulators and Fuel Cells          153 
 

Adsorbed intermediate species - EIS measurements in the positive imaginary part of the 

complex impedance plane at low frequencies are commonly recognised as an inductive 

loop. This inductive loop has been considered a characteristic of systems containing 

consecutive heterogeneous reactions with potential-dependent adsorbed intermediate 

species [17]. Roy et al. [13] developed two different impedance models to predict low 

frequency inductive loops in EIS measurements of PEFCs. The models accounted for the 

additional reaction formation of H2O2 and formation of platinum oxide (PtO) with 

subsequent dissolution of Pt on the CCL. Ambrosi and Sarli [18] reported that 

electrochemical reactions that take place within the electrolyte can be governed by both 

the rate constants and the intermediate species adsorbed on the electrode. The authors 

reported an electrical circuit for a faradaic process with adsorption, as shown in Fig. 8.8. 

 

   
Figure 8.8 Equivalent electrical circuit for a faradaic process with adsorption 

 

Fig. 8.8 shows that if intermediate species are involved in the ORR, an additional 

equivalent network formed by a pseudo-capacitance CPEAd in parallel with a pseudo-

resistance RAd should be added in series with the former RC in the RC-CPE combination 

that represents simple reaction kinetics. As the adsorption only covers a fraction of the 

total electrode area, such a fraction fluctuates at the same frequency of the potential but 

differs in phase with it. Ciureanu and Wang [19] reported the same electrical circuit 

shown in Fig. 8.8 to account for an electrode with adsorbed intermediate species at the 

interface between dissimilar materials i.e. Nafion-carbon. 

 

The second term on the right-hand side of Eq. 8.1 was derived in Chapters 4 and 5 by 

considering simple reaction kinetics 
K

eOx ↔+ − Re and does not consider adsorbed 

intermediate species during the ORR which can limit the performance of the PEFC. In 

Eq. 8.1 the term expressed as (RC + ZW) represents the total process resistance during the 
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ORR, charge transfer resistance RC in series with mass transport resistance ZW due to 

oxygen transport limitations. Bard and Faulkner [20] reported that the overpotential 

during an electrochemical reaction can be considered the sum of terms associated with the 

different reaction steps: mass transport overpotential, charge transfer overpotential and 

overpotential associated with a preceding reaction. Therefore the electrode reaction can 

be represented by a resistance composed of a series of resistances representing the various 

steps during the electrochemical reaction. If the term representing the process associated 

with the adsorbed intermediate species during the ORR ( )( )Ad
P

AdAdAd RiYRZ Adω+= 1/   

derived from Fig. 8.8 is put in series with (RC + ZW) in Eq. 8.1 to consider the total 

process resistance during the ORR as reported by Bard and Faulkner [20]. An 

approximate representation for the impedance response of the PEFC considering 

adsorbed intermediate species can be expressed as, 
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The resulting Eq. 8.2 needs further detailed study to analyse how adsorbed intermediate 

species ZAd could affect the ORR current distribution through the CCL in the spatio-

temporal domain. If the parameters represented in Eq. 8.2 are fitted to the measured EIS 

data using the GUI in Matlab® and considering the least square error < 0.1, it is possible 

to reproduce the inductive loop at low frequencies as shown in Fig. 8.9. 

 
Figure 8.9 Comparisson between measured and simulated data from Eq. 8.2 
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The results show that Eq. 8.2 is able to reproduce the low frequency loop which is related 

to adsorbed intermediate species in the ORR. The electrochemical and diffusion 

mechanisms of the measured data were calculated through Eq. 8.2 and the results are 

shown in Tab. 8.1. The parameters of RAd and YAd(iω)P that represent ZAd to account for 

the adsorbed intermediate species during the ORR resulted in negative numbers. Bai and 

Conway [21] demonstrated in their work that EIS measurements with positive imaginary 

components (inductive loop) at low frequencies in electrochemical systems with adsorbed 

intermediate species are related to a change in the sign of the coverage φ dependence on 

potential (dφ/dE). Ciureanu and Wang [19] reported EIS measurements in a H2/ H2+CO 

PEFC. EIS measurements showed the inductive loop at low frequencies with increasing 

bias potential. In their study the electrical circuit shown in Fig. 8.8 was applied with EIS 

measurements and this resulted in negative values for RAd and CPEad. They concluded 

that the negative parameters in ZAd which cause the inductive loop are a result of the 

decrease of CO coverage on the electrode with increasing bias potential due to oxidation 

of CO by oxygenated species on the electrode-electrolyte interface. In this study YAd was 

found constant for all the measured data (-5.1375 sp/Ωcm2 with Pad=0.8) and RAd is shown 

in Tab. 8.1. Overall RAd becomes more negative with increasing current density for all 

cells. At this point it is not clear what adsorbed intermediate species are interfering with 

the ORR and limiting the PEFC stack performance. In this particular stack an air filter in 

the fan should have been considered to remove any particulate matter that might 

contaminate the CCL. The process responsible for the inductive characteristic at low 

frequencies could also be attributted to hydrogen crossover through the PEM or bipolar 

plates to form H2O2 during the ORR as reported by Roy et al. [13]. A further study to 

consider crossover of hydrogen through bipolar plates made of FU4369 HT material 

should be investigated. 

 

Charge Transfer Resistance - The measured data from 10 kHz to 100 Hz are similar for 

cells 1, 3 and 4, as shown in Figs. 8.4, 8.5 and 8.6. The temperature distribution through 

this particular stack is not very significant in the kinetics of the electrochemical reaction 

as the measured data in the frequency range of 10 kHz - 100 Hz presented the same trend 

at the same current density with an exception for cell 2. The parameter charge transfer 

resistance RC calculated from EIS measurements and Eq. 8.2 is shown in Tab. 8.1. The 
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charge transfer resistance RC, whose dependence on electrode potential is given by the 

Tafel equation and reflects the increase in the driving force during the ORR, remains 

constant for cells 1, 3 and 4 at the same current density. RC is a function of the exchange 

current density j0, as such ( )bjbR SSC /exp/ 0 η= . A decrease in j0 results in an increase of 

RC and thus a decrease in the activity of the electrode surface is produced. Cell 2 shows a 

higher RC than the rest of the cells at the same current density which can be attributed to 

low electrocatalytic activity in cell 2. Therefore the activation overpotential in the PEFC 

stack is dominated by the charge transfer resistance of cell 2. As expected Rc decreases in 

the four cells with increasing current density. 

 

 Rc Ω.cm2 Rw Ω.cm2 RAd Ω.cm2 

0.1875A/cm2    

Cell1 0.7712 0.0128 -0.128 
Cell2 0.9312 0.1216 -0.192 
Cell3 0.7712 0.1584 -0.176 
Cell4 0.7712 0.0736 -0.16 
0.3125 A/cm2    
Cell1 0.6544 0.064 -0.136 
Cell2 0.8144 0.176 -0.184 
Cell3 0.6544 0.2304 -0.2 
Cell4 0.6544 0.152 -0.184 
0.4375 A/cm2    
Cell1 0.6336 0.1952 -0.184 
Cell2 0.7568 0.4272 -0.232 
Cell3 0.6336 0.504 -0.328 
Cell4 0.6336 0.3552 -0.248 

Table 8.1 Charge transfer resistance RC, mass transport resistance RW and adsorbtion 

resistance RAd  calculated from Eq. 8.2 

 

Ohmic Resistance - Fig. 8.10 shows the high frequency region of the EIS measurements 

at the three different current densities. The measured data of cell 2 are not shown in Fig. 

8.10 as the data of this cell from 10 kHz to 100 Hz showed a different trend compared to 

the rest of the cells as shown in Figs. 8.4, 8.5 and 8.6. Cell 3 shows a slightly higher 

ohmic resistance than cell 1 and 4 at the three current densities, this effect can be 

noticeable in the real part Z’ at 10 kHz of the spectra, as shown in Fig. 8.10. The increase 

in ohmic resistance could be attributed to dehydration in the PEM which may have been 

caused by an increase in reaction generated heat in cell 3. Ohmic resistance seems to be 
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more sensitive than charge transfer resistance to the temperature distribution through the 

stack.  

 
Figure 8.10 High frequency EIS measurements for cell 1 ◊, cell 3 ∆, cell 4 ○; a) 

0.1875A/cm2, b) 0.3125 A/cm2, c) 0.4375 A/cm2 

 

Oxygen Tranport limitations - The mass transport resistance Rw, due to gaseous oxygen 

transport limitations and as a function of the gaseous oxygen equilibrium concentration 
*
Oc  in the CCL-GDL interface, increases with increasing current density for all cells, as 

shown in Tab. 8.1. Cells 2 and 3 show higher mass transport resistance than cell 1 and 4. 

Cell 3 shows the highest mass transport resistance as shown in Fig. 8.11. The increase in 

mass transport resistance of cell 3 could be attributed to a high water concentration 

produced by the ORR which affects the transport of oxygen to reach the reaction sites in 

the CCL; however, the increase in ohmic resistance in cell 3 (PEM dehydration), shown 

in Fig. 8.10, demonstrates a contrasting case. 

 

 
Figure 8.11 Estimation of mass transport resistance in each individual cell 
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Santa Rosa et al. [22] studied the effect of critical conditions on an Open-Cathode 8-cell 

stack operated at ambient temperature and pressure. Three different fans for oxidant 

supply and cooling were used to investigate how the air flow rate affects the stack 

performance. A 5 V DC fan was found to be the best option because it ensures enough 

stack cooling and oxidant supply. The authors concluded that a fan with lower voltage 

affects the stack performance at medium-high currents because lower air fan flow rate 

cannot expel excessive reaction generated heat which in turns leads to dehydration in the 

PEM (high ohmic resistance).  

 

In this study, EIS measurements demonstrate that inhomogeneity of air flow rate in an 

open-cathode PEFC stack not only leads to an increase in ohmic resistance but also leads 

to an increase in mass transport limitations in the cells. Limitations in air flow rate 

decrease the gaseous oxygen equilibrium concentration in the GDL-CCL interface and 

increase mass transport resistance. The position and distance of the fans with respect to 

the open cathodes in this particular stack played an important role for mass transport 

limitations. Two 5V DC axial fans were centred 1cm over the open cathode of cell 3 as 

shown in Fig. 8.1. Air enters the fan evenly as it follows the physics of moving from a 

high pressure area into a low pressure area. The air then spreads outwards as it leaves the 

fan due to a centrifugal force. This results in a vacuum area absent of air flow in the 

center of the fan and therefore the majority of the airflow is around the sides of the fan. 

This could explain the increase in oxygen transport limitations in cell 3 for the three 

currents, as shown in Fig. 8.11. A fan characteristic curve (FCC) presents three typical 

regions for axial fans: a stalling, an unstable and an optimal operating region [23]. 

Sasmito et al. [24] reported that the interception between the operating point of an Open-

Cathode fuel cell stack and a FCC should be located in the optimal operating region and 

be sufficiently far away from any unstable and stalling region. With most fans there is no 

air flow right in the center of the fan. The majority of the airflow is around the sides of 

the fan; this effect limits the pressure within the open cathode in cell 3 and thus the 

operating point of cell 3 corresponds to the stalling point in the FCC. This effect could 

explain the increase in oxygen transport limitations and the increase in reaction generated 

heat in cell 3 which increases the ohmic resistance. 
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The results for the oxygen diffusion time constant in the CCL, represented by DTW /2δ= , 

where δ  represents the characteristic length of the diffusive path in the CCL and D 

represents the effective diffusion coefficient for oxygen transport in the CCL, are not 

shown in Tab. 8.1. Three diffusion processes exist in the CCL: diffusion through the 

porous media, water film and electrolyte film covering the catalyst agglomerate. It is not 

straightforward to determine the role of the effective diffusion coefficient D  in the time 

constant TW calculated from the measured data of this study because this parameter is 

related to the modes of transport through the multiphase material in the CCL. At this 

point it is not clear which one of these diffusion processes is the limiting one. In the 

literature [25], it has been proposed that the effective diffusion in the diffusion time 

constant of impedance measurements is related to the diffusion of oxygen through the 

GDL. This is not the case for the measured data of this study, as the diffusion time 

constant did not follow the same trend as the mass transport resistance Rw shown in Tab 

8.1 and Fig. 8.11. 

 

8.2.2 Discussion 

The inhomogeneous performance along a PEFC stack can be monitored with the use of 

simultaneous EIS measurements. Some works in the literature have used simultaneous 

EIS measurements during PEFC operation to diagnosis the factors that limit the stack 

performance. However some misconceptions and misunderstandings about how to relate 

the physical processes of a PEFC stack with the change in impedance response have been 

reported. One of the disadvantages of the EIS technique is that multiple energy controlled 

processes during the electrochemical reaction can be masked in the impedance 

measurements. The interpretation of the electrochemical and diffusion mechanisms which 

are truly happening in a PEFC stack can be unveiled by relating the electrochemical 

impedance data to the fundamental theory of PEFCs. This level of understanding is 

critical to industry to drive the development, optimisation and running of PEFCs as 

reliable commercial products. In this study the factors that limit the performance in an 

Open-Cathode PEFC stack are assessed through simultaneous EIS measurements and the 

use of the impedance model derived in previous Chapters 4 and 5. It is possible to 

diagnose degradation in MEAs which yield low electrochemical activity in the electrodes 
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through experimental EIS and modelling. Oxygen transport limitations due to flooding 

can be diagnosed at low frequencies of EIS measurements. The selection of fans based on 

power rating, type, stack length, bipolar plate channel dimensions requires careful 

consideration for the operating point and resulting stack performance. The performance 

of a fan with respect to an Open-Cathode fuel cell stack is measured experimentally and 

estimated from various engineering correlations or computational fluid dynamics (CFD) 

analyses. EIS measurements can provide a direct correlation about variations in air flow 

through the open cathodes in an open-cathode PEFC. Finally another common effect 

limiting the stack performance is the presence of adsorbed intermediate species during the 

ORR. This effect has been identified in EIS measurements as an inductive loop at low 

frequencies. Open-Cathode PEFC stacks are exposed to a range of atmospheric 

compositions which can include sulphur dioxide, nitrous oxides, ionic contamination, 

carbon monoxide, etc. A further investigation to include poisoning effects on Open-

Cathode PEFCs which is normally present in the positive imaginary part of the complex 

impedance plane at low frequencies will be researched in future work. 

 

8.3 Conclusions 

This study has demonstrated that EIS is a powerful tool for in-situ diagnosis of a PEFC 

stack. EIS measurements that account for each cell in an Open-Cathode PEFC stack were 

compared with simulated data from the model derived previously in Chapter 5. The 

results showed that EIS measurements in the positive imaginary part of the complex 

impedance plane that account for adsorbed intermediate species during the ORR cannot 

be reproduced through the model derived in Chapters 4 and 5. The model was modified to 

include adsorbed intermediate species mechanisms during the ORR and the results 

showed a good agreement between measured data and simulated data. Electrochemical 

and diffusion mechanisms for each cell in the PEFC stack were calculated through EIS 

measurements and the model. The results show that the activation overpotential in the 

whole PEFC stack is dominated by low electrocatalytic activity in one of the cells. The 

results also show that oxygen transport limitations and PEM dehydration are attributed to 

variations in flow of the air through the open cathodes in the stack. The results also 

revealed adsorbed species during the ORR with increasing current density. At this point it 
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is not clear what exact adsorbed species are interfering with the ORR and limiting the 

performance of the PEFC stack. Further experiments to account for the exact intermediate 

species should be carried out. This newly established EIS knowledge will enable an 

assessment of the state of health of operational fuel cell stacks. 
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Chapter 9 
Study of Current Distribution in the Fuel Cell 

Cathode Catalyst Layer through EIS 

One of the main objectives for electrode performance in the polymer electrolyte fuel cell 

(PEFC) is the optimisation of spatio-temporal current distributions within the catalyst 

layer (CL). The electrode performance in a PEFC can be enhanced by knowing and 

optimising the current distribution within the cathode catalyst layer (CCL). Thompson et 

al. [1] reported that by knowing exactly how the current of the oxygen reduction reaction 

(ORR) is distributed through the CCL, it would be possible to develop cold start models 

that include the physics of product water uptake in the membrane and filling of electrode 

pores with water (ice). The ORR current distribution can be influenced by the mass 

transport resistance of oxygen reactant diffusion into the CCL and/or of oxygen 

permeation through the thin layer of ionomer covering the Pt catalyst sites. This 

emphasizes the need to estimate internal current distribution measurements on the 

electrode of the PEFC. To date, different experimental techniques to measure the current 

distribution through the electrode have been developed such as the printed circuit 

developed by Brown et al. [2] and Cleghorn et al. [3], the subcell approach in the 

membrane electrode assembly (MEA) and current mapping technique by Stumper et al. 

[4], the segmented subcells in conjunction with a multichannel potentiostatic system  by 

Yang et al. [5], the segmented flow field approach by Noponen et al. [6] and the current 

collector in segmented flow field by Mench et al. [7,8,9]. A spatially resolved in-situ 

diagnostic method for PEFC using electrochemical impedance spectroscopy (EIS) 

measurements was carried out in the study reported by Schneider et al. [10]. This method 

pinpoints in-homogeneities in the current distribution. The combination of locally 

resolved current density measurements and local EIS allows the identification of local in-

homogeneities in the performance of a PEFC. Other works [11,12] have focused on the 

estimation of the current distribution through the CCL using mathematical models based 

on theories of porous composite structure, liquid water saturation, transport of reactants 
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and products, and electrochemical conversion in ORR. The models can predict potential 

loss and catalyst utilization in the CCL. 

 

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. 

This Chapter considers an application of the validated model from Chapters 4 and 5 in 

order to reveal the transitory and steady-state response of the current as a function of the 

thickness of the CCL. The model was applied in the time domain to simulate the effects 

of ionic resistance and the double layer capacitance across the CCL on the transitory and 

steady-state current distribution. In this Chapter the effects of ionic resistance, the charge 

capacitance, equilibrium oxygen concentration and effective oxygen diffusion on the 

current distribution of the CCL are studied. The ionic resistance depends on the 

distribution of electrolyte within the CCL and its hydrated state. The charge capacitance 

is dependent upon the amount of charge stored between dissimilar materials, i.e., 

electrode-electrolyte interface. The equilibrium oxygen concentration and effective 

oxygen diffusion are parameters which can be influenced by operation and preparation of 

the PEFC. 

 

9.1 CCL Low Current Distribution  

The current distribution in the time domain defined in Chapter 4 (Eq. 4.23) is represented 

as: 







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where PR represents the resistance to the flow of ions in the electrolytic phase of the CCL, 

CR  is the charge transfer resistance presented in the ORR, and 
dlC  is the charge 

capacitance between the electrode-electrolyte interface. Its solution can be obtained in 

one dimension using the pdepe command in Matlab [13]. With the validated impedance 

spectrum of the CCL in Chapter 4 it is possible to extend the application of the theoretical 

modelling treatment by using the same parameters as given in Tab. 4.1 and applying them 
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to the key equation in the time domain, Eq. 9.1, in order to reveal the spatial and temporal 

current distributions for two test cases (30 °C and 60 °C). This provides a valuable insight 

into the actual performance of the CCL. Fig. 9.1 shows the simulated dynamic response 

of current through the CL at 30 °C and 60 °C. The current distribution increases from the 

x = 0 thickness fraction gas diffusion layer (GDL)-CCL interface to the x = 1 thickness 

fraction CCL-polymer electrolyte membrane (PEM) interface. This reflects the transfer of 

ions to the PEM from the anode catalyst layer, which results in maximum current at the 

interface between the CCL and the PEM and a minimum current at the interface between 

the CCL and GDL as ions are consumed due to the ORR through the thickness of the 

CCL. Thompson et al. [1] estimated the current distribution within the CCL operated at -

20 oC using a mathematical model that considers only ionic resistance and kinetic 

resistance described by the Tafel slope. The results showed that for the lowest average 

current density, the initial current distribution is skewed heavily toward the membrane 

interface. Also as the average current density is increased, the current distribution is 

pushed closer to the membrane interface. The simulations suggest that the current 

distribution in the CCL reaches steady-state in the order of milliseconds.  
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(b) 

Figure 9.1 Simulated dynamic current response along the CCL at (a) 30 °C and (b) 60 °C 

 

The steady-state current distribution along the CL can be observed more acutely in Fig. 

9.2a for the two temperatures. At 60 °C, the distribution improves marginally between x = 

0.5 and x = 1.0, yielding a higher local current at x = 1.0 than for the 30°C. This 

demonstrates that the ORR occurs to a greater degree in the half of the CCL closest to the 

PEM. Fig. 9.2b demonstrates the dynamic response of the CCL at a thickness fraction of 
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0.8. The thickness fraction of 0.8 is chosen because as Fig. 9.1 suggests it is a position 

where the dynamics of the CCL are well pronounced but also relatively close to the PEM-

CCL boundary where electro-reduction will be correspondingly high. In general, Fig. 

9.2b demonstrates that the time to steady-state improves with temperature. At 60°C, the 

current reaches 41 mA/cm2 in 1 ms. At 30°C, the current reaches 38 mA/cm2 in around 

1.7 ms. 

 

 
(a) 

 
(b) 

Figure 9.2 Current density profiles in the catalyst layer; (a) steady-state current 

distribution at t = ∞; (b) dynamic response of current at a thickness fraction of 0.8 

 

9.1.1 Effect of Double-Layer Capacitance on CCL Low Current Distribution  

The purpose of this section is to investigate the effects of double layer capacitance on the 

performance of the CCL. This is carried out by considering the 60 °C test case and 

altering the measured capacitance by – 50%, + 50% and + 120% while all other 

parameters are kept unchanged. In this current study, a constant phase element (CPE) 

parameter was used to correct the inhomogeneity in the charge distribution of the CCL. 

This can be observed in the non-perfect semicircle presented in the experimental 

impedance spectra. The CPE data can be converted to represent a capacitor (measured in 

Farads) through the following equation: 

 

( ) 12 −= P
Cdl fYC π                                        (9.2) 
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noting that Cf  is the frequency at which the imaginary part of the impedance reaches its 

minimum value. In this parametric study, three simulations are run where the capacitance 

is altered relative to its measured value in order to investigate the effect of double layer 

capacitance on current distribution and the dynamic response of the CCL. Fig. 9.3 

demonstrates the effect of the magnitude of the double-layer capacitance on spatial and 

temporal current distributions in the CCL. From Fig. 9.3a, it is evident that the 

capacitance has no significant effect on the distribution of current through the CCL. 

However, Fig. 9.3b clearly demonstrates that by increasing the double layer capacitance, 

the time to steady-state is retarded. The steady-state current is approximately 40 mA/cm2; 

for the measured baseline capacitance of 5.2 mF/cm2, the model demonstrates that the 

steady-state current is achieved in the CCL by 1.0 ms. If the capacitance is 50% less than 

the measured value (2.6 2/ cmmF ), the steady-state current is achieved by 0.5 ms. By 

increasing the capacitance by 50% (7.8 2/ cmmF ) and 120% (11.4 2/ cmmF ) the time 

to steady-state is greater and increases to approximately 1.4 ms and 2.2 ms respectively. 

 

 
(a) 

 
(b) 

Figure 9.3 Effect of double-layer capacitance on CCL current profiles; (a) current 

distribution at steady-state; (b) dynamic response, x = 0.8 for different capacitances, 5.2, 

2.6, 7.8 and 11.4 2/ cmmF  

9.1.2 Simulated Effect of Ionic Resistance on CCL Low Current Distribution  

It is possible to investigate the effect of ionic resistance in the CCL on the performance of 

the CCL in a similar manner to that carried out above. In the current study, two 
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simulations are run where the measured ionic resistance (600 mΩcm2) is decreased by 

50% (300 mΩcm2) and increased by 50% (900 mΩcm2) to once again investigate the 

effect on current distribution and the dynamic response of the CCL.  

 

Fig. 9.4 demonstrates that the ionic resistance has a primary effect on the current 

distribution and a secondary effect on the time to steady-state. Fig. 9.4a demonstrates that 

for low ionic resistance, the current distribution extends through the thickness of the CCL 

but can reduce to zero within the CCL if the ionic resistance is increased. This suggests 

that at low current operation when the oxygen distribution within the CL is assumed to be 

uniform, high ionic resistance can limit the extent of the ORR to regions closest to the 

PEM. The high ionic resistance limits the transfer of ions deeper through the electrolyte 

network towards the CCL-GDL interface, resulting in the curtailed current distribution. 

Fig. 9.4b demonstrates that while the ionic resistance reduces the maximum current 

achievable at the x = 0.8 position, the ionic resistance also has a secondary effect on the 

time to steady state. For the three cases considered, the simulated steady state current is 

approximately 47 mA/cm2, 41 mA/cm2 and 34 mA/cm2 for 300 mΩcm2, 600 mΩcm2 and 

900 mΩcm2 resistances respectively. At 300 mΩcm2, the steady-state current is achieved 

in 0.6 ms. At 600 mΩcm2, the steady-state current is achieved in 1 ms. At 900 mΩcm2, it 

takes around 1.3 ms. 

 

 
(a) 

 
(b) 

Figure 9.4 Effect of ionc resistance on CCL current profiles; (a) current distribution at 

steady-state; (b) dynamic response, x=0.8 for different proton resistances, 600, 300, 900 

mΩcm2 
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9.2 CCL High Current Distribution  

In Chapter 4, it was considered that there is no change in oxygen concentration in the 

CCL at low currents. In this Chapter the change in oxygen concentration defined in the 

modelling considerations from section 5.1.2 Chapter 5 is taken into account at medium 

and high currents in the time domain, thereby addressing the assumption of no change in 

oxygen concentration at low current operation (Eq. 4.18), as such: 
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where 
_
j is the current across the thickness of the CCL in the time domain, 

_
η  is the 

potential difference  between the electrode and electrolyte interface in the time domain,  
*
Oc  is the equilibrium oxygen concentration at the GDL-CCL interface, '

Oc  is the oxygen 

concentration at the CCL-PEM interface in the time domain, dlC  represents the 

capacitance between dissimilar materials, RC represents the charge transfer resistance  

present in the ORR defined in Eq. 4.19, x represents the thickness (dimensionless) of the 

CCL from x=0 CCL-GDL interface to x=1 CCL-PEM interface. 

 

The oxygen transport in the CCL in the Laplace domain defined in Chapter 5 (Eq. 5.12) 

can be arranged with Ds /1 =β  as: 
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The solution of the inverse Laplace transform of Eq. 9.4 by the Heaviside’s Expansion 

Theorem [14] is detailed in Appendix E and results in:    
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The use of a small amplitude sinusoidal perturbation through the EIS technique allows 

the use of a linear model to represent the impedance of the CCL. Bard and Faulkner [15] 

reported that a linearized representation of the overpotential can be represented as 

zFRT /1

_
=η . The ratio between oxygen concentration at the CCL-PEM interface and CCL-

GDL interface can be expressed as a function of mass transport resistance in the time 

domain and charge transfer resistance by considering zFRT /1

_
=η  and rearranging Eq. 9.5 

as such: 

 
1

*

' −






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 −
=

C

MC

O

O

R
RR

c
c                                                                                                           (9.6) 

                                                                                                            

where Rc is the charge transfer resistance (Eq. 4.19) and MR  is defined as the mass 

transport resistance in the time domain such that; 
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2 4
exp8

δ
π

π
                                                                                     (9.7) 

 

and RW is defined as resistance for the diffusion process and is defined in Eq. 5.16. 

 

In fuel cell theory the overpotential represented in a polarisation curve is expressed 

through the relation η−= OEE , where E is the potential far from equilibrium (fuel cell 

voltage), EO is the potential in equilibrium (open circuit voltage) and η  represents the 

overpotential (activation, ohmic or mass transport) in the fuel cell. In section 2.2.4 the 

solution of the mass transport overpotential (Eq. 2.30) resulted in a negative sign. 

Therefore the equation of the mass transport overpotential was changed in sign (Eq. 2.31) 

to comply with the relation η−= OEE  for polarisation curves. This change in sign in the 

mass transport overpotential equation has also been reported in the literature [16]. A 

change in the sign in mass transport resistance MR  in Eq. 9.6 has to be considered to 

comply with the theory of fuel cell mass transport overpotential, as such: 
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Substituting Eq. 9.8 into Eq. 9.3 yields: 

 

dt
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Substituting Eq. 9.9 into the electrolyte network 
PRjdxd

__
/ =η  and neglecting the potential 

of the electrode, as discussed previously in section 4.1.2 Chapter 4, and considering SSη  

in RC as a constant due to RP/RC <<1 [17], as shown in Appendix B.3, yields: 
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RR
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=                                                                                         (9.10) 

 

Eq. 9.10 represents the current distribution in the CCL in time domain and can be applied 

for any zone of the polarisation curve (low, mid, high current) and can be solved using 

mathematical software [18]. For the specific case where MR  is considered to be negligible 

either due to a high diffusion coefficient or high bulk oxygen concentration, Eq. 9.10 will 

represent the current distribution in the CCL with equilibrium boundary conditions in 

terms of oxygen concentration. These conditions can occur for low current operation and 

as such, Eq. 9.10 reduces to Eq. 9.1 for low current characterisation.   

 

After validating the impedance spectrum of the CCL as shown in Chapter 5, it is possible 

to extend the application of the theoretical model by applying Eq. 9.10 to directly reveal 

the current distribution in the CCL for a PEFC operated at a high current. The data 

reported in the literature as shown in Tab. 5.1 Chapter 5 of a hydrogen-air PEFC operated 

at 700mA/cm2 and 60°C have been used for the following analysis. Fig. 9.5 shows the 

simulated current distribution of the CCL in the time domain across the CCL, where x=0 

represents the GDL-CCL interface and x=1 represents the PEM-CCL interface. 



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

Application 

 

S. Cruz-Manzo, P. Rama, and R. Chen, J. Electrochem. Soc., 157, B400 (2010).                                         172 
S. Cruz-Manzo, P. Rama, and R. Chen, J. Electrochem. Soc., 157, B1865 (2010). 
S. Cruz-Manzo, R. Chen and P. Rama, Int. J. Hydrogen Energy, 38, 1702, (2013).  

 

Figure 9.5 Simulated current distribution of the CCL in the time domain 

 

In section 9.1, it was demonstrated that ionic resistance and capacitance can affect the 

transitory response of the CCL in the order of milliseconds and that only the ionic 

resistance has an effect on the steady state low current distribution. For this study, the 

effect of oxygen transport on the spatio-temporal current distribution of the CCL is 

considered. The effective diffusion coefficient 41011.1 −× cm2/s and the bulk concentration 
6102975.4 −× mol/cm3 of the oxygen were calculated from the parameters reported in Tab. 

5.1, Chapter 5. Fig. 9.6 focuses on the transitory response of the current in CCL at three 

locations, x=0.1, x=0.4, and x=0.7 of CCL thickness fraction (dimensionless) through the 

thickness of the CCL. Figure 9.6a shows an initial transitory response in the current 

distribution due to the ionic resistance and the capacitance for all three locations up to 4 

ms. This response is related to the interfacial area between the electrode and electrolyte 

networks and has been discussed in section 9.1. Figure 9.6b shows the response up to 

0.25 s; the results show a decrease in current in the order of 110− s due to the non-

stationary oxygen diffusion process in the CCL, and that the transitory effect is most 

noticeable closest to the PEM boundary.  

 

(a) 

 

(b) 

Figure 9.6 Simulated transitory current distribution through the CCL 
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Fig. 9.7 shows the oxygen concentration distribution through the CCL in a similar 

manner to the preceding sub-section. The concentration distribution is calculated using 

Eqs. 9.5, 9.10 and mathematical software [18]. Fig. 9.7a shows an initial depletion of 

oxygen concentration through the CCL, most severely closest to the PEM. This occurs 

due to the rapid reduction of oxygen as current is quickly established in the CCL as 

shown in Fig. 9.6a and process takes place in the order of 10 ms. Thereafter, the oxygen 

concentration recovers to the bulk concentration value throughout the CCL at steady-

state, which occurs in the order of 1 s, as shown in Fig. 9.7b. Overall, therefore, Figs. 9.6 

and 9.7 demonstrate that the increase in current density for the three cases is proportional 

to the decrease in oxygen concentration in the CCL.   

 

 

(a) 

 

(b) 

Figure 9.7 Simulated oxygen concentration distribution through the CCL 

 

9.2.1 Effect of Oxygen Diffusion Coefficient and Oxygen Bulk Concentration on 

CCL High Current Distribution 

It is possible to generate a broader understanding of the influence that the effective 

diffusion coefficient of oxygen in the CCL and the bulk oxygen concentration at the GDL 

boundary can have on the performance of the CCL. This therefore elucidates the effect of 

the mass transport resistance MR  on CCL performance. The effective diffusion 

coefficients depend in part upon the nature of the tortuous porous pathways in the CCL 

while the bulk oxygen concentration can depend upon the conditions of the reactant 

supply to the cell and the physical properties of adjacent porous transport layers such as 

the GDL and microporous layer (MPL). This part of the analysis considers the effect of 
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individually increasing the values of effective diffusion coefficient 41011.1 −× cm2/s and 

bulk concentration 6102975.4 −× mol/cm3 as determined in Section 9.2 by one order of 

magnitude for effective diffusion coefficient and 500 % for bulk concentration. These 

values were chosen because the effective diffusion can change significantly when 

changing the operating conditions (flooding, drying), contact pressure in the MEA 

assembly, CCL structure (porosity, tuortuosity), while the bulk concentration can change 

when increasing or reducing the operational gas pressure. Since the ORR occurs to a 

higher degree closest to the PEM as indicated by Fig. 9.6, the analysis is carried out at a 

thickness fraction of 0.7. Fig. 9.8 focuses on the effect of diffusion coefficient on oxygen 

concentration distribution in the CCL. Figure 9.8a shows the initial fall in concentration 

to support the current drawn, while Fig. 9.8b shows the time to steady-state. A higher 

diffusion coefficient reduces the time required for the oxygen concentration within the 

CCL to recover such that it is in equilibrium with the bulk oxygen concentration at the 

GDL boundary.  

 

                                                            
(a)                                                                                                                          

   
(b) 

Figure 9.8 Effect of diffusion coefficient on the transient oxygen concentration 

distribution in the CCL, dashed increasing by one order of magnitude, thin represents the 

original value. 

 

Fig. 9.9 shows the effect of diffusion coefficient on the transitory current density 

distribution in the CCL. Fig. 9.9a shows while the diffusion coefficient does not have a 

significant effect on the initial response, which is governed by dlC  and PR , it does affect 

the maximum current achieved and as shown in Fig. 9.9b the time to steady-state. By 

increasing the diffusion coefficient, the maximum current decreases because the oxygen 

consumed at CCL surface to support the current drawn is quickly replenished by the high 
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diffusion and the time to steady-state decreases as the oxygen concentration quickly 

recovers to its bulk concentration value at GDL interface. The maximum current achieved 

represented in Fig. 9.9a reflects the rate at which oxygen can be brought to the electrode 

surface for a given set of mass-transfer conditions. A higher diffusion coefficient reduces 

MR  and approaches the current response at the equilibrium conditions. 

 

 

(a) 

 

(b) 

Figure 9.9 Effect of diffusion coefficient on the transient current density distribution in 

the CCL, dashed increasing by one order of magnitude, thin represents the original value. 

 

The simulations in Figs. 9.10a and 9.10b show the time required for the oxygen 

concentration in the CCL to recover to the equilibrium within the bulk concentration at 

the GDL interface. The recovery occurs over the same order of magnitude in time for the 

two cases, and faster when increasing the bulk concentration. 

 

 

(a) 

 

(b) 

Figure 9.10 Effect of bulk oxygen concentration on the transient concentration 

distribution in the CCL; (a) initial response; (b) response to steady-state, dashed 

increasing 500 %, thin represents the original value 
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Fig. 9.11 considers the effect of bulk concentration on CCL performance; Fig. 9.11a 

demonstrates, as expected, when increasing bulk concentration there is a decrease in the 

maximum current and the transitory response of the current but over the same order of 

magnitude in time. The same applies to the response to steady-state shown in Fig. 9.11b 

compared to Fig. 9.9b, therefore indicating that the change in current to steady-state is 

more sensitive to a change of oxygen diffusion than bulk oxygen concentration. 

 

                             
(a)                                                                            (b) 

Figure 9.11 Effect of bulk oxygen concentration on the transient current density 

distribution in the CCL; (a) initial response; (b) response to steady-state, dashed 

increasing 500 %, thin represents the original value 

 

9.2.2 CCL performance at Different Current Density Operation 

The parameters from Tab. 7.1 reported in Chapter 7 at current densities of 0.12, 0.2 and 

0.32 A/cm2 were applied to Eq. 9.10 to simulate the current distribution through the CCL 

thickness. The current distribution through the CCL thickness occurs in a transitory 

manner due to the nonstationary oxygen diffusion process in the CCL, as discussed in 

section 9.2. The maximum current distribution in the CCL which reflects the maximum 

depletion of oxygen through the CCL and is a function of the ionic resistance, charge 

transfer resistance and mass transport resistance is considered. This point of the transitory 

current distribution was chosen as it reflects the polarisation curve with the three 

overpotentials (activation, ohmic, concentration). The ideal operating point of the current 

distribution would be where mass transport effect is negligible; however, this effect 

depends on the oxygen equilibrium concentration and diffusion constant, parameters 

which can be influenced by operation and preparation of the fuel cell. The equation for 
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the current distribution in Eq. 9.10 is defined by the ratio of the ionic resistance to the 

sum of the charge transfer resistance and the mass transport resistance in the time domain.  

Neyerling et al. [11] defined a similar relationship in the absence of the mass transport 

resistance, where the higher the non-dimensional ratio is, the more the current distribution 

will be skewed toward the membrane interface, while low values of this ratio predict a 

homogeneous current distribution. The ionic resistance, charge transfer resistance and 

mass transport resistance in the CCL can change for different operating conditions. In this 

study, if the ratio between ionic resistance and the sum of both the charge transfer 

resistance and mass transport resistance is increased, the ions may react only closer to the 

membrane. However, in the case when the ratio is reduced, the ions will react through the 

entire CCL thickness leading to a uniform current distribution.  

 

  
Figure 9.12 Simulated current distribution through the CCL thickness using parameters 

from table 7.1, Chapter 7. 

 

The current distribution (area below the curve) through the CCL increases from the x=0 

thickness fraction (GDL-CCL interface) to the x=1 thickness fraction (CCL-PEM 

interface), as shown in Fig. 9.12. This reflects the transfer of ions from the PEM and the 

anode catalyst layer, which results in a high value of current at the interface between the 

CCL and the PEM and a minimum current at the interface between the CCL and GDL as 

ions are consumed due to the ORR through the thickness of the CCL. A high ionic 

resistance within the CCL electrolyte tends to skew the current distribution towards the 

membrane interface, (0.12 A/cm2). Therefore the same average current has to be provided 
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by fewer catalyst sites near the membrane. The increase in ionic resistance results in 

greater activation losses. Fig. 9.12 shows that the current density of 0.12 A/cm2 is 

generated from x=0.449 to x=1, for 0.2 A/cm2 is generated from x=0.3265 to x=1, and 

for 0.32 A/cm2 from x=0.2245 to x=1 CCL thickness fraction.  Therefore at high current 

densities there is an increase in the utilization of the catalytic particles through the CCL 

thickness because the ORR current distribution follows Tafel kinetics. This is also 

supported by the decrease in charge transfer resistance from Tab. 7.1, Chapter 7 when 

increasing current density. The ORR current distribution is further influenced by the mass 

transport resistance of oxygen reactant diffusion into the CCL. Taijiri et al. [19] studied 

the phenomenon of gas phase diffusion of oxygen at subfreezing conditions, and they 

concluded that the current distribution was dominated by the gas transport effect without 

estimating voltage losses in the CCL. Thompson et al. [1] studied the current distribution 

through the CCL without considering mass transport resistance of oxygen at sub-zero 

conditions of -20oC. This author concluded that the mass transport effect would skew the 

current distribution toward the diffusion medium interface (CCL-GDL). Overall, in Fig. 

9.12 it is noticeable that the increase of mass transport resistance from Tab. 7.1 tends to 

skew the ORR current distribution towards the GDL interface. These valuable 

impedance-based results of ORR current distribution will help to develop cold-start 

models that include the physics of membrane uptake of product water and filling of 

electrode pores with water (ice) [20]. 

 

9.3 Discussion 

Fundamentally, double layer capacitance and ionic resistance can be related to the 

electrode-electrolyte networks in the CL. The capacitance effect is induced by the build-

up of charge between the electrode and electrolytic networks. If the interfacial area 

between the networks increases, the area between which the charge capacitance occurs 

will increase correspondingly. Therefore, while an increase in the interfacial area may 

assist in enhancing the utilisation of the full thickness of the CL, the increase in charge 

capacitance will have a slight retardation effect on its dynamic response, in the order of 

milliseconds at low currents (around 20 mA/cm2). Initially the CCL at open circuit 

potential has an accumulated charge (capacitance), as the reaction takes place, water 
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produced increases the solution interface available and consequently the capacitance. This 

also enhances ionic conductivity. 

    

The ionic resistance is directly affected by the uptake of water through the electrolytic 

network. This effect can be presented in the anode side by electrosmotic drag or in the 

cathode side by using a high flow rate for gas without no humidification. Nevertheless 

using a dead-end fuel cell configuration, the ionic resistance seems not to be affected due 

to the high water concentration present in the CCL. In the current work, while the ionic 

resistance is investigated independently of water transport, the results clearly demonstrate 

that high ionic resistance (as a result of a poor nafion distribution or due to a dehydration) 

in the CCL will limit the current distribution in the CCL and can also have a slight 

retardation effect on its dynamic response, again in the order of milliseconds. Since high 

ionic resistance inevitably reduces the rate of charge transfer for a given potential by 

Ohms law, it is evident that it will take longer for the charge to build up between the 

electrode-electrolyte interface than if the same potential was established with a lower 

ionic resistance and the rate of charge transfer was correspondingly greater. Therefore, 

the time to steady-state can be improved if the electrical charge is allowed to build up 

between the interface over a short space of time for a given potential, this can be achieved 

if the ionic resistance is minimised. 

 

It is arguable that because the time to steady-state at low current is in the order of 

milliseconds, ionic resistance and charge capacitance may have a limited impact on the 

transient performance of the CCL. In terms of current distribution, however, it is evident 

from Figs. 9.3 and 9.4 that the ionic resistance has a significant effect on the utilisation of 

the CL and the total current in the CCL at the low current conditions currently simulated. 

The simulations suggest that by reducing the measured ionic resistance by 50% for the 

60°C case, the total current in the CCL is increased by 15% and that current is generated 

over the full thickness of the CCL as opposed to the 83% of the CCL closest to the PEM. 

When the ionic resistance is increased by 50%, the total current in the CCL is reduced by 

17% and current is generated over only 55% of the thickness of the CCL closest to the 

PEM.  
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The results give us an insight about how difficult the optimal design of the CCL can be. 

For one part, an excess amount of Nafion  seems to improve the ion conductivity and the 

steady current distribution along the CCL but this may lead to mass transport limitations 

for oxygen. Furthermore the increase in nafion will create more interfacial area between 

the dissimilar materials, and as a consequence it will take more time for the charge to 

build up, and a retardation in the current distribution to achieve its steady state. The 

design of CLs requires further attention, as seems that improving one feature will worsen 

another one, for instance low ionic resistance will lead to high capacitance.  

 

The utilisation of the CCL improves at higher loads due to the increase in the rate of 

charge transfer. The most important feature of the experimental and theoretical 

framework that has been developed, verified and applied in this study is that it clearly 

demonstrates the capability to elucidate the effects of charge capacitance and ionic 

resistance on cell performance.  

 

The effective diffusion coefficient is related to the structure of the CL, which typically 

features a porosity of approximately 5-15% and pore diameters of roughly 1μm [21]. The 

void space in the CCL can be reduced during operation due to the accumulation of 

product water or through design by increasing the amount of ionic-conducting electrolyte 

impregnated within the CCL. Under these conditions, the effective diffusion coefficient 

can reduce correspondingly. This reduction affects the ability of oxygen to permeate into 

the CCL to the active sites and to recover to the bulk concentration. By maintaining the 

void space through design and operation, the corresponding increasing in effective 

diffusion coefficient can lead to diminished mass transport resistance. The bulk 

concentration of oxygen is largely dependant upon the operating conditions of the cell, 

particularly the reactant supply conditions. With a high bulk oxygen concentration, the 

availability of oxygen for the ORR inherently increases. 

 

The simulations show that the concentration distribution of oxygen through the CCL 

occurs in a non-steady manner and recovers to the bulk concentration supplied in the 

GDL. The current distribution in the CCL achieves an initial maximum current as a 

function of the ionic resistance, charge transfer resistance and mass transport resistance, 
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as shown in Fig. 9.6 under potentiostatic conditions. After steady-state is established in 

the order of one second, the magnitude of the steady-state current depends only on the 

ionic resistance and charge transfer resistance. By increasing the effective diffusion 

coefficient and the bulk concentration the initial maximum current and the time to steady 

state decrease as shown in Figs. 9.9 and 9.11. Overall, therefore, the time to reach 

equilibrium with respect to oxygen concentration is minimised when the PEFC is 

operated at low currents, or by increasing the effective diffusion coefficient or the bulk 

concentration. 

 

The results provide an insight about the effect of the effective diffusion and bulk 

concentration on the spatiotemporal distribution of the current for the CCL. The 

mathematical treatment developed in this study can be applied for the different zones of 

the polarisation curve and has demonstrated the capability of solving the spatiotemporal 

current distribution of the CCL based on the fundamental electrode theory and the 

measured frequency response of the PEFC. 

 

The results of current distribution obtained can give an insight about the physics of 

product water uptake in the membrane and formation of ice in the CCL during 

subfreezing operation. 

 

9.4 Conclusions 

This study has demonstrated that it is possible to estimate the current density and oxygen 

concentration distributions in the CCL by coupling the fundamental electrochemistry and 

diffusion theory of the CCL to the experimental impedance technique. The theoretical 

formulation at low current reveals the spatial and temporal distributions of current in the 

CCL for the three conditions investigated for model validation. The results confirmed that 

by increasing the operating temperature, it is possible to marginally improve the current 

distribution through the CCL and the time to steady-state. 

 

As a further extension to this investigation, the effect of double-layer capacitance and 

ionic resistance in the CCL were considered separately. With all other parameters 
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unchanged, a decrease in double-layer capacitance demonstrated a reduction in the time 

to steady-state, while a greater capacitance yielded an increase. The steady-state current 

distribution was largely unaffected by the double-layer capacitance. An increase in the 

ionic resistance resulted in a poorer current distribution across the CCL and a longer time 

to steady state. It is argued that the double layer capacitance is in part controlled by the 

total interfacial area between ion and electron-conducting networks in the CCL. By 

increasing the interfacial area in the CCL, the double-layer capacitance may also increase, 

thereby prolonging the time to steady-state. By increasing the ionic resistance in the CCL, 

the rate of charge transfer is reduced for a given potential which increases the time it 

takes for electrical charge to build up between the electrode-electrolyte interface.  

 

The simulations in the time domain at high current showed that there is an initial dynamic 

response in the order of milliseconds due to the interfacial area between the electrode-

electrolyte until a maximum current is achieved which is a function of the ionic 

resistance, charge transfer resistance and mass transport resistance.  This maximum 

current decreases until steady-state is established in the order of one second. The steady-

state current is a function of the ionic resistance and charge transfer resistance but not the 

mass transport resistance. The concentration distribution of oxygen was also simulated 

and the results revealed that the oxygen concentration consumed to support the current 

demand recovered to equilibrate with the bulk concentration GDL boundary in the order 

of 1 second. A further investigation on the effect of the effective diffusion coefficient and 

bulk concentration was considered by increasing the effective diffusion and bulk 

concentration by one order of magnitude and 500 % respectively. These increases 

resulted in the reduction of the initial maximum current and the time to steady state and 

were more noticeable for the effective diffusion coefficient. These results suggest that by 

increasing diffusion coefficient, it is possible to establish an equilibrium between the 

oxygen concentration in the CCL and the bulk of oxygen concentration supplied from the 

GDL and therefore to reduce the effect of the mass transport resistance in the current 

distribution of the CCL. The results also showed that at high current densities (low ionic 

resistance, high mass transport resistance) the ORR current distribution which follows 

Tafel kinetics is skewed towards the CCL-GDL interface improving the catalyst 

utilization through the CCL thickness. This newly established EIS knowledge will enable 
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an assessment of the state-of-health of operational fuel cells and enhance cell 

development in terms of physical changes within fuel cell materials and the critical 

operational factors through non-intrusive diagnostics.  
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Chapter 10 
Conclusions and Future Work 

The aim of this doctoral thesis was to establish a backbone understanding of how the 

electrochemical and diffusion mechanisms relate to the electrochemical impedance 

spectra of polymer electrolyte fuel cells (PEFCs). A mathematical model based on the 

electrochemical and diffusion theories was developed to simulate the impedance response 

of the cathode catalyst layer (CCL) operated at low and high currents. 

 

The theoretical treatment developed in the frequency domain was applied to 

electrochemical impedance spectroscopy (EIS) measurements in a single PEFC and a 

PEFC stack. The EIS results in a single PEFC demonstrated that the mathematical model 

can interpret and separate the electrochemical and diffusion mechanisms represented at 

different frequencies of the impedance complex plot. Simultaneous EIS measurements 

and the use of the impedance model have demonstrated that the factors that limit the 

performance in the PEFC stack can be assessed by relating the experimental EIS 

technique with the fundamental theory of PEFCs. 

 

The mathematical model translated into the time domain allowed the interpretation of the 

spatio-temporal current distribution through the CCL. 

 

10.1 Conclusions 

The overall scientific contribution of this doctoral thesis was divided in two major 

sections: Modelling and Application. 
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10.1.1 Modelling 

CCL Impedance Model  

• The modelling work carried out in this thesis began in Chapter 4 with the 

development of a mathematical model to simulate the frequency response of the 

CCL at low currents considering that oxygen transport limitations are negligible. 

• The theoretical treatment considered the following mechanisms: flux of chemical 

(reduced and oxidized) species, Arrhenius equation, exchange current under 

equilibrium conditions, potential between electrode-electrolyte interface, 

capacitance effect between dissimilar materials and ionic resistance in the CCL 

electrolyte. The theoretical treatment considered the following main assumptions: 

all processes proceed under isobaric and isothermal conditions, spatial gradients 

were only considered through the thickness of the CCL, the resistance to ion 

transfer in the electrolyte of CCL is much greater than the resistance to the 

electron transfer in the carbon of the catalyst layer. Therefore electronic ohmic 

loss in CCL was regarded as being negligible. The low current model was 

validated with EIS measurements in the frequency domain. 

• In Chapter 5 the model which simulated the impedance response of the CCL at 

low currents was modified to include the change of oxygen concentration during 

the oxygen reduction reaction (ORR) in the frequency domain. The resulting 

model allowed the simulation of the CCL impedance response at high currents. 

• The change in oxygen concentration in the CCL was estimated from the general 

theory of experimental controlled-currents methods which combines Fick’s Law 

and Faraday’s Law equations. The finite diffusion distance of oxygen transport 

was considered to be independent from the CCL thickness. This simplified the 

mathematical analysis and allowed the derivation of the Warburg impedance to 

reproduce the low frequency semicircle of EIS measurements in PEFCs. The 

mathematical treatment was successfully validated against EIS measurements 

reported in the literature.  
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10.1.2 Application 

Inductive Effect on the Fuel Cell Cathode Impedance Spectrum at High Frequencies 

• Chapter 6 demonstrated that the inductive effect of the electrical cables of the 

measurement system deforms the high frequency region of the cathode 

impedance spectrum and as such led to an erroneous interpretation of the 

electrochemical mechanisms in the CCL. The analysis of the inductive effect was 

divided into a theoretical analysis and an experimental analysis.  

• In the theoretical analysis the impedance model developed in Chapter 5 that 

accounts for the impedance spectrum of the CCL was applied with experimental 

impedance data reported in the literature. The results showed that the ionic 

resistance of the CCL electrolyte which skews the ORR current distribution 

towards the membrane interface is masked in the CCL impedance spectrum by 

the inductive component. 

• In the experimental analysis cathode experimental impedance spectra were 

obtained through a three-electrode configuration in the measurement system and 

with two different electrical cables connected between the Electronic Load and 

the PEFC. The results agreed with the theoretical analysis and also showed that 

the property of causality in the Kramers-Kronig (K-K) mathematical relations for 

EIS measurements is violated by the external inductance of the measurement 

cables. Therefore the experimental data presenting inductance at high frequencies 

do not represent the physics and chemistry of the PEFC. 

• A further validation of the inductive effect was carried out by comparing the 

mathematical model derived in Chapter 5 with cathode experimental impedance 

data obtained with a three-electrode configuration and the use of conventional 

electrical cables (power flexible cable) and special low inductive cables (Low 

inductive cable with fusion Lug Technology, TDI POWER). 

• This study demonstrates that the mathematical model derived in Chapter 5 can be 

applied reliably in order to correctly estimate the inductance effect and the 

electrochemical mechanisms of the CCL at high frequencies of the complex-plot. 

• This study has demonstrated that the practice of using the real part Z’ of the 

complex plot where the imaginary part Z’’ is equal to zero or through a single 
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frequency as a reference to quantify the ohmic resistance in a PEFC can be 

subject to an erroneous interpretation due to the contribution of the size of the 

inductance. 

• If there were a constant inductance in the electrical cables for every system when 

carrying out EIS measurements, the Ohmic resistance could be expressed where 

the real part Z’ intercepts the real axes at high frequencies. Nevertheless, the 

inductance would mask the ionic resistance in the CCL represented in the 

Nyquist plot as discussed in Chapter 6. 

 

Low Frequency Electrochemical Mechanisms in the Fuel Cell Cathode Impedance 

Spectrum 

• In Chapter 7, EIS measurements that account for the cathodic side of a PEFC 

were compared with the simulated data obtained through the impedance model 

developed in Chapter 5. 

• The use of a reference electrode in the measurement system ensured that the data 

accounting for the processes in the cathode were captured for analysis and 

interpretation. A comparison in the complex plot and bode format between 

measured EIS data at three different current densities and simulated data from the 

impedance model was carried out to account for the exact electrode process in the 

CCL EIS measurements. 

• The model was applied to EIS measurements and allowed the estimation of the 

ionic resistance of the CCL electrolyte, charge transfer resistance of the ORR and 

mass transport resistance due to oxygen transport limitations in the CCL. 

• The ionic resistance in the CCL decreased with increasing current density. This 

effect was attributed to the water produced during the ORR and the water 

transported from anode to cathode by electro-osmotic drag. 

• The charge transfer resistance, whose dependence on electrode potential is given 

by the Tafel equation and reflects the increase in the driving force for the 

interfacial oxygen reduction process, decreased with increasing current density. 
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• The mass transport resistance, due to gaseous oxygen transport limitations and as 

a function of the gaseous oxygen equilibrium concentration in the CCL-gas 

diffusion layer (GDL) interface, increased with increasing current density. 

• The semicircles that represent the charge transfer resistance and mass transport 

effect were overlapped in the measured EIS data. The mathematical model was 

able to separate the semicircles that represent charge transfer resistance and 

oxygen transport resistance by decreasing the magnitude of the effective 

diffusion coefficient for oxygen transport in the CCL. 

• Low frequency EIS measurements commonly related to mass transport 

limitations are attributed to the low oxygen equilibrium concentration in the 

CCL-GDL interface and the low diffusivity of oxygen through the CCL. 

 

Simultaneous Electrochemical Impedance Spectroscopy of Single Cells in an Open-

Cathode Polymer Electrolyte Fuel Cell Stack 

• In Chapter 8, the factors that limit the performance in a commercial 4-cell Open-

Cathode PEFC stack were assessed using simultaneous EIS measurements and 

the impedance model developed in Chapter 5. 

• Measured EIS data for each cell in the stack showed an inductive loop at low 

frequencies. The literature suggests that this effect is attributed to adsorbed 

intermediate species during the ORR. 

• The impedance model derived in Chapter 5 which considered simple reaction 

kinetics in the ORR was modified to include adsorbed intermediate species which 

limit the performance of the PEFC stack. The comparison between measured data 

and simulated data from the model showed a good agreement. 

•  The results showed that there is a decrease of adsorbed species coverage in the 

CCL with increasing current density due to the reaction of the adsorbed species 

during the ORR. It could not be concluded what adsorbed intermediate species 

are interfering with the ORR and limiting the PEFC stack performance. Further 

experiments to account for the exact intermediate species have to be carried out.  

• The charge transfer resistance, whose dependence on electrode potential is given 

by the Tafel equation and reflects the increase in the driving force during the 
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ORR, remained constant for three cells at the same current density. One of the 

cells in the stack showed a higher charge transfer resistance than the rest of the 

cells. This effect can be attributed to low electrocatalytic activity in the cell. A 

faulty membrane electrode assembly (MEA) at that particular cell could be a 

factor responsible for that behaviour. 

• Oxygen transport limitations in this particular stack were attributed to variations 

in flow of the air through the open cathodes in the stack. In this study 

simultaneous EIS measurements have demonstrated that inhomogeneity of air 

flow rate in an Open-Cathode PEFC stack not only leads to an increase in ohmic 

resistance but also leads to an increase in oxygen transport limitations in the cells. 

• The low air flow rate through the cells cannot expel excessive reaction generated 

heat which in turn leads to dehydration in the polymer electrolyte membrane 

(PEM), (high ohmic resistance). Ohmic resistance was found to be more sensitive 

than the charge transfer resistance to the temperature distribution through the 

stack.  

• Chapter 8 has demonstrated that simultaneous EIS measurements combined with 

the theoretical analysis from Chapter 5 are a powerful tool for in-situ diagnosis of 

a PEFC stack. 

 

CCL Current Distribution 

• In the time domain the model revealed the spatial and temporal current 

distribution through the CCL. This provided a valuable insight into the actual 

performance of the CCL in terms of charge capacitance and ionic resistance. 

• The capacitance effect in the CCL is induced by the buildup of charge between 

the electrode and electrolyte networks. If the interfacial area between the 

networks increases, the area between which the charge capacitance occurs 

increases correspondingly. The increase in charge capacitance has a slight 

retardation effect on the current dynamic response. 

• The ionic resistance is directly affected by the uptake of water through the CCL 

electrolyte network. High ionic resistance in the CCL limits the current 
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distribution in the CCL and can also have a slight retardation effect on its 

dynamic response.   

• The results gave us an important insight into the balance that has to be achieved 

between the ionic resistance and charge capacitance in the CCL, which both are 

related to the structure and composition of the CCL. 

• Once validated in the frequency domain at high currents, the model was 

translated into the time domain by an Inverse Laplace method. In the time 

domain the model revealed the spatiotemporal current distribution and oxygen 

concentration along the thickness of the CCL. 

• The results showed that the concentration distribution of oxygen through the CCL 

occurs in a nonsteady manner and recovers to the bulk concentration supplied in 

the GDL-CCL interface. This recovery of oxygen concentration to the 

equilibrium oxygen concentration will depend on CCL structure (porosity, 

tortuosity), the water removal characteristics of the adjacent porous layers (GDL, 

MPL), cell operating conditions, and contact pressure in the MEA.   

• The simulations in the time domain showed that there is an initial dynamic 

response due to the interfacial area between the electrode-electrolyte, until a 

maximum current is achieved which is a function of the ionic resistance, charge 

transfer resistance, and mass transport resistance. This maximum current 

decreases in a transitory manner until a steady-state is established. The steady-

state current is a function of the ionic resistance and charge transfer resistance but 

not the mass transport resistance.  

• The effect of the effective diffusion coefficient and bulk concentration was 

considered in the current distribution. The increase in bulk concentration and 

diffusion coefficient resulted in the reduction of the maximum current and time to 

steady-state and the effect was more noticeable for the effective diffusion 

coefficient. It is possible to establish an equilibrium between oxygen 

concentration in the CCL surface and the bulk concentration supplied from the 

GDL and therefore to reduce the effect of mass transport resistance in the current 

distribution of the CCL.    

• An analysis of the current distribution in a PEFC operated at three different 

current densities was also carried out. The results showed that high ionic 
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resistance within the CCL electrolyte skewed the current distribution towards the 

membrane interface. Therefore the current density has to be maintaned by few 

catalyst sites near the membrane. High ionic resistance resulted in poor catalyst 

utilization through the CCL thickness.  

 

10.2 Future Work            

The fuel cell industry requires a fast-performing, non-intrusive and affordable diagnostics 

system based on frequency response tests which can determine degradation in the MEA, 

impurities in fuel and air, flooding and dehydration effects. The mathematical model 

developed in this doctoral thesis is capable of interoperating variations in PEFC 

impedance characteristics at different current densities. This new EIS understanding 

could be a powerful tool for in-situ diagnosis of a PEFC in terms of electrochemistry and 

degradation mechanisms. Three main tasks have to be considered to develop an in-field 

diagnosis system of a PEFC stack based on EIS measurements.  

 

1. Development of software (MATLAB) based on complex non-linear 

regression method. The mathematical model developed in this doctoral thesis can be 

fitted to the frequency response of a PEFC using a complex nonlinear regression method 

e.g. Levenberg-Marquardt, Gauss-Newton and the resulting quality of the fit can be 

characterised by both chi-squared and weighted sum of square values [1]. However the 

model could become more complex by including other effects that affect the PEFC 

performance such as contaminants in the catalyst layer (CL). This would increase the 

number of parameters in the mathematical equation and could lead to greater errors in the 

fitted values. As a solution, some of the values of the parameters in the equation must be 

fixed during the fitting process to avoid possible errors in the values. The use of 

computational numerical methods such as computational fluid dynamics (CFD) and 

Lattice Boltzmann methods (LBM) could provide the input of some parameters (e.g. 

equilibrium oxygen concentration at the GDL-CCL interface) to be defined in the EIS 

model. Other experimental techniques such as Tafel slope can define other parameters in 

the EIS model (e.g. kinetic parameters during the charge transfer process). These 

experimental and computational methodologies could reduce the number of parameters to 
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be defined in the model to achieve a good agreement between the experimental and 

simulated data. At this point for a future application it cannot be defined the number of 

parameters in the model to be fixed during the fitting process and the number of rungs 

represented in its equivalent electrical circuit for data fitting purpose. The development of 

software to represent of the impedance spectrum of the PEFC at the full frequency range 

is one of the aims of a future work.  

 

2. A new Frequency Response System. 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. However the elevate cost of commercial 

frequency response analysers, which increases with increasing the number of channels for 

a PEFC stack diagnosis, limits the development and application of EIS technology in 

PEFC stacks.  

 

The recording time and the cost of a frequency response system to diagnosis a PEFC 

stack can be strongly reduced by selecting specific frequencies of interests. Based on the 

knowledge obtained in this doctoral thesis five frequencies in EIS measurements can be 

give an insight into the factors that limit a PEFC stack. The resulting experimental 

frequency response has to be consistent with K-K relations for EIS measurements. 

 

High frequency. This region provides information about structural features in MEAs. 

Chapter 6 has demonstrated that if inductive effects of measurement cables are reduced 

which deform the high frequency region in the complex plot, a 45° straight line is 

apparent at high frequency end of the spectra. The magnitude and angle of the slope 

between two high frequency EIS values e.g. (10 kHz and 1 kHz) can provide information 

about the structure and composition of CLs. Interfacial contact resistance which depends 

on contact pressure and ionic conductivity in the PEM can be estimated through the 

highest frequency EIS value e.g. >10 kHz. 

 

Medium frequency. A difference in change of charge capacitance between the electrode-

electrolyte interface due to corrosion effect in MEAs of a PEFC can be estimated through 

an EIS value at a medium frequency, e.g. 50 Hz. 
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Low frequency.  Mass transport effects and impurities effects can be estimated at two low 

frequency EIS values. In Chapter 7, it was demonstrated that the asymptotic value of EIS 

at low frequencies provides a qualitative value of the mass transport resistance which 

increases with increasing current density. The comparison between low frequency EIS 

values with negative imaginary components in cells of a stack can provide information 

about oxygen transport limitations along the stack. Chapter 8 demonstrated that EIS 

measurements at low frequencies with positive imaginary component are attributed to 

adsorbed intermediate species interfering during the ORR. EIS measurements at the 

lowest frequency value e.g. 0.1 Hz can provide information about non-desirable adsorbed 

species in the CL such as fuel impurities or air impurities which limit the life and 

performance in PEFC stacks. 

 

3. In-Field Diagnosis of a PEFC Stack using a Newly Frequency Response System. 

The combination of EIS model and the frequency response system will lead to a powerful 

tool for in-situ field diagnosis in PEFC stacks and will allow the identification of local 

inhomogeneities in the performance of a PEFC stack. 

 

 
Figure 10.1 Frequency Response System Set-up 
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Appendix A (Chapter 2) 

Kramers-Kronig Relations 

The contour integral of the frequency domain for EIS measurements considering 

Cauchy’s Theorem and a singularity in the right half plane is shown in Fig. A1. 

 

Figure A.1 Frequency domain integral contour for deriving K-K relations 

 

Cauchy’s Theorem states that if a function Z(x) is analytic in a simple connected domain 

(in this case frequency domain), therefore the integral around the closed contour of the 

domain vanishes, as such:    

    

 ∫ =
C

dxxZ 0)(                                                                                                                   (A.1) 

 

Fig. A.1 shows that the function Z(x) has a singularity on the real frequency axis xR; 

therefore in order for the function Z(x) to be analytic at point ω on the boundary of the 

frequency domain it is necessary to apply Cauchy’s Residue Theorem, as such: 
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                                                                                                                 (A.2) 

 

Eq. A.2 can be expanded to define the close contour shown in Fig A.1, as: 
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Integral around the pole ω,  with θεω jex +=   ;   θε θ dejdx j=     ; πθ ≤≤0   
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Integration along the contour ζ, θjx Re= , θθ djdx jRe= ,   πθ ≤≤0  
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Substituting Eqs. A.4, A.5, into Eq. A.3 yields 
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To comply with the causality property, the residue expressed in Eq. A.6 of the singularity 

has to be zero. Therefore the function ( )xZ  in the integrand of Eq. A.6 has to be 

combined with another function as such the result vanishes as ω tends to infinite.  Eq. A.6 

takes the form as: 
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The term ( )ω*Z in Eq. A.7 indicates that the real and imaginary values of the complex 

number at frequency ω, are changed from real to imaginary and viceversa. Eq. A.7 can be 

split into its real and imaginary parts, as such: 
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Transformation from Real to Imaginary Component 

Transforming the integral of the imaginary part of Eq. A.8 into one of definite parity by 

multiplying the numerator and denominator of the integrand by x+ω and separating, 

yields:  
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Applying the properties for even and odd functions to each term of the integrand in Eq. 

A.9, and using symmetry arguments   ( ) ( )dxxEvendxxEven
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Transformation from Imaginary to Real Component 

Transforming the integral of the real part of Eq. A.8 into one of definite parity by 

multiplying the numerator and denominator of the integrand by x+ω and separating, 

yields: 
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+=

0 22,
2

ω
ωω

π
ω                                                                       (A.11) 

 
 
 
 
 
 



Appendix  

 

                                     198 
  

Appendix B (Chapter 4) 

B.1 Arrhenius Equation 

The temperature alters the rate of an electrochemical reaction. This can be expressed by 

Arrhenius equation: 

 








 −
=

RT
G

Ak bf
abf

,
, exp                                                                                                         (B.1) 

 

Where k is the reaction rate coefficient, G is Gibbs free energy of activation during the 

oxidation and reduction processes, R ideal gas constant, T is the temperature and Aa is the 

number of attempts to overcome the barrier (frequency factor). 

 

If the equilibrium potential in the electrode is changed to a new potential value, the Gibbs 

free energy will be changed as well. This effect is shown in Fig. B.1. 

 

 
Figure B.1 Effect of the potential change on the free energy of activation 
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The change in equilibrium potential on the free energy of activation in Fig. B.1 can be 

defined as:                                                                                                                           

 

zF
GGEE

o
o ∆−∆

−=−                                                                                                 (B.2)   

 

It is possible to relate a parameter defined as charge transfer coefficient α which is a 

measure of the symmetry of the energy barrier during the electrochemical reaction in the 

change of potential. 

 

( )( ) ( )αα EEEEEE ooo −+−−=− 1                                                                           (B.3) 

 

 
Figure B.2 Relationship between the angle of intersection and the transfer coefficient 

 

Taking into account the change in potential represented in Fig. B.2, the change in Gibbs 

free Energy for forward and back reaction rates is: 

 

( )EEzFGG oo
ff −−∆=∆ α                                                                                        (B.4) 

 

( )( )EEzFGG oo
bb −−+∆=∆ α1                                                                                (B.5) 
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Substituting Eqs. B.4, B.5 into B.1 yields: 

 

forward reaction coefficient 

 

( )







 −
=

RT
EEzFkk

o

f
αexp0                                                                                                (B.6)                                                                     

 

backward reaction coefficient 

     

( ) ( )







 −−−
=

RT
EEzFkk

o

b
α1exp0                                                                                      (B.7) 

where k0 is called the standard rate constantb 

 

B.2 Linearisation 

 

dt
dC

RT
zFj

dx
dj

dl
ηηα

+





= exp0

                                                                                         (B.8) 

 

Integrating and rearranging Eq. B.8 yields: 

 







−

−
=

bC
j

xC
Dj

dt
d

dldl

ηη exp0                                                                                               (B.9) 

           

where ][ zFRTb α=  is known as the Tafel slope 

 
Figure B.3 Nonlinear response 

                                                             
b In the electrochemical literature, sometimes it is also called the intrinsic rate constant. 
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( )jf
dt
d ,ηη

=                                                                             (B.10) 

 

Expanding the second term of Eq. B.10 which contains the nonlinear term in Taylor 

series up to its first derivative form, gives 

 

( ) ( ) ( ) ( )SS
j

SS
j

SSSS jj
j
ffjfjf

SSSSSSSS

−







∂
∂

+−







∂
∂

+≈
,,

,,
ηη

ηη
η

ηη                                     (B.11) 

 

Given that the expansion is carried out around a steady state ( )SSSS j,η , Eq. B.10 can be 

expressed as 

 

( ) 0, == SSSS
SS jf

dt
d ηη                                                                      (B.12) 

 

Because SSη  is a constant, the left side of Eq. B.10 can be expressed as:  

 

( )
dt
d

dt
d

dt
d SS

_
ηηηη

=
−

=                                                               (B.13) 

where SSηηη −=
_

represents the deviation of variable η  in the steady state SSη . The linear 

equation can be defined as: 

 

_

,

_

,

_

j
j
ff

dt
d

SSSSSSSS jj ηη

η
η

η








∂
∂

+







∂
∂

=                                                                                   (B.14) 

 

Eq. B.9 can be expressed as: 

 

( ) 





−

−
=

bC
j

xC
Djjf

dldl

ηη exp, 0                                                                                       (B.15) 

 

Evaluating Eq. B.15 as partial derivatives yields: 
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





−=








∂
∂

bbC
jf SS

dljSSSS

η
η η

exp0

,

                 
xCj

f
dljSSSS

1

,

=







∂
∂

η

                                    (B.16,17) 

   

Substituting the partial derivatives Eqs. B.16,17 into Eq. B.14 yields: 

 

__
0

_
1exp j

xCbbC
j

dt
d

dl

SS

dl

+





−= ηηη                                                                                  (B.18) 

                       

 Differentiating j with respect x in Eq. B.18 yields: 

 

dt
dC

bb
j

dx
jd

dl
SS

_
_

0

_

exp ηηη
+






=                                                                                       (B.19) 

 

B.3 Evaluation of ηss(x) with RP/RC 

 

Charge transfer resistance ( )bjbR SSC /exp/ 0 η= , Potential in the electrolyte  jR
dx

d
P

SS =
η   

 

( )
bj

bj
dx

d
R
R SSSS

C

P /exp0 ηη
=           Separating variables        ( ) dx

j
bj

R
Rdb

C

P
SSSS

0

/exp =ηη         

 

Integrating with limits at x=0 CCL-GDL interface 
0SSSS ηη = , and at x=1 CCL-PEM 

interface 
1SSSS ηη =  

 

( ) ∫∫ =
1

00

1

0

/exp dx
j
bj

R
Rdbb

C

P
SSSS

SS

SS

ηη
η

η

, yields   ( ) ( )
0

/exp/exp
10 j

j
R
Rbb

C

P
SSSS −= ηη         for  

0jj >   

    

if  1/ ≥CP RR    therefore       
10 SSSS ηη ≠     

 

but if  RP/RC<< 1 therefore  the variation is small 
10 SSSS ηη ≈   and SSη  can be considered 

constant along x. 



Appendix  

 

                                     203 
  

B.4 Solution of the Frequency Response by the nth-Order Homogeneous Equations 

with Constant Coefficients Method 

 

( ) ( ) ( )













+= sjYs

R
sjR

dx
sjd P

C
P

_
_

2

_
2                                                                                          (B.20) 

 

Eq. B.20 can take the form of a homogeneous equation: 

 

02

2

=++ λλλ c
dx
db

dx
da                              (B.21) 

 

The homogeneous equation can be represented by: 

 

 02 =++ αλλ                                        (B.22) 

 

which has the following roots: 

 









+±= P

C
p Ys

R
R 1

2,1λ                            (B.23) 

 

The solution of a homogeneous equation with different roots can be obtained as follows: 

 

( ) ( ) ( )xBxAsj 21

_
expexp λλ +=                                               (B.24) 
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Appendix C (Chapter 5) 

Solution of Fick´s Second Law in the Laplace domain. 

( ) ( )
t

tyc
y

tycD OO

∂
∂

=
∂

∂ ,,
2

2
                                                                                                  (C.1)       

 

Transforming Eq. C.1 in the Laplace domain and considering the initial condition at t=0 

as ( ) *0, OO cyc =  gives: 

 

( ) ( ) *
2

2

,,
OO

O csysc
y

sycD −=
∂

∂                                                                                           (C.2) 

 

Eq. C.2 can be solved using the method of undetermined coefficients for a constant 

coefficient nonhomegenous linear differential equation.   

 

( ) ( ) ( )sycsycsyc OPOHO ,,, +=                                                                                         (C.3) 

 

Where ( )sycOH ,  is the solution of the homogeneous equation expressed in Eq. C.2, and 

( )sycOP ,  is a parameter associated to the method of the undetermined coefficients. 

 

Solution.  

 

1st Step. The characteristic equation for the homogeneous part in Eq. C.2 is 

02 =− sDβ which has two distinct roots Ds /2,1 ±=β . Hence the solution of the 

homogeneous equation is: 

 

( ) ( ) ( )yByAsycOH 21 expexp, ββ +=                                                                                (C.4) 

 

2nd Step. The modification rule calls for ( ) ( ) Ksycsyc OOP == ,,                                  (C.5) 
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The first and second derivatives of Eq. C.5 yields: 

 

 ( ) 0,
=

dy
sydcO             ( ) 0,

2

2

=
dy

sycd O                                                                            (C.6,7)                                                                     

 

Substituting Eqs. C.5, C.6 and C.7 into C.2 yields: 

 

0* * =− OcKs     hence     
s

cK O
*

=       This gives    ( )
s

csyc O
OP

*

, =                                 (C.8) 

 

3rd Step. Substituting Eqs. C.4 and C.8 into C.3 yields:   

   

( ) ( ) ( )
s

cyByAsyc O
O

*

21 expexp, ++= ββ                                                                         (C.9) 

 

Eq. C.9 can be expressed by considering the Laplace form ( ) scsc OO /** = as: 

 

( ) ( ) ( ) ( )yByAscsyc OO 21
* expexp, ββ +=−      with   Ds /2,1 ±=β                               (C.10) 

 

Appendix D  (Chapter 6) 

Graphical User Interface 

A graphical user interface (GUI) was developed in MATLAB® as a front end for the 

numerical EIS model described in Chapters 4 and 5 which allows experimental 

impedance spectra to be compared to simulated impedance obtained through Eq. 5.24 in a 

user-friendly manner. To reach a good agreement between simulated and experimental 

data, the parameters in Eq. 5.24 have to be entered in to the GUI. Some commercial 

software fit experimental impedance data by using nonlinear regression strategies such as 

Levenberg-Marquardt, Gauss-Newton Method, etc., and with the use of equivalent 

electrical circuits. However this technique strongly requires some parameters of the 
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electrical circuit to be defined as initial values in order to achieve the best-fit. The graphic 

interface developed in this work relies on a mathematical model based on fundamental 

electrode and diffusion theory. The electrochemical and diffusion parameters defined in 

the model are related to one another in which counteracting interdependencies are 

accounted for, for instance, by changing the high ionic resistance at high frequency, the 

values of the impedance spectrum at low frequency will be changed. The least squares 

fitting method was used in order to find the best-fit between the model and the measured 

data. A good quality fit is obtained when the sum of the deviations squared (least square 

error) between the simulated and measured impedance data has a minimum value, for 

instance < 0.1. 

 

 
Figure D.1 Graphical user interface for the numerical electrochemical impedance 

spectroscopy modelling tool 

 

The GUI requires the following parameters to be defined in order to achieve a good 

agreement between the experimental and simulated data; the following parameters have 

to be inputted to the mathematical model through the graphical interface;  
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- Ionic Resistance in CCL Ω.cm2,  

- Charge Transfer Resistance Ω.cm2,    

- (Y) Parameter related to CPE  s
P/Ω.cm2,  

- (P) Parameter to correct the inhomogeneity in the distribution of charge 

- Resistance for the diffusion process Ω.cm2, 

- Time constant for diffusion process, s 

- Total Ohmic Resistance (PEM, GDL, Plate)  Ω.cm2, 

 

The comparison between the experimental data and the simulated data is presented in the 

GUI and also predicts the current distribution through the CCL thickness. 

 

Appendix E (Chapter 9) 

Solution of the inverse Laplace transform by the Heaviside’s Expansion Theorem 

L ( )[ ]=− scO
'1 L ( )[ ]−− scO

*1 L
( )
( )

( ) ( )
( ) ( )











−

Dss
Ds

DzFR
s

sc
sc

CO

O

/cosh
/sinh

2/1

_

1
*

'
1

δ
δη                             (E.1) 

Expressing Eq. E.1 in terms of its Laplace form with ( ) ss /1

_

1

_

ηη = , ( ) scsc OO /** =  and  

( ) scsc OO /'' =  yields: 

'
Oc L *1 1

Oc
s

=



− L

DzFRc
c

s CO

O

_

1
*

'
1 1 η

−



− L

( )
( ) ( )





−

Dss
Ds

/cosh
/sinh

2/3
1

δ
δ                          (E.2) 

 

Solving the inverse Laplace transform of the second term on the right-hand side of Eq. 

E.2 by the Heaviside’s Expansion Theorem yields:   
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L
( )

( ) ( ) =






−

Dss
Ds

/cosh
/sinh

2/3
1

δ
δ

L
( )
( )

( )
( ) ( )ts
sq
sp

sq
sp k

n n

n exp
1

'
1 ∑

=

− =






                                       (E.3) 

                                                                                        

Poles to consider:                  ( ) 02/3
1 =s           0cosh 2 =










δ

D
s                                     (E.4,5) 

 

It is necessary to consider a trigonometric identity to find the pole in Eq. E.5: 

 

0
2

expexp

cosh

22

2 =










−+
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1
2
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2

2

=












+










δ

δ

D
s

D
s

                (E.6,7)          

Considering                        x
D
s

=









δ2exp                                                                       (E.8) 

 

Substituting Eq. E8 into Eq. E.7 yields: 0
2

12

=
+
x

x  which results in 1−=x             (E.9)                        

Substituting E.9 into E.8 yields: 

 

 ( )1ln2 −=δ
D
s                                                                                                             (E.10)   

          

considering     ( ) 1exp −=πi      and substituting  into E.10 yields:    

 

( )( )πδ i
D
s

expln2 =                                                                                                       (E.11)    

 

Eq. E.11 can be expressed as           
2

22

2 4δ
π Dis =                                                          (E.12)                 

Once the poles, Eq. E.4, E.12, have been estimated it is possible to apply the Heaviside’s 

Expansion Theorem defined in equation (E.3) to calculate the inverse Laplace transform. 

From Eq. E.3 it can be defined: 
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( ) 







= δ

D
ssp sinh                                                                                                          (E.13)   

( ) ( ) 







= δ

D
sssq cosh2/3                                                                                                 (E.14) 

( ) ( ) 







+







= δδδ

D
s

D
s

D
sssq sinh

2
cosh

2
3 2/1'                                                                 (E.15) 

 

Substituting Eqs. E.13 and E.15 into Eq. E.3: 
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     (E.16)  

                                    

Substituting pole s1=0 into Eq. E.16 yields: 

 

( )

( ) 
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


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3
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                                                                         (E.17) 

 

Note that the solution of Eq. E.17 gives an indeterminate solution which can be 0 or ∞. In 

order to simplify the mathematical treatment as a first approximation zero will be 

considered as a solution of Eq. E.17. 

 

Substituting pole 
2

22

2 4δ
π Dis =  which can be represented as 

2
2 πδ i

D
s

=  into Eq. E.16 

yields: 
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                                     (E.18)                                                                                                     

 

Eq. E.16 is expressed as: 
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The inverse Laplace Transform of Eq. E.2 yields: 
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Eq. E.20 can be arranged as: 
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