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Abstract

This work aims to propose a combined experimental and modeling analy-
sis in order to provide an insight into the basic principles regulating water
transport and impedance behavior in Direct Methanol Fuel Cells (DMFCs).
DMFCs are a promising energy source for portable and automotive applica-
tions, mainly due to the direct use of a liquid fuel and low emissions. However
the widely use of the DMFC technology is still hindered by some technolog-
ical issues, among which water management is one of the most important.
Water crossover through the membrane may cause two problems named an-
odic water consumption and cathode flooding. Moreover water management
can affect DMFC lifetime, that is limited by several interconnected degrada-
tion phenomena. The most common technique to monitor system internal
losses during real operation is the Electrochemical Impedance Spectroscopy
(EIS). Despite the potentiality of this in-situ measurement technique, the
interpretation of impedance data is still object of discussion in the literature.
The interpretation of impedance spectra is usually carried out by means of
equivalent electric circuit method (ECM), but in this way, only few useful
qualitative information are achieved.
The major outcomes of this work are represented by a steady-state and an
impedance DMFC model. The former, that has been validated on three
different typologies of measure at the same time over a wide range of operat-
ing conditions, increases the understanding of the mechanisms that regulate
water transport and flooding in DMFC. The latter, that is constituted by
an analytical electric circuit model of cathode and a physical model of the
anode, elucidates the origin of impedance features and provides a quanti-
tative interpretation of experimental observations. Moreover the developed
impedance model can be applied to the analysis of DMFC degradation tests.

Keywords: Direct Methanol Fuel Cell, Model, Water transport, Flooding,
Electrochemical Impedance Spectroscopy.
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Introduction

In the last decades Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
attracted increasing attention as energy conversion systems, especially for
stationary and mobile applications, due to their advantageous features: high
efficiency, high power density, low emissions and modularity. Despite these
potentialities, further improvements in terms of performance, durability and
cost are necessary before commercial application. Moreover the limited avail-
ability of the anode feeding fuel, hydrogen, plays a crucial role in the com-
mercialization of PEMFCs.
The direct methanol fuel cell (DMFC) is a further development of PEMFC
technology, particularly promising for portable and automotive applications,
mainly due to the direct use of a liquid fuel, quick recharging and low oper-
ating temperature. However the widely use of the DMFC technology is still
hindered by some technological issues, among which the water management
is one of the most important.
DMFCs are fed at the anode with a liquid mixture composed by water and
methanol and the water as well as the methanol flow through the mem-
brane from anode to cathode. Water crossover through the membrane may
cause two problems named anodic water consumption and cathode flooding.
The former enhances methanol cross-over through the membrane, implying
fuel waste, the latter decreases oxygen diffusivity at cathode, lowering cell
voltage. During the last years, water management in DMFCs has been ex-
tensively studied. However the mechanisms that regulate water transport in
DMFC are not fully consolidated and limited effort has been dedicated to
analyze flooding onset and its consequences on DMFC operation. A detailed
comprehension of such phenomena is required to further optimize compo-
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Introduction

nents and operation strategies. For this reason also modeling analysis deals
with DMFC. However the most of developed models are validated on few
experimental results. This strongly reduces the effectiveness of the models
in fuel cell design and optimization.
Moreover water management can affect DMFC lifetime, that is limited by
several interconnected degradation phenomena. The most common technique
to monitor the system internal losses during real operation is the Electro-
chemical Impedance Spectroscopy (EIS), that permits to evaluate the kinetic
and transport phenomena in the system. Despite the potentiality of this in
situ measurement technique, the interpretation of impedance data is still
object of discussion in the literature, with no common agreement. Usually
the interpretation of experimental observations is carried out by means of
equivalent circuit method (ECM). Even though simple and fast, this method
is not reliable and provides only few qualitative information.
The main research activities on fuel cell impedance spectroscopy regard the
development of innovative modeling approaches, that permit to understand
the origin of impedance features and provide a quantitative interpretation
of experimental observations. Up to now these activities have been focused
on PEMFCs and solid oxide fuel cells (SOFCs) technology. The modeling
of DMFC impedance behavior is at the very beginning and in the literature
only few simple and not validated models can be found.
In addition to the above described issues, the DMFC suffers from the well
known anode sluggish kinetic and methanol permeation from anode to cath-
ode. The understanding of the main physicochemical phenomena regulating
these technological problems is consolidated in the literature and the research
has been focused on material development: innovative anode catalyst layer
and membrane with low methanol permeability.
Considering the presented framework of research activities, this work aims
to propose a combined experimental and modeling analysis in order to in-
crease the understanding of the mechanisms that regulate water transport
and impedance behavior in DMFC. This work is organized as follows:

� in chapter 1 the fundamental aspects and the research activities regard-
ing DMFC technology are described;

� in chapter 2 a steady-state experimental characterization of mass trans-
port phenomena, mainly focused on water flux at cathode outlet, is
reported;

� in chapter 3 a DMFC model is developed to further investigate the
effects of water transport on performance (i.e., flooding phenomena)
and methanol crossover;
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� in chapter 4 a systematic experimental characterization by impedance
spectroscopy is performed in order to figure out the most relevant op-
erating parameters on EIS measurements;

� in chapter 5 a preliminary model for quantitative interpretation of
DMFC impedance is developed;

� in chapter 6 a detailed physical model of anode impedance is illustrated
and its capability to interpret degradation effects is exposed.

3



Chapter 1

State of the art of Direct
Methanol Fuel Cell technology

In the following chapter a summary on the main DMFC properties, issues
and research activities is provided with the aim to introduce this technology.
More specific information about the related chemical and physical aspects
can be found in the cited works.

1.1 Fundamental aspects

A fuel cell is an electrochemical energy device that converts the chemical
energy in a fuel directly into electrical energy. Among the different kinds of
fuel cells, the direct methanol fuel cell (DMFC) is very promising because of
the direct use of a liquid fuel. The basic operating principle of the DMFC is
shown in Fig. 1.1.
On the anode, the methanol feed solution is transported from the channel
to the catalyst layer, where part of methanol is electrochemically oxidized to
form protons, electrons, and CO2, while the remainder is transported to the
cathode through the membrane. The electrochemical reaction on the anode
catalyst layer is:

CH3OH +H2O −→ CO2 + 6H+ + 6e− (E0,anode = 0.046V ) (1.1)
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Figure 1.1: DMFC operating principle.

The produced carbon dioxide is transported through the diffusion layer to
the flow channel, determining a two-phase flow, and it is then vented out of
the cell. This results in a rather complicated mass transport process.
Instead the protons are transported through the ion-conducting membrane
to the cathode, where they react with oxygen and electrons, transported
through the external circuit, to form water. The electrochemical reaction on
the cathode catalyst layer is:

6H+ + 6e− +
3

2
O2 −→ 3H2O (E0,cathode = 1.23V ) (1.2)

It follows that the overall reaction in the DMFC is:

CH3OH +H2O +
3

2
O2 −→ CO2 + 3H2O (E0,cell = 1.18V ) (1.3)

Calculating the thermodynamic open circuit cell voltage (OCV, i.e. without
current flow), the Nernst equation predicts values around 1.2 V , depending
on methanol feed concentration [1]. Considering an ideal behavior, the the-
oretical fuel cell voltage of 1.2 V would be realized at all operating currents.
Instead, during the real operation, DMFC achieves its highest output voltage
at OCV and then the voltage drops off with increasing current. This behav-
ior is known as polarization losses or overpotentials and it is represented by
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the polarization curve, that characterizes the output voltage as a function
of the current density. An example of a typical DMFC polarization curve is
reported in Fig. 1.2.
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Figure 1.2: DMFC polarization curve.

It is evident that the output voltage is significantly lower than the ideal value.
The curve reflects the different limiting mechanisms occurring during DMFC
operation: at low current densities the voltage is mainly influenced by the
kinetic limitations, while at high current densities mass transport limitations
are predominant. In between, where the curve shows a nearly linear trend,
the voltage is mainly affected by membrane overpotential, that is due to its
ion conductivity.
DMFC presents cathode and membrane overpotentials very similar to hy-
drogen PEMFC, instead the anode overpotential is much more important,
because the methanol oxidation reaction rate is at least three to four orders of
magnitude slower than hydrogen electro-oxidation [2], whose overpotential is
generally negligible. Moreover the membrane is permeable to methanol and
water, that are transported to the cathode with negative effects on DMFC
performance and operation. In particular when methanol reaches the cath-
ode it is oxidized, leading to a mixed potential and an inevitable decrease
of cathode performance. Furthermore the oxidized methanol is effectively
wasted fuel with clear negative impact in the overall efficiency of the cell.
Instead the high rate of water cross-over enhances flooding phenomena, hin-
dering the transport and causing a non uniform distribution of oxygen over
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the catalyst layer, with a consequent decrease of DMFC performance. In
PEMFC technology only a limited hydrogen cross-over is observable, espe-
cially at open circuit voltage.
In conclusion, in spite of a similar ideal voltage of about 1.2 V , DMFC
exhibits lower voltage than PEMFC at similar current density. Therefore
DMFC presents lower efficiency (30%1) and power density (0.1-0.2 W ·cm−2)
compared to PEMFC, characterized by an efficiency of nearly 50% and a
power density up to 1.5 W · cm−2.

1.2 DMFC components

Fig. 1.3 illustrates the components of a typical DMFC, that consists of a
membrane electrode assembly (MEA) sandwiched by anode and cathode dis-
tributors. The MEA is a multi-layered structure that is composed of an
anode diffusion layer (DL), an anode catalyst layer (CL), a polymer elec-
trolyte membrane (PEM), a cathode catalyst layer (CL) and a cathode dif-
fusion layer (DL). A brief description of these components is reported in the
following paragraphs.
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Figure 1.3: DMFC components.

1The efficiencies reported in this work are calculated on the base of low heating value
(LHV), to permit a direct comparison with traditional technologies.
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1.2.1 Proton exchange membrane

The main function of the membrane is to conduct protons from the anode
to the cathode and to provide electronic insulation between the two catalyst
layers. Furthermore common requirements for a polymer electrolyte mem-
brane in DMFC applications include: low methanol and ruthenium crossover
and high chemical and mechanical durability [3]. The most commonly used
membrane is the perfluorinated sulfonic acid (PFSA) polymer membrane,
developed by DuPont and named Nafion®. PFSA polymers exhibit high pro-
ton conductivity only when fully hydrated due to their typical water assisted
proton transport mechanism. In fact in such systems the proton transfer is
mainly due to the physical movement of hydronium ions (H3O

+), that cross
the polymer membrane. Water is thus involved with proton transport: at
least 3 molecules of water can move together with a proton, generating what
is named water electro-osmotic drag [4, 5]. The liquid nature of DMFC an-
ode feeding favors membrane hydration.
Typical thickness of PFSA membranes for DMFC applications is included
between 100-200 µm; it is higher than PEMFC one (50-60 µm) in order to
partially reduce methanol cross-over.

1.2.2 Catalyst layers

The fundamental function of the anode and cathode catalyst layers is to
promote methanol oxidation and oxygen reduction, respectively. The CLs
are also characterized by good proton and electron conductivity. In fact
both anode and cathode CLs are made of carbon supported catalysts mixed
with ionomer in order to provide the triple-phase boundaries, where the
simultaneous transport of protons, electrons and reactants/products takes
place [6].
Methanol oxidation is a slow reaction that requires multiple active sites for
the adsorption of methanol and for the formation of OHads species, that
completely oxidize to CO2 the adsorbed methanol residues. Until now the
best effective catalyst is the bimetallic platinum-ruthenium, in ratio from 1:1
to 2:1.
Instead the most utilized catalyst for oxygen reduction at DMFC cathode
is platinum, the same catalyst of PEMFC technology. However in DMFC
electrodes a higher catalyst loading is necessary, 1-2 mg · cm−2, in order to
enhance the slow methanol electro-oxidation at the anode and to improve
oxygen reduction at the cathode, limited by methanol cross-over. Usually
catalyst layers have a reduced thickness, included between 10 and 25 µm.

8
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1.2.3 Diffusion layers

The function of diffusion layers is to ensure a uniform distribution of reac-
tants over the catalyst layers. In addition the diffusion layers are the support
to the corresponding catalyst layer and the electrical conductor, that trans-
ports electrons to the current collector [7]. Typically, gas diffusion layers are
constructed from porous carbon paper, or carbon cloth, with a thickness in
the range of 100-300 µm.
The diffusion layers also assist in water management during DMFC opera-
tion. Diffusion layers are normally wet-proofed with a PTFE (Teflon) coat-
ing, so that the surface and pores in the diffusion layer are not fully obstructed
by liquid water. Moreover diffusion layer is often composed by an additional
micro porous layer (MPL), characterized by a reduced porosity and a high
hydrophobicity. The presence of MPL plays a significant role in reducing wa-
ter cross-over through the membrane [8] and flooding phenomena [9] during
DMFC operation.

1.2.4 Distributors

Distributors are designed to permit reactants and products transport to and
from the corresponding diffusion layers. Moreover distributors have to ensure
electron conduction to the current collector and to minimize pressure losses,
in order to reduce the power demand of auxiliary components, as pumps
and compressors. Distributors are composed by a system of channels, with
a typical cross-section of 1 mm x 1 mm, that are machined in a metallic or
graphite plate. The most common distributors have serpentine or parallel
channels. In both anode and cathode channels the typical Reynolds number
varies in the range of 100-1000 and therefore the flows are laminar [10].

1.3 Research activities

DMFC has been extensively studied in the last decades. The main advantage
of this technology for portable and automotive applications is the direct use
of a liquid fuel. However, the fuel is also the cause of its major drawbacks:
anode sluggish kinetic, methanol cross-over, complicated water management
and severe degradation. The most of the work in the literature report system-
atic experimental analyses, but a deep understanding of the physicochemical
phenomena governing DMFC operation has been carried out by means of
modeling.
In the following paragraphs the main research activities regarding the DMFC
technology are described.

9
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1.3.1 Anode kinetics and methanol cross-over

The electrochemical oxidation of methanol is complicated; in the overall re-
action six electrons are transferred and consequently many reaction interme-
diates can be expected. A relatively large number of publications propose
different reaction mechanisms [11, 12, 13, 14]. The conclusion of all these
works is the presence of some very stable reaction intermediates and a widely
accepted opinion is that carbon monoxide is the long-living intermediate [1],
which is the responsible of the slow overall reaction kinetics. However the
reaction mechanism is still not fully understood and the optimization of the
catalysts is thus more complicated. Up to now the most common catalyst
for methanol oxidation is the carbon supported platinum-ruthenium, but the
development of alternative catalyst is still in progress. In [15] an extensive
review is reported: some promoting effects can be achieved by the presence
of element such as Sn, Mo, W, Os, as well as some refractory metal oxides.
Furthermore other researchers are aiming to optimize the nature of the sup-
port, the catalyst particle size and the atomic ratio between platinum and
ruthenium. A thinner support layers can improve the performance [16] and
a reduced particles size is beneficial for methanol oxidation [17].
Another critical issue related to the anode feeding is the methanol cross-over.
When methanol comes into contact with the membrane it is transported to
the cathode by three transport mechanisms: electro-osmotic drag by proton
transport, diffusion by methanol concentration gradient and convection by
the hydraulic pressure gradient [18]. During typical DMFC operation dif-
fusion is the predominant transport mechanism. In the literature methanol
cross-over has been extensively studied both experimentally and theoretically
[19, 20, 21, 22, 23]. It has been widely demonstrated that it is closely related
to membrane structure, morphology and thickness, and DMFC operating
conditions such as temperature, pressure, and methanol concentration. The
understanding of the physical phenomena governing methanol cross-over is
already consolidated in the literature and the researches are focusing on the
modifications of PFSA membranes to reduce methanol cross-over. The most
promising solutions include the deposition of palladium films on the surface
[24] and the creation of composite membranes, obtained with the addition of
both organic-inorganic composites and acidic-basic polyaryl composites. In
[3, 18] a detailed review on DMFC membranes is reported.

1.3.2 Water management

The water management issue has been going with DMFCs since the initial de-
velopment of this technology in 1990. Until nowadays, several studies in this
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area are still continuing for achieving better DMFC performance and under-
standing of the physical phenomena regulating water transport [25, 26, 27].
The major cause of the water management issue is the PFSA polymer mem-
brane, that exhibits high proton conductivity only when fully hydrated. The
liquid nature of DMFC anode feeding enhances membrane hydration: the
water as well as the methanol flow through the membrane from the anode to
the cathode [28].
However water crossover through the membrane may cause two problems
named anodic water consumption [29, 30, 31] and cathode flooding [32, 33,
34, 35]. The increased water consumption, caused by water crossover through
the membrane, implies the necessity of additional water feeding and storage,
reducing the compactness of the DMFC systems [32, 36]. Secondly, the high
rate of water crossover increases the cathode flooding, especially during dy-
namic operation, therefore a suitable management of water transport and
flooding is considerably important in order to improve DMFC performance
and stable operation.
During the last years, water crossover in DMFCs has been extensively stud-
ied [37, 38, 39, 40]. It has been found that the cathode gas diffusion layer
(GDL), composed by a carbon macro-porous layer and usually by an addi-
tional micro-porous layer (MPL) coated on it, plays an important role in
both water crossover through the membrane and water removal to the cath-
ode. The effect of cathode GDL properties on water transport in DMFCs
has been widely investigated [41, 42, 43]. Several works studied also how to
minimize water transport, especially in passive DMFC, modifying the GDLs
characteristics in anode and cathode [44, 45, 46]. The characterization of
flooding onset and its effect on the performance has not been significantly
examined, despite this phenomenon could occur also in optimized DMFC
during dynamic operation or after GDL degradation [47].

1.3.3 Degradation

At present, the degradation of DMFC is still one of the major concerns on the
commercialization of this technology [48, 49, 50]. The performance degra-
dation rates of DMFC, generally higher than that of hydrogen-air PEMFCs,
are typically in the range of 10-25 µV ·h−1 [51] and can be divided into a per-
manent and a temporary component [52, 53]; the latter is recoverable after
operation interruption. Despite this subject is attracting a growing scientific
interest [54, 55, 56], in the literature only few experimental investigations
can be found. These works mainly focus on catalyst characterization before
and after the degradation test, highlighting the presence of different degra-
dation mechanisms such as catalyst agglomeration, ruthenium dissolution
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and crossover, carbon corrosion, membrane thinning and loss of hydrophobic
properties of the GDLs [57, 58]. The temporal evolution of the above cited
degradation mechanisms and their dependence on the operating conditions
are a very difficult topic, due to the complexity of the different interconnected
degradation phenomena and the long time test. Moreover the deficiency of
standard test procedures makes the comparison between different durability
tests more difficult.
At the moment fuel cells degradation is studied in a wide and growing num-
ber of research projects [59], among which the European project Premium
Act [60] is very interesting. One of the primary goal of this project is to
develop a reliable method, based on combined experimental and modeling
approach, that can predict system lifetime and improve operating strategies
with respect to a durability target. Nonetheless a detailed comprehension of
each different degradation mechanism is necessary to develop a such reliable
methodology. For this reason particular effort is dedicated to electrochemical
impedance spectroscopy (EIS), an in situ measurement technique that per-
mits to monitor the system internal losses during continuous operation. De-
spite its potentiality the interpretation of EIS data is still object of discussion
in the literature [61] and modeling becomes crucial to analyze experimental
observations.

1.3.4 Model development

Modeling deals with both water transport [62, 63, 64] and EIS [65, 66] in
DMFCs. Regarding water management some works can be found in the
literature. Schultz and Sundmacher [67] presented a one-dimensional dy-
namic model, validated also on water transport experimental measurements,
neglecting the two-phase behavior in both diffusion layers and flooding ef-
fects. Ko et al. [68] developed a 1-D model where the two-phase behavior
was considered, but water diffusion in gas phase through the cathode GDL
was neglected and the model was validated on a single operating condition.
Yang and Zhao [69, 70] presented a complete two dimensional and two-phase
DMFC model, validated only on the experimental performance and a lim-
ited set of operating conditions was considered. Casalegno et al. [71, 72, 73]
presented a 1-D model validated with respect to overall polarization, anode
polarization, methanol cross-over, showing a good agreement with the exper-
imental data, but water transport was not analyzed in detail. Pasaogullari
and Wang [74] developed a two phase numerical model to analyze the multi-
layer cathode GDL. They particularly investigated the effects of porosity,
thickness and hydrophobicity of an MPL on the two-phase transport [74].
The results showed that the addition of the MPL between catalyst layer and
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Chapter 1. State of the art of Direct Methanol Fuel Cell technology

GDL could enhance liquid water removal and reduce the liquid saturation in
the catalyst layer. However the proposed model [74] considers only the two-
phase transport of reactants and products across cathode GDL, neglecting
the modeling of all the others cell components.
Therefore in the literature there is no comprehensive works on water trans-
port modeling, in which the validation is approached systematically over a
wide range of operating conditions and with respect to different typologies
of measure. Such a work would be necessary to increase the understanding
of the phenomena regulating water transport in DMFC. Moreover a consol-
idate interpretation of water management would be useful to increase the
comprehension of DMFC lifetime, that is limited by several interconnected
and complex phenomena [75, 76].
As mentioned in paragraph 1.3.3, the interpretation of impedance measure-
ments is very complicated and modeling plays a fundamental role in the
analysis of experimental data. Until now the interpretation has mostly been
carried out by means of equivalent circuit method (ECM) [77, 78, 79, 80].
Though simple and fast, this method is not reliable, since the equivalent
circuit is not unique; moreover ECM provides only few useful qualitative in-
formation.
M. Orazem [81] proposed an innovative and relatively simple approach for
a quantitative interpretation of EIS measurements: the developed method-
ology consists in expressing the equivalent circuit element as a function of
the physical parameters of the system. In [82] this method was used for the
interpretation of PEMFC cathode impedance, but in principle it could be
applied to any electrochemical system, including DMFC.
An alternative approach is represented by physically based EIS models, that
in the last years attracted increasing scientific interest. The development and
experimental validation of this type of models are very complicated, but the
results are not related to the choice of a suitable equivalent electric circuit.
In the literature many works regarding both SOFC [83, 84, 85] and PEMFC
[86, 87] technology can be found. Bessler et al. carried out an extensive
physically based model activity on SOFC [88, 89, 90]: the flexibility and
modularity of the developed models, including detailed elementary kinetic
electrochemistry and diffusion processes, allowed the assignment of the ori-
gin of SOFC impedance features with high accuracy. Springer et al. [91]
developed one of the first numerical models for PEMFC cathode impedance:
the first impedance loop was attributed to the effective charge-transfer re-
sistance and double-layer charging, while the second one was related to the
mass-transport limitation in the gas phase.
In DMFCs the anode catalyst layer internal losses are not negligible, as in
PEMFC technology, and moreover the mass transport phenomena at anode
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side are very complex, due to the two-phase and multi component nature of
the flows. Thus the interpretation of impedance behavior is even more com-
plicated than in PEFC and SOFC technology and in fact in the literature
only two recent physical models of DMFC cathode are present [65, 66], while
for the anode there is no reference. However the proposed models [65, 66]
are only 1-D in the direction of electrode thickness and no attempts to fit
experimental data have been done.
Therefore a validated model for a quantitative interpretation of DMFC im-
pedance would be necessary to increase the understanding of all the physic-
ochemical phenomena regulating the operation of this technology.

1.4 Aims of the work

Considering the above described research activities, this work, carried out
in the framework of Premium Act project [60], aims to systematically in-
vestigate water transport and impedance behavior in DMFC by means of a
combined experimental and modeling approach.
The first objective of the work is to increase and consolidate the understand-
ing of the phenomena governing DMFC water transport. In particular in
chapter 2 an experimental characterization of mass transport phenomena,
mainly focused on water flux at cathode outlet, is reported. Subsequently,
in chapter 3, an interpretation model is developed to further investigate the
effects of water transport on performance (i.e., flooding phenomena) and
methanol crossover.
Instead the second objective of the work is to develop DMFC impedance
models for a quantitative interpretation of experimental observations. In
chapter 4 a systematic experimental characterization by EIS is performed to
figure out the most influent operating parameters and to provide an insight
into the development of interpretation models. In chapter 5 a preliminary
innovative model, based on analytical equivalent circuit, is developed; while
in chapter 6 a detailed physical model of anode impedance is illustrated and
its capability to interpret degradation effects is exposed.
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Chapter 2

Mass transport phenomena:
experimental analysis

A complete experimental characterization of fuel cell mass transport phenom-
ena and performance is reported in this chapter. The investigation is based
on the analysis of water fluxes at cathode outlet, methanol cross-over and
polarization curves under a wide range of operating conditions. Moreover
the effect of different GDL configurations is evaluated.

2.1 Experimental setup

The experimental analyses of DMFC performance and methanol crossover
are carried out implementing, in the equipment previously developed [92],
the measure of water concentration at cathode outlet.
Cathode side was modified introducing, Fig. 2.1:

� a heat exchanger to warm up the cathode exhaust to evaporate eventual
liquid water;

� a thermo-hygrometer for humidity (uncertainty 2%) and temperature
(uncertainty 0.2 �) measurements, located in a thermo-stated housing
to avoid condensation.

15



Chapter 2. Mass transport phenomena: experimental analysis

A
N
O
D
E 

C
A
T
H
O
D
E 

M
E
M
B
R
A
N
E 

Electronic load 

T controller 

Air 
compressor 

Flow 
Controller 

Condenser and 
liquid separator 

Methanol 
solution 

Peristaltic 
pump 

CO2 sensor 

CO2 sensor 

CO2 flow 
meter 

Condenser and 
liquid separator 

P 
sensor 

P 
sensor T, RU 

sensor 

Figure 2.1: Experimental setup scheme.

The above modifications permit to measure the water content in the cathode
exhaust Xc

H2O
and considering the mass balance equations 1-8 reported in

[92], the water flow at the cathode outlet is given by:

NH2O,c
out = Xc

H2O
·N c

out,tot (2.1)

These new components have negligible pressure drop and do not increase
considerably the transient time necessary to reach steady state in the ves-
sels.
The experimental analysis is carried out on the three MEAs already charac-
terized in [92]:

� MEA GM, GDL without MPL at anode and GDL with MPL at cath-
ode;

� MEA GG, GDL without MPL on both anode and cathode;

� MEA MM, GDL with MPL on both anode and cathode.
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A set of the measurement already examined in [92] have been reproduced by
means of the improved experimental setup. Note that in all the investigated
operating conditions (Table 2.11) the anode flow rate is set at 1 g · min−1

and the anode mean pressure at 105 kPa. The results of performance and
methanol crossover reported in [92], as well as measurement uncertainty and
reproducibility evaluation, remain valid. The uncertainty associated to the
measurement of water flow is evaluated, according to [93], equal to 7% in the
whole investigated range.

MEA T [K] XCH3OH [%wt] ṁair [g ·min−1] pcin [kPa] pcout [kPa]

GM 333 3.25 0.62 112 108
GM 333 3.25 0.62 151 147
GM 333 3.25 1.14 122 115
GM 333 3.25 1.14 155 148
GM 333 6.50 0.62 112 108
GM 333 6.50 0.62 151 147
GM 333 6.50 1.14 122 115
GM 333 6.50 1.14 155 148
GM 353 3.25 0.62 112 108
GM 353 3.25 1.14 122 115
GM 353 6.50 0.62 112 108
GM 353 6.50 1.14 122 115
GG 333 3.25 0.62 112 108
GG 333 3.25 1.14 122 115
GG 333 6.50 0.62 112 108
GG 333 6.50 1.14 122 115
GG 333 6.50 1.14 155 148
GG 353 6.50 1.14 122 115
MM 333 3.25 0.62 112 108
MM 333 3.25 1.14 122 115
MM 333 6.50 0.62 112 108
MM 333 6.50 1.14 122 115
MM 333 6.50 1.14 155 148
MM 353 6.50 1.14 122 115

Table 2.1: Investigated operating conditions.

1In the followings unpressurized cathode is named as 1 bar, instead pressurized cathode
is named as 1.5 bar.
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2.2 Experimental analyses

2.2.1 Influence of operating conditions (MEA GM)

In Fig. 2.2 the water flow at cathode outlet, in function of current density,
is reported for different operating conditions. A general behavior can be
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Figure 2.2: Influence of operating conditions on water flux (MEA GM, meth-
anol concentration 3.25%).

distinguished: at low current density the water flow is approximately con-
stant, a sort of plateau is evident, then it increases, in some cases suddenly,
with an approximately linear trend. This behavior suggests the presence of
two different mechanisms regulating water transport to cathode channel. A
possible interpretation could be based on the two main mechanisms of water
transport through GDL reported in the literature [94]: diffusion in vapor
phase and permeation in liquid phase.
The plateau could be caused by water vapor diffusion through the cathode
GDL, determined by an approximately constant water concentration along
the cathode electrode. Small current density variations do not affect sig-
nificantly water concentration profile. Instead at higher current density the
linear trend could be due to the onset of liquid water permeation, forced
by enhanced electro-osmotic drag and water production at cathode, both di-
rectly proportional to current density.
This preliminary interpretation is discussed analyzing the experimental re-
sults in different operating conditions.
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The proposed plateau origin is coherent with the following considerations
regarding Fig. 2.2:

� an increase of airflow rate induces a decrease of water concentration in
cathode channel, as a consequence the water concentration difference
across the GDL and the relative diffusive flow grow; therefore the water
flow at cathode outlet, i.e. the plateau value, increases;

� an increase of temperature determines a general increment of both GDL
diffusivity and water concentration at cathode electrode, related to sat-
uration concentration; thus the water flow at cathode outlet increases;

� at higher cathode mean pressure, the total gas mixture concentration
increases, therefore at similar water concentration, water fraction Xc

H2O

lowers; consequently the plateau value decreases, according to Eq. 2.1.

Regarding the linear behavior at higher current density, the curves at lower
temperature assume the same linear trend, coherently with the proposed
dependence on electro-osmotic drag and water production, not affected con-
siderably by the airflow or pressure variation.
A further confirmation of the proposed interpretation is obtained compar-
ing the experimental results at higher methanol concentration, Fig. 2.3.
Doubling methanol concentration, the plateau values do not change signif-
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Figure 2.3: Influence of operating conditions on water flux (MEA GM, cath-
ode pressure 1 bar).
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Figure 2.4: Influence of operating conditions on performance at 333 K and
1 bar (MEA GM).

icantly, while the performances are considerably different, Fig. 2.4, as well
as the methanol crossover [92]. Therefore, the plateau is confirmed to be
influenced exclusively by cathode flow conditions. Moreover a linear trend
with a similar slope is present, as expected in these operating conditions,
Fig. 2.3.
A consequence of the considerable water transport through the cathode GDL
is the pore flooding that hinders oxygen transport and DMFC performance.
Liquid water permeation through the GDL is expected to cause a significant
pores obstruction. A comparison of polarization curves in different operating
conditions is reported in Fig. 2.4. At low methanol concentration an increase
of airflow rate determines negligible variations of DMFC performance. In
contrast, water flow at cathode outlet varies significantly and considerable
water permeation is expected to occur in both cases at high current den-
sity. This behavior can be explained considering that the performance at
high current density is strongly limited by the anode feeding, worsen by low
methanol concentration, as discussed previously in [92]. In such conditions,
the effect of an oxygen transport hindered by flooding is undetectable.
The behavior is different at higher methanol concentration: the performance
is not anymore limited by anode feeding but a negative effect of airflow reduc-
tion is evident. The water transport increases at high current density when
the airflow decreases, Fig. 2.3. Both the lower airflow rate and the increased
water flow imply a reduction of oxygen concentration at cathode electrode
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leading to a decrease in the performance. The performance decrease could
be due to such oxygen concentration reduction or to a further pore flooding
effect, but it cannot be distinguished from these experimental results. A
further interpretation of this aspect is discussed in the next paragraph.

2.2.2 Cathode MPL influence (MEA GG)

In order to clarify the effect of water transport on DMFC performance, the
results regarding the MEA GG (without cathode MPL) and the MEA GM
(with cathode MPL) are discussed and compared. In Fig. 2.5, the water
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Figure 2.5: Influence of operating conditions on water flux with airflow of
1.14 g ·min−1 at 1 bar.

flow at the cathode outlet for the two MEAs is reported. An enhanced water
transport is evident in the MEA without MPL: the mass transfer resistance
at cathode side decreases eliminating the additional micro-porous layer, co-
herently with the results reported in [95]. The plateau rises approximately
by a factor 1.5 in both the two temperature conditions.
Morevoer analyzing methanol crossover measurements reported in Fig. 2.6, it
is evident that there is a consistency with the water transport measurements
of Fig. 2.5. An enhanced water flux at cathode outlet causes an increase
of the average methanol concentration at anode side. Coherently with this
mechanism of dilution, MEA GG exhibits a higher methanol crossover than
MEA GM.
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Figure 2.6: Influence of operating conditions on methanol corss-over with
airflow of 1.14 g ·min−1 at 1 bar.

A general improvement of performance is evident with cathode without MPL,
Fig. 2.7, accordingly to the enhanced mass transport through the GDL that
increases oxygen concentration at cathode electrode. A clear exception is
evident: the performance of MEA GG drops and becomes lower than MEA
GM one at current density higher than 0.35 A · cm−2. This behavior has
been already found in literature [9, 96, 97] and it is probably caused by a
considerable GDL flooding phenomenon.
In order to confirm flooding presence and quantify its effect a specific mod-
eling analysis is reported in the next chapter.

2.2.3 Anode MPL influence (MEA MM)

In order to further investigate the effect of water transport on DMFC opera-
tion, the experimental data regarding MEA MM (with MPL on both anode
and cathode) are compared with those of MEA GM. In Fig. 2.8 the water
flow at cathode outlet is reported. Considering MEA MM a reduced water
transport is evident: this feature is coherent with a lower water crossover
through the membrane, due to the presence of a liquid water barrier to the
anode (i.e., the MPL). The water flow of MEA MM is nearly constant as
the current density changes: this implies that the only mechanism governing
water transport through cathode GDL is gas diffusion. Moreover the plateau
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Figure 2.7: Influence of operating conditions on performance with airflow of
1.14 g ·min−1 at 1 bar.
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value decreases: the reduced water cross-over lowers cathode water concen-
tartion.
The presence of anode MPL nearly halves methanol cross-over (Fig. 2.9).
This is partially due to the reduced water cross-over: in fact, as already ob-
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Figure 2.9: Influence of operating conditions on methanol cross-over with
airflow of 1.14 g ·min−1 at 1 bar.

served in Fig 2.6, the lower the water flux at cathode outlet, the lower the
methanol crossover. However the magnitude of dilution effect is not sufficient
to cause such a marked reduction of methanol cross-over: the presence of an-
ode MPL increases mass transfer resistance entailing a further reduction of
avergae methanol concentration.

2.3 Remarks

The proposed experimental analysis underlines the importance of the water
transport in the operation of DMFC. In particular the following considera-
tions have been highlighted:

� The water removal from the cathode GDL is regulated by two different
transport mechanisms: gas diffusion and liquid permeation. The former
determines a plateau at low current densities, the latter a linear trend
at high current densities; influence of temperature, pressure and airflow
confirm the expectations.
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� The absence of cathode MPL causes a general increase of water flow at
cathode outlet, that favors methanol cross-over. The higher cathode
oxygen diffusivity generally enhances DMFC performance, but some
exceptions are evident, probably due to cathode flooding phenomenon.

� The presence of a liquid water barrier at the anode (i.e., the MPL)
implies a reduction of both methanol and water cross-over and the
water removal from the cathode is mainly governed by gas diffusion.

In order to validate the proposed interpretation of water management and
its impact on performance and methanol crossover, a DMFC model has been
developed in the following chapter.
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Chapter 3

Mass transport phenomena:
model development

In this chapter the model already presented in [71, 72] is integrated with
equations, that describe water transport phenomena and flooding effects.
The original model includes the complete mass balance, considering two-
phase anode flow, but single-phase cathode flow and consequently cathode
flooding was not considered. Moreover the water crossover is calculated as
the sum of electro-osmosis and liquid phase diffusion, neglecting liquid water
concentration at cathode side.
In the new model the implementation of water transport phenomena, in-
cluding two-phase cathode flow and flooding, is introduced to validate the
proposed interpretations of water transport and elucidate flooding effects on
performance.

3.1 Water transport description

According to the proposed interpretation, the water fluxes through a DMFC
are those illustrated in Fig. 3.1. The water availability at anode side is
considered to be very high and the anode GDL is assumed to be flooded with
fully liquid pathways [35], therefore the water transport through the MEA
is generally regulated by water transport through membrane and cathode
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Figure 3.1: Water fluxes through the DMFC.

diffusion layer, in agreement with the literature [96].

3.1.1 Membrane

The water cross-over through the membrane is due to three transport mech-
anisms [98, 99, 100], electro-osmotic drag by proton transport, diffusion by
water concentration gradient and convection by hydraulic pressure gradient,
as reported in the following equation:

NH2O
m,cross = NH2O

m,drag +NH2O
m,diff −N

H2O
m,perm (3.1)

The water flux due to electro-osmotic drag can be determined from:

NH2O
m,drag = ηd ·

i

F
(3.2)

Permeation flux depends on the liquid pressure difference across the mem-
brane and can be expressed as:

NH2O
m,perm =

Km · ρH2O

µH2O ·MH2O · lm
·
(
pc,LH2O

− pa,LH2O

)
(3.3)

Since the flow velocity through the liquid pathways of anode GDL can be
neglected, pa,LH2O

is assumed equal to the total pressure in the anode flow chan-
nel pa. At cathode side material hydrophobicity and water transport could
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determine a considerable capillary pressure, thus pc,LH2O
can be significantly

greater than gas pressure. The capillary pressure is proportional to water
saturation in the electrode [101] and consequently to liquid concentration at
membrane interface [45]:

∆pc = pc,LH2O
− pc,GH2O

∝ s ∝ Cm,c,L
H2O

(3.4)

This dependence is uncertain and strongly affected by material characteris-
tics, in fact a general correlation is not available in literature1. In the present
work a first order dependence is assumed:

Cm,c,L
H2O

= W2 ·
(
pc,LH2O

− pc,GH2O

)
(3.5)

where W2 is calibrated over experimental data.
Due to negligible gas pressure gradient across the entire porous media, pc,GH2O

can be assumed equal to total cathode pressure pc, as widely accepted in
literature [74]. Generally, under typical operating conditions pc,LH2O

is greater

than pa,LH2O
, leading to a permeation flux from cathode to anode. Both anode

and cathode total pressures are assumed to vary linearly with channel length
x:

pa,cin − (pa,cin − p
a,c
out) ·

x

L
= pa,c (3.6)

The flux of water due to liquid diffusion can be expressed as:

NH2O
m,diff =

Dm,H2O

lm
·
(
Cm,a,L
H2O

− Cm,c,L
H2O

)
(3.7)

where Cm,a,L
H2O

and Cm,c,L
H2O

represent, respectively, liquid water concentrations

at the membrane interfaces. Generally, the magnitude of both Cm,a,L
H2O

and

Cm,c,L
H2O

depends on the properties of the MEA and the operating conditions.
Moreover in the literature magnitude and direction of water diffusion flux
are controversial [102, 103]. In this work Cm,a,L

H2O
is assumed equal to the

liquid concentration corresponding to a fully hydrated membrane, with water
content about 30 [104]; Cm,c,L

H2O
is already defined in Eq. 3.5.

3.1.2 Cathode diffusion layer

The water flow through cathode GDL, NH2O
GDL, is equal to the sum of water

cross-over through the membrane, NH2O
m,cross, and water sources in the cathode

1Note that the correlations reported in literature [45] are generally between the satu-
ration and the dissolved water concentration in the ionomer of the catalyst layer, that is
different from membrane one, Cm,c,L

H2O
.
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catalyst layer due to methanol cross-over oxidation, NH2O
CH3OH,ox

, and to oxygen

reduction, NH2O
O2,rd

, according to:

NH2O
GDL = NH2O

CH3OH,ox
+NH2O

O2,rd
+NH2O

m,cross (3.8)

NH2O
GDL = 2 ·NH2O

CH3OH,cross
+

i

2 · F
+NH2O

m,cross (3.9)

As reported in [94], the water flow through GDL is due to different contribu-
tions: diffusion and permeation in gas phase and permeation in liquid phase.
The assumption of a constant gas phase pressure across the entire porous me-
dia [74] allows neglecting gas permeation through the GDL. Therefore water
transport through cathode GDL occurs mainly by vapor diffusion, NH2O

GDL,diff ,

and liquid permeation, NH2O
GDL,perm, according to the proposed interpretation.

The two-phase behavior at cathode side is simplified as a plug flow, where
plugs and bubbles have the same local velocity. Equation 14 of the original
model [71] is replaced by the following:

hc

2
·
∂
(
vc · C̄c

H2O

)
∂x

= NH2O
GDL,diff +NH2O

GDL,perm (3.10)

C̄c
H2O

is the time-averaged total water concentration in the cathode channel,
defined as:

C̄c
H2O

= Cc,G
H2O

if C̄c
H2O
≤ Csat

H2O

C̄c
H2O

= εc · Csat
H2O

+ (1− εc) ·
ρH2O

MH2O

if C̄c
H2O

> Csat
H2O

(3.11)

where εc is the cathode volumetric gas fraction.
According to [95], the overall mass transport coefficient in gas-phase can be
determined from:

RG
H2O

= RG
H2O,conv

+RG
H2O,diff

=
1

hconv
+

(
lGDL

DGDL

+
lMPL

DMPL

)
(3.12)

where hconv is the convective mass transport coefficient in the channel. The
resulting water flux can thus be expressed as:

NH2O
GDL,diff =

(
Ct,c,G
H2O
− Cc,G

H2O

)
RG
H2O

(3.13)

where Ct,c,G
H2O

, the water vapor concentration in the cathode electrode, depends

on the liquid concentration in the membrane interface Cm,c,L
H2O

; the data re-
ported in [5] are interpolated with a third order polynomial.
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The interpretation of water permeation onset at high current density is re-
ported in the experimental analysis discussion and it is implemented in the
model as follows. Water diffusion through cathode GDL led to an increase
of water concentration along the cathode channel: this transport mechanism
becomes less and less considerable along cathode channel when its driving
force diminishes.
This implies an increase of the liquid pressure in the cathode electrode, pc,LH2O

:
when it becomes greater than a threshold value, plim, liquid permeation
through cathode GDL occurs. The values of pc,LH2O

and NH2O
GDL,perm are cal-

culated by solving the following water balance at electrode-GDL interface:

NH2O
m,drag +NH2O

m,diff −N
H2O
m,perm +NH2O

CH3OH,ox
+NH2O

O2,rd

= NH2O
GDL,diff +NH2O

GDL,perm

(3.14)

considering the following two cases:

if pc,L ≤ plim



NH2O
m,perm =

Km · ρH2O

µH2O ·MH2O · lm
·
(
pc,LH2O

− pa,LH2O

)

NH2O
m,diff =

Dm,H2O

lm
·
(
Cm,a,L
H2O

−W2 · pc,LH2O

)
NH2O
GDL,perm = 0

if pc,L > plim



NH2O
m,perm =

Km · ρH2O

µH2O ·MH2O · lm
·
(
plim − pa,LH2O

)

NH2O
m,diff =

Dm,H2O

lm
·
(
Cm,a,L
H2O

−W2 · plim
)

NH2O
GDL,perm = NH2O

m,drag +NH2O
m,diff −N

H2O
m,perm

+NH2O
CH3OH,ox

+NH2O
O2,rd

−NH2O
GDL,diff

(3.15)

3.2 Flooding description

It is widely known that flooding reduces fuel cell performance, while the ef-
fective mechanisms are not fully understood. Many authors agree on the
main reason known as the hindrance of oxygen transport caused by GDL
and electrode pore obstruction with liquid water [68, 70, 101]. The follow-
ing model does not pretend to be a detailed and exhaustive description of
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such complex phenomenon, but a tool to increase its understanding and for
further studies. In this work, flooding effects are modeled considering two
contributions:

� Superficial pores obstruction, Fig. 3.2a: if water concentration in cath-
ode channel exceeds the saturation value, drops of water condense on
GDL surface2. This effect is considered as a reduction of GDL diffusiv-
ity proportional to liquid water concentration [95], where correlations
for similar GDLs are proposed. A suitable one is adapted as follows:

Dc
GDL,O2

= Dc
GDL,eff,O2

−B1 ·
(
C̄c
H2O
− Csat

H2O

)0.58
(3.16)

where B1 is derived from the model calibration.

� Bulk pores obstruction, Fig. 3.2b: if liquid water permeation through
cathode GDL occurs, the flow obstructs GDL pores, establishing liquid
pathways [105]. Both effects imply a reduction of GDL diffusivity pro-
portional to liquid water permeation through cathode GDL3. To take
into account this effect a correlation is proposed:

Dc
GDL,O2

= Dc
GDL,eff,O2

−B2 ·
(
NH2O
GDL,perm

)B3
(3.17)

where B2 and B3 are obtained by model calibration.

b) a) 

Figure 3.2: a) Superficial pores obstruction. b) Bulk pores obstruction.

2Generally liquid water is not present in bulk GDL because of its high hydrophobicity.
3Bulk obstruction of MPL is neglected, because its saturation is generally much lower

than GDL one [70]. Anyway the GDL diffusivity reduction includes also the eventual MPL
one.
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3.3 Model validation

The proposed DMFC model is constituted by 7 differential equations, 29 alge-
braic equations, 36 variables and two correlations to take into account flood-
ing effects, Eq. 3.16 and 3.17. This DAE system is solved in MATLAB®,
applying the appropriate initial conditions, regarding inlet flows, potential
difference and fuel cell temperature and pressures. The values of the param-
eters utilized for the calculation are reported in Table 3.1.
The calibration procedure consists in the minimization of the residuals be-
tween model estimation and experimental results and permits to determine
the values of the most uncertain physicchemical parameters. The considered
experimental data set for calibration concern the MEA GM and is composed
of 132 measurement points, coming from 12 polarization curves, Table 2.1.
The model is calibrated with respect to three different typologies of mea-
sure: performance, water transport and methanol cross-over. The residuals
between model results and experimental data have reasonably normal distri-
bution and they are generally lower than measurement uncertainty for all the
three typologies of measure. This implies that the model is sufficiently accu-
rate to estimate the available experimental results and that the phenomena
neglected with the proposed assumptions have minor effects. A comparison
between simulations and experimental measurements of water transport in
two very different operating conditions is reported as example in Fig. 3.3.
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Figure 3.3: Comparison of the simulated and measured water fluxes at cath-
ode outlet (MEA GM, 1 bar).
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Dc
MPL,eff W3 cm2 · s−1 Cal.

Dc
GDL,eff 1.59 · 10−1 · (T/333)1.75 cm2 · s−1 [95]

Da,L
GDL,CH3OH

10−5.4163−999.778/T · 104 cm2 · s−1 [106]

Da,G
GDL,CH3OH

I1 cm2 · s−1 Cal.
Dm,CH3OH C1 · exp (C2 · (1/303− 1/T )) cm2 · s−1 Cal.
Dm,H2O 4.17 · 10−4 · 22 · (161· cm2 · s−1 [45]

exp (−22) + 1) · exp (−2436/T )
hconv,@333K 0.115 · 102 cm · s−1 [95]
hconv,@353K 0.125 · 102 cm · s−1 [95]
Ca
ref 1 · 10−3 mol · cm−3 [107]

Cc
ref 7.25 · 10−6 mol · cm−3 [107]

γa I2 − Cal.
γc 1 − [62]
αa I3 − Cal.
αc 0.6 − [72]
ia∗ I4 · exp (I5/R · (1/353− 1/T )) A · cm−2 Cal.
ic∗ 1.37 · 10−4 · exp A · cm−2 [72]

(50750/R · (1/353− 1/T ))
σm 0.073 · exp (1268 · (1/298− 1/T )) Ω−1 · cm−1 [108]
Km W1 m2 Cal.
plim,MPL 6700 Pa [105]

Cm,c,L
H2O

W2 ·
(
pc,LH2O

− pc,GH2O

)
mol · cm−3 Cal.

ηd W4 · exp (1029 · (1/333− 1/T )) − Cal.
ηdx C3 · exp (C4 · (1/333− 1/T )) − Cal.

ρH2O (−0.0028 · (T − 273)2 − 0.1757· g · cm−3 [106]
(T − 273) + 1003.8) · 10−3

µH2O 3.56 · 10−4 Pa · s [106]
KH,CH3OH 2.2 · exp (5200 · (1/T − 1/298)) mol · J−1 [106]
KH,CO2 3.5 · exp (2400 · (1/T − 1/298)) mol · J−1 [106]
E0 1.21 V −
F 94495 C ·mol−1 −
R 8314 J ·mol−1 ·K−1 −
lm 0.018 cm −
lcMPL 0.005 cm −
lcGDL 0.025 cm −
laGDL 0.03 cm −
Acell 22.1 cm2 −
ha 0.08 cm −
hc 0.08 cm −
L 138.125 cm −

Table 3.1: Parameters utilized for the calculation (Cal.=Calibrated). 33



Chapter 3. Mass transport phenomena: model development

All the obtained values of fitting parameters are coherent with those reported
in the literature. The fitting parameters of performance, Table 3.2, are com-
posed of quantities affected by high uncertainty, demonstrated by a high
variability in the literature [62, 107, 108, 109].

Present work Literature

I1 cm2 · s−1 2.17 · 10−2 2.36 · 10−2 [110]
I2 − 6.5 · 10−2 0 [107], 0.5 [62], 1 [111]
I3 − 0.5 0.5 [70]
I4 A · cm−2 2.69 · 10−4 94.25 · 10−4 [107] to 2 · 10−4 [70]
I5 J ·mol−1 66712 70000 [112]
B1 − 37 [95]
B2 − 5.24 · 102 −
B3 − 0.8 −

Table 3.2: Fitting parameters of performance.

The effective methanol diffusivity in the gas phase through the diffusion
layer is noticeably uncertain, considering the contribution of CO2 convective
transport, the variation in void fraction and the methanol mixture phase
transition. The obtained value is very close to that reported in [110]. The
order of the overall anode reaction, γa, in literature varies from 0 [107] to
0.5 [62] to 1 [111]; the value obtained by calibration, 0.065, evidences a very
weak current dependence on methanol concentration. With regard to the
fitting parameters for flooding effects, the value of B1 is very similar to that
reported in [95], instead for the values of B2 and B3 there is no reference for
comparison. Nevertheless the reduction of cathode diffusivity due to liquid
water flux through cathode GDL can be considered reasonable and is dis-
cussed in the next paragraph.
The fitting parameters for water transport are reported in Table 3.3.

Present work Literature

W1 m2 3 · 10−19 2 · 10−18 [70] to 1 · 10−21 [107]
W2 − 7.7 · 10−6 −
W3 cm2 · s−1 2.38 · 10−2 1.55 · 10−2 [113]
W4 − 4.6 2.9 [5] to 6 [114]

Table 3.3: Fitting parameters of water transport.

For the fitting parameter W2 there is no reference in the literature; anyway
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the resulting values of Cm,c,L
H2O

, in the investigated conditions, are always co-
herent with a highly hydrated membrane. Electro-osmotic drag coefficient
has a considerable variability [104]: the most of the works reports a value of
about 3 at 333 K [4, 38, 5], some studies higher values, near 6 [104, 114],
moreover this value can increase considerably when methanol is present [114].
The resulting value of 4.6 at 333 K is thus considered acceptable.
The fitting parameters reported in Table 3.4 characterize methanol cross-over
through the membrane.

Present work Literature

C1 cm2 · s−1 2.17 · 10−6 0.5 · 10−6 [42] to 4.9 · 10−6 [70]
C2 K 1976 2436 [70]
C3 − 1.81 2.9 [71] to 0.87 [72]
C4 K 410 1029 [71]

Table 3.4: Fitting parameters of methanol cross-over.

C3 is methanol drag coefficient, the fitting value, 1.82, lower than water drag
coefficient, confirms the influence of methanol concentration gradient in the
membrane, as reported in [72]. The dependence of electroosmotic drag on
temperature, C4, is lower than that reported in [71], evidencing a limited
effect of temperature.
Summarizing, the values of the parameters obtained by calibration result are
acceptable and coherent with those reported in literature. This consideration,
together with the high accuracy of the model in reproducing the experimental
results, provides a first validation of the proposed interpretation and model
of water transport in DMFC.

3.4 Modeling results discussion

Fig. 3.4 illustrates the water fluxes through the GDL at different current
densities: when liquid permeation occurs, the magnitude of diffusion flux
diminishes due to the increased water concentration in the cathode channel.
At high current densities, when cathode flooding occurs, the permeation is
the predominant water transport mechanism.
Fig. 3.5 reports the water fluxes through the membrane. It is interesting
to note that permeation flux is negligible and is directed from cathode to
anode. On the contrary the diffusion flux is always directed from anode
to cathode; at low current densities it is the predominant water transport
mechanism, due to a low water concentration at cathode side, while at high
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Figure 3.4: Water fluxes through cathode GDL (MEA GM, met 6.5%, 353
K, air 1.14 g ·min−1, 1 bar).
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Figure 3.5: Water fluxes through the membrane (MEA GM, met 6.5%, 353
K, air 1.14 g ·min−1, 1 bar).
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current densities it becomes negligible. The resulting trend of membrane
water fluxes is coherent with that reported in [70].
In this paragraph a specific analysis of flooding effects on performance and
a further validation of the model on MEA GG and MEA MM experimental
results are reported.

3.4.1 Flooding effects

The developed model appears able to predict the flooding onset and to quan-
tify its effects. Fig.3.6 reports a comparison between simulation results with
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Figure 3.6: Comparison of simulated performances with and without flooding
effects (MEA GM, 1 bar).

and without the implementation of flooding effects, in the same operating
conditions of Fig. 3.3. At lower methanol concentration, the water flow at
cathode outlet is low and the modeling results with and without the imple-
mentation of flooding effects are superimposed: this indicates that flooding
does not occur. Instead at higher methanol concentration, where flooding is
expected as discussed in paragraph 2.2.1, a considerable difference omitting
flooding model is evident at high current density: this indicates that flooding
occurs significantly at current densities higher than 0.4 A · cm−2.
A specific analysis is carried out to evaluate the contributions of the two
flooding phenomena considered in the present model, superficial and bulk
pore obstructions. Fig. 3.7 illustrates a comparison of modeling results ex-
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c) met 6.5%, 333 K, air 0.62 g ·min−1.

cluding superficial or bulk pore obstruction correlations, in three different
operating conditions, in order to distinguish and quantify their effects:

� in Fig. 3.7a, the effect of bulk obstruction is much more relevant than
the superficial one;

� in Fig. 3.7b, water concentration in cathode channel increases due to
the lower airflow rate, enhancing water condensation and superficial
obstruction, nevertheless bulk obstruction is still more influent;

� in Fig. 3.7c, the saturation concentration diminishes due to the lower
temperature, leading to a further enhancement of water condensation
on GDL surface. In this case bulk and superficial obstructions are
comparable.

Generally the effect of bulk obstruction is more relevant compared to the
superficial obstruction one. However both types of obstruction must be
taken into account to accurately reproduce experimental data: calibrating
the model without one type of obstruction, the model accuracy decreases
dramatically.
Fig. 3.8 reports the current density profiles along the channel at different
voltages. From Fig. 3.6 it is possible to figure out that flooding occurs at
voltages lower than 0.2 V . Analyzing the current density profiles, a flood-
ing effect is already evident at 0.2 V : the current density profile presents a
more steep decrease than at 0.3 V . The slope decreases even more at 0.1 V ,
evidencing a hindered fuel cell operation near channel outlet, caused by low
oxygen concentration at cathode electrode. Such high current density gradi-
ent not only worsens performance, but could also determine inhomogeneous
and aggravated components degradation.
Fig. 3.9 illustrates the reduction of cathode GDL effective diffusivity at dif-
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Figure 3.8: Current density profiles at different voltages (MEA GM, met
6.5%, 353 K, air 1.14 g ·min−1, 1 bar).
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ferent voltages4. At 0.3 V the reduction is in the order of 20% and it is only
due to liquid permeation, i.e. bulk pore obstruction. At 0.2 V the reduction
is more pronounced, in agreement with the higher water production and the
steeper current density profile, Fig. 3.8. In this operating condition the water
concentration in the channel reaches the saturation value approximately at
two-thirds of the channel and consequently the effective diffusivity presents
a further reduction due to superficial pores obstruction. At 0.1 V the super-
ficial pores obstruction occurs nearly in the middle of the channel and the
overall diffusivity at channel end is reduced by one order of magnitude: in
this condition the cathode GDL is severely flooded.

3.4.2 Cathode MPL influence

The model is further validated on the experimental data of the MEA GG (66
measurement points, three types of measures), Table 2.1. Two parameters,
affected by the absence of cathode MPL, are calibrated. The parameters
reported in Tables 3.1-3.4 remain valid, with the exception of the five pa-
rameters, related to cathode GDL, reported in Table 3.5.

B2 − 6.21 · 102

W2 − 2.76 · 10−5

lcMPL cm 0
lcGDL cm 0.03
plim,GDL Pa 1700 [105]

Table 3.5: Fitted and assumed parameters for model validation (MEA GG).

It is interesting to note that the fitting parameter B2, that quantify the bulk
obstruction effect, is higher than the MEA GM one, Table 3.2: the bulk
obstruction effect appears more relevant without cathode MPL at constant
water permeation.
The fitting parameter W2, that characterizes the dependence of Cm,c,L

H2O
on

capillary pressure, is higher compared to MEA GM one, Table 3.3: the lower
GDL hydrophobicity implies a lower capillary pressure at constant membrane
water concentration [35]. The plim value is assumed lower according to a less
hydrophobic GDL compared to MEA GM one [105].
Although the uncertainty of material characteristics and the unpredictable
interactions among components, the model is able to reproduce accurately
the experimental data of MEA GG, Fig. 3.10.

4The GDL + MPL effective diffusivity is calculated with Eq. 16 [95].
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Figure 3.10: Comparison of simulated performances with and without flood-
ing effects (MEA GG, 1 bar).

Moreover the model residuals are close to measurement uncertainty and the
fitting parameters assume reasonable values. This result provides a further
validation of both water transport and flooding proposed models.
The analysis of modeling results permits also to evaluate the cathode MPL
influence. Fig. 3.10 points out the effect of flooding in two considerably
different operating conditions. The behavior is similar to that reported in
Fig. 3.6. At higher methanol concentration, two differences are apprecia-
ble: flooding effect magnitude increases and flooding onset occurs at lower
current densities, nearly at 0.35 A · cm−2. These aspects are coherent re-
spectively with the increase of bulk obstruction effect, B2, and the reduction
of breakthrough pressure, plim. This analysis confirms the explanation sug-
gested discussing Fig. 2.5 and 2.7: the presence of cathode MPL increases
mass transport resistance, reduces considerably water loss toward cathode
channel and increases DMFC performance exclusively in case of significant
GDL flooding.

3.4.3 Anode MPL influence

The model is further validated on the experimental data of MEA MM (66
measurement points, three types of measures). As already observed in the
experimental analysis of paragraph 2.2.3, the presence of a high hydrophobic
liquid barrier reduces water cross-over through the membrane. As a conse-
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quence at the anode interface facing to the membrane it is no longer possible
to assume that Cm,a,L

H2O
is equal to the liquid concentration corresponding to

a fully hydrated membrane (Eq. 3.7).
As reported in [45], under a condition of phase equilibrium between the wa-
ter dissolved in the ionomer in the catalyst layer and the liquid water in the
pores of the catalyst layer, the water content in the ionomer of the anode
catalyst layer can be related to the anode void fraction5 by:

λt,a = (1− εa) · λLeq + εa · λGeq (3.18)

where λLeq and λGeq denote the equilibrium water concentration in the ionomer
when the ionomer is in phase equilibrium with the liquid water [115, 116] and
water vapor saturated gas [70], respectively. Therefore the dissolved water
concentration in the ionomer of the anode catalyst layer is equal to:

Ct,a,L
H2O

=
ρdry · λt,a

EW
(3.19)

where ρdry and EW denote, respectively, the density of a dry membrane and
the equivalent weight of ionomer in the membrane.
As already stated in paragraph 3.1.1, the dissolved water concentration in the
ionomer of the catalyst layer is different from the membrane one, Cm,a,l

H2O
. The

strong uncertainties related to material characteristics at this interface make
this concentration difficult to determine theoretically, so that an empirical
approach is taken in this work. In particular a first order dependence on
water concentration in the ionomer of the catalyst layer is assumed:

Cm,a,L
H2O

= W5 · Ct,a,L
H2O

(3.20)

where W5 is calibrated over experimental data.
The above discussed modifications have been introduced in the model and
the calibration parameters, reported in Table 3.6, have reasonable values.

I1 cm2 · s−1 8.29 · 10−3

W4 − 2.9
W5 − 0.5

Table 3.6: Fitted parameters for model validation (MEA MM).

Methanol gas diffusivity is consistent with the values of the experimental

5In [71] the anode void fraction is assumed constant within diffusion and catalyst layers
thickness.
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characterization reported in [95]; because of the presence of the MPL the
resulting value of Da,G

GDL,CH3OH
is minor than that reported in Table 3.1. The

electro-osmotic drag coefficient has a considerable variability in the literature
[104] and its value can increase considerably when methanol is present: the
resulting value of 2.9 [5], lower than that reported in Table 3.3, is coherent
with a reduced methanol concentration [114]. For the calibration parameter
W5 there is no reference for comparison in the literature; however Cm,a,L

H2O
is

always included between 0.055 and 0.025 mol ·cm−3: these values correspond
to a fully hydrated membrane and a membrane with a water content of 14,
respectively.
The model is able to reproduce experimental observations with high accuracy,
Fig. 3.11 and 3.12. Methanol cross-over simulations are in full agreement
with experimental data; as reported in Fig. 2.6 and 2.9 the methanol cross-
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Figure 3.11: Comparison of the simulated and measured methanol cross-over
fluxes (MEA MM, 1 bar).

over behavior is the same for different configurations of diffusion layers, only
the magnitude is different. Therefore the developed model confirms that
methanol cross-over is mainly due to two different contributions: liquid dif-
fusion and electro-osmotic drag. The former is predominant at low current
density, when high methanol concentration is present, the latter increases
with the current density. However, in the most of the investigated operating
conditions the magnitude of methanol liquid diffusion is more relevant than
the electro-osmotic one.
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In Fig. 3.12 the model overestimates cathode outlet water flow at 353 K,
but the trend is the same: a re-calibration of cathode diffusivity at 353 K
would be necessary to improve model accuracy, but it is not the aim of this
paragraph.
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Figure 3.12: Comparison of the simulated and measured water fluxes at
cathode outlet (MEA MM, 1 bar).

Fig. 3.13 illustrates the water fluxes through the GDL at different current
densities, in the same operating condition of Fig. 3.4. It is evident that
liquid permeation does not occur and the only mechanism regulating water
transport through cathode GDL is gas diffusion, as expected from the exper-
imental analysis in paragraph 2.2.3. Moreover gas diffusion slightly increases
with the current density: this implies an increase of water concentration in
the electrode, that at low current density is not close to the saturation value.
Comparing the water fluxes through the membrane of MEA MM (Fig. 3.14)
with those of MEA GM (Fig. 3.5), the main difference concerns the liquid
diffusion flux. The presence of anode MPL entails a reduction of Cm,a,L

H2O
; as a

consequence there is an inversion of liquid diffusion flux, that is directed from
the cathode to the anode for current densities higher than 0.3 A · cm−2. In
the literature the magnitude and direction of diffusion flux are controversial
[102, 103]; the developed model, that has been validated on three types of
measure at the same time, provides a further insight into the understanding
of the basic principles regulating water diffusion through the membrane.
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Figure 3.13: Water fluxes through cathode GDL (MEA MM, met 6.5%, 353
K, air 1.14 g ·min−1, 1 bar).
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Figure 3.14: Water fluxes through the membrane (MEA MM, met 6.5%, 353
K, air 1.14 g ·min−1, 1 bar).
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3.5 Remarks

The developed model, that has been validated on three different typologies
of measure at the same time over a wide range of operating conditions, pro-
vides an exhaustive interpretation of the mechanisms that regulate water
transport and flooding phenomena. This triple calibration constitutes an in-
novative aspect in DMFC modeling: in the literature more detailed models
can be found [64, 67, 69], but none of them is calibrated on different typolo-
gies of measure, considering such a wide range of operating conditions. This
approach permits to provide an accurate estimation of local fluxes and con-
centrations and moreover the calibration on water transport measurements
is of fundamental importance to correctly quantify the flooding effects.
The main conclusions on these phenomena are the following:

� Water diffusion through cathode GDL is regulated by vapor concen-
tration gradient; in the most of operating conditions of MEA GM and
MEA GG the vapor concentration in the electrode is close to satura-
tion value, in agreement with a highly hydrated membrane. Instead in
MEA MM the vapor concentration in the electrode is lower than the
saturation value, coherently with a reduced water cross-over flux, due
to the presence of a liquid water barrier to the anode (i.e., the MPL).

� Liquid water permeation through cathode GDL occurs when water
pressure exceeds a threshold value, related to GDL characteristics; the
permeation linear trend with current density is due to electro-osmotic
drag and water production at cathode electrode. In MEA MM liquid
permeation through cathode GDL does not occur due to the reduced
water cross-over.

� Liquid water diffusion through the membrane in MEA GM and GG
is directed from anode to cathode; at low current densities it is the
predominant water transport mechanism. Instead in MEA MM there
is an inversion of liquid diffusion flux at high current densities; however
the water cross-over flux is still directed from anode to cathode.

� Liquid permeation through the membrane is directed from cathode to
anode, but its contribution to water cross-over is negligible.

� To reproduce the effects of cathode GDL flooding, two mechanisms
have to be considered simultaneously, giving comparable contributions:
superficial and bulk pore obstructions. The first is proportional to
liquid water concentration in cathode channel; the latter is proportional
to liquid water permeation.
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� A correlation to reproduce bulk pore obstruction is proposed for two
cathode GDLs, with and without MPL; the magnitude of bulk obstruc-
tion effect is more relevant without cathode MPL (MEA GG).

� The addition of the MPL on cathode GDL increases the mass transfer
resistance, causing a general reduction of water transport through cath-
ode GDL (MEA GM). The performance decreases due to lower oxygen
concentration when no flooding occurs, while performance increases
with severe flooding, because the MPL limits its effect.

� Methanol cross-over is mainly due to two different contributions: liquid
diffusion and electro-osmotic drag. The former is predominant at low
current density, while the latter increases with the current density.

The proposed combined experimental and modeling analysis provides an ex-
haustive characterization of DMFC operation. Furthermore it is the starting
point to delve into the interaction between all the physicochemical phenom-
ena of DMFC, that are characterized by EIS measurements.
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Chapter 4

EIS: systematic experimental
analysis

A systematic experimental analysis of DMFC impedance spectroscopy is re-
ported in this chapter. The aim of this anlysis is to elucidate the main
relevant phenomena governing DMFC impedance behavior, in order to pro-
vide an insight into the development of innovative mathematical models for
a quantitative interpretation of experimental observations

4.1 Electrochemical impedance spectroscopy

in DMFC

The Electrochemical Impedance Spectroscopy is a powerful in-situ measure-
ment technique that permits to evaluate the kinetic and transport phenomena
of an electrochemical system [61]. It consists in perturbing the fuel cell op-
eration with a small AC current signal over a wide range of frequencies and
in measuring the voltage response. The module and the phase shift between
voltage response and current perturbation are due to the electrical impedance
of the fuel cell. According to the frequency of the AC current signal, different
physical phenomena are excited depending on their typical time scale: the
membrane responds at very high frequencies, while electrochemical reactions
and mass transport phenomena are excited at medium-high and low frequen-
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cies, respectively. This will originate changes in the impedance module and
phase giving useful information on the entity of internal fuel cell losses [117].
Despite the potentialities of this measurement technique the interpretation
of experimental observations is very complex. In the literature it has mostly
been carried out on the base of equivalent circuit method [77, 78, 79, 80]:
even though simple and fast, this method is not reliable, since the equivalent
circuit is not unique. Moreover the DMFC anode sluggish kinetic makes the
interpretation of impedance spectra more difficult. In fact in hydrogen-air
fuel cells, contributions of the anode are usually negligible due to fast kinetics
of hydrogen oxidation reaction and a standard practice consists in neglecting
anode impedance. In DMFC the slow methanol electro-oxidation does not
permit to clearly distinguish anode and cathode contributions by measuring
the full fuel cell impedances. An example is reported in Fig. 4.1: the contri-
butions of anode and cathode are superimposed and the resulting shape of
impedance spectrum is almost one ideal semicircle.
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Figure 4.1: Full DMFC EIS at 0.075 A · cm−2 (MEA GM, met 3.25% - 1
g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).

However it is possible to eliminate contributions of the cathode in a half-cell
DMFC by feeding the cathode with hydrogen, so that protons are reduced
and hydrogen is evolved [118, 119, 120, 121]. In this configuration the cath-
ode works as a dynamic hydrogen electrode and it is suitable as a reference
and counter electrode for DMFC anode measurements. Then the cathode
impedance is extracted by subtracting the anode impedance from the full
fuel cell impedance. This experimental approach is not widely spread in
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the literature, where only the full fuel cell impedance is usually measured
[49, 122].
In order to elucidate the main physical phenomena governing impedance
behavior, in this chapter a systematic experimental analysis of both anode
and cathode EIS is performed as described above, varying operating condi-
tions and anode GDL configuration. All the impedances are measured under
galvanostatic control and the amplitude of the sinusoidal current signal is
adjusted so that the potential amplitude does not exceed 10 mV . The impe-
dance is measured at frequency included between 20 kHz and 50 mHz with
a logarithmic distribution. The obtained experimental values are processed
by a retrospective use of Kramers-Kronig transforms [61, 123] in order to
verify the validity of the measurements. The impedance values that do not
satisfy such relations are not considered meaningful.

4.2 Anode impedance

This paragraph highlights the effects of operating conditions and GDL con-
figuration on anode impedance behavior. The DMFC operates in half-cell
configuration with a cathode hydrogen flow rate of 0.0024 Nl ·min−1.

4.2.1 Effect of current density

Fig. 4.2 reports two anode EIS performed on the MEA GM at two differ-
ent current densities. The shape of the anode impedance is considerable
different from the full fuel cell one (Fig. 4.1) and it is easier to elucidate
the effect of some physical phenomena on impedance features. In fact the
anode impedance is an elongated semicircle: this is partially due to proton
transport losses in the electrode, that manifest themselves as a almost 45°
linear branch at high frequencies, Fig. 4.2. At high-medium frequencies it
is evident the effect of the current induced by the charging-discharging of
the electrical double layer, that is formed at the anode-membrane interface
during voltage perturbations. Instead in the full fuel cell impedance is not
possible to clearly separate the contributions of the current densities asso-
ciated with the capacitive charging of each electrode. With the growth of
the cell current, the total resistance decreases, coherently with the results
reported in the literature [119].
However varying the operating current density, two relevant differences are
appreciable in the low frequency region. At 0.075 A · cm−2 an inductive
behavior is evident: this could be due to the catalyst surface coverage by ad-
sorbed reaction intermediates. In the literature the mechanisms of methanol
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Figure 4.2: Anode EIS at different current densities (MEA GM, met 3.25%
- 1 g ·min−1, 333 K, 1 bar).

electro-oxidation are not fully consolidated. However the presence of carbon
monoxide is widely accepted [1, 15] and therefore the inductive loop could
be caused mainly by the CO coverage on platinum active sites, as already
proposed in [119, 124]. Instead at 0.15 A · cm−2 the inductive behavior is
no longer present, but a second arch, peculiar of mass transport limitations
[125], seems to appear in the low frequencies region. This impedance feature
is coherent with the increased mass transport fluxes through the GDL.
In the literature the interpretation of DMFC anode impedance is not fully
consolidated and a complete understanding is still hindered by the complex
and interconnected phenomena governing DMFC operation, as two-phase
transport, CO2 bubbles evolution and methanol electro-oxidation.
Anyhow, the operating current, that can be associated with the methanol
concentration in the electrode, turns out to have a relevant influence on im-
pedance behavior. In fact high current density corresponds to low methanol
concentration and the impedance evidences mass transport limitations, while
high methanol concentration, peculiar of lower current density, enhances the
presence of adsorbed CO on active sites. For this reason further impedance
measurements are performed varying the anode feeding.
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4.2.2 Effect of anode feeding

The anode impedance measurements reported in this paragraph are per-
formed on a new DMFC, manufactured by IRD® company. This fuel cell
has an active area of 25 cm2 and presents diffusion layer with MPL on both
anode and cathode side (Sigracet® SGL 35 DC); for this reason it is named
IRD MEA MM.
Table 4.1 reports all the investigated operating conditions. This extensive
analysis aims to highlight the most influent parameters on anode impedance
behavior and in this paragraph only the main relevant results are discussed.

Parameter Values

i A · cm−2 0.01÷ 0.4
T K 338, 348
XCH3OH %wt 3.25, 6.5
ṁCH3OH g ·min−1 1.93, 3.86

Table 4.1: Investigated operating conditions of anode impedance (IRD MEA
MM).

Fig. 4.3 illustrates different anode spectra varying methanol inlet concen-
tration and flow rate. All the recorded spectra present the high frequency

0 0.01 0.02 0.03 0.04 0.05 0.06
−0.02

−0.01

0

0.01

0.02

0.03

 

 

RealZ [Ohm]

−I
m

ag
Z

 [O
hm

]

met 3.25% − 1.93 g/min
met 3.25% − 3.86 g/min 
met 6.5% − 1.93 g/min
met 6.5% − 3.86 g/min

Figure 4.3: Anode EIS at 0.1 A · cm−2 (IRD MEA MM, 348 K, 1 bar).

linear branch and the inductive loop in the low frequency region. Doubling
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the methanol concentration it is possible to notice a small extension of the
linear branch: this could be due to a slight catalyst layer dehydration, that
increases proton transport resistance. Instead the loop magnitude is strongly
affected by both methanol concentration and flow rate. An increase of metha-
nol concentration implies a larger loop, while the effect of flow rate is relevant
only at low methanol concentration.
Moreover, comparing the spectra of Fig. 4.3 with those of Fig. 4.2, an en-
largement of the inductive behavior is evident: this feature could be partially
due to the different kinetic parameters and operating overpotential, but also
the presence of anode MPL could have a relevant influence. In fact the MPL
acts as a liquid water barrier to the anode catalyst layer, altering the meth-
anol concentration in the electrode, as demonstrated in paragraph 2.2.3.
Instead at high current density, Fig. 4.41, low concentrations and flow rates
enhance mass transport limitations, hindering the inductive loop. However
doubling the methanol concentration the enlargement of inductive behavior
is still evident.
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Figure 4.4: Anode EIS at 0.25 A · cm−2 (IRD MEA MM, 348 K, 1 bar).

Therefore from this systematic analysis it is possible to figure out that mass
transport phenomena have a relevant influence on the magnitude and the
shape of the anode impedance. In particular methanol concentration turns
out to strongly affect the low frequency region: low methanol concentration
enhances mass transport effects, while high methanol concentration enlarges

1Note that the spectra of Fig. 4.4 are evidently affected at high frequency by instrument
limitations, resulting in a discontinuous behavior.
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the inductive behavior. Moreover, also the presence of anode MPL, that, as
explained in paragraph 2.2.3 influences mass transport through the MEA,
could affect the impedance at low frequencies.
These considerations provide an insight into the development of innovative
interpretation models, that should take into account a detailed description
of mass transport phenomena through anode side.

4.3 Cathode impedance

The cathode EIS reported in this paragraph are obtained by subtracting the
anode impedances from the corresponding full fuel cell ones [118, 124]. How-
ever the anode and full fuel cell impedance are not recorded simultaneously:
the resulting cathode spectra are often affected by errors [125] and the ret-
rospective use of Kramers-Kronig transforms eliminates some measurement
points. Therefore, also the full fuel cell impedances are presented for the sake
of completeness.

4.3.1 Effect of current density

The full fuel cell and the cathode impedances, corresponding to the two an-
ode spectra of Fig. 4.2, are reported in Fig. 4.5 and 4.6, respectively. In
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Figure 4.6: Cathode EIS at different current densities (MEA GM, met 3.25%
- 1 g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).

Fig. 4.5 the contributions of anode and cathode are almost superimposed
and therefore it is not possible to distinguish cathode losses.
Instead the cathode spectra of Fig. 4.6 are almost an ideal semicircle: this
implies that mass transport limitations have a minor effect, even at 0.15
A · cm−2. Moreover in the cathode spectra there is no effect of proton trans-
port limitations in the electrode: the absence of the linear branch could be
due to the reduced thickness and the different electrode morphology.
The recorded cathode spectra are coherent with those reported in the litera-
ture [118, 124]: in fact the total resistance decreases with increasing current
density. However several studies show the presence of a low frequency second
arch [120, 125], peculiar of mass transport limitations. In order to verify the
onset of this second arch, further measurements are carried out varying both
anode and cathode feeding.

4.3.2 Effect of anode and cathode feeding

The cathode impedance measurements reported in this paragraph are per-
formed on the IRD MEA MM; the corresponding anode spectra have been
previously discussed in paragraph 4.2.2. Table 4.2 reports all the investi-
gated operating conditions and once again only the main relevant results are
presented.
Fig. 4.7 illustrates different full fuel cell impedances at 0.1 A · cm−2 with
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Parameter Values

i A · cm−2 0.01÷ 0.4
T K 338, 348
XCH3OH %wt 3.25, 6.5
ṁCH3OH g ·min−1 1.93, 3.86
ṁair g ·min−1 0.43, 0.86

Table 4.2: Investigated operating conditions of cathode impedance (IRD
MEA MM).

a constant cathode flow rate. These measurements are coherent with the
anode ones of Fig. 4.3: in fact the shape is similar, modified by the presence
of a second circle at medium-high frequency related to the cathode electrode.
The inductive loop is still present, as well as its dependence on methanol con-
centration, confirming the considerable contribution of anode to the overall
impedance.
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Figure 4.7: Full DMFC EIS at 0.1 A · cm−2 (IRD MEA MM, 348 K, air 0.86
g ·min−1, 1 bar).

Fig. 4.8 reports the calculated cathode spectra. Considering that the corre-
sponding anode spectra present almost the same total resistance (Fig. 4.3),
the obtained cathode measurements are coherent with the slope of polariza-
tion curves (Fig. 4.9): in fact the higher the slope of polarization curve, the
greater the total resistance.
The shape of the spectra is a slightly elongated semicircle, but a second arch
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Figure 4.8: Cathode EIS at 0.1 A · cm−2 (IRD MEA MM, 348 K, air 0.86
g ·min−1, 1 bar).
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is still not evident. However it is possible to notice that the anode flow rate
have a limited influence on the spectra, while high methanol concentrations
reduce the total resistance.
Fig. 4.10 illustrates different full fuel cell spectra at 0.25 A · cm−2 with a
constant anode flow rate, that does not influence cathode impedance behav-
ior (Fig. 4.8).
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Figure 4.10: Full DMFC EIS at 0.25 A · cm−2 (IRD MEA MM, met 3.86
g ·min−1, 348 K, 1 bar).

The spectra features are different from those reported in Fig. 4.7: at higher
current density the inductive loop is not anymore present, while mass trans-
port effects appear in the low frequency region, especially at high methanol
concentration and low cathode flow rate. However these mass transport lim-
itations do not manifest themselves as a clear additional arch.
Instead analyzing the corresponding cathode spectra, reported in Fig. 4.11,
the mass transport limitations are now evident in all the operating condi-
tions: the second arch is present in the low frequency region and lowering
cathode flow rate its magnitude increases. This effect is amplified by an
increment of methanol concentration: in fact the associated increment of
methanol crossover, Fig. 4.12, implies an enhanced oxygen consumption for
methanol oxidation at the cathode electrode as well as a reduced oxygen
concentration. In agreement with such interpretation, an increment of air-
flow rate, that guarantees higher oxygen availability, re-establish a spectrum
without a so evident mass transport limitation at low frequency.
The relevant difference between the total resistances of the cathode spectra
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Figure 4.11: Cathode EIS at 0.25 A·cm−2 (IRD MEA MM, met 3.86 g·min−1,
348 K, 1 bar).
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at high methanol concentration is also confirmed by the slope of the corre-
sponding polarization curves, reported in Fig. 4.9.
The cathode spectra reported in this paragraph are coherent with the ex-
pectations: mass transport limitations are enhanced by high current density,
reduced cathode flow rate and increased methanol cross-over.

4.4 Remarks

A systematic experimental analysis of anode and cathode impedance has
been carried out, in order to elucidate the main relevant phenomena govern-
ing impedance behavior and to provide an insight into the development of
phenomenological models. The following considerations can be pointed out:

� The high frequency linear branch, due to proton transport limitations
through the catalyst layer, is evident in the anode impedance, but not
in the cathode one. Therefore these losses have to be considered only
in the modeling of anode impedance.

� Anode impedance often presents an inductive loop and thus a methanol
oxidation reaction dependent also on surface coverage by an absorbed
intermediate has to be introduced in the anode impedance model.

� The magnitude of inductive loop is strongly influenced by methanol
concentration in the electrode and probably also by the presence of
anode MPL. Moreover the inductive behavior disappears when mass
transport limitations occur, usually at high current density and low
methanol concentration. Therefore in the anode impedance modeling
particular attention has to be focused on mass transport phenomena
regulating methanol concentration in the electrode.

� The cathode spectra are often an almost ideal or slightly elongated
semicircle, in which mass transport limitations are not evident. How-
ever at high current density and low cathode flow rate a second arch ap-
pears and it is considerably enlarged by increased methanol cross-over.
Therefore in the cathode impedance modeling the effect of methanol
cross-over, that reduces oxygen concentration in the electrode, has to
be considered.
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Chapter 5

EIS: preliminary model
development

The preliminary modeling approach described in this chapter consists in ex-
pressing the equivalent circuit elements as a function of the physical pa-
rameters of the cell, obtained from the validation of the previous 1D+1D
steady-state model.

5.1 Model development: basic principles

The basic principles of the modeling approach described in this chapter was
proposed by Orazem in [81]. This is the first utilized approach because it
can be easily integrated in the previous 1D+1D DMFC model; moreover it
has not yet been used for the interpretation of DMFC impedance spectra.
Generally speaking, the current density corresponding to an electrochemical
reaction can be expressed as a function of the interfacial potential1, the sur-
face concentrations and the surface coverage of the absorbed intermediates:

i = f (η, Ci, γj) (5.1)

1The interfacial potential is the difference between the potential of the electrode and
the potential in the electrolyte adjacent to the electrode, measured with respect to the
same reference electrode.
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When a small amplitude sinusoidal current ĩ is added to the current density,
the concentrations of species, the surface coverage of the absorbed interme-
diates and the interfacial potential are also modulated in a sinusoidal way
around their steady state values:

i = isteady +Re{̃i · ej·ω·t}
η = ηsteady +Re{η̃ · ej·ω·t}

Ci = Ci,steady +Re{C̃i · ej·ω·t}
γj = γj,steady +Re{γ̃j · ej·ω·t}

(5.2)

The impedance of the electrode is therefore given by the ratio between the
oscillating components of interfacial potential and current at the interface of
the electrode facing to the membrane2:

Z =
η̃

ĩ

∣∣∣∣
m

(5.3)

The oscillating current can be expressed as a Taylor series expansion about
the steady-state values:

ĩ =
∂i

∂η

∣∣∣∣
steady

· η̃ +
∑
i

∂i

∂Ci

∣∣∣∣
steady

· C̃i +
∑
j

∂i

∂γj

∣∣∣∣
steady

· γ̃j (5.4)

where η̃, C̃i, γ̃j are assumed to have a small magnitude such that the higher
order terms can be neglected. Oscillations of interfacial potential, concentra-
tion and surface coverage are associated with different physical phenomena
and in the equivalent electric circuit they are respectively represented by a
charge transfer resistance, a mass transfer impedance and an inductance in
series with a resistance.
Substituting Eq. 5.4 in Eq. 5.3 and relating the oscillations of concentration
C̃i and surface coverage γ̃j to the oscillating potential η̃ or current density ĩ,
it is possible to obtain an analytic expression of equivalent circuit elements
as a function of the physical parameters of the system [81]. In the following
paragraphs the mathematical expression of each equivalent circuit element is
reported for a general electrochemical reaction.

5.1.1 Charge transfer resistance

Considering an electrochemical reaction dependent only on potential, the
steady-state Faradaic current associated with this reaction can be expressed

2The total impedance of the fuel cell is given by the sum of membrane resistance and
anode and cathode impedances.
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in terms of Tafel kinetic as:

i = i∗ · exp (η/b) (5.5)

where i∗ is the exchange current density and b is the Tafel slope. Under
the assumption that the reaction is not influenced by the concentration of
the reactants and the presence of adsorbed intermediates, the oscillating
component of the current density can be expressed as:

ĩ =
∂i

∂η

∣∣∣∣
steady

· η̃ (5.6)

The steady-state derivative of the current density with respect to the poten-
tial is equal to:

∂i

∂η

∣∣∣∣
steady

= i∗ · exp (η/b) · 1

b
(5.7)

and therefore the oscillating current density results:

ĩ = i∗ · exp (η/b) · 1

b
· η̃ (5.8)

Substituting Eq. 5.8 in the definition of the impedance, Eq. 5.3, the oscilla-
tions of interfacial potential cancel out and in the equivalent electric circuit a
reaction dependent only on potential can be represented by a unique charge
transfer resistance, that is defined in terms of kinetic parameters as:

Rct =
η̃ · b

i∗ · exp (η/b) · η̃
=
b

i
(5.9)

5.1.2 Mass transfer impedance

Considering a reaction dependent on potential and concentration, the steady-
state Faradaic current associated with this reaction can be expressed in terms
of Tafel kinetic as:

i = i∗ ·
Cel
Cref

· exp (η/b) (5.10)

In this case, the oscillating component of the current density can be expressed
as:

ĩ = i∗ ·
Cel
Cref

· exp (η/b) · 1

b
· η̃ +

i∗
Cref

· exp (η/b) · C̃el (5.11)

where C̃el is the oscillating component of the concentration evaluated at the
electrode surface.
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An additional relation is needed in order to evaluate the oscillating compo-
nent of the concentration with respect to the oscillating component of the
current density. The mass transport process through a diffusion media can
be described by the Fick’s law of diffusion, that in terms of oscillating com-
ponents is equal to:

ĩ = n · F ·D · ∂C̃
∂y

(5.12)

where n is the number of electrons exchanged in the reaction, F is the
Farady’s constant, D is the diffusivity of the reactant and y is the direc-
tion of the diffusion process. Eq. 5.12 in terms of dimensionless position
ζ = y/δ and concentration Θel = C̃/C̃el takes the form:

ĩ = n · F ·D · C̃el
δ
·Θ′el (5.13)

where δ is the characteristic length of the diffusion process and Θ
′

el is the
derivative of dimensionless concentration at the electrode with respect to the
dimensionless position δ.
From Eq. 5.13 it is possible to obtain an expression of C̃el as a function of ĩ,
that, after substituting in Eq. 5.11, leads to the following relation:

i∗ ·
Cel
Cref

· exp (η/b) · 1
b
· η̃ = ĩ ·

(
1− i∗

Cref
· exp (η/b) · δ

n · F ·D ·Θ′el

)
(5.14)

The impedance is given by the ratio between the oscillating components of
the potential and the current and therefore it is equal to:

Z =
η̃

ĩ
=

1−
i∗

Cref
· exp (η/b) ·

δ

n · F ·D ·Θ′el

i∗ ·
Cel

Cref
· exp (η/b) ·

1

b

(5.15)

The first term in the right end side of Eq. 5.15 corresponds to the expression
of the charge transfer resistance obtained in Eq. 5.9, in fact:

Rct =
1

i∗ ·
Cel

Cref
· exp (η/b) ·

1

b

=
b

i
(5.16)

while the second term represents the mass transfer impedance:

Zmt = −
δ · b

n · F ·D ·Θ′el · Cel
(5.17)
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Under the assumption that mass transfer is through a Nernst stagnant diffu-
sion layer [81], it is possible to obtain an analytical expression of the dimen-
sionless concentration gradient at the electrode, that results equal to:

− 1

Θ
′
el

=
tanh

√
j ·H√

j ·H
(5.18)

where

H =
ω · δ2

D
(5.19)

is the dimensionless frequency of the diffusion process. Therefore the ana-
lytic expression of the mass transfer impedance is defined in terms of kinetic
parameters as:

Zmt =
δ · b

n · F ·D · Cel
· tanh

√
j ·H√

j ·H
(5.20)

Therefore in the equivalent electric circuit a reaction dependent on poten-
tial and concentration can be represented by a charge transfer resistance in
series with a mass transfer impedance, that are defined in terms of physical
parameters by Eq. 5.16 and Eq. 5.20, respectively.

5.1.3 Surface coverage impedance

Considering a reaction dependent on potential and surface coverage of an ab-
sorbed intermediate, the hypothetical reaction mechanism can be expressed
as:

1. R1 −→ R2 + n1e
−

2. R2 −→ R3 + n2e
−

(5.21)

where n1 and n2 are the number of electrons exchanged in the first and second
reaction step, respectively. The steady-state Faradaic current associated with
each reaction step is equal to:

i1 = i∗1 · (1− γR2) · exp(η/b1) (5.22)

i2 = i∗2 · γR2 · exp(η/b2) (5.23)

and the current of the overall reaction can be expressed as the sum of Eq.
5.22 and 5.23.
The variation of the surface coverage by the reaction intermediate R2 is given
by the following expression:

Γ ·
∂γR2

∂t
=

i1

n1 · F
−

i2

n2 · F
(5.24)
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where Γ is the active site density. In the first reaction step the intermediate
R2 is formed, while in the second step the adsorbed R2 is consumed. In
steady-state the left end side of Eq. 5.24 is equal to zero; assuming for
simplicity n1 = n2 = 1 and substituting Eq. 5.22 and 5.23 into Eq. 5.24, it
is possible to obtain an expression of the steady state surface coverage:

γR2 =
i∗1 · exp(η/b1)

i∗1 · exp(η/b1) + i∗2 · exp(η/b2)
(5.25)

The oscillating component of the current density for each reaction step is
given by the Taylor series expansion about the steady-state values:

ĩ1 = i∗1 · (1− γR2) · exp(η/b1) ·
1

b1
· η̃ − i∗1 · exp(η/b1) · γ̃R2 (5.26)

ĩ2 = i∗2 · γR2 · exp(η/b2) ·
1

b2
· η̃ + i∗2 · exp(η/b2) · γ̃R2 (5.27)

and the oscillating current of the overall reaction is therefore equal to:

ĩ = η̃ ·
[
i∗1
b1
· (1− γR2) · e

η
b1 +

i∗2
b2
· γR2 · e

η
b2

]
+ γ̃R2 ·

[
−i∗1 · e

η
b1 + i∗2 · e

η
b2

]
(5.28)

Expressing Eq. 5.24 in terms of oscillating components and substituting
Eqs. 5.26 and 5.27 in Eq. 5.24, it is possible to obtain the additional relation
between the oscillating coverage and the oscillating potential:

γ̃R2 =
i∗1/b1 · (1− γR2) · e

η
b1 − i∗2/b2 · γR2 · e

η
b2

Γ · F · j · ω + i∗1 · e
η
b1 + i∗2 · e

η
b2

· η̃ (5.29)

Substituting Eq. 5.29 in Eq. 5.28, it is possible to express the impedance as:

Z−1 =

[
i∗1
b1
· (1− γR2) · e

η
b1 +

i∗2
b2
· γR2 · e

η
b2

]
+
[
−i∗1 · e

η
b1 + i∗2 · e

η
b2

]
·
i∗1/b1 · (1− γR2) · e

η
b1 − i∗2/b2 · γR2 · e

η
b2

Γ · F · j · ω + i∗1 · e
η
b1 + i∗2 · e

η
b2

(5.30)

The first term in the right end side of Eq. 5.30 corresponds to the charge
transfer resistance for each reaction step, that is respectively equal to:

Rct,1 =
b1

i∗1 · (1− γR2) · exp(η/b1)
=
b1

i1
(5.31)
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Rct,2 =
b2

i∗1 · γR2 · exp(η/b2)
=
b2

i2
(5.32)

while the second term represents the impedance due to the surface coverage
by the reaction intermediate. It can be rewritten as the sum of a resistance
and an inductance:

Zcov =
Γ · F · j · ω + i∗1 · e

η
b1 + i∗2 · e

η
b2[

−i∗1 · e
η
b1 + i∗2 · e

η
b2

]
·
[
i∗1/b1 · (1− γR2) · e

η
b1 − i∗2/b2 · γR2 · e

η
b2

]
= Rcov + j · ω · Lcov

(5.33)

where

Rcov =
i∗1 · e

η
b1 + i∗2 · e

η
b2[

−i∗1 · e
η
b1 + i∗2 · e

η
b2

]
·
[
i∗1/b1 · (1− γR2) · e

η
b1 − i∗2/b2 · γR2 · e

η
b2

]
(5.34)

Lcov =
Γ · F[

−i∗1 · e
η
b1 + i∗2 · e

η
b2

]
·
[
i∗1/b1 · (1− γR2) · e

η
b1 − i∗2/b2 · γR2 · e

η
b2

]
(5.35)

Therefore in the equivalent electric circuit a reaction dependent on potential
and surface coverage can be represented by the charge transfer resistance
of the first reaction step in parallel with that of the second reaction step
and with an inductance in series with a resistance. The impedance of the
corresponding equivalent electric circuit results equal to:

Z =

(
1

Rct,1

+
1

Rct,2

+
1

Rcov + j · ω · Lcov

)−1

(5.36)

where the values of equivalent circuit elements as a function of the physical
parameters are respectively given by Eq. 5.31, 5.32, 5.34 and 5.35.

5.2 Model of cathode impedance

5.2.1 Impedance model development

Since the interpretation of the impedance related to oxygen reduction reac-
tion is consolidated in the literature, the first electrode that has been analyzed
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is the cathode. Many works report analyses on the impedance behavior of
PEMFC cathode [126, 127, 128, 129, 130], while only few studies focus on
DMFC [125, 131]. However, a part from the effects of methanol cross-over
flux, the cathode impedance features of the two technologies are the same.
In [82], the modeling approach of paragraph 5.1 was applied to the inter-
pretation of cathode impedance of an hydrogen-air fuel cell. However the
developed model [82] is extremely simplified: the channel length and the
thickness of the different layers composing the system are not considered
and therefore the fuel cell is modeled in a 0-D domain. Nevertheless the
aim of this simplified treatment is to explore the role of specific hypothesized
reaction sequences on impedance features and not to provide a detailed and
validated model of fuel cell impedance.
In this work, the approach presented in [81] has been integrated in the pre-
vious 1D+1D DMFC model [132] in order to provide a quantitative inter-
pretation of DMFC cathode impedance. This is the first modeling approach
that has been utilized because it is relatively simple to be coupled with the
previous 1D+1D DMFC model: in fact also in [132] the catalyst layer be-
havior and mass transport are described by Tafel kinetics and Fick’s law of
diffusion, respectively, as required by the developed approach [81]. However,
in respect to [82], the following modifications have been introduced:

� The 1D+1D DMFC model provides an estimation of DMFC physical
quantities along channel length and thus it is possible to obtain a local
value of equivalent circuit elements. Therefore the impedance model
is not constituted by a unique equivalent circuit as in [82], but the
impedance behavior is described by N equivalent circuits in parallel,
where N is the number of integration steps in which the channel length
has been discretized during the numerical resolution of the 1D+1D
DMFC model.

� As reported in the experimental analysis (see paragraph 4.3.2), the
methanol crossover flux seems to have a relevant influence on impe-
dance behavior of DMFC cathode: a high methanol cross-over enhances
oxygen consumption for methanol oxidation and manifests itself as an
enlargement of the spectra in the low frequency region, especially at
low cathode flow rate.
In the DMFC 1D+1D model the methanol oxidation at the cathode
has been introduced in Tafel kinetic adding the term 6 · F · NCH3OH

m,cross

to the current density (Eq. 13 in [72]), with the intent to provide a
possible description of methanol electro-oxidation at cathode side, as
reported in [107]. The proposed equation assumes that methanol is
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completely consumed in cathode electrode by a electrochemical reac-
tion with oxygen, characterized by a rate determining step equal to
oxygen electro-reduction. Therefore in the impedance model no ad-
ditional electric circuit elements corresponding to methanol cross-over
flux have been introduced, but its effect is considered in the Tafel ki-
netic as an increase of cathode overpotential. This affects the value of
kinetic parameters and local concentrations, that are used for the cal-
culation of the charge transfer resistance and mass transfer impedance
of oxygen reduction reaction.

Moreover the previous 1D+1D DMFC model has been validated on three dif-
ferent typologies of measures at the same time over a wide range of operating
conditions; therefore the predicted values of all the interested physical quan-
tities are reliable. In particular the water transport and methanol cross-over
parameters have been calibrated over the corresponding experimental mea-
sures, while both anode and cathode kinetic parameters have been calibrated
with respect to polarization curves. In the development of DMFC cathode
impedance one additional experimental measure has been added to the vali-
dation procedure: the anodic polarization. In fact, as will be discussed later,
the anode kinetic parameters are calibrated over the anodic polarization,
while the cathode ones are calibrated with respect to the polarization curve,
increasing the reliability of the results.
As widely accepted in fuel cell modeling [128], the oxygen reduction reaction
can be described by a reaction dependent on potential and concentration.
Therefore the equivalent electric circuit utilized for the simulation is the fol-
lowing [81]:

Cdl

Rct Zmt
c c

c

Figure 5.1: Cathode equivalent electric circuit.

It is constituted by a capacitance in parallel with a charge transfer resistance
in series with a mass transfer impedance. According to the methodology
presented in paragraph 5.1.2 and the nomenclature of the 1D+1D DMFC
model [132], the value of the charge transfer resistance and mass transfer
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impedance are respectively equal to:

Rc
ct =

bc

i
(5.37)

Zc
mt =

lcGDL · bc

4 · F ·Dc
GDL,O2

· Ct,c
O2

· tanh
√
j ·H√

j ·H
(5.38)

where i is the local current density and Ct,c
O2

is the local oxygen concentra-
tion at the cathode catalyst layer. Instead, the value of the double layer
capacitance, that is assumed constant along the channel length, is fitted over
experimental impedance data.
All the local circuit describing cathode impedance features are in parallel
and therefore the global value of the DMFC cathode impedance is calculated
with the following relation:

Zc
tot =

(
N∑
i=1

1

Zc
tot,i

)−1

(5.39)

where Zc
tot,i is the total impedance of each local circuit element, that is equal

to:

Zc
tot,i =

1

(Rc
ct + Zc

mt)
−1 + j · ω · Cc

dl

(5.40)

5.2.2 Modeling results

In order to increase the accuracy and the reliability of the results, the cath-
ode kinetic parameters of the 1D+1D DMFC model have been re-calibrated
on the polarization curve during which the EIS were performed, while the
values of the double layer capacitances are fitted over EIS. The resulting
fitting parameters are reported in Table 5.1, while the parameters of Tables
3.1-3.4 still remain valid.

αc - 0.65
ic∗ A · cm−2 1.5 · 10−4 · exp(50750/R · (1/353− 1/T ))
Cc
dl,0.075A·cm−2 F · cm−2 7.4 · 10−3

Cc
dl,0.15A·cm−2 F · cm−2 5.8 · 10−3

Table 5.1: Fitted parameters for cathode impedance simulation (MEA GM).

In particular the experimental measurements have been carried out on MEA
GM, at 333 K and 1 bar, with a methanol concentration of 3.25%wt and
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with methanol and air flow rate equal to 1 g · min−1 and 0.62 g · min−1,
respectively.
Fig. 5.2 illustrates the modeling results at 0.075 A · cm−2 and the model
reproduces experimental data with high accuracy. Despite the Nernst hy-
pothesis provides a simplified model for convective-diffusion impedance, the
approximation is acceptable: in fact the simulated total resistance is close to
the measured value.
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Figure 5.2: Simulated and measured cathode Nyquist plot at 0.075 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).

The proposed innovative model for the interpretation of impedance spectra is
more reliable than the classical equivalent circuit method, because the equiv-
alent circuit elements are function of the physical parameters of the DMFC.
Moreover with the proposed approach it is possible to obtain the values of the
equivalent circuit elements along the channel length: this permits to quantify
DMFC local internal losses.
Fig. 5.3 reports the values of the charge transfer resistance and the real part
of mass transfer impedance along channel length. Both Rc

ct and real(Zc
mt)

increase along channel length, coherently with a reduction of current density
and oxygen concentration. As expected from the shape of the spectrum, that
is almost an ideal semicircle, the contribution of mass transfer impedance is
negligible.
Doubling the current density the model simulates experimental observation
with sufficient accuracy, Fig. 5.4.
It is possible to note that in the low frequency region the model slightly
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Figure 5.3: Simulated local Rc
ct and real(Zc

mt) at 0.075 A · cm−2 (MEA GM,
met 3.25%wt - 1 g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).
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Figure 5.4: Simulated and measured cathode Nyquist plot at 0.15 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).
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underestimates experimental data: this could be due to the hypothesis of
Nernst stagnant diffusion.
Once again the charge transfer resistance and the real part of mass transfer
impedance increase along channel length, Fig. 5.5. However comparing these
results with those of Fig. 5.3, it is interesting to note that the value of Rc

ct

is almost halved, coherently with Eq. 5.37. Instead the real part of mass
transfer impedance is nearly the same; only a slight increment is evident.
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Figure 5.5: Simulated local Rc
ct and real(Zc

mt) at 0.15 A · cm−2 (MEA GM,
met 3.25%wt - 1 g ·min−1, 333 K, air 0.62 g ·min−1, 1 bar).

This feature could be due to the reduced methanol cross-over, caused by the
higher operating current: in fact, as explained in paragraph 4.3.2, high meth-
anol cross-over enhances oxygen consumption at cathode side, especially at
high current densities and low cathode flow rate. In such operating condi-
tions mass transport limitations manifest themselves as a clear second arch.
For this reason, in order to consolidate the experimental observations of para-
graph 4.3.2, a sensitivity analysis has been carried out varying cathode flow
rate and methanol feeding concentration at high operating current. In Fig.
5.6 the onset of the second arch is evident and moreover it is possible to
notice that a reduction of cathode flow rate and an increase of methanol
concentration enlarge its magnitude. Therefore model predictions are in full
qualitative agreement with EIS measurements reported in Fig. 4.11, that
have been performed on the IRD MEA MM.
Because of the cathode impedance has already been extensively studied
[126, 128] and the calibration is a time consuming activity, no efforts to quan-
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Figure 5.6: Simulated cathode spectra at 0.25 A · cm−2 (MEA GM, met 1
g ·min−1, 333 K, 1 bar).

titative validate the model on IRD MEA MM data have been done. Instead,
because of the interpretation of anode impedance is not consolidated and only
few experimental investigations can be found in the literature [119, 133], in
the next paragraph the proposed approach is applied to the interpretation of
anode impedance.

5.3 Model of anode impedance

As previously discussed in chapter 4, in order to measure the anode impe-
dance with a reduced uncertainty it is necessary to perform the EIS during
half cell operation, feeding hydrogen at the cathode. As a consequence the
1D+1D DMFC model has been modified to take into account the half cell
operation, named anode polarization.

5.3.1 DMFC anode polarization model

During anode polarization cathode is considered a reference electrode, in par-
ticular a pseudo-DHE (dynamic hydrogen electrode) [134], whose potential is
nearly constant and negligible in comparison to anode. Therefore in the an-
ode polarization model the cathode overpotential is neglected and the voltage
variations are mainly attributable to anode and membrane overpotentials, as
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described in [135]. The Eq. 29 in [71] is thus replaced by the following:

Vcell = ηa + ηohm (5.41)

Regarding the continuity equations at cathode side, the following modifica-
tions have been introduced:

� air is replaced by hydrogen and therefore Eq. 12 and 15 in [71] are
substituted with:

hc

2
·
∂
(
vc · Cc

H2

)
∂x

=
i

2 · F
(5.42)

� CO2 (Eq. 13 in [71]) is removed because the methanol cross-over flux
is no longer oxidized;

� water production in the cathode catalyst layer is not considered because
of the hydrogen feeding and Eq. 14 in [71] becomes:

hc

2
·
∂
(
vc · C̄c

H2O

)
∂x

= NH2O
cross (5.43)

Moreover, coherently with the presence of low frequency inductive loop (Fig.
4.2-4.4), a reaction mechanism involving intermediate adsorbates is assumed.
In particular the following two-steps reaction mechanisms with a single ad-
sorbed intermediate [119, 124, 136] is introduced in the model:

1. CH3OH + Pt −→ Pt CO + 4H+ + 4e−

2. P t CO +H2O −→ Pt CO2 + 2H+ + 2e−
(5.44)

In the first reaction step the adsorbed intermediate CO is formed in the pro-
cess of methanol dehydrogenation, while in the second reaction step adsorbed
CO undergoes further oxidation to CO2 in a process involving the transfer
of two protons and two electrons.
Assuming a Tafel Kinetics, the current density related to the first reaction
step is:

i1 = i∗1 ·

(
C̄t,a
CH3OH

Ca
ref,1

)γa1

· (1− γCO) · exp(η/b1) (5.45)

where γCO represents the surface coverage by the CO intermediate. Instead,
the current density associated with the second reaction step is expressed as:

i1 = i∗2 · γCO · exp(η/b2) (5.46)
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Due to the high concentration of water in the electrode, for simplicity this
reaction step is considered independent on water concentration. The total
current density is then equal to:

i = i1 + i2 (5.47)

The variation of the surface coverage by the CO intermediate is given by the
following expression:

ΓPt ·
∂γCO
∂t

=
i1

4 · F
− i2

2 · F
(5.48)

where ΓPt is the platinum active site density. Under steady-state conditions
the left end side of Eq. 5.48 is equal to zero and i1 = 2 · i2; by using the
corresponding equations 5.45 and 5.46, an expression for steady-state surface
coverage is obtained as:

γCO =
i∗1 · (C̄t,a

CH3OH
/Ca

ref,1)
γa1 · exp(η/b1)

i∗1 · (C̄t,a
CH3OH

/Ca
ref,1)

γa1 · exp(η/b1) + 2 · i∗2 · exp(η/b2)
(5.49)

Substituting the expression of γCO in one of the equations 5.45 and 5.46 and
considering that under steady-state conditions i1 = 2 · i2, it is possible to
obtain two different implicit expressions of anode overpotential, respectively
equal to:

ηa = b1 · log

(
2/3 · i

i∗1 · (C̄t,a
CH3OH

/Ca
ref,1)

γa1 · (1− γCO)

)

ηa = b2 · log

(
1/3 · i
i∗2 · γCO

) (5.50)

One of Eq. 5.50 substitutes equation 21 in [71].
All the above described improvements and modifications to take into account
the half cell operation have been introduced in the previous 1D+1D DMFC
model. In order to obtain an accurate estimation of anode kinetic parameters
and improve the reliability of the results, the anode kinetic parameters have
been re-calibrated on the anode polarization during which anode EIS were
performed.
The model reproduces experimental data with high accuracy (Fig. 5.7) and
the calibration parameters have reasonable values, Table 5.2. The other
parameters reported in Tables 3.1-3.4, characterizing MEA GM operation,
still remain valid.
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αa1 - 0.45
ia∗1 A · cm−2 6.45 · 10−4 · exp(66712/R · (1/353− 1/T ))
γa1 − 0.3
αa2 - 0.33
ia∗2 A · cm−2 2.9 · 10−3 · exp(66712/R · (1/353− 1/T ))

Table 5.2: Fitted parameters of anode polarization (MEA GM, met 3.25%wt
- 1 g ·min−1, 333 K, 1bar).
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Figure 5.7: Comparison of the simulated and measured anode polarization
(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

5.3.2 Impedance model development

In the literature there is no reference on the modeling of DMFC anode im-
pedance, but only few experimental studies can be found [119, 124, 133], in
which the interpretation of experimental observation has mostly been carried
out by means of equivalent electric circuit method.
In this paragraph, combining the DMFC anode polarization model with the
analytical approach presented paragraph 5.1, an anode impedance model has
been develop. Therefore the analytical approach for impedance modeling is
applied to a two-steps reaction, the first depends on potential, mass transfer
and surface coverage at the same time, while the second depends only on
potential and surface coverage. This entails a relatively complex equivalent
electric circuit, that is reported in the following figure:
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Figure 5.8: Anode equivalent electric circuit.

According to the methodology presented in paragraph 5.1 and the nomen-
clature of the 1D+1D DMFC anode polarization model, the value of the
equivalent circuit elements are respectively equal to3:

Ra
ct,1 =

ba1

ia∗1 · (C̄
t,a
CH3OH

/Ca
ref,1)

γa1 · (1− γCO) · exp(ηa/ba1)
=
ba1
i1

(5.51)

Ra
ct,2 =

ba2
ia∗2 · γCO · exp(ηa/ba2)

=
ba2
i2

(5.52)

Za
mt,1 =

γa1 · laGDL · ba1
4 · F · D̄a

GDL,CH3OH
· C̄t,a

CH3OH

·
tanh

√
j ·H

√
j ·H

(5.53)

Ra
cov =

ba1
(1− γCO) · (Ra

ct,1 + Za
mt,1)

+
2 · ba2

γCO ·Ra
ct,2[

ba2
γCO ·Ra

ct,2

−
ba1

(1− γCO) · (Ra
ct,1 + Za

mt,1)

]
·

[
1

Ra
ct,1 + Za

mt,1

−
2

Ra
ct,2

]
(5.54)

Lacov =
4 · F · ΓPt[

ba2
γCO ·Ra

ct,2

−
ba1

(1− γCO) · (Ra
ct,1 + Za

mt,1)

]
·

[
1

Ra
ct,1 + Za

mt,1

−
2

Ra
ct,2

]
(5.55)

3Note that the expression for the elements corresponding to the first reaction step
are slightly different from those reported in paragraph 5.1.3 because this reaction step
depends on potential, concentration and surface coverage at the same time and moreover
the reaction order γa1 is not equal to one.
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Instead, the double layer capacitance and the active site density are consid-
ered constant along channel length and are fitted over experimental data.
As already done for cathode impedance, the model is integrated along chan-
nel length and therefore the total impedance is calculated according to Eq.
5.39, but the total impedance of each local equivalent circuit is equal to:

Zc
tot,i =

(
1

Ra
ct,1 + Za

mt,1

+
1

Ra
ct,2

+
1

Ra
cov + j · ω · Lacov

+ j · ω · Ca
dl

)−1

(5.56)

5.3.3 Modeling results

Fig. 5.9 and 5.10 illustrate simulation results at 0.075 A · cm−2; the values
of double layer capacitance and active site density are fitted with respect to
EIS data and the resulting values are reported in Table 5.3.

Ca
dl F · cm−2 8.1 · 10−4

ΓPt mol · cm−2 3.1 · 10−8

Table 5.3: Fitted parameters for anode impedance simulation (MEA GM).

The model reproduces inductive behavior with sufficient accuracy (Fig. 5.9)
and there is also good agreement between model predictions and experimen-
tal relaxation frequencies (Fig. 5.10).
However the simulated spectrum is almost an ideal semicircle and the model
underestimates the total resistance. As discussed in paragraph 4.2.1, the
elongated shape of the spectrum is partially due to proton transport limita-
tions through the catalyst layer, that in the model are not considered.
Moreover in the 1D+1D DMFC model the complicated mass transport at
anode side is described by a two-phase Fick’s law of diffusion (Eq. 18 in
[71]): this simplification, along with the assumption of Nernst stagnant dif-
fusion, lead to a poor evaluation of mass transfer impedance and the model
underestimates the total resistance.
In fact the local values of the real part of mass transfer impedance reported
in Fig. 5.11 are comparable with the cathode ones, Fig. 5.3: considering that
the anode is fed with liquid methanol, whose diffusivity is nearly 3 order of
magnitude lower than the gas one, the resulting value of real(Za

mt,1) would
seem too small.
Instead comparing the charge transfer resistances of the two reaction steps
of methanol oxidation, it is interesting to notice that Ra

ct,2 (Fig. 5.12) is
almost three times higher than Ra

ct,1. This implies that the kinetic losses
associated with the oxidation of adsorbed CO are predominant. Moreover
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Figure 5.9: Simulated and measured anode Nyquist plot at 0.075 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).
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Figure 5.10: Simulated and measured anode Bode plot at 0.075 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).
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mt,1) at 0.075 A · cm−2 (MEA
GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).
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Fig. 5.12 illustrates that Ra
cov increases along channel length and therefore

the magnitude of the inductive loop is more evident towards the end of the
channel.
In conclusion, the developed model of DMFC anode impedance is not suffi-
ciently accurate for a quantitative interpretation of experimental data; a more
detailed description of mass transport phenomena and the consideration of
proton transport through the catalyst layer are necessary to reproduce exper-
imental data with higher accuracy. Consequently a physically based model
of DMFC anode impedance is presented in the next chapter.

5.4 Remarks

In this chapter a preliminary model for a quantitative interpretation of both
DMFC cathode and anode impedance has been developed. In particular the
approach already proposed in [81] has been adapted to DMFC technology and
locally integrated in the 1D+1D DMFC model of chapter 3. The following
considerations can be highlighted:

� The developed model is more reliable than the classic ECM because the
equivalent circuit elements are function of the physical parameters of
the system, obtained from the validation of the 1D+1D DMFC model of
chapter 3. Moreover by means of the developed approach it is possible
to calculate the local values of equivalent circuit elements, providing
an insight into the understanding of internal DMFC losses.

� Despite the Nernst hypothesis, cathode simulations reproduce exper-
imental observations with good accuracy. The kinetic losses are con-
siderably higher than mass transfer ones and both the local values of
charge transfer resistance and the real part of mass transfer impedance
increase along channel length, coherently with a reduction of current
density and oxygen concentration, respectively.

� The cathode impedance model qualitatively reproduces the effect of a
poor oxygen concentration in the electrode: at high current density a
second arch is evident in the low frequency region. This arch, peculiar
of mass transport limitations, is enlarged by reduced cathode flow rate
and increased methanol concentration.

� The anode model reproduces inductive behavior with high accuracy and
the magnitude of the inductive loop increases along channel length.
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� The charge transfer resistance of the second reaction step of methanol
oxidation is nearly three times higher than that of the first step: this
implies that the kinetic losses associated with the oxidation of adsorbed
CO are predominant.

� The anode model does not take into account proton transport limita-
tions and the simulated spectrum is not an elongated semicircle. More-
over the simplified two-phase mass transport description through anode
GDL, along with the Nernst hypothesis, are not sufficiently accurate
to calculate mass transfer impedance.

Despite the cathode simulations are in good agreement with experimental
observations, the interpretation of anode data is still difficult and analysis
through physical modeling becomes crucial to elucidate the origin of anode
impedance features. Indeed the next chapter is about the development of a
physical model of anode impedance, in which proton transport through the
catalyst layer and a detailed description of mass transport phenomena are
implemented.
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Chapter 6

EIS: anode physical model
development

Since the preliminary modeling approach of chapter 5 showed good agreement
with experimental data of cathode impedance, but the anodic one presents
the above mentioned limits, a physical model of anode impedance has been
developed from scratch.

6.1 Model development

In the literature only few studies [65, 66] report physical model of DMFC
cathode impedance, but there is no reference on the DMFC anode. In [65, 66]
a clear and detailed explanation of the mathematical model of DMFC cath-
ode impedance is reported and discussed. The models in [65, 66] qualitatively
explain the effects of physical phenomena on the shape of impedance spec-
trum. However the model is not integrated along channel length and no
attempts to fit experimental data have been done.
In this chapter, starting from the mathematical approach presented in [65,
66], a DMFC anode impedance model has been developed from scratch, in-
creasing progressively the details of the described phenomena and evaluating
different possible modeling solutions. In this work only the final results are
reported. In particular a detailed description of mass transport phenomena
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through anode GDL and a catalyst layer with a finite thickness have been
introduced in the DMFC anode polarization model presented in chapter 5.

6.1.1 GDL model

In the 1D+1D DMFC model presented in chapter 3, due to the high avail-
ability of water at the anode, the phenomena governing water transport
through anode GDL are omitted and the water transport through the MEA
is assumed to be regulated by water transport through the membrane and
cathode diffusion layer, Fig. 3.1. Moreover in the original model the meth-
anol flux through the anode GDL is governed by gas and liquid diffusion,
assuming that liquid saturation is constant across the diffusion layer thick-
ness (Eq. 18 in [71]).
In the model developed in this chapter the following improvements have been
introduced:

� the water is transported through the anodic GDL by liquid convection,
Fig. 6.1: however the water transport through the MEA is still regu-
lated by water transport through the membrane and cathode diffusion
layer, coherently with the previously proposed interpretations of water
management;
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Figure 6.1: Water fluxes through the DMFC.
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� the contribution of methanol liquid convection is considered;

� liquid saturation is no longer constant across the diffusion layer thick-
ness due to the liquid convective fluxes.

The equations that fully describe mass transport phenomena through anode
GDL are the following1:

−DL
GDL,CH3OH

· sGDL ·
∂CGDL,L

CH3OH

∂x
−DG

GDL,CH3OH
· (1− sGDL)

·
∂CGDL,G

CH3OH

∂x
= NCH3OH

GDL −NH2O
GDL ·

CGDL,L
CH3OH

CGDL,L
H2O

(6.1)

∂sGDL

∂x
=

1

s3GDL · (1.417− 4.24 · sGDL + 3.789 · s2GDL)

·
MH2O · µH2O

ρH2O · σH2O · cosθc · (εGDL ·KGDL)0.5
·NH2O

GDL

(6.2)

∂NCH3OH
GDL

∂x
= −εGDL · sGDL ·

∂CGDL,L
CH3OH

∂t
− εGDL · (1− sGDL) ·

∂CGDL,G
CH3OH

∂t
(6.3)

∂NH2O
GDL

∂x
= −εGDL · sGDL ·

∂CGDL,L
H2O

∂t
− εGDL · (1− sGDL) ·

∂CGDL,G
H2O

∂t
(6.4)

Eq. 6.1 is the Fick’s law of diffusion for two-phase methanol, in which the
second term in the right end side of the equation is the contribution of meth-
anol liquid convection. As proposed in [71], the methanol concentrations in
gas and liquid phases are considered in equilibrium, described by Henry’s
law:

CGDL,L
CH3OH

= KH,CH3OH · C
GDL,G
CH3OH

·R · T (6.5)

Instead Eq. 6.2 is the governing equation of water transport, that is de-
scribed by the Leverett function [101]. Eq. 6.3 and 6.4 express the mass
balance of methanol and water, respectively; the liquid phase accumulation
term is proportional to the liquid saturation, while the gas phase one is pro-
portional to the void fraction.
Particular attention has been given to the understanding of the mechanisms
regulating liquid convective fluxes. In fact the GDL is not assumed to be al-
ways flooded with fully liquid pathways, as widely accepted in the literature
[74, 101]. Recent studies on liquid convection through GDLs [97, 137] showed

1All the interested quantities are relative to the anode: for this reason the superscript
a is removed from all the symbols.
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that liquid paths are intermittent and breakthrough locations change with
time. These flow visualizations [97, 137] suggest that the liquid transport
within the GDL is a process of capillary pressure buildup and breakthrough
at the interface of GDL intersecting fibers, Fig. 6.2.a.

Figure 6.2: Schematic illustration of intermittent liquid convection.

When the liquid pressure exceeds the breakthrough value, the liquid expands
rapidly through this interface until the fluid contacts the next fiber intersec-
tions interface, Fig. 6.2.b. Then the process of pressure buildup and break-
through begins again until the fluid reaches the GDL-CL interface, Fig. 6.2.c.
At this interface, when the capillary pressure exceeds the threshold value, the
liquid is quickly removed from GDL pores, that become empty, Fig. 6.2.d.
The dynamic of liquid emergence and detachment from GDL surface is very
fast, in the order of few milliseconds, and it is enhanced by GDL hydropho-
bicity [138, 139].
The proposed description of intermittent liquid convective flux implies that
the effect of liquid accumulation terms in the GDL (Eq. 6.3 and 6.4) is
only present meanwhile liquid flux to the CL effectively occurs2, or rather for
frequencies higher than tens of Hertz. A threshold value of 75 Hz is assumed.

6.1.2 Electrode model

In the original 1D+1D anode polarization model presented in paragraph
5.3.1, the electrode is assumed to be monodimensional in the direction of
channel length. In the new model an electrode with a finite thickness is

2Note that when no liquid flux to the CL occurs, this intermittent description excludes
the effect, but not the presence, of liquid accumulations in the GDL.
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introduced in order to take into account proton transport limitations. The
system that fully describes the catalyst layer behavior is the following:

∂i

∂x
= i∗v1 ·

C̄t
CH3OH

Cref,1
· (1− γCO) · e

η
b1 + i∗v2 ·

C̄t
H2O

Cref,2
· γCO · e

η
b2 (6.6)

−D̄t,CH3OH ·
∂2C̄t

CH3OH

∂x2
= −

1

4 · F
·
∂i1

∂x
− εt ·

∂C̄t
CH3OH

∂t
(6.7)

−D̄t,H2O ·
∂2C̄t

H2O

∂x2
= −

1

2 · F
·
∂i2

∂x
− εt ·

∂C̄t
H2O

∂t
(6.8)

∂η

∂x
=

i

σt
(6.9)

ΓPt ·
∂γCO

∂t
=

1

4 · F
·
∂i1

∂x
−

1

2 · F
·
∂i2

∂x
(6.10)

Eq. 6.6 describes charge conservation in the catalyst layer; the methanol
oxidation reaction mechanism is the same of that of paragraph 5.3.1, but
two differences are appreciable:

� the reaction order of the first reaction step is assumed equal to 1 [12];

� the second reaction step is dependent on the average water concentra-
tion in the electrode.

Eq. 6.7 and 6.8 express the mass balance of methanol and water, respectively.
Due to the strong uncertainties related to the two-phase mass transport phe-
nomena in the electrode [96], considering for example the mixture phase
transition and the evolution of CO2 bubbles, average concentrations and dif-
fusivities are considered for simplicity. In particular, the average diffusivities
of methanol and water are assumed equal to each other and proportional to
the average diffusivity of the GDL:

D̄t,CH3OH = D̄t,H2O =
NCH3OH
GDL · lGDL

∆̄C
GDL,L · s̄GDL + ∆̄C

GDL,G · (1− s̄GDL)
·CF (6.11)

CF is a correction factor, that takes into account the different porosity and
void fraction of the catalyst layer.
Eq. 6.9 is the Ohm’s law relating the proton current density to the gradient
of overpotential; it is necessary to take into account the proton transport
limitations in the impedance spectrum.
Eq. 6.10 describes the variation of the surface coverage by the CO adsorbed
intermediate: the first reaction step produces CO coverage, while the second
reaction step consumes CO coverage.

88



Chapter 6. EIS: anode physical model development

6.1.3 DMFC anode polarization model

The systems characterizing GDL (Eq. 6.1-6.4) and catalyst layer (Eq. 6.6-
6.10) behavior have been introduced in the steady state DMFC anode polar-
ization model of paragraph 5.3.1. The GDL equations are solved applying
the appropriate boundary conditions regarding methanol concentration and
saturation at the channel-GDL interface. The complicated two-phase hydro-
dynamics in the channel makes the liquid saturation at this interface difficult
to determine theoretically. In the literature, the most of the works [8, 28] sup-
pose its value: in [8] it is equal to 0.8, while in [28] it is equal 0.65, despite the
lower hydrophobicity of the considered diffusion media. Moreover, the above
cited works [8, 28] propose a 1D model along the thickness of the DMFC
and no attempts to calculate sch−GDL profile along channel length have been
done. In [69], in which a complete DMFC model is presented, the satura-
tion at channel-GDL interface is assumed equal to the channel one: however
this assumption is not coherent with the different hydrophilic-hydrophobic
properties between the channel and the diffusion media. In [107], instead,
an empirical approach is taken: the boundary condition regarding sch−GDL
profile along channel length is expressed as a function of the current density.
According to [107], also in this work an empirical approach is adopted. The
saturation is not assumed directly proportional to the current density, but
the following dependence on saturation in the channel is proposed:

sch−GDL = S1 · sS2
ch + S3 (6.12)

where sch is the saturation in the channel and the parameters S1, S2 and S3

are calibrated over experimental data.
Subsequently, as widely accepted in the literature [8, 140], the liquid satu-
ration at the GDL-electrode interface in the electrode can be calculated by
assuming that the capillary pressure remains uniform across the interface:

pc|GDL−el− = pc|GDL−el+ (6.13)

According to [101], the capillary pressure can be expressed as:

pc = σH2O · cosθc · (ε/K)0.5 · J(s) (6.14)

where J(s) is the Leverett function and for an hydrophobic medium is given
by the following relation:

J(s) = 1.417 · s− 2.120 · s2 + 1.263 · s3 (6.15)

Instead the system describing catalyst layer behavior is subject to the fol-
lowing boundary conditions:

i|GDL−el = 0 (6.16)
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i|el−m = icell (6.17)

−D̄t,CH3OH ·
∂C̄t

CH3OH

∂x

∣∣∣∣∣
GDL−el

= NCH3OH
GDL (6.18)

−D̄t,H2O ·
∂C̄t

H2O

∂x

∣∣∣∣∣
GDL−el

= NH2O
GDL (6.19)

C̄t
CH3OH

∣∣
GDL−el = sel · CL

CH3OH

∣∣
GDL−el + (1− sel) · CG

CH3OH

∣∣
GDL−el (6.20)

C̄t
CH2O

∣∣
GDL−el = sel · CL

CH2O

∣∣
GDL−el + (1− sel) · Csat

H2O
(6.21)

This is a two-point boundary value problem and the built in BVP function
of MATLAB® environment has been used for the numerical resolution of the
system of Eq. 6.6-6.10. The increased complexity of the developed model
and the more detailed description of the DMFC operation make the calibra-
tion procedure more difficult; however the model reproduces experimental
observations with good accuracy (Fig. 6.3) and all the obtained calibration
parameters have reasonable values (Table 6.1).

α1 - 0.74
i∗v1 A · cm−3 6.18 · 10−5 · exp(8024 · (1/353− 1/T ))
α2 - 0.38
i∗v2 A · cm−3 2.39 · 10−2 · exp(8024 · (1/353− 1/T ))
Cref,2 mol · cm−3 0.055
lt cm 4 · 10−3

σt Ω−1 · cm−1 4 · 10−3

DG
GDL,CH3OH

cm2 · s−1 1.52 · 10−2

KGDL m2 1 · 10−14

θc
o 130

σH2O N ·m−1 0.0625
CF − 0.1
S1 − 0.75
S2 − 2
S3,@0.075A·cm−2 − 0.085
S3,@0.15A·cm−2 − 0.13

Table 6.1: Assumed and fitted parameters of anode polarization (MEA GM,
met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

Despite the calibrated anode polarization is the same of that reported in Fig.
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Figure 6.3: Comparison of the simulated and measured anode polarization
(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

5.7, the resulting values of kinetic parameters are not directly comparable
with those of Table 5.2. In fact not only a finite thickness electrode and
proton transport losses have been introduced in the model, but also a sec-
ond reaction step dependent on concentration and a detailed mass transport
description through the GDL have been considered.
The resulting value of CF is lower than 1 and therefore the catalyst layer
average diffusivity is lower than the diffusion layer one, coherently with re-
duced values of porosity and void fraction in the catalyst layer.
Regarding the calibration parameters of saturation profile at channel-GDL
interface (Eq. 6.12), the values of S1 and S2 are quite high: this implies a
very strong dependence of sch−GDL on the saturation in the channel. Fig. 6.4
reports a comparison between the simulated profile of sch and sch,GDL along
channel length: the saturation at the channel-GDL interface is lower than
the channel one, coherently with the higher hydrophobicity of the diffusion
media. Moreover it is interesting to note that S3 increases with the current
density: this implies that towards the end of the channel sch−GDL is slightly
higher than sch. This behavior could be due to the higher outler flow ve-
locity and total pressure [141], peculiar of high operating current densities.
However this aspect should be further investigated by means of specific ex-
perimental and modeling analyses.
By solving the entire DMFC anode polarization model it is therefore possible
to obtain the steady-state profiles along channel length and both GDL and
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CL thickness of all the quantities necessary for the development of the phys-
ically based DMFC anode impedance model. By way of example Fig. 6.5
illustrates an anode overpotential profile along channel length and electrode
thickness.

6.1.4 DMFC anode impedance model

After obtaining the stationary solution, the transient perturbation solution
of the DMFC anode can be obtained in the following way. Eq. 6.2 and 6.6 are
linearized about a steady-state value and subsequently each of the variables
of Eq. 6.1-6.4 and 6.6-6.10 are perturbed about a steady-state value with a
sufficiently low sinusoidal disturbance3:

i(t) = io +Re{∆i · exp (j · ω · t)}

η(t) = ηo +Re{∆η · exp(j · ω · t)}

Ci(t) = Co
i +Re{∆Ci · exp(j · ω · t)}

Nj(t) = N o
j +Re{∆Nj · exp(j · ω · t)}

γCO(t) = γoCO +Re{∆γCO · exp(j · ω · t)}

s(t) = so +Re{∆s · exp(j · ω · t)}

(6.22)

Neglecting the terms with products of the disturbances and subtracting the
steady-state equations, it is possible to obtain a system of linear equations
for the complex perturbation amplitudes ∆i-∆s in the frequency domain
[65, 66]. In particular the GDL equations 6.1-6.4 become:

∂∆CGDL,L
CH3OH

∂x
·

(
DL
GDL,CH3OH

· soGDL +
DG
GDL,CH3OH

KH,CH3OH ·R · T
· (1− soGDL)

)

= −∆NCH3OH
GDL + ∆NH2O

GDL ·
CGDL,L,o
CH3OH

CGDL,L,o
H2O

+NH2O,o
GDL ·

∆CGDL,L
CH3OH

CGDL,L,o
H2O

−∆sGDL ·

(
DL
GDL,CH3OH

−
DG
GDL,CH3OH

KH,CH3OH ·R · T

)
·
∂CGDL,L

CH3OH

∂x

∣∣∣∣∣
o

(6.23)

3In the following eqauations the steady-state values are denoted by the superscript o.
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∂∆sGDL

∂x
=

∂f

∂sGDL

∣∣∣∣∣
o

·∆sGDL +
∂f

∂NH2O
GDL

∣∣∣∣∣
o

·∆NH2O
GDL (6.24)

∂∆NCH3OH
GDL

∂x
= −j · ω · εGDL ·

(
∆sGDL · CGDL,L,o

CH3OH
+ ∆CGDL,L

CH3OH
· so
)

+j · ω · εGDL ·

(
∆sGDL · CGDL,L,o

CH3OH
−∆CGDL,L

CH3OH
+ ∆CGDL,L

CH3OH
· so

KH,CH3OH ·R · T

) (6.25)

∂∆NH2O
GDL

∂x
= −j · ω · εGDL ·

(
∆sGDL · CGDL,L,o

H2O
−∆sGDL · Csat

H2O

)
(6.26)

Instead the catalyst layer equations 6.6-6.10 take the following form:

∂∆i

∂x
=
∂i1

∂η

∣∣∣∣∣
o

·∆η +
∂i1

∂C̄t
CH3OH

∣∣∣∣∣
o

·∆C̄t
CH3OH

+
∂i1

∂γCO

∣∣∣∣∣
o

·∆γCO

+
∂i2

∂η

∣∣∣∣∣
o

·∆η +
∂i2

∂C̄t
H2O

∣∣∣∣∣
o

·∆C̄t
H2O

+
∂i2

∂γCO

∣∣∣∣∣
o

·∆γCO + j · ω · Cdl

= ∆i1 + ∆i2 + j · ω · Cdl

(6.27)

∂∆NCH3OH
t

∂x
= −

∆i1

4 · F
− j · ω · εt ·∆C̄t

CH3OH
(6.28)

∂∆NH2O
t

∂x
= −

∆i2

2 · F
− j · ω · εt ·∆C̄t

H2O
(6.29)

−D̄t,CH3OH ·
∂∆C̄t

CH3OH

∂x
= ∆NCH3OH

t (6.30)

−D̄t,H2O ·
∂∆C̄t

H2O

∂x
= ∆NH2O

t (6.31)

∂∆η

∂x
=

∆i

σt
(6.32)

j · ω ·∆γCO · ΓPt =
∆i1

4 · F
−

∆i2

2 · F
(6.33)

The boundary conditions to Eq. 6.23-6.33 are as following:

∆η|GDL−el = ηEIS (6.34)

∆i|GDL−el = 0 (6.35)

∆CCH3OH |ch−GDL = 0 ∆CH2O|ch−GDL = 0 (6.36)
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∆NCH3OH |el−m = ∆NCH3OH
m,drag ∆NH2O|el−m = ∆NH2O

m,drag (6.37)

Eq. 6.34 establishes a small amplitude perturbation at GDL-CL interface. As
demonstrated in [10], the system of Eq. 6.23-6.33 is linear and homogenous
and the impedance does not depend on the amplitude of this boundary con-
dition. Instead Eq. 6.35 means zero proton current at the GDL-CL interface.
Eq. 6.36 expresses zero disturbance of methanol and water concentration at
channel-GDL interface, respectively. This implies that the concentration in
the channel remains unperturbed by the change in overpotential: consider-
ing the high liquid accumulation in the channel, that is present for all the
perturbation frequencies, this is a reasonable assumption.
Since the membrane is permeable to both methanol and water, the oscilla-
tion of the corresponding flux at the membrane interface cannot be assumed
equal to zero. As reported in the 1D+1D DMFC model of chapter 3, water
cross-over flux is due to three transport mechanisms: electro-osmotic drag
and liquid diffusion and convection. Instead, the methanol cross-over flux
is only governed by electro-osmotic drag and liquid diffusion. The contribu-
tions of liquid diffusion and convection are influenced by the corresponding
concentration and pressure at the cathode side, that during dynamic opera-
tion are difficult to determine with a reduced uncertainty. Considering also
the considerable accumulation in the membrane, Eq. 6.37 imposes that the
disturbance of methanol and water flux is equal only to the oscillation of
drag component.
Finally the impedance of the anode can be numerically calculated with Eq.
5.3. Furthermore, considering all the steady-state profiles obtained by the
DMFC anode polarization model, it is possible to calculate the local value of
DMFC impedance along channel length. Thus the total impedance is equal
to the parallel between each local impedance, given by Eq. 5.39.

6.2 Modeling results

The system of Eq. 6.23-6.33, along with the boundary conditions Eq. 6.34-
6.37, is solved in Matlab® environment. In particular the FSOLVE function
solves the CL equations (Eq. 6.27-6.33) by iteratively changing the value
of the oscillatory fluxes at electrode inlet till the boundary conditions (Eq.
6.37) are fulfilled. At the same time these fluxes are imposed, together with
Eq. 6.36, as boundary conditions in a BVP function, that solves the GDL
equations (Eq. 6.23-6.26). In this way all the boundary conditions reported
in Eq. 6.34-6.37 are simultaneously satisfied and the iterations are performed
by means of an optimized built in function, increasing the numerical stability
of the problem.
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6.2.1 Reference operating condition

The developed model has been firstly validated on the same anode impedance
of paragraph 5.3.3, performed on MEA GM at 333 K, with a methanol con-
centration and flow rate equal to 3.25%wt and 1 g · min−1, respectively.
All the kinetic and transport parameters necessary for the calculation of
DMFC anode spectrum have been previously obtained from the calibration
of DMFC anode polarization model on the corresponding experimental data
(Table 6.1); while the value of the double layer capacitance, active site den-
sity and porosities have been assumed, Table 6.2.

Cdl F · cm−3 30
ΓPt mol · cm−3 1 · 10−3

εt − 0.12
εGDL − 0.6

Table 6.2: Assumed parameters of anode impedance (MEA GM, met
3.25%wt - 1 g ·min−1, 333 K, 1bar).

Fig. 6.6 reports the simulated Nyquist plot at 0.075 A · cm−2. The model
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Figure 6.6: Simulated and measured anode Nyquist plot at 0.075 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

reproduces experimental observations with sufficient accuracy and it is pos-
sible to notice the presence of the linear branch due to the proton transport
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limitations in the electrode. Moreover the detailed mass transport descrip-
tion of both methanol and water fluxes through the anode GDL, without the
simplifying assumption of Nernst stagnant diffusion, provides a more accu-
rate estimation of the mass transport impedance; in fact the total resistance
is close to the experimental value.
Fig. 6.7 illustrates the Bode plot at 0.075 A · cm−2: there is full agreement
between model and experiment and therefore all the processes are correctly
described.
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Figure 6.7: Simulated and measured anode Bode plot at 0.075 A·cm−2 (MEA
GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

It is very important to figure out that the developed model is also able to
reproduce DMFC operating current with high accuracy: in fact the simu-
lated value of current density, equal to 0.074 A · cm−2, is almost identical to
the experimental one. This is a very important feature because it would be
possible to obtain more accurate impedance simulations by slightly changing
few physical parameters, but in this case the DMFC operating current would
be rather different from the experimental one. An example is reported in
Fig. 6.8: increasing by 2% the Tafel slope of the first reaction step, model
simulates experimental data with higher accuracy, but the model output cur-
rent density is equal to 0.071 A · cm−2.
In Fig. 6.9, the blue line shows impedance simulations performed with the
assumption that GDL is always flooded with fully liquid pathways: therefore
GDL liquid accumulation terms dampen the oscillations of concentrations for
all the perturbation frequencies. Model predictions are inconsistent with the
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Figure 6.8: Simulated anode Nyquist plot at 0.075 A · cm−2 obtained by
increasing ba1 by 2% (MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).
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Figure 6.9: Simulated anode Nyquist plot at 0.075 A · cm−2 without the
assumption of intermittent permeation and without the effect of GDL (MEA
GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).
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experimental data and this is a further confirmation that liquid convection
through the GDL is an intermittent phenomenon.
Instead the green line in Fig. 6.9 represents impedance simulations with-
out the effect of the GDL: therefore the concentration disturbances at the
GDL-CL interface are null and the fluxes are not affected by the GDL accu-
mulation terms. Even at low current density GDL has a relevant influence on
impedance behavior. This result is considerable different from that reported
in Fig. 5.11, in which the mass transfer impedance is almost negligible.
Fig. 6.10 reports a comparison between model results with and without the
implementation of GDL effects along channel length. It is evident that at
the end of channel the mass transport losses due to the presence of GDL are
more pronounced, as expected. Moreover, also the magnitude of inductive
loop increases towards the end of the channel, coherently with the results of
the preliminary impedance model, Fig. 5.12.
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Figure 6.10: Simulated anode Nyquist plot along channel length at 0.075
A·cm−2 with and without GDL effects (MEA GM, met 3.25%wt - 1 g ·min−1,
333 K, 1 bar).

Hereinafter a specific analysis is performed in order to evaluate the effects
of the boundary conditions regarding the oscillating fluxes at the electrode-
membrane interface. From Fig. 6.11 it is possible to figure out that these
boundary conditions affect impedance features in the low-medium frequen-
cies region. In particular ∆NH2O|el−m = 0 implies an increase of the total
resistance and a reduction of inductive behavior, while ∆NCH3OH |el−m = 0
has the opposite effect. However all the physical phenomena are intercon-
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Figure 6.11: Simulated anode Nyquist plot at 0.075 A · cm−2 with
∆NH2O|el−m = 0 and ∆NCH3OH |el−m = 0 (MEA GM, met 3.25%wt - 1
g ·min−1, 333 K, 1 bar).

nected: switching off certain physical phenomena may affect the impedance
behavior of other physical processes and therefore it is not easy to find out
the origin of these different impedance features. However these effects seem
to be related to a variation of both water and methanol concentrations in
the electrode. This is a further confirmation of the complexity of DMFC
anode impedance modeling and therefore the previous model validation on
three different typologies of measure at the same time was fundamental to
simulate impedance data with high accuracy.

6.2.2 Effect of current density

Doubling the current density the model reproduces experimental observa-
tions with sufficient accuracy, Fig. 6.12: the inductive behavior is no longer
present and mass transport limitations seem to appear in the low frequency
region. However the model slightly overestimates the total resistance.
In Fig. 6.12, the simulations without the effect of GDL (green line) are con-
siderable different from the experimental observations. As expected, at high
current density mass transport losses are more relevant than that at low cur-
rent density, Fig. 6.9.
Instead the blue line represents the effects of fully liquid pathways in the
GDL: once again the model predictions are inconsistent with experimental
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Figure 6.12: Simulated and measured anode Nyquist plot at 0.15 A · cm−2

(MEA GM, met 3.25%wt - 1 g ·min−1, 333 K, 1 bar).

data. Moreover it is possible to clearly distinguish two arches: the first one
characterizes kinetic losses, while the second one is peculiar of mass trans-
port limitations. The intermittent description of liquid convection amplifies
the oscillations of concentrations at GDL-CL interface for frequencies lower
than 75 Hz and this leads to a superimposition of the two arches. These
considerations underline the difficulties in the interpretation of DMFC an-
ode spectra: in fact mass transport limitations do not manifest themselves
as a second arch, even if their contribution is relevant.

6.2.3 Effect of anode MPL

The developed model has been further validated on IRD MEA MM impe-
dance measurements. The fitted and assumed model parameters are reported
in Table 6.3, while the parameters reported in Tables 3.1-3.4 and 6.1 still
remain valid. The values of GDL diffusivity and permeability are lower com-
pared to those of Table 6.1, coherently with the presence of anode MPL.
Impedance simulations are in good agreement with experimental data, Fig.
6.13. Despite the high operating current, the magnitude of inductive loop is
comparable with that of Fig. 6.6, as already observed in the experimental
analysis of paragraph 4.2.2, in which this impedance feature has been at-
tributed to the different kinetic parameters and operating overpotential and
to the presence of anode MPL.
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α1 - 0.78
i∗v1 A · cm−3 1.24 · 10−4 · exp(8024 · (1/353− 1/T ))
α2 - 0.42
i∗v2 A · cm−3 4.81 · 10−2 · exp(8024 · (1/353− 1/T ))
σt Ω−1 · cm−1 1.2 · 10−2

DG
GDL,CH3OH

cm2 · s−1 1.22 · 10−2

DL
GDL,CH3OH

cm2 · s−1 0.9 · 10−5.4163−999.778/T · 104

KGDL m2 0.5 · 10−14

CF − 0.5
S3,@0.25A·cm−2 − 0.1
Cdl F · cm−3 150
εGDL − 0.5

Table 6.3: Assumed and fitted parameters of anode polarization and impe-
dance (IRD MEA MM, met 3.25%wt - 3.87 g ·min−1, 348 K, 1 bar).
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Figure 6.13: Simulated and measured anode Nyquist plot at 0.25 A · cm−2

(IRD MEA MM, met 3.25%wt - 3.87 g ·min−1, 348 K, 1 bar).
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In Fig. 6.13 the green line represents impedance simulations without the ef-
fect of anode GDL and it is evident that the inductive behavior is no longer
present. This consideration suggests that the presence of MPL, that increases
the mass transfer resistance and therefore the oscillations of concentrations
at GDL-CL interface, amplifies the phase delay between the voltage and the
current, with a consequent enlargement of inductive behavior. Therefore
model predictions confirm that the different magnitude of inductive loop is
mainly due to the presence of anode MPL, rather than the different kinetic
parameters or operating potential.

6.2.4 Effect of methanol feeding concentration

In the experimental analysis of paragraph 4.2.2, one of the most influent
operating parameter turned out to be methanol feeding concentration, that
significantly enlarges the inductive loop.
Fig. 6.14 illustrates simulation results obtained by doubling methanol inlet
concentration. The model qualitatively reproduces the shape of impedance
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Figure 6.14: Simulated and measured anode Nyquist plot at 0.25 A · cm−2

(IRD MEA MM, met 6.5%wt - 3.87 g ·min−1, 348 K, 1 bar).

spectrum: in fact the magnitude of the inductive loop increases, but there
is not such a considerable amplification. Moreover the simulated total re-
sistance increases, while the experimental data evidence a reduction of this
parameter, Fig. 6.13. Therefore the model is not sufficiently accurate to pre-
dict the effects of methanol concentration on anode impedance spectrum. A
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possible reason could be due to the channel methanol concentration influence
on saturation profile in the GDL, that is not described in the present model
and affects methanol and water concentrations within the electrode.

6.3 Model application to degradation study

The developed impedance model has been finally used as a diagnostic tool to
investigate the origins of some anodic degradation effects. In the framework
of Premium Act project [60], the MRT Fuel Cell Lab of Politecnico di Milano
has carried out several anodic degradation tests, in order to elucidate the ef-
fects of operating conditions on the overall degradation rate, defined as the
ratio between the total voltage loss and the test duration. But in this way,
the comprehension of the possible origins of degradation is still hindered.
In a durability test, the only way to continuously monitor system internal
losses is the EIS and therefore the developed model is suitable to increase the
understanding of anodic degradation effects. In this paragraph a 100 hours
degradation test has been analyzed; the recorded spectra, published in [142]
and reported in Fig. 6.15 with the permission of authors, show in the first
30 hours an extension of the linear branch, a reduction of inductive loop and
an increase of the total resistance; while in the next 70 hours the spectra are
almost superimposed.
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Figure 6.15: Measured anode Nyquist plot during a degradation test at 0.25
A · cm−2 (IRD MEA MM, met 3.25%wt - 3.87 g ·min−1, 348 K, 1 bar).

Finally, after operation interruption, the anode spectrum is nearly the same
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of that recorded at the beginning of the test: this implies that the degrada-
tion is recoverable and for this reason it is named temporary. This feature
is coherent with the time-voltage curve, that after operation interruption re-
turns to the initial value.
Moreover during the durability test also continuous measurements of metha-
nol cross-over and water flux at cathode outlet have been performed4. These
mass transport measurements evidence a reduction of both the fluxes in the
first 50 hours, that can be respectively associated with a decrease of methanol
and water concentrations in the anode catalyst layer. Therefore it is plau-
sible to proposed the following origin of degradation effects on impedance
features:

� the extension of linear branch might be due to catalyst layer dehydra-
tion, that lowers proton transport conductivity;

� the increase of total resistance and the decrease of inductive behav-
ior might be caused by a reduction of methanol concentration in the
catalyst layer, that enhances mass transport limitations.

Integrating these effects in the model the simulations qualitatively reproduce
experimental observations, Fig. 6.16. Therefore this is a further confirmation
of the proposed origins of temporary degradation effects. However, in order
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Figure 6.16: Simulated Nyquist plots with temporary degradation effects.

4These mass transport measurements, along with the time-voltage curve, are part of
another PhD dissertation and are not yet published: for this reason they are not reported.
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to increase the reliability of the results and to provide an insight into the
understanding of all the phenomena worsening DMFC operation, the model
has to be applied to several degradation tests. The one reported in this
paragraph is only an example to illustrate the potentialities of the developed
DMFC anode impedance model.

6.4 Remarks

In this chapter a detailed description of mass transport phenomena through
diffusion layer and an electrode of finite thickness have been introduced in
the anode polarization model of paragraph 5.3.1 and subsequently a phys-
ical model of anode impedance has been developed. The main conclusions
regarding DMFC anode impedance behavior are the following:

� Proton transport limitations through the electrode manifest themselves
as a 45o linear branch at high frequencies.

� The intermittent description of liquid convection through GDL entails
that liquid accumulation terms dampen the oscillations of concentra-
tions only for perturbation frequencies higher than 75 Hz. This as-
sumption implies a superimposition between the arches peculiar of ki-
netic and mass transport losses and it is of fundamental importance to
correctly simulate anode impedance features.

� The contribution of GDL to the impedance is relevant even at low
current density and increases along channel length, as expected.

� The magnitude of inductive loop increases along channel length, coher-
ently with the results of paragraph 5.3.3.

� Doubling the operating current density the effect of GDL is predomi-
nant and in fact without the assumption of intermittent permeation it is
possible to clearly distinguish a second arch, peculiar of mass transport
limitations.

� The presence of anode MPL increases the mass transfer resistance
through the GDL and therefore the oscillations of concentrations at
GDL-CL interface, amplifying the phase delay between the voltage and
the current. As a consequence an enlargement of inductive loop is evi-
dent in the impedance spectrum.

� Doubling methanol inlet concentration an increase of inductive loop
is evident. However the developed model reproduces this feature only
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qualitatively: in fact the magnitude of the inductive loop increases, but
the experimental data exhibit a more considerable enlargement. More-
over the simulated total resistance increases, while the experimental
data show the opposite behavior.

� Model predictions confirm the possible origins of the following tempo-
rary degradation effects: the extension of linear branch is due to cata-
lyst layer dehydration, that lowers proton transport conductivity, while
the increase of total resistance and the decrease of inductive behavior
are caused by a reduction of methanol concentration in the catalyst
layer, that enhances mass transport limitations.
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This work reports a combined experimental and modeling analysis of mass
transport phenomena and electrochemical impedance spectroscopy in DMFC.
The first objective of the work is to increase and consolidate the under-
standing of the phenomena governing DMFC water transport. This is firstly
achieved by a systematic experimental analysis of operating conditions and
GDL configurations influence on water flux at cathode outlet, methanol cross-
over and performance. This analysis evidences that the water removal from
the cathode GDL is regulated by two different transport mechanisms: gas
diffusion and liquid permeation. The former determines a plateau at low
current densities, the latter a linear trend at high current densities. The
absence of cathode MPL causes a general increase of water flow at cathode
outlet, that favors methanol cross-over. Moreover the higher cathode oxygen
diffusivity generally enhances DMFC performances, but some exceptions are
evident, probably due to cathode flooding phenomenon. Instead the presence
of anode MPL implies a reduction of both the water flow at cathode outlet
and methanol concentration at the anode. As a consequence the DMFC
exhibits both lower performances and methanol cross-over. Influence of tem-
perature, pressure and airflow confirms the expectations.
Subsequently, in order to validate the interpretation of water management
and its impact on performance and methanol crossover, a 1D+1D DMFC
model has been developed. In particular the model includes a detailed de-
scription of water transport through the MEA and two correlations to take
into account flooding effects. Moreover it has been validated on three differ-
ent typologies of measure at the same time over a wide range of operating
conditions, providing an exhaustive interpretation of the mechanisms regu-
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lating water transport and flooding phenomena. Model simulations confirm
that water diffusion through cathode GDL is regulated by vapor concentra-
tion gradient, while liquid water permeation through cathode GDL occurs
when water pressure exceeds a threshold value, related to GDL character-
istics; the permeation linear trend with current density is due to electro-
osmotic drag and water production at cathode electrode. The presence of a
liquid water barrier to the anode (i.e., the MPL) strongly reduces water cross-
over through the membrane and as a consequence liquid permeation through
cathode GDL does not occur and water vapor concentration in cathode elec-
trode significantly decreases.
Moreover the developed model is able to predict water fluxes through the
membrane. Liquid water diffusion through the membrane is usually directed
from anode to cathode and at low current densities it is the predominant
water transport mechanism, but the presence of anode MPL causes an in-
version of liquid diffusion flux at high current densities. However the total
water cross-over flux is always directed from anode to cathode. Instead liq-
uid permeation through the membrane is directed from cathode to anode,
but its contribution is negligible. High water cross-over may cause cathode
flooding. To reproduce its effects two mechanisms have been introduced in
the model, giving comparable contributions: superficial and bulk pores ob-
structions. The first is proportional to liquid water concentration in cathode
channel; the latter is proportional to liquid water permeation. In partic-
ular a correlation to reproduce bulk pores obstruction is proposed for two
cathode GDLs, with and without MPL; the magnitude of bulk obstruction
effect results more relevant without cathode MPL. Therefore the addition of
the MPL on cathode GDL increases the mass transfer resistance, causing a
performance decrease when no flooding occurs, while performance increases
with severe flooding, because the MPL limits its effect.
The proposed combined experimental and modeling analysis of water trans-
port provides an exhaustive characterization of DMFC operation and it is the
starting point to delve into the interaction between all the physicochemical
phenomena of DMFC, that are characterized by EIS measurements. In fact
the second objective of this work is to provide an insight into the basic prin-
ciples regulating DMFC impedance behavior. Similarly to what was done
before, this is firstly achieved by a systematic experimental investigation.
The analysis of anode and cathode impedance elucidates the main relevant
phenomena governing DMFC impedance behavior and provides an insight
into the development of interpretation models.
The cathode spectra are often an almost ideal or slightly elongated semicircle,
in which mass transport limitations are not evident. However at high current
density and low cathode flow rate a second arch appears and it is considerably
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enlarged by increased methanol cross-over. Instead the anode spectra exhibit
a high frequency linear branch, due to proton transport limitations through
the catalyst layer, and present also an inductive loop, peculiar of a reaction
dependent on surface coverage by absorbed intermediates. The magnitude
of inductive loop is strongly enlarged by increased methanol concentration
and probably by the presence of anode MPL. On the contrary the inductive
behavior disappears when mass transport limitations occur, usually at high
current density and low methanol concentration.
Subsequently, in order to provide a quantitative interpretation of experimen-
tal observations, a preliminary DMFC impedance model has been developed.
In particular an existing approach has been adapted to DMFC technology
and locally integrated in the previous 1D+1D DMFC model. The devel-
oped interpretation model is more reliable than the classic equivalent circuit
method because the equivalent circuit elements are function of the physical
parameters of the system, obtained from the validation of the 1D+1D DMFC
model. Moreover by means of the developed approach it is possible to calcu-
late the local values of equivalent circuit elements, providing an insight into
the understanding of internal DMFC losses.
Despite the Nernst hypothesis, cathode simulations reproduce experimental
observations with good accuracy. In the investigated operating conditions
the kinetic losses are usually higher than mass transfer ones and both the
local values of charge transfer resistance and the real part of mass trans-
fer impedance increase along channel length, coherently with a reduction of
current density and oxygen concentration, respectively. Moreover cathode
impedance model qualitatively reproduces the effect of a poor oxygen con-
centration in the electrode: at high current density a second arch is evident in
the low frequency region. This arch, peculiar of mass transport limitations,
is enlarged by reduced cathode flow rate and increased methanol concentra-
tion, coherently with the experimental observations.
Instead the anode simulations reproduce inductive behavior with high accu-
racy, but the model does not take into account proton transport limitations
and therefore the simulated spectrum is not an elongated semicircle. More-
over the simplified two-phase mass transport description through anode GDL,
along with the Nernst hypothesis, are not sufficiently accurate to calculate
mass transfer impedance.
Since the preliminary modeling approach showed good agreement with ex-
perimental data of cathode impedance, but the anodic one presents the above
mentioned limits, a physical model of anode impedance has been developed.
In particular proton transport in a catalyst layer of finite thickness and a
detailed description of mass transport phenomena through diffusion layer
have been introduced in the 1D+1D DMFC model and subsequently a phys-
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ical model of anode impedance has been developed. The developed model
permits to further investigate mass transport mechanisms through anode dif-
fusion layer. In fact the intermittent description of liquid permeation through
GDL, that entails that liquid accumulation terms dampen the oscillations of
concentrations only for perturbation frequencies higher than 75 Hz, is of
fundamental importance to correctly simulate anode impedance features.
The model evidences that proton transport limitations manifest themselves
as a high-frequency 45o linear branch and that the contribution of GDL is
relevant even at low current density and increases with the operating current
and along channel length, as expected. Moreover simulation results highlight
that the presence of MPL amplifies the phase delay between the voltage and
the current, with a consequent enlargement of inductive loop. However the
model is not able, yet, to reproduce accurately the effect of methanol con-
centration on inductive loop: in fact doubling methanol inlet concentration
the magnitude of the inductive loop increases, but the experimental data
exhibit a more considerable enlargement. Finally the developed model has
been used as a diagnostic tool to investigate the possible origins of few tem-
porary degradation effects. Model predictions suggest that the extension of
linear branch is due to catalyst layer dehydration, while the increase of total
resistance and the decrease of inductive behavior are caused by a reduction
of methanol concentration in the catalyst layer.
In conclusion this work fulfils the proposed objective: to provide a deeper
understanding of the basic principles regulating water transport and impe-
dance behavior in DMFC. Particularly original and interesting are both the
1D+1D DMFC water transport model and the physically based anode im-
pedance model. The former has been validated on three different typologies
of measure at the same time over a wide range of operating conditions and
therefore consolidates the proposed interpretations of water management and
flooding effects. The latter provides a solid interpretation of DMFC anode
impedance and can be used as a diagnostic tool to investigate anodic degra-
dation effects.
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