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Aeronáutica y del Espacio

Direct methanol fuel cell stacks
optimization and improvement of

components for engineering
applications: a design approach
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2021





 

 

 

 

 

 

 

 

 

 

 

 

 Tribunal nombrado por el Sr. Rector Magfco. de la Universidad Politécnica de 

Madrid, el día...............de.............................de 20.... 

 

Presidente:         

 

Vocal:           

   

Vocal:          

 

Vocal:          

 

Secretario:         

 

Suplente:         

 

Suplente:         

 

 

 

Realizado el acto de defensa y lectura de la Tesis el día..........de........................de 20 ...  

en la E.T.S.I. /Facultad.................................................... 

 

Calificación  ..................................................  

 

EL PRESIDENTE                 LOS VOCALES 

 

 

 

 

 

 

 

 

 

 

EL SECRETARIO 





Agradecimientos

Esta tesis doctoral ha sido un largo camino lleno de aprendizajes tanto a nivel técnico
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de gran valor durante la preparación de los electrodos descritos en esta tesis doctoral
y el desarrollo e implementación de modelos para la herramienta de diseño de stacks.
A Fernando Acción debo darle las gracias por enseñarme a desenvolverme con soltura
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Resumen

Las pilas de combustible de metanol directo (DMFCs) presentan importantes ventajas
respecto a los motores convencionales de combustión interna en términos de simpli-
cidad, modularidad, emisiones, niveles de ruido y vibraciones, eficiencia y fiabilidad.
Pese a ello, persisten una serie de aspectos que aún limitan la amplia comercialización
de esta tecnoloǵıa con distintos fines entre los que se cuentan las aplicaciones portátiles
o en veh́ıculos con bajas demandas de potencia como pueden ser veh́ıculos aéreos no
tripulados (UAVs) o veh́ıculos submarinos autónomos (AUVs). Entre dichos aspectos
se encuentran el elevado consumo de metanol y las bajas densidades de potencia y
potencia espećıfica de los stacks, aśı como el alto coste, asociado fundamentalmente a
los catalizadores y las membranas, y el elevado paso de metanol a través de la mem-
brana (crossover) que restringe la utilización eficiente del combustible y las actuaciones
generales de este tipo de pilas de combustible. La presente tesis doctoral aborda esta
problemática desde distintos enfoques, orientados al diseño, con el fin de mejorar la
posible comercialización de las DMFCs.

Un aspecto poco estudiado en el campo de las DMFCs es la influencia de los parámetros
constructivos de los stacks sobre su densidad de potencia, su potencia espećıfica y su
consumo de combustible. Asimismo, la optimización de estos parámetros de forma
sistemática desde etapas tempranas del diseño para mejorar las actuaciones generales
de estos stacks tampoco se ha tratado en profundidad. En este sentido, en esta tesis se
ha desarrollado un sistema de diseño automático asistido por ordenador con el fin de
optimizar los parámetros constructivos de stacks DMFC desde etapas tempranas del
diseño, comprobándose la elevada influencia que presentan dichos parámetros sobre la
masa, el volumen y el consumo de los stacks. Del mismo modo, se destaca la importancia
de identificar adecuadamente los pesos de las funciones a optimizar dependiendo de la
aplicación del stack a desarrollar. Aśı, dentro del frente de Pareto de soluciones óptimas
para el diseño de un stack de 230 W puede haber variaciones superiores al 10 %, 18 %
y 6 % en términos de densidad de potencia, potencia espećıfica y consumo de metanol,
respectivamente.

Uno de los parámetros constructivos con mayor influencia sobre la potencia espećıfica
y la densidad de potencia es el material de las placas bipolares, pues estos elementos
pueden representar más del 80 % de la masa total del stack y la práctica totalidad de
su volumen. Con el fin de reducir la masa y el coste general de los stacks DMFC se
ha investigado la idoneidad de los materiales termoplásticos más apropiados entre siete
poĺımeros (ABS, CPE, CPE+, Nylon, PC, PLA y TPU 95A) para ser utilizados en pla-
cas bipolares de stacks DMFC con diferentes aplicaciones. Para resolver este problema
de selección de materiales se han implementado cuatro técnicas de toma de decisiones
multicriterio (TOPSIS, COPRAS, SAW y AHP), métodos derivados de la teoŕıa de
toma de decisiones ampliamente utilizados en problemas de selección de materiales.
Sin embargo, estos métodos requieren como punto de partida datos que describan de
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manera adecuada las actuaciones de los correspondientes materiales en la aplicación
bajo estudio. Por ello, se han realizados ensayos de larga duración con los mencionados
poĺımeros en un ambiente simulado que reproduce las condiciones en una DMFC. De
acuerdo con los ensayos de larga duración, el PLA sufre una extrema degradación en
muy corto lapso de tiempo lo que impide su uso en DMFC. Por el contrario, ABS y PC
son de acuerdo con los métodos de toma de decisiones los mejores materiales para las
tres aplicaciones de DMFC planteadas: estacionaria, pequeños dispositivos portátiles
y veh́ıculos aéreos no tripulados.

Sin embargo, los dos materiales termoplásticos seleccionados no son conductores de
la electricidad, requisito indispensable para ser utilizados como placas bipolares. A
fin de conferir esta caracteŕıstica a las potenciales placas bipolares se han estudiado
dos procedimientos de depósito de metales, por un lado, el depósito no electroĺıtico de
Ni empleando la interacción hidrófoba y el depósito de Au empleando una técnica de
depósito f́ısico mediante fase de vapor. Mediante inmersión en un ambiente simulado
se ha comprobado que el depósito de Au mediante sputtering es notablemente más
duradero. De este modo, se han investigado diferentes tiempos de depósito de Au en
términos de ángulo de contacto, concluyéndose que mayores tiempos de depósito dan
lugar a superficies más hidrófobas, siendo mejores los resultados obtenidos con ABS.

Otro de los elementos notablemente relacionado con los aspectos a mejorar descritos
previamente son los electrodos. En este caso se han desarrollado electrodos de Pt
mediante electrodepósito por pulsos de Pt-Cu con la posterior reoxidación del Cu de
modo que se genere una estructura porosa con elevada área electroqúımicamente activa.
Dicha técnica deriva de la investigación realizada sobre pilas de combustible de glucosa
llevada a cabo, en particular es una técnica ampliamente utilizada en el desarrollo de
pilas de combustible de glucosa implantables. Con el fin de optimizar el depósito de
Pt y aumentar el factor de utilización del catalizador se han estudiado tres parámetros
del proceso de depósito: la concentración de ácido sulfúrico, la agitación durante el
proceso de depósito y la duración del pulso de reducción. Mediante el estudio del área
de adsorción de hidrógeno se ha constatado la gran influencia de la concentración de
ácido sulfúrico y los procesos de transporte asociados a la agitación sobre el factor
de rugosidad, la masa de Pt depositada y el área cataĺıticamente activa, obteniéndose
mayores ECSAs al emplear bajas concentraciones de ácido sulfúrico y una disolución
de depósito sin agitar.

Finalmente, se ha estudiado el potencial de distintas membranas de estireno-etileno-
butileno-estireno sulfonadas (sSEBS) modificadas mediante la técnica sol-gel a través
de la infiltración directa de un gel de fosfosilicato modificado con circonio. Dichas
membranas fueron desarrolladas de forma conjunta por los grupos ENAP y SGEG del
Centro Superior de Investigaciones Cient́ıficas. El SEBS es una materia prima muy
económica, pero sufre severas limitaciones a nivel mecánico y dimensional, de ah́ı la
necesidad de infiltrar dicho poĺımero para mejorar sus caracteŕısticas, en especial re-
ducir el crossover de metanol. Para determinar el potencial de dichas membranas en
DMFCs se han llevado a cabo ensayos de curva de polarización, densidad de corriente
ĺımite de crossover e impedancia, este último con el fin de determinar la conductivi-
dad de las membranas. Estos ensayos confirmaron las mayores densidades de corriente
y menor crossover de las membranas infiltradas frente a la membrana de sSEBS. De
hecho, mayores tiempos de infiltración conducen a mejores resultados, siendo desta-
cable en particular las actuaciones obtenidas con la membrana infiltrada durante 40
min, tiempo máximo de infiltración. Además, las mencionadas membranas h́ıbridas
obtuvieron menores densidades de corriente de crossover que el Nafion R© 112.
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La herramienta de diseño desarrollada, los materiales poliméricos estudiados con su
correspondiente recubrimiento metálico, los electrodos preparados y las membranas
h́ıbridas ensayadas posibilitan una mejora de las caracteŕısticas de las DMFC en términos
de densidad de potencia, potencia espećıfica, consumo de combustible y coste, todo lo
cual, podŕıa contribuir a lograr una mayor implantación comercial de este tipo de pilas
de combustible.
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Abstract

Direct methanol fuel cells (DMFCs) show outstanding advantages over internal com-
bustion engines in terms of simplicity, modularity, greenhouse emissions and pollutants,
levels of vibrations and noise, reliability and efficiency. Despite all this, some issues
linger, thereby limiting the wide commercialization of this technology for different pur-
poses such as portable applications or in vehicles with low power demands such as
unmanned aerial vehicles (UAVs) or autonomous underwater vehicles (AUVs). Among
these aspects are included the high fuel consumption and the low power densities and
specific power of the stacks, as well as the high cost, fundamentally associated with
catalysts and membranes, and the high methanol crossover through the membrane
that constrains the efficient methanol use and the general performance of this type of
fuel cells. The aim of this doctoral dissertation is to address these issues from differ-
ent design-oriented approaches, in order to improve the potential commercialization of
DMFCs.

An insufficiently studied subject in the field of DMFC is the influence of the stack con-
structive parameters on their power density, their specific power and their methanol
consumption. In the same manner, the optimization of these parameters in a system-
atic way from early design stages to enhance the general performance of the stacks has
not been tackled in depth either. In this sense, in this doctoral dissertation a computer-
aided automatic design system has been developed in order to optimize the constructive
parameters of DMFC stacks from early stages of the design, demonstrating the sub-
stantial influence these parameters play on mass, volume and methanol consumption.
Likewise, it is highlighted the importance of properly assigning the weights of the func-
tions to be optimized based on the application to which the stack is intended. Thus,
within the Pareto front of optimal solutions for the design of a 230 W stack, and as-
sociated only with the variation of constructive parameters, there may be variations
greater than 10 %, 18 % and 6 % in terms of power density, specific power and methanol
consumption, respectively.

One of the constructive parameters with the greatest influence on specific power and
power density identified by the developed design system is the material of the bipolar
plates (BPs). The reason is that this component may represent more than 80 % of the
total stacks mass and practically all of its volume. In order to reduce the mass and
general cost of the DMFC stacks, the selection of the most appropriate thermoplastic
materials to be used as BPs of DMFC stacks with different applications has been carried
out. In this context, 7 different polymers have been investigated, namely, ABS, CPE,
CPE+, Nylon, PC, PLA y TPU 95A. To solve these material selection problems, four
multi-criteria decision-making techniques have been implemented: TOPSIS, COPRAS,
SAW and AHP. These methods are derived from decision-making theory widely used in
material selection problems. However, these methods require as input information data
adequately describing the performance of the corresponding materials in the application
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under study. For this reason, long-term experiments have been conducted with the
cited polymers in a simulated environment that reproduces the conditions in a DMFC.
According to these long-term experiments, PLA undergoes extreme degradation in a
very short period of time, thereby preventing its use in DMFC. On the contrary, ABS
and PC are, based on the decision-making methods, the preferred materials for the
three proposed DMFC applications: stationary, small portable devices and UAVs.

Nevertheless, the two selected thermoplastic materials are not conductors of electricity,
which is an essential functional requirement to be used as BPs. In order to provide
this characteristic to the potential BPs, two methods of metal deposition have been
analyzed: the electroless Ni deposition by hydrophobic interaction and the physical
vapor deposition of Au by sputtering. By means of immersion in a simulated DMFC
environment, the Au sputtering deposits have been found to be significantly more
durable than electroless Ni deposits. In this way, different Au deposition times have
been investigated in terms of contact angle, concluding that longer deposition times
give rise to more hydrophobic surfaces with better results in the case of ABS.

Another DMFC component notably related to the aspects to be improved previously
described are the electrodes. In this case, Pt electrodes have been developed by means
of Pt-Cu pulsed electrodeposition with subsequent reoxidation of Cu so that a porous
structure with a high electrochemical surface area (ECSA) is generated. Such a tech-
nique derives from the literature research conducted on glucose fuel cells where it is
a widely used technique, particularly on the development of implantable glucose fuel
cells. For the sake of optimizing the Pt deposition and increase the catalyst utilization
factor, three parameters of the deposition process have been studied: the concentration
of sulfuric acid, the stirring over deposition process and the reduction pulse length.
Through the estimations associated with the hydrogen adsorption area of the cyclic
voltammograms, it has been verified the great influence of the sulfuric acid concentra-
tion and the transport processes on the roughness factor, the mass of Pt deposited and
the electrochemical surface area. Higher ECSAs were achieved when low sulfuric acid
concentrations and an unstirred deposition solution were used.

Finally, the potential application in DMFCs of different sulfonated styrene-ethylene-
butylene-styrene (sSEBS) membranes modified by the direct infiltration of a zirconia
phosphosilicate gel has been studied. These membranes were prepared jointly by the
ENAP and SGEG groups belonging to Spanish National Research Council. SEBS is a
very affordable raw material, i.e. its use could reduce the total cost of DMFC stacks,
but it is subjected to severe mechanical and dimensional limitations, hence the need
to infiltrate said polymer to improve its characteristics, especially to reduce methanol
crossover. To determine the potential of these membranes in DMFCs, polarization
curve, limiting crossover current density and impedance tests have been carried out.
The latter in order to figure out the conductivity of the membranes. These tests
confirmed the higher current densities and lower crossover of the infiltrated membranes
compared to the pure sSEBS membrane. In fact, longer infiltration times led to better
results, being particularly noteworthy the performances obtained with the membrane
infiltrated over 40 minutes. In addition, these hybrid membranes achieved lower limiting
crossover current densities than commercial Nafion R© 112, highlighting its potential use
in DMFCs.

The design tool developed, the polymeric materials studied with their corresponding
metallic coating, the electrodes investigated and the hybrid membranes tested make
possible to improve the characteristics of the DMFCs in terms of power density, specific
power, fuel consumption and cost; all of which could help to achieve a wide commer-
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Ingenieŕıa Termodinámica - 10 CNIT (ISBN: 978-84-9144-044-4), pp. 140-141,
28-30 June 2017, Lleida, Spain.
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1. Ó. Santiago (70 %), M. Aranda-Rosales (12 %), M.A. Raso (4 %), T.J. Leo (7
%) and E. Navarro (7 %). Aero-Marine DMFC designer. M-002983/2018. Uni-
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Raso. Analysis of the installation of a PEM fuel cell in a harbor tugboat. Pro-
ceedings of 21st World Hydrogen Energy Conference 2016 - WHEC 2016 (ISBN:
978-84-617-6673-4), pp. 968-969, 13-16 June 2016, Zaragoza, Spain.
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ṁ Mass flow rate x−i
Decision matrix minimum value
for jth cost criterion

matBP Bipolar plate material xij

Decision matrix value
corresponding to alternative
i and criterion j

matEP End plate material yij
Weighed normalized matrix in
COPRAS technique



xxviii GLOSSARY

matSC Fastening system screw material za
Electron moles per mol of
methanol

M Molar mass zc
Electron moles per mol of
oxygen

Mt,max Maximum screw torque Z
Pairwise comparison matrix in
AHP technique

MSI
Material suitability index in
AHP technique

%S
Percentage change in sample
surface

Mx Fastening system screw metric %T
Percentage change in sample
thickness

nd Electroosmotic drag coefficient

Subscripts

a Anode im Inlet manifold

air Air m Membrane

b Bolt m Mixture

bl Backing layer MeOH Methanol - water mixture

c Cathode om Outlet manifold

ch Channel oxi Oxidant

cross Crossover Pt Platinum

dim Dimensinless s Serpentine

dis Disolution st
Total cross-section area of
parallel serpentine channels

dry Dry conditions wet Wet conditions

H2O Water

Greek simbols

α
Relative stack mass weight in
design function

σ Collision diameter

β
Relative stack volume weight in
design function

σTP
Membrane through-plane proton
conductivity

γ
Relative stack fuel consumption
weight in design function

τ
Straight section and radius ratio
in a manifold



xxix

δ Bipolar plate channel depth τw Shear stress with manifold wall

ε Characteristic reactant energy φ Relative humidity

θ Design function value ϕij

Interaction parameter of
component i with j in a
mixture

κ Boltzmann constant χMeOH Methanol concentration

λ Eigenvalue of a matrix Γ Electrode base to height ratio

µ Viscosity ∆h
Outlet elevation respect to the
inlet in a serpentine channel

µb Friction coefficient ∆xim Cell pitch

ν Poisson coefficient Ωu Collision integral

ξ
Channel and rib width ratio in a
bipolar plate

Ω+ Beneficial criteria set in a
decision matrix

ρ Density Ω− Cost criteria set in a decision
matrix

Abbreviations

AA Aluminum Alloy MC Mesoporous Carbon

ABS Acrylonitrile Butadiene Styrene MEA Membrane Electrode Assembly

AEM Anion Exchange Membrane MCDM Multi-Criteria Decision-Making

AFM Atomic Force Microscopy MCS Multi-Channel Serpentine

AHP Analytical Hierarchy Process MOR Methanol Oxidation Reaction

ASHRAE
American Society of Heating,
Refrigerating and Air-
Conditioning Engineers

MV Methyl Viologen

ATR Attenuated Total Reflectance MWCNT Multi-Walled Carbon Nanotubes

AUV
Autonomous Underwater
Vehicle

NW Nanowire

BP Bipolar Plate NY Nylon

CEM Cation Exchange Membrane OCV Open Circuit Voltage

CFD Computational Fluid Dynamics ORR Oxygen Reduction Reaction

CL Catalyst Layer PAA Poly (Acrylic Acid)

CNF Carbon Nanofiber PAH Poly (Allylamine Hydrochloride)



xxx GLOSSARY

CNT Carbon Nanotube PBS Phosphate Buffered Saline

COPRAS
Complex Proportional
Assessment

PC Polycarbonate

CoPc Cobalt Phthalocyanine PCB Printed Circuit Board

CPE Copolyester PEEK Poly (Ether Ether Ketone)

CSIC
Spanish National Research
Council

PEM Proton Exchange Membrane

DC Direct Current PEMFC
Polymer Exchange Membrane
Fuel Cell

DEFC Direct Ethanol Fuel Cell PFSA Perfluorosulfonic Acid

DMA Dynamic Mechanical Analysis PGF Porous Graphene Foam

DMAB Dimethylamine Borane PGM Platinum Group Metals

DMFC Direct Methanol Fuel Cell PLA Polylactic Acid

DoE
United States Department of the
Energy

PP Polypropylene

ECSA Electrochemical Surface Area PS Polystyrene

EGFC External Glucose Fuel Cell PVA Poly (Vinyl Alcohol)

EIS
Electrochemical Impedance
Spectroscopy

PVD Physical Vapor Deposition

ELAMAT
Electrochemical Applications of
Materials research group

RF Roughness Factor

ELECTRE
ELimination Et Choix
Traduisant la REalité
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Chapter 1

Introduction

General environmental awereness is growing, and in particular regarding global warm-
ing caused by the emission of greenhouse gases [1]. In this sense, a deep and continuous
technological commitment is looking for and developing new environmentally friendly
power sources. Among the different technology options, fuel cells, electrochemical de-
vices that directly convert chemical energy stored in the fuel and oxidant into electrical
energy, are at the forefront of these promising and innovative technologies. In this way,
this kind of power sources are evolving from research laboratories, thereby reaching a
more commercial stage in which fuel cells begin to be readily-available to users.

Some of the advantages of fuel cells when compared with internal combustion engines
comprise simplicity, modularity, less or no contamination, higher reliability and effi-
ciency as well as lower levels of vibrations and noise. Similarly, this technology exhibits
in general higher specific energies than those of batteries and additionally, unlike bat-
teries, fuel cells can produce electricity as long as the corresponding reactants are
supplied. These features give fuel cells enormous growth potential as they are highly
versatile and scalable devices that can be used in very different fields. In this regard,
this technology has been successfully tested, at least as prototype, in a wide range of
applications, such as transport with networks of public fuel cell buses in cities as Lon-
don [2,3]; a fleet of fuel cell taxies in Paris [4]; thousands of private vehicles around the
World [5]; the promising use of the technology for the descarbonisation of the freight
industry [6–8] or its use in maritime field in ships and autonomous underwater vehi-
cles (AUVs) among others [9–11]. In addition, its application in other sectors has also
been verified, such as stationary power supply, backup and portable devices [12], e.g.,
laptops, external chargers, mobile phones or headphones. In the case of aeronautical
applications, nowadays unmanned aerial vehicles (UAVs) are experiencing, owing to
the technical advances, a huge increase in their use due to the emergence of new and
potential uses of these platforms, such as ecosystems study [13, 14], delivery [15, 16],
surveillance [17], agricultural management [18], inventory [19] or inspection [20, 21].
One of the aforementioned advances is the increase in endurance so that it can increase
the functionalities of UAVs. At this point, the use of fuel cells as power plant of UAVs
has repeatedly made it possible to expand the maximum endurance of these vehicles,
breaking various records and proving that they are a real option compared to batteries
and internal combustion engines [22]. This increase in the endurance allows UAVs to
carry out more complex missions [23,24].

Among all the types of fuel cells, polymer exchange membrane fuel cells (PEMFCs),
using hydrogen as fuel, are the most studied, tested and suitable alternative for many
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of the described applications [25,26]. Nevertheless, hydrogen as fuel still presents some
challenges and limitations because of its difficult handling and management as well
as the current lack of the required distribution infrastructure and its not fully solved
storage [27]. These problems are accentuated in the case of small and portable devices
in which standarization is complex. Accordingly, the use of alternative fuels, such as
methanol, ethanol or glucose, is also being investigated to feed fuel cells.

Particularly, methanol, as a liquid fuel at room pressure and temperature, shows a
really simple storage and refuelling, in the same line of other liquid fuels under room
conditions, in such a way that its handling is notably easier than that of hydrogen [28].
Likewise, the methanol storage, unlike hydrogen, does not involve bulky pressure tanks,
thereby diminishing the total volume and weight of the power plant. In addition, the
storage tanks, given the liquid state of methanol under room conditions, can take
different shapes, adapting to the free spaces of the system, which is an advantage over
the bulky cylindrical hydrogen tanks [25, 29, 30]. In this way, it is possible to achieve
more compact systems.

One of the main problems derived from the use of methanol is that its complete oxi-
dation produces CO2, one of the main greenhouse gases, which could punish its use.
Nevertheless, just as there is a green hydrogen economy, the so-called green methanol
economy has also been set out. According to this paradigm, methanol would be pro-
duced by renewable energy from green hydrogen and CO2, ideally captured from the
atmosphere [31]. Thus, when methanol is oxidized at the end-use point, its emissions
can be considered neutral. The environmental impact could be even less if the CO2

emitted at the end-use point were captured and later stored or used for the generation
of high added value chemical compounds such as methanol itself or dimethyl ether.
In this sense, it should be noted that world methanol production has grown in recent
years with a production exceeding 100 million metric tons in 2018 and a year-on-year
growth of 7 %. In fact, its market potential for 2026 has been estimated at 91.5 $
billion globally [32].

Typically, methanol in the field of fuel cells is directly supplied to the anode side of
direct methanol fuel cells (DMFCs) that are similar to PEMFCs, but using methanol
as fuel instead of hydrogen. DMFCs have a lower power density and specific power
than those of PEMFCs, which has caused that this technology has not been widely
adopted so far. However, DMFCs could compete with PEMFCs and even provide
advantages that ultimately favor their selection in different potential applications such
as portable devices, backup power plants or industrial uses as forklifts [33–35]. In
fact, their strengths have also been validated in highly challenging applications. For
example, on board of an UAV [36] or in the investigations that pose their integration as
a power plant for AUVs [37]. Depending on their purpose, two types of DMFCs have
been explored, passive and active DMFCs. The former ones can produce power in the
order of some watts [38–40], while in the latter the power values range from 50 W to
500 W approximately [41–43].

Even so, DMFCs still show a series of outstanding problems that drag them out and
hinder their wide commercialization. Among the best-known problems previously re-
ported are the high cost of the components used, mainly catalysts, membranes and
bipolar plates (BPs), as well as the high crossover through the membrane that reduces
fuel utilization and decreases the overall performance. In this sense, in recent years,
notable efforts have been focused on the research of different substrates and synthesis
techniques to reduce the Pt loading, in both anodes and cathodes, and improve their
electrochemical performance [44,45]. In the same way, new catalyst systems have been
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developed without Pt and other noble metals in order to drastically reduce the cost
of electrodes [46]. Regarding the membranes, modifications of the typical Nafion R©

membranes and new polymeric and hybrid membranes have been proposed as potential
options to maximize the methanol use and reduce the crossover [47–49]. The achieve-
ment of a homogeneous distribution of the reactants on the corresponding catalytic
layers, as well as the removal of the reaction products, has also been a notable concern.
For this reason, different fluid field patterns, the influence of operating and structural
parameters on the performance of the cell and the behavior of two phase-flow have been
broadly investigated [50–53].

In addition to the typical features aforementioned as limitations for the commercializa-
tion of DMFCs, the volume or power density, mass or specific power and fuel consump-
tion of the fuel cells are also key factors that, from an engineering point of view, can
determine the feasibility of these devices in certain applications. Both electrodes and
membranes characteristics affect these three factors in some way, but they also depend
heavily on the design of the stack, i.e., on the shape of the plates, dimensions of the
channels and manifolds, materials of bipolar plates, end plates and screws, among oth-
ers. Certainly, some of these structural parameters have been previously studied but
not jointly in order to make decisions about the stack design. An increase of the power
density and specific power and a simultaneous decrease in fuel consumption would open
this technology to other applications. However, assuming a constant design power and
that the electrodes and membranes have already been selected, the optimization of
these three factors is a trade-off: they can not be optimized simultaneously. Therefore,
it is essential to correctly design the stack for the corresponding application, choosing
the weight of each factor in the design. In this sense, it is not the same to design
a stack for a stationary application than for using it on board of an UAV, since the
requeriments in terms of the importance of mass, volume and fuel consumption are
completely different.

In this context, although several DMFC stacks and single-cells have been already as-
sembled and tested by different research groups and companies [42,54–56], and despite
the significance of the whole stack design to enhance the feasibility and performance
of this technology, the research and development of preliminary design methodologies
and stack optimization as a function of its constructive parameters in order to improve
the power density, the specific power and the methanol consumption is scarce. Only
a few partial conceptual/preliminary design methodologies of power systems based on
DMFC [57–59] and optimization methods of operating parameters have been devel-
oped [60], but limited progress has been made in the comprehensive optimization of
the stack construction parameters [61,62]. It should be noted that there are abundant
works that analyze, either experimentally or through numerically resolved models, the
influence on the performance of various construction parameters such as bipolar plate
materials, flow patterns or the width of channels and ribs. But they do not take into
account their influence on the whole stack design. Therefore, it seems necessary to
develop tools for the optimization of DMFC stack designs.

In engineering, the early stages of a product design are the most important for the
achievement of the project, i.e., the stages of conceptual and preliminary design. There
is a great consensus in defining these early stages as critical since the decisions made in
them have a great impact on the final result in terms of cost, reliability and performance
of the final product. In fact, the errors made in these stages are propagated to the
subsequent ones, meaning that in the worst case they may be impossible to solve later or
their solution require a high cost. Therefore, due to the great impact of design decisions
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in these early stages, it is during them that there is the opportunity to achieve optimal
designs based on the requirements of the corresponding product. In this way, the
potential tool should be focused and be useful in these stages, so as to facilitate decision-
making based on a solid analysis of the options. However, this tool must consider and
be able to manage in time the peculiarities of these stages, such as modifications of the
requirements over time, uncertainty of the values or directly the lack of information. A
possible strategy to deal with these problems is to develop a tool that is agile enough
so that the characteristic time of the changes typical of these design stages is much
larger than the run time of the tool.

Within this general context, one of the main aims of this doctoral dissertation is the
design and development of a computer-aided automated design tool to quickly opti-
mize the constructive parameters of direct methanol fuel cells in the conceptual and
preliminary design stages by minimizing a multicriteria design function that includes
mass, volume and methanol consumption of the stack under design. In addition, in
order to include all the technical fields involved in the design and production chain,
concurrent design strategies are applied, so that the tool takes into account all these
fields and the corresponding experts can adapt the values in order to ensure the correct
operation of the final design. In this way, the knowledge of experts in different fields is
available from the first stages of the design, thereby accelerating the design process and
preventing future errors that would require returning to previous stages of the design to
be solved. Such a tool allows optimizing the stack design, after selecting the membrane
and electrodes, based on the definition of a set of design requirements, the input of at
least one characteristic polarization curve typical of the bipolar plate material, and a
set of ranges for the definition of variables and constraints. In addition, in order to
carry out the optimization, the decision maker is required to indicate the weight that
each factor (mass, volume and fuel consumption) must take for the specific application
under study. The solution of the optimization problem, carried out using genetic algo-
rithms, requires only a few minutes for each case (3 - 5 min). Therefore, different cases
can be quickly studied by modifying, for example, the power requirement or the weight
of the different factors in order to study different alternatives. The pareto frontier of
the optimization problem can even be obtained, so that the decision maker can decide
which preliminary design is the most suitable for the application under study.

According to the case studies carried out with the developed tool as well as the litera-
ture, the components that have the most influence on the power density and the specific
power are the bipolar plates. These may represent up to 80 % of the total mass of the
common stack, practically 100 % of its volume and also the 30 % of its cost [63–66].
Additionally, through the studies carried out with the preliminary design tool, it is con-
cluded that for certain applications it could be more useful to use a lighter material for
the bipolar plates despite the fact that it may present a worse performance. Currently,
graphite and metallic materials, mainly stainless steel, titanium and aluminium, are
used for BPs. However, these materials limit the maximum achiavable specific powers
and power densities. In the case of graphite, normally bulky plates are required and it
is also worth highlighting the brittleness problems it presents. While metals are very
heavy materials, and they also show corrosion problems. Thus, new materials for bipo-
lar plates are under investigation, among which are the polymers that could be used
directly as plates, as a matrix of composite materials or as inserts in bipolar plates
of other materials in order to lighten them. In particular, in this thesis dissertation,
seven thermoplastic polymers are tested under simulated conditions and subsequently
the most appropiated ones for three different applications are selected by means of four
multi-criteria decision-making methods.
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Afterwards, and since thermoplastic materials are generally poor conductors of elec-
tricity, two different coating techniques are studied to provide electrical conductivity
to the most suitable materials selected in the previous stage. The corresponding two
techniques are the electroless Ni coating based on hydrophobic interaction and the Au
sputtering.

Finally, the potential use in DMFC of new polymeric hybrid membranes with an or-
ganic base of styrene-ethylene-butylene-styrene and using 40SiO2-40P2O5-20ZrO2 as an
inorganic compound is studied. Such membranes have been prepared by the Energetic
Applications (ENAP) and Sol-Gel Energy Group (SGEG), groups belonging to the
Spanish National Research Council (CSIC, Consejo Superior de Investigaciones Cien-
tificas in its Spanish acronym). The objective with these new membranes is to curb the
methanol crossover, thereby increasing the fuel utilization, as well as reducing the cost
of this core element for the operation of the fuel cells. For that purpose, these hybrid
membranes are assessed by single-cell tests, obtaining the corresponding polarization
curves, through plane conductivities by electrochemical impedance spectroscopy and
crossover limiting current densities. In the same way, given the importance of catalysts
in the design of fuel cells, the preparation of cathodes for DMFC is also considered
by adapting a pulse electrodeposition technique previously applied for the preparation
of catalyst layers for implantable glucose fuel cells [67–70]. In particular, the tech-
nique involves the joint deposition of Pt and Cu and the subsequent reoxidation of Cu,
repeating these two steps successively. This approach aims to obtain porous Pt struc-
tures with a high electrochemical surface area, so that with a low Pt loading suitable
performance is achieved. In this way, the cost could be reduced and the performance
improved, which finally could also result in an improvement in the power density and
the specific power.

Therefore, this thesis dissertation focuses on studying different aspects related to the
design of the DMFC. On the one hand, the design of a stack and the optimization of its
construction parameters, assuming that the electrodes and the membrane have been
previously selected, in order to minimize a multi-criteria design function that includes
mass, volume and consumption of methanol, as main factors. On the other hand,
alternatives are proposed and studied for three of the main components of the stack,
specifically materials for bipolar plates in order to increase specific power and power
density, new membranes to reduce crossover and a technique for preparation of the
catalytic layer of the cathodes in order to minimize the catalyst load and enhance its
performance. Thus, the improvement of these three elements would therefore result in
an improvement of the power density, the specific power, the fuel consumption or a set
of them. Therefore, these components also influence the design of the DMFC stacks. In
fact, to optimize the design of a stack, there must be several alternatives for each of the
components from which to select the ones that are finally used. The presence of new
alternatives can thus lead to better designs for specific applications. Thus, this thesis
dissertation addresses the design of DMFC stacks from different approaches, both from
the detail of catalysts, membranes and bipolar plate materials, to a more engineering
and holistic view of the stack design as systems.

In addition to this first introductory chapter, this thesis dissertation consists of 4 more
chapters. The second chapter, “State of the art”, is a study of the background of both
methanol fuel cells and glucose fuel cells in their different uses. An extensive study
of the state of the art of the latter is included due to the competence and advantage
that in certain fields they could have with respect to methanol fuel cells, the unknown
of the subject, and because the catalyst preparation technique applied was previously



6 CHAPTER 1. INTRODUCTION

developed for the preparation of electrodes for this type of fuel cell. The third chap-
ter, “Materials and methods”, describes the mathematical models, materials, methods,
techniques and set-ups used. In the fourth chapter, “Results and discussion”, a detailed
analysis is made of all the developments carried out both in the design tool and in the
material studies for bipolar plates, membranes and electrodes. This thesis dissertation
is concluded with a chapter, “Conclusions and future works”, that collects the conclu-
sions of all the work presented and exposes future work in the different studied research
areas.



Chapter 2

State of the art

2.1 Direct methanol fuel cells

Direct methanol fuel cells (DMFCs) arise as an alternative to hydrogen fuel cells in those
applications in which fuel storage, handling or availability could be a problem, as long
as DMFCs could supply the required power. A clear example is the use of low power
DMFCs as power source for small and portable devices, such as laptops, smartphones,
unmanned aerial vehicles or military equipment, in which the methanol accessibility
and handling is easier for users than hydrogen. In this sense, as liquid fuel under
ambient conditions, its transport is also simpler than hydrogen. In addition, customers
are more used to using liquid fuels due to its similarities with other common fuels, such
as petrol or diesel, overcoming in this way the possible feeling of rejection that hydrogen
can generate. Besides, it should be noted that the energy density of methanol, 15.8
GJ·m−3 (4.4 kWh·l−1), is notably higher than that of compressed hydrogen at 700 bar,
4.7 GJ·m−3 (1.3 kWh·l−1), with 700 bar being one of the most widely applied pressure
standards for compressed hydrogen. Therefore, this can be a significant advantage from
the point of view of fuel transport, also requiring less sophisticated storage systems.

The use of DMFCs could increase in the future boosted by the green methanol economy,
in turn driven by the green hydrogen economy, as well as the expected increase in its
global production. In fact, between 2014 and 2019, the demand for methanol experi-
enced a year-on-year growth of 6 % [32]. Although currently the price of green methanol
continues to be dominated by the high price of renewable hydrogen, the forecasts point
to a drastic reduction in the price of renewable hydrogen over the next decade, which
would in turn lead to a reduction in cost of renewable methanol. Furthermore, the
incentives proposed for the capture of CO2 at an industrial level and its subsequent
use would also reduce costs. In this regard, there are currently several large-scale pilot
plants for the production of methanol from captured CO2 and hydrogen produced from
electrolysis with the use of renewable energy. In Europe, in particular, there is one in
Iceland, with a production capacity of 4000 tons of green methanol per year [71].

2.1.1 General operation

Liquid feed DMFCs are a variation of the usual PEMFCs, in which a methanol aqueous
solution is supplied to the anode instead of hydrogen, Figure 2.1.1. Thus, the methanol
is oxidized at the anode producing carbon dioxide as main product as well as releasing

7
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electrons that flow through an external circuit and protons, typically cation exchange
membrane is used, which cross the membrane to the cathode. At the same time,
oxygen is reduced at the cathode side, where the electrons and protons generated at
the anode take part. This oxygen reduction reaction produces water as product. The
main electrochemical reactions of a DMFC, assuming an acidic electrolyte, are shown
in eqs. 2.1.1-2.1.3

Oxidation : CH3OH + H2O −→ CO2 + 6H+ + 6e− (2.1.1)

Reduction :
3

2
O2 + 6H+ + 6e− −→ 3H2O (2.1.2)

Overall : CH3OH +
3

2
O2 −→ CO2 + H2O (2.1.3)

R
O2 / Air

H2O

CH3OH

CO2

1 2 3 4 5

Proton Electron

Figure 2.1.1: Basic operation sketch of a DMFC. 1 - Anode side. 2 - Anode.
3 - Proton exchange membrane. 4 - Cathode. 5 - Cathode side.

Based on this redox reactions, the standard potential of a DMFC at 25 ◦C is 1.20 V.
It should be noted that although carbon dioxide is the main product of the methanol
oxidation reaction (MOR), various studies have also detected other components as
minor products, such as formaldehyde (HCHO), methylformate (HCOOCH3), formic
acid (HCOOH) and carbon monoxide (CO) [72, 73]. However, CO2 is by far the main
product in liquid feed DMFCs.

There are basically two types of DMFCs: active cells and passive cells. In the active
DMFCs there is a convective transport of the methanol, thereby improving the trans-
port to the catalyst layer and in general leading to higher performance. Conversely,
the second type bases the transport of reactants to the catalyst layer only on diffusion
phenomena. In this way, the passive DMFCs do not need pumps, preventing their
electrical consumption, and normally use higher methanol concentrations, in the range
of 5 M - 10 M, than those supplied to active DMFCs, normally between 0.5 M - 3 M.
However, it is hard to obtain a power higher than 10 - 20 W with passive ones. For this
reason, this analysis of the state of the art is mainly focused in active DMFCs, since
they have a broader potential field of applications.
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DMFCs consist of different components, the main ones being: membranes, electrodes,
bipolar plates and end plates. As can be seen in Figure 2.1.2, all of them play a
fundamental role in the design of a DMFC. Furthermore, the processes and principles
followed in the design of these devices also have a special relevance. In the next sections
a literature review on all these topics is carried out.

Membranes

Electrodes

Bipolar plates

Design
Procedure

End plates

Main aspects in the design of a DMFC

Figure 2.1.2: Main aspects in the design of a DMFC.

2.1.2 Membranes for direct methanol fuel cells

Nowadays, proton exchange membranes (PEMs) are the most used membranes in DM-
FCs, in particular the perfluorosulfonic acid (PFSA) membranes, such as Nafion R©

synthesized and produced by DuPont. Typically, Nafion R© is selected due to its high
thermal and chemical stability, outstanding mechanical strength and high proton con-
ductivity [74, 75]. This kind of membranes shows a polytetrafluoroethylene backbone
with perfluoro-alkyl ether sulfonate side chains, Figure 2.1.3a. The former gives it
the aforementioned chemical and thermal stability as well as the good mechanical re-
sistance, while the good proton conductivity is due to the presence of sulfonic acid
groups at the end of the side chains, which is typically ionized as -SO−3 and H+. These
-SO−3 groups tend to cluster within the basic structure of the membrane, leading to
a high defined morphology with separated microphases organized in hydrophilic and
hydrophobic domains, Figure 2.1.3b. Hydrophobic regions are formed by the polymer
backbone, while the hydrophilic regions are formed by the clusters and the channels
that join them. Accordingly, water molecules inside the membrane are distributed along
these hydrophilic regions, thereby improving the proton mobility. Therefore, water is
primarily involved in the hydration of SO−3 groups present in the Nafion R© structure
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while excess water fills the ionic clusters, Figure 2.1.3b.
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Figure 2.1.3: a) Nafion R© chemical structure; b) Model of proton transport
proposed in which hydrophobic and hydrophilic regions can be identified.

Such is the importance of hydration in this type of membrane that Nafion R© mem-
branes are only capable of transporting protons in the presence of water. Indeed,
proton conductivity decreases as the water content inside of the membrane, expressed
as the number of water molecules per SO−3 group, decreases, [76]. This dependence of
conductivity on water content is due to the fundamental role of water molecules in the
main mechanisms of proton transport within the membrane, Figure 2.1.3b. These are
the Grotthuss and the vehicle mechanisms. The Grotthuss mechanism is based on the
creation and cleavage of hydrogen bonds between water molecules and protons, thereby
resulting in a hydrogen-bonded network [77]. Consequently, when a hydronium (H3O+)
releases a proton, this is solvated right away by other close water molecule forming a
hydrogen bond. Then, the formed hydronium would release a proton, and so on. This
process forms a chain of water molecules through which the proton is conducted from
the anode to the cathode. On the other hand, the protons in vehicle mechanism move
through the aqueous medium inside the Nafion R© hydrophilic channels attached to other
molecules in the medium, the vehicles, in this case typically H2O molecules in the form
of H3O+, H5O2

+, etc. [78].
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In this context, one of the main limitations of membranes for DMFC, and in particular
Nafion R©, is the crossover of fuel from the anode of the fuel cell to the cathode through
the membrane, phenomenon typically known as crossover [79, 80]. The crossover is
detrimental to fuel cell general performance as it is a waste of methanol [81–83]. Addi-
tionally, the methanol permeating the membrane reacts directly with the oxygen on the
cathode catalyst layer, causing a mix potential between those of oxygen reduction and
methanol oxidation, and therefore reducing the potential of the cathode [81,82,84]. In
fact, methanol crossover is one of the main technical issues that hinder the large-scale
commercialization of the DMFCs.

The crossover is primarily caused by three driving forces [85]:

• Diffusion due to a methanol concentration gradient through the thickness of the
membrane.

• Convection caused by a pressure difference between both sides of the membrane.

• Electro-osmotic drag, which is related to the transport of methanol molecules
attached to protons.

As the current density increases, the crossover decreases since the concentration of
methanol on the anode catalyst layer decreases due to the higher reactant consump-
tion. Apart from that, a higher pressure on the anode side than on the cathode side
also worsens the methanol permeation issue. Given a membrane material, the prepa-
ration of a thicker membrane leads to lower crossover, but also causes a higher ohmic
overpotential because of the higher resistance [86].

As can be seen in Figure 2.1.4, the major issue of using Nafion R© membranes in DMFC
is that, despite its excellent mechanical, chemical and thermal properties, they present
a high crossover as well as a high cost [80]. Two main options arise to overcome the
Nafion R© membrane problems in DMFCs, Figure 2.1.4. The first approach is to modify
these Nafion R© membranes, mainly with inorganic compounds, to reduce the methanol
crossover keeping constant their proton conductivity [87–89]. The second alternative is
to redesign completely the membranes, thereby synthesizing low cost polymeric PEM
with suitable proton conductivity and enhanced methanol barrier properties [90–93].
There is a third pathway, although it is of less interest, which pursues the development
of anion exchange membranes (AEMs) for DMFCs [94,95].

2.1.2.1 Modified Nafion R© proton exchange membranes

Two main strategies have been reported to improve the performance of Nafion R© mem-
branes. The first strategy consists of introducing nanoparticles [88,96], typically metal
oxides, as fillers in the structure of the base material, while the second consists of intro-
ducing two-dimensional structures formed by inorganic compounds such as aluminum,
silicon or graphene oxides [89].

The introduction of nanoparticles in Nafion R© membranes in order to enhance the bar-
rier effect against methanol usually has as a counterpart the reduction of proton con-
ductivity, since these nanoparticles also apply a barrier effect against the transport of
protons by means of the vehicle mechanism, Figure 2.1.5. However, the metal oxide
nanoparticles can be functionalized in many ways as a mean to bond different functional
groups, e.g., sulfonate groups, in its surface to prevent an excessive proton conductivity
reduction. In this way, by functionalizing the filler, the aim is to improve the proton
conductivity due to the Grotthuss mechanism, compensating, as far as possible, for the
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Nafion® Membranes

• Crossover
• Cost

• Mechanical strength
• Chemical properties
• Thermal properties
• Proton conductivity

Alternatives

Modified
Nafion® 

Membranes
New PEM 

Membranes

Anion
Exchange 

Membranes

Figure 2.1.4: Advantages and disadvantages of Nafion R© membranes and
alternatives.

loss of conductivity due to the vehicle mechanism. In addition, owing to the hygro-
scopic nature of this type of nanoparticle and its high thermal stability, it is possible
to operate at higher temperatures, up to 120 ◦C - 140 ◦C, than those supported by
Nafion R© while offering an acceptable conductivity [97].

In the case of including 2D structures within the membranes, a very important aspect is
to achieve a wide exfoliation of the filling material layers, preventing them from clump-
ing together or stacking up [98]. Besides that, those layers must be oriented according
to the membrane plane for the purpose of getting the highest possible barrier effect
against methanol crossover as well as the best mechanical features. As in the previous
case, a significant reduction in proton transport by the vehicle mechanism is expected.
Thus, a correct functionalization of the filler surface by hydrophilic acid groups, such
as sulfonic, hydroxy or carboxyl groups, is required to improve the proton transport
by the Grotthuss mechanism, compensating the reduction in the vehicle mechanism.
Accordingly, an adequate proton conductivity can be maintained while the crossover is
significantly reduced. Among the most studied options as fillers, it is worth mentioning:
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Figure 2.1.5: Model of proton transport in Nafion R© membrane modified
with nanoparticles.

aluminosilicate [96, 99], zirconium phosphate [100, 101], silica [88] and graphene oxide
(GO) [89, 102]. Actually, the latter is receiving a lot of attention as a potential filler
to improve the properties of Nafion R© owing to its excellent properties. GO presents
a large surface area combined with an exceptional mechanical and chemical stability
and outstanding methanol barrier properties. Additionally, it has various functional
groups with presence of oxygen, such as epoxy, hydroxy and carboxylic groups, capable
of supporting terminal sulfonated groups which leverages the uptake and retention of
water molecules by GO, thus improving proton conductivity.

Therefore, through the application of these strategies, a slight reduction of the proton
conductivity with respect to Nafion R© is expected due to a limitation of the vehicle
mechanism. However, these kinds of membranes show better performance at high
temperature as a result of the greater thermal stability and the hygroscopic nature of
the filling structures, enhancing the water retention. Similarly, mechanical properties
and dimensional stability of these hybrid membranes are also improved. Furthermore,
the introduction of the nanoparticles or the 2D structures causes a notably reduction
of methanol crossover takes place because of an increase in the tortuosity inside the
membrane. Although, this increase in tortuosity also significantly affects the proton
transport by means of vehicle mechanism.

2.1.2.2 Novel hybrid nanocomposite proton exchange membranes

The alternative exposed in the previous Section, the modification of Nafion R© mem-
branes, only addresses one of the problems of those membranes, the crossover, but
the cost issue remains unsolved. Indeed, it is accentuated with the incorporation of
new components. For this reason, the possibility of redesigning and synthesizing new
PEM membranes with enough proton conductivity, high methanol crossover resistance
and based on low-cost raw materials is gaining strength [90–93]. In this sense, various
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membranes have been synthesized using different polymers based mainly on hydro-
carbon and fluorinated polymers [103], such as sulfonated poly(vinylidene fluoride-co-
hexafluoropropylene) (SPVdF-co-HFP) [47, 104], sulfonated poly(ether ether ketone)
(SPEEK) [105, 106], sulfonated poly(ether sulfone) (SPES) [107], poly(vinyl alcohol)
(PVA) [108,109], sulfonated poly(arylene ether sulfone) [110,111] and so on, obtaining
successful results in DMFC. Likewise, blends of different polymers have also been stud-
ied, e.g., SPEEK and SPVdF-co-HFP [112,113]. Moreover, as in the case of modified-
Nafion membranes, the introduction of inorganic fillers in the polymer membrane ma-
trix leads to notably performance improvements, particularly in terms of mechanical
and dimensional stability, as well as water retention at high temperatures and crossover
reduction.

These novel hybrid composite membranes are mainly based on affordable raw materi-
als, especially the non-fluorinated polymers, which typically offer attractive chemical,
thermal and mechanical properties, although in some cases they exhibit an excessive
swelling. Usually, the polymeric membranes are subjected to a sulfonation process to
give them adequate proton conductivity. Finally organic or inorganic fillers may be
added to incorporate or improve specific properties such as the methanol barrier ef-
fect, the stability or the microphase separation. This kind of membranes emerges as a
real future alternative to Nafion R© membranes. Thus, several of the compositions have
performed better than Nafion R© in various single DMFC tests.

2.1.2.3 Anion-exchange membranes

The synthesis and use of anion exchange membranes (AEMs), the third alternative
to solve the problems resulting from the use of Nafion R© membranes, is currently less
developed than the two previous options. However, in recent times it has emerged
strongly due to the potential advantages posed by the use of alkaline electrolytes instead
of acidic ones in DMFCs. Among such benefits it should be noted [114–117]:

• Faster methanol electrooxidation kinetics. This leads to the possibility of reducing
or eliminating the need for Pt or other noble metals as a catalyst, using non-
platinum group catalysts such as Ni instead and, therefore, reducing the cost of
the catalysts. Similarly, this may result in a more compact devices owing to the
higher yield.

• Due to the relatively high pH, the corrosion problems of the components, mainly
bipolar plates, are mitigated, which in turn can lead to a lower cost as a conse-
quence of the greater simplicity and durability of the materials.

• Reduction of the methanol crossover caused by electro-osmotic drag. Since in
AEM the flow of anions through the membranes moves from cathode to anode,
in this case the electro-osmotic drag opposes the methanol crossover.

Despite the pointed out benefits, historically liquid alkaline electrolytes, such as KOH,
have not been used in DMFCs because of the problems of carbonation of the solution
caused by the presence of CO2 produced at the anode of the fuel cell. According to the
triple phase boundary model [118], for the electrooxidation of methanol to occur, it is
necessary that the catalyst, electrolyte and reactant coincide at the same point. Hence,
the CO2 formed from the methanol oxidation reaction will also be in contact with the
electrolyte in such a way that CO2 and the hydroxide will react forming carbonate ion
(CO2−

3 ) [119], following the process:
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2OH− + CO2 −→ CO2−
3 + H2O (2.1.4)

This leads to a continuous precipitation of carbonate salts and loss of the electrolyte
alkalinity, thereby reducing its lifespan. Polymeric AEMs are less susceptible toward
the formation of carbonate salts than liquid alkaline solutions because the absence of
mobile cations, but even so, this remains a concern that constrains their use. As a
consequence, the chemical stability of AEMs for use in DMFCs is a key parameter for
the correct operation and durability of the fuel cell [116,120].

Typically, the backbone of the polymeric AEM matrix must be resistant to the degra-
dation in alkaline medium. In this sense, polysulfones, poly(vinyl alcohol) or poly(ether
ketone), among other, are being widely studied as potential backbones because of their
outstanding mechanical properties and stability in alkaline medium. On the other hand
and unlike PEM, AEM normally contains cationic functional groups attached to the
polymer matrix such that the cations are repelled allowing only the transport of an-
ions, mainly OH−. However, the OH− transport mechanisms within the membrane
are rather similar to those reported previously for PEM, involving the Grotthuss and
vehicle mechanisms [121]. To provide cationic functional groups within the membrane,
facilitating the transport of anions, different cation-containing polymers have been used
such as imidazolium- [94] or quaternary ammonium-based polymers [95]. Given that
the H+ mobility in aqueous solution is higher than that of OH− [77] less diffusion of
OH− is expected and therefore less conductivity associated with the vehicle mechanism.
For this reason, to obtain conductivities similar to those of PEMs in AEM, and thus
not suffer an excessive ohmic overpotential, a higher concentration of cationic groups is
required in comparison with anion groups in PEM. Even so, currently, AEMs generally
exhibit 2 to 10 times less ion conductivity than that of PEM, assuming a Nafion R©

conductivity of 0.1 S·cm−1 as reference [117,121]. At cell level, the lower conductivity
can be compensated to some extent with lower thicknesses, taking advantage of the fact
that these membranes have a lower crossover. In this way, AEMs have been successfully
tested with thicknesses around 20 µm.

Owing to the low ionic conductivity of AEMs and the necessary involvement of the
water molecules in the charge transport mechanisms through the membrane, in the
case of AEM, the water uptake degree is a crucial parameter to achieve suitable con-
ductivities and the proper operation of the fuel cell. Nevertheless, as in PEM, an
excessive water uptake may jeopardize the mechanical and dimensional integrity of the
membrane. Therefore, it is necessary to establish a balance between ionic conductivity
and mechanical stability. Indeed, in general terms, it is convenient to ensure adequate
mechanical stability during the useful life of the membrane, even at the expense of
lower ion conductivity [114]. As in the case of PEM, it is possible to embed different
components such as siloxane or silane groups in the polymeric matrix, thereby leading
to hybrid membrane with enhanced mechanical and thermal properties [122].

Probably the most important challenge facing this type of membranes for use in DMFCs
is to achieve adequate long-term stability in environments with a high presence of
CO2, high temperature and pH. Currently, AEM membranes experience a notable loss
of their properties over time, significantly deviating from the requirements set by the
United States Department of the Energy (DoE) [116]. The degradation of the properties
may be associated with different phenomena such as the degradation of the functional
groups, the polymer backbone or the bonds between backbone and cationic functional
groups [117]. In this context, several degradation mechanisms of the cationic groups
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have been reported [117]. Among them, the CO2 levels in the DMFC anode remain
a major source of membrane performance degradation due to the carbonation of the
functional groups. This process causes an increase of the membrane resistance because
of the lower conductivity of the carbonated form, as well as a carbonate accumulation
on the anode catalyst layer. In accordance with all the above, nowadays AEMs do not
represent a real alternative to cation exchange membranes in DMFCs.

2.1.3 Electrodes for direct methanol fuel cells

Other of the essential components of a fuel cell is the electrodes, two per cell, an
anode and a cathode. These elements have as main purpose to catalyze the methanol
oxidation reaction (MOR) and oxygen reduction reaction (ORR), as well as to promote
the reactants and products mass transport to and from the catalyst layer and conduct
the electrical current from or to the external circuit, depending on the reaction, see
Figure 2.1.6. The sandwich formed by the electrodes with the membrane between
them forms the so-called membrane electrode assembly (MEA), which represents the
elementary functional unit of fuel cells.

e-

GDL ElectrolyteCL

Electrode

H+

Reactants Products Proton Electron

Figure 2.1.6: Electrode functions, example with an anode electrode. GDL:
Gas Diffsuion Layer; CL: Catalyst Layer.

The modern DMFCs usually use porous electrodes consisting of two layers, a gas dif-
fusion layer (GDL) and a catalyst layer (CL), Figure 2.1.6. By this way, functional
requirements are shared between both layers. The GDL must achieve an effective
transport of the reactants and the products to and from the catalytic layer, respec-
tively, as well as present a good electrical conductivity. On the other hand, the catalyst
lies on the catalytic layer, the main objective of which is to increase the corresponding
reaction rate.
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One of the main matters that hinder the commercial expansion of DMFCs is their
high cost caused in part by the high loadings of precious metals, basically Pt, used in
commercial electrodes, usually between 1 mg Pt·cm−2 and 4 mg Pt·cm−2 depending on
whether it is for the cathode or the anode, respectively [73, 123]. These high catalyst
loadings are associated with the sluggish kinetic rates of ORR and especially MOR
[123]. It is considered that to reduce the cost of these devices and to expand their
commercial scale the Pt catalyst loadings must be reduced to at least 0.5 mg Pt·cm−2

[124]. Additionally, in the anodes of DMFCs, Pt is prone to poisoning by the adsorption
of CO produced as an intermediate in MOR, which leads to a progressive degradation
of the electrode with time [125]. This phenomenon can also affect the cathode by means
of the methanol crossover.

However, the performances of the electrodes and in particular that of the catalysts, not
only depend on the catalyst material, but there is also an important influence of the
morphology, catalyst support, nanostructure, particle size, distribution and synergistic
effects with the possible supports of the catalyst [123, 125], Figure 2.1.7. Therefore,
there are a series of desirable guidelines common to all catalysts to achieve outstanding
performance, such as increasing the porosity of the catalysts, generating nanostruc-
tures that increase the electrocatalytic surface area or reducing the particle size. Fur-
thermore, this improvement could lead to the reduction of the catalyst load required,
thereby reducing at the same time the cost.

In this sense, great efforts are being made using different approaches to improve the
properties of the electrodes used in DMFC and at the same time reduce the problems
indicated. Among the different approaches under investigation, it is worth highlighting
the development of non-platinum electrodes, the alloy of Pt with other precious and
non-precious metals, as well as the use of modified supports and different manufacturing
techniques [46, 73, 123, 126]. A small review of the catalysts used in DMFC is carried
out below, dividing them into catalysts used in anodes and used in cathodes, and
subdividing this classification in turn into Pt-based catalyst and non-Pt catalysts.

2.1.3.1 Pt-based anode catalysts

Pt is the monometallic catalyst with the highest electrocatalytic activity towards MOR
in acidic medium, ranking above the rest of noble metals. Nevertheless, its high cost
and the poisoning issues, due to the adsorption of CO, require finding alternatives to
Pt. One of the widely applied alternatives is to introduce other metals in addition
to Pt in the catalyst. By this approach, bi- and trimetallic Pt-based catalysts are
developed, taking advantage of the characteristics of the new metals introduced and
their synergies with Pt to improve CO tolerance and reduce the Pt loading. Currently,
Pt-Ru is the most commonly commercial system used in DMFC anodes since Ru is
capable of dissociating water at low potentials, allowing complete oxidation of the CO
adsorbed on Pt, which in turn curbs the poisoning problems [123, 125]. Although the
bimetallic Pt-Ru catalyst represents the most active system for MOR while keeping
poisoning problems under control, Ru is still a relatively expensive noble metal. Hence,
the combination of Pt with other metals, such as Ni, Au, Rh, Sn or Co, has aroused
great interest to improve the performance of the anodes and reduce their cost [124].
Analogously, tri- and tetra-metallic systems based on Pt have been also tested, such as
PtRuSn [127], PtRuFe [128] or PtRuNi [129], obtaining promising outcomes.

As previously indicated, in addition to the composition of the catalyst, its morphology
in the resulting performance also plays a fundamental role [123]. In this sense, various
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synthesis techniques have been implemented to control particle size as precisely as
possible and to produce different morphologies such as core-shell [130] or mesoporous
structures [131], in such a way that the catalyst utilization factor can be maximized,
generating the largest catalytic surface area. In general, nano-structured morphologies
lead to higher activities towards MOR in such a way that the catalyst loading could be
reduced.

Another factor that has a great influence on the performance of the electrodes, and
around which there is extensive research, is the nature of the support selected for the
catalyst. Indeed, the support exhibits an essential influence on the effective utilization
of the highest possible noble metal loading [124]. In this way, they should show a
high surface area in order to obtain high electrochemical surface area (ECSA) values
and be resistant to the DMFC anode medium. Furthermore, it has been also reported
that it may affect catalyst morphology, the particle size, the catalyst dispersion, and
the long-term catalyst stability. Similarly, the supports also notably condition the
electrical conductivity, the charge transfer, the water management, as well as the mass
transport of reactants and products. Given all the factors outlined above, a wide
range of support have been explored with the aim of improving the performance of
the electrodes and reducing the catalyst loading. In this regard, the most widely used
supports so far are high conductivity carbonaceous supports such as carbon black or
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carbon fibers [132], which have adequate stability in an acidic medium and a high
surface area, Figure 2.1.8. Even so, new nano-structured supports with higher surface
areas, improved mass and charge transfer properties and suitable chemical stability have
arisen such as carbon nanotubes (CNTs), multi-walled carbon nanotubes (MWCNTs),
carbon nanofibers (CNFs), mesoporous carbon (MC), graphene or graphene oxide (GO)
[73,124,133]. Based on their enhanced characteristics, these new carbonaceous supports
have led to anodes for DMFCs with better performances.
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Other non-carbonaceous supports, especially those based on transition metal nitrides
and carbides, have performed successfully, which could lead to a notably reduction of
the Pt loading, Figure 2.1.8. In this respect, tungsten carbide shows an additional
synergistic effect in combination with Pt due to its known activity to produce methoxy
groups, while it also presents a suitable tolerance to CO poisoning [134,135]. Regarding
nitrides, titanium nitride using Pt and Pt-Ru as catalysts have shown a superior elec-
trochemical activity toward MOR than commercial electrodes owing to the optimum
particle size obtained, the good dispersion of the catalyst and also the synergetic effect
between the catalyst and the support [136–138]. In the same way, nano-structured
transition metal oxides have been also widely studied as DMFC anode supports due
to its ability to prevent the agglomeration of Pt catalyst particles, its corrosion resis-
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tance and the presence of oxygen that promote the oxidation of COads obtained as
by-product of MOR [124]. Among the possible nano-structured oxides, those with the
most promising results are TiO2 [139], WO3 [140] and SnO2 [141], which improve the
electrocatalytic activity of the anode towards MOR as has been reported.

Conducting polymers, such as polypirrole [142], polyaniline [143] or poly(N-vinyl car-
bazole) [73] among others, have been also used as support for Pt-based anode catalysts
for DMFCs, Figure 2.1.8. The advantages posed by means of the use of this kind of
components is a potential increase of ECSA, an improved electrical conductivity, a
better contact with the electrolyte enhancing the length of the triple phase boundary
as well as a possible reduction of the catalyst poisoning. The use of conductive poly-
mers as support is an interesting alternative that has not yet been extensively studied,
having obtained promising results when applied to DMFC anodes. However, in general
the yield of anodes with this type of support so far is worse than that achieved with
the use of the options previously described.

2.1.3.2 Non-platinum-based anode catalysts

One option initially posed to solve the Pt poisoning and the cost problems associated
to its use is to radically change the approach and replace such noble metal, a central
element in DMFC anodes, with more affordable materials that are less prone to poison-
ing by intermediate reaction products [144]. Among the possible candidates, Ag shows
a bunch of benefits against other noble metals, particularly with regard to Pt, because
its cost is substantially lower, it is a good electrical conductor, while it also exhibits an
appropriate corrosion resistance and chemical stability. However, as a counterpart, the
use of Ag as catalyst for MOR results in a drop of the current density of the DMFC
regarding the use of Pt. This might be partially solved with the introduction of metallic
oxides such as TiO2, which in turn diminish the activation overpotential of the elec-
trode [145]. Other potential oxides in combination with Ag are ZnO or Bi2O3, having
also obtained promising outcomes with them [146]. In addition, Ag is highly tolerant
to CO poisoning, owing to its capacity to produce Ag-OHads species that subsequently
are involved in the complete oxidation of COads [144].

Given the outstanding electrical conductivity, mechanical strength, low density and
high resistance to CO poisoning, graphene and its oxide (GO) have been widely studied
as support in combination with non-Pt catalysts such as Ag or Au [147]. In the same
way, bi- and trimetallic catalysts in combination with GO have been also tested such
as Fe-Au/GO or Ag-Au/GO, obtaining particularly promising performances with the
electrodes based on Ag-Au/GO combination [148,149].

It is important to highlight the selected method for the reduction of Ag on the support
in order to achieve nanostructures with a high electrocatalytic surface area exposed
to the medium. In fact, different reduction techniques might lead to different Ag
catalyst nanostructures, showing that those nanostructures that seek to reduce the
size of the nanoparticles to increase ECSA obtain an outstanding catalytic activity
towards MOR, as well as high stability [144]. In this sense, green reduction method to
obtain Ag nanoparticles have provided successful outcomes in terms of electrocatalytic
kinetics and stability for MOR. Likewise, the use of carbonaceous supports such as
graphene or reduced graphene oxide notably improve the performance of the resulting
electrode which is associated with a synergetic effect between catalyst and support and
the outstanding qualities of the carbonaceous supports.
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Following one of the main currently research vias in DMFCs, the use of alkaline mem-
branes, Pd is rousing a great attention due to its highly activity towards the electrooxi-
dation of methanol in alkaline environment, even higher than that of Pt, and its greater
abundance in the earth crust than Pt, and therefore its lower price [150,151]. However,
the price of Pd is not its main driving force because the extensive use of Pd in catalysts
for fuel cells probably would increase its cost. Thus, the genuine interest of Pd lies
in its dilution and combination with other affordable catalysts that also show a high
catalytic activity in alkaline medium, since this medium improves the reaction kinetics
allowing a reduction in the catalyst content or the use of non-noble catalyst. In this
sense, it has been reported that both, Pd and PdO, show a similar electrocatalytic
activity towards MOR [150]. Additionally, its activity is higher when porous graphene
is used as support instead of carbon nanotubes [151]. In general, the activity is also
enhanced with the presence of other metal oxides such as Co2O3 [152], Y2O3 [153] or
TiO2 [154,155] although there is a great dependence on the obtained catalyst structure
and the functional mechanisms.

Given the interesting performances of Ag and Pd, various research groups have studied
the combination of both catalysts, obtaining outstanding results in terms of poisoning
of the catalyst and methanol oxidation rate [156]. In this catalyst, the formation of
Ag2O and AgOH play a crucial role in the management of oxygenated species in the
catalyst at low potentials, which in turn facilitates the complete oxidation of COads. In
the same way, the oxophilic nature of Ag leads to an increase of the activity in relation
to that of Pd catalyst, at time that causes a shift to negative values of the MOR onset
potential [144]. It should be noted that the proportion of Pd and Ag in the catalyst
has a significant influence on the performance as reflect the single cell experiments.

Other transition metals and their corresponding oxides have been also explored as
catalyst for MOR, especially Ni and bi- and trimetallic combinations using Ni as base
catalyst [130,157]. In general, these catalysts are associated with high current densities
due to methanol oxidation in cyclic voltammetry tests. However, at the same time they
also exhibit high overpotentials, much higher than those of the catalysts exposed so far.
Multiple efforts are being made to reduce this onset potential with the aim of making
Ni a viable catalyst for DMFCs, but at the moment such electrodes cannot be used in
practice in DMFC stacks.

2.1.3.3 Pt-based cathode catalysts

Pt is the most electroactive known material to speed up the oxygen reduction reaction
(ORR) at the cathode [158]. For this reason, it has been the catalyst preferably used
in the cathodes of DMFCs. Nevertheless, as previously indicated, Pt also exhibits high
catalytic activity towards methanol oxidation. Therefore, as the methanol crossover
phenomenon is one of the main DMFC issues, the use of Pt at the cathode could lead
to a mix potential between those of the ORR and MOR and also to a potential CO
poisoning caused by the oxidation of the methanol that reaches the cathode through
the membrane. Pt is not a methanol tolerant catalyst. To enhance the tolerance
of the Pt-based catalyst to methanol, bi- and trimetallic catalyst systems have been
also developed with the aim of dealing with the exposed problems of Pt [128, 159],
reducing the potential CO poisoning and solving the mix potential issue. In addition,
the combination of Pt with other elements, typically other transition metals, would
allow decreasing the used Pt loading and consequently the cost of the electrode which
ultimately is one of the foremost objectives of the ongoing investigations. Some of
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the main metals used in combination with Pt at the cathode catalyst of DMFCs are
Co [160], Fe [161], Ni [162], Ag [163], Au [164] or Sn [165]. In the same way, different
morphologies have been assessed with these bimetallic systems, with the core-shell as
one of the most prominent, in which the less noble metal compose the core of the
nanoparticle while Pt covers such nanoparticles, thereby maximizing in this way the
utilization factor of Pt [166]. As a consequence, the proximity between the Pt atoms
and those of the metal that form the core promotes changes in the electronic interaction,
leading in many cases to greater activities due to the synergy generated [167].

As in the previous case of catalysts for anodes, an increase in the ECSA is essential
to enhance the performance and reduce the Pt loading. Thus, an important part of
the investigations is focused on the size reduction of the catalyst nanoparticles as well
as on the study of its shape and structure and the influence of this factors on its
yield [168–170]. In this sense, with the aim of obtaining a better dispersion of the
catalyst nanoparticles, a higher utilization factor and a higher ECSA, different types of
carbon supports for the catalysts have been tested, such as mesoporous carbon [171],
carbon nanotubes [172] or nanofibers [173]. In this way, it was reported by different
authors that the support nature has a notable impact on the interaction between it and
the catalyst, which influences the morphology, dispersion, and stability of the catalyst,
and therefore its catalytic activity. Among the possible supports studied until now,
mesoporous carbon has demonstrated outstanding attributes for use as Pt support for
DMFC cathodes due to its ordered and customized nanostructure as well as its narrow
pore size distribution [174]. As in previous cases, non-carbonaceous supports have also
been studied, such as SnO2 [175], TiO2 [176] or SiC, but obtaining somewhat lower
performances than those obtained with carbon-based supports.

For the precise control of the shape and size of the catalyst and its interaction with the
support, different techniques have been used to synthesize the catalyst, usually made
by Pt. Typically, the parameters involved in the corresponding synthesis processes play
a crucial role on the resulting nanostructure. For instance, when a reducing agent is
used, its nature has proven to be of crucial importance in the final result, or in the case
of using electrodeposition techniques, the concentration, potentials and the length of
the pulses.

The possibility of generating catalysts with porous structures to increase the number
of active sites per unit area and facilitate mass transport has also been explored. Fur-
thermore, given the good conductivity of Pt, the electronic transfer within the porous
structure is maximized. In this case, one of the most used methods is the templating
method.

2.1.3.4 Non-platinum-based cathode catalysts

Pt is the catalyst with the higher activity towards ORR [158] but, as mentioned above,
it shows a high cost and at the same time it is a highly active catalyst towards MOR.
Consequently, when CH3OH reaches the cathode due to the crossover, a mixed potential
is produced at the cathode because of the low selectivity of the Pt towards ORR.
Additionally, the methanol oxidation process at the cathode might potentially poison
the catalyst. To reduce the cost of the electrodes and to improve the selectivity towards
ORR, and therefore the tolerance to methanol, different free-Pt catalysts have been
developed and tested obtaining promising results.

In this sense, Pd is the second most active catalyst for the electroreduction of oxygen,
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which makes it a potential candidate for use as catalyst in DMFC cathodes [158].
Moreover, electrodes based on Pd catalyst are much more affordable than Pt ones,
while they also show a highlighted selectivity towards ORR in acidic conditions since
at low pH, Pd is inactive for the oxidation of methanol [177]. This inactivity towards
MOR means that they can achieve even better performances than Pt catalysts when
methanol is present at the cathode due to crossover.

Given the outstanding properties of both catalysts, Pt and Pd, bimetallic catalysts
based on the combination of these two metals have been also prepared, thereby obtain-
ing even higher activities towards ORR in presence of methanol than Pt itself [178,179].
In the same way, different types of catalyst nanostructures have been developed, re-
sulting the core-shell structure with the cores made by Pd covered by a Pt shells as
one of the most remarkable [180,181]. Thus, it is possible to significantly reduce the Pt
loading in the electrode. In fact, the activity towards ORR of the Pd-Pt electrodes is
the highest among the bimetallic catalysts based on Pd, having included as secondary
materials Ru, Rh, Au, Pt or Ir [182]. Likewise, as indicated in the previous sections,
the morphology and size of the nanoparticles also play an essential role on the ORR
activity.

Pd has been also combined in bimetallic systems with various transition metals such
as Ni [183], Co [184], Mo [185], Cu [186], Cr [187] or Fe [188], resulting in noteworthy
improvements in the activity while the tolerance to methanol of the Pd is preserved.
In this context, a notable influence of the ratio between the metals in the catalysts and
the preparation techniques were also reported [183–185]. It should be noted that the
combination of Pd with these transition metals seems to extend the useful life of these
catalysts [183,184,189].

Despite everything, Pd, like Pt, presents an important problem, its increasing price, a
general trend in all the elements of the so-called platinum group metals (PGM), as well
as the great volatility of its corresponding market [190–192]. This has led many research
groups to study other alternatives that do not involve elements included in the PGM
and combinations of them as catalysts. An approach of great interest is the development
of PGM-free catalysts with an M-N-C formulation, where M is a transition metal such
as Co or Fe [193,194]. Even so, although this is a very active line of research, especially
in relation to hydrogen fuel cells, its specific study in DMFCs is still at emerging stage.
One of the clear advantages of this approach is tolerance to methanol together with
good activity towards ORR. Some of the most studied catalysts with this formulation
are iron phthalocyanines [195], iron tetraphenylporphyrin [196] and the corresponding
composition with Co instead of Fe [197, 198]. Nevertheless, most PGM-free catalysts
show lower performances than Pt and Pd, so its adoption is still scarce.

As was also pointed out in the case of the catalyst described in the previous sections,
now the supports exhibit again a capital importance in the performance of the elec-
trodes. Not only do they make it possible to achieve a uniform distribution of the
catalyst and a greater active surface area, but they also have a synergistic action that
contributes to an increase in electrocatalytic activity towards the ORR due to the
influence on the electronic structure, mass transport and electrical resistance [199].
This means that the use of supports such as carbon nanotubes [200, 201], carbon fi-
bres [199, 202] lead to enhancements in the catalytic activity of the electrodes as well
as in the stability of the catalyst over time. Similarly, non-carbonaceous supports have
been also screened such as metal oxides or carbides [203,204].
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2.1.4 Bipolar plates for direct methanol fuel cells

Bipolar plates (BPs) are fundamental multifunctional components of active fuel cells
which represent up to 45 % of the cost, 80 % of the mass and practically the entire
volume of a usual fuel cell stack [54,63–66,205]. Among its tasks are [206]:

• Separate some MEAs from others.

• Separate the streams of reactants and prevent them from mixing.

• Lead the current from the cathode of one cell to the anode of the next.

• Supply the reactants to anodes and cathodes through the fluid fields and drain
the reaction products generated in the fuel cell.

• Evacuate the heat generated to the outside or the cooling circuit.

• Provide structural rigidity for the stack.

These functions are associated with various desirable characteristics that the materials
used to make bipolar plates must have, such as high electrical and thermal conductivi-
ties, enough impermeability to reactants and products and suitable mechanical behav-
ior. Additionally, a low cost and easy machinability are also characteristics to bear in
mind for the selection of BPs in order to reduce the general cost of the system. An
adequate corrosion resistance, i.e., a low degradation rate, is also required, in such a
way that a long service life of BPs may be ensured.

BPs of active fuel cells do not have an equivalent element in the case of passive DMFCs.
On the contrary, this type of methanol fuel cells has current collectors in contact with
the electrodes as if they were monopolar plates. These current collectors have a series
of patterns to allow access of the reactants, directly from the reservoir in the case
of methanol or the atmosphere in the case of the air, to the catalytic layer and the
elimination of the products. These current collectors may be electrically connected
with those of the other cells to increase the total voltage or current of the whole passive
system [38]. Despite of the evident differences between active and passive DMFCs, the
functions of monopolar plates in passive cells are similar in certain degree to those
of BPs and materials should show analogous properties. Indeed, monopolar plates of
passive DMFCs often represent the mechanical frame of the device, have the necessary
ways for the supply of the reactants to the electrodes, collect the current and in some
design lead it to other cells, thereby increasing the power of the device. Even so, the
predominant materials in both cases, active and passive DMFCs, differ markedly from
each other, mainly due to the differences in the current and power density generated
in each case, methanol concentration and the physical principles involved.

2.1.4.1 Materials for BPs

Various materials, modifications and manufacturing methods have been studied over
time for the development of bipolar plates that meet the needs of fuel cells, and in
particular DMFCs, Figure 2.1.9. Among these materials are high-density graphite,
various metals such as stainless steel (SS), aluminum alloys (AA) or titanium (Ti) as
well as composite materials.
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2.1.4.1.1 Graphite

Traditionally, BPs of PEMFCs, in general, have been made from high-density graphite
due to their excellent corrosion resistance, chemical stability, high thermal conductivity
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and availability. Nevertheless, graphite exhibits poor mechanical properties results
from its molecular structure, with its notable brittleness being a particular drawback
[43]. These mechanical properties make its handling and machining complex, which
prevents automation of the manufacturing process, resulting in a high cost of BPs
made with graphite. In fact, to bring this technology to industrial scale and mass
production, one of the objectives is to automate the manufacturing processes since
they have a high profitability but this is very hard with graphite bipolar plates [63,
207]. Similarly, due to its brittleness, it is not recommended to use this material
in fuel cells intended for applications subject to shocks, vibrations or impacts [208],
such as transport and mobility. Apart from that, high-density graphite BPs present a
considerable thickness to avoid the crossing of reactants from one side to the other due
to the porous nature of the graphite and the problems associated with its manufacture
and structural consistency. This leads to bulky and relatively heavy BPs, which conflicts
with a large part of the proposed applications for fuel cells.

As a result, today fuel cells with BPs made from high-density graphite are mainly used
at laboratory scale or in stationary applications where weight and volume are also not
critical. Even so, various companies such as Ballard [209], in the field of hydrogen fuel
cells, or Oorja [210], in direct methanol fuel cells, still assemble graphite plates in their
commercial stacks, probably due to the know-how they have in this regard and the high
degree of optimization of the designs and processes associated with the production of
such BPs.

2.1.4.1.2 Metallic materials

Currently, given the industrial character that fuel cells are acquiring and the difficulties
and limitations of using high-density graphite, several lines of research are being studied
in relation to materials for BPs.

Metallic materials represent an appealing alternative for the manufacture of BPs due to
their general good mechanical resistance, high electrical conductivity and impermeabil-
ity, low cost and easy machinability [63]. Moreover, metallic BPs offer higher strength,
toughness, and impact strength than graphite and composite materials. In fact, the
excellent mechanical features of metals allow to make thinner plates in such a way that
one of the most interesting capabilities of these materials is the possibility of being
stamped [211, 212]. Thus, BPs with thicknesses around 1 mm may be obtained [213].
Among metallic materials, stainless steel (SS) is considered one of the most promising
candidates. SS is capable of self-passivating in such a way that it is generally covered by
a passive layer that prevents the corrosion of the underlying material [63]. This passive
layer covering the material is beneficial as it allows the corrosion rate of stainless steel
to be significantly reduced. However, this same layer results in a notably increase in
interfacial contact resistance (ICR) with other elements such as GDL in the case of fuel
cells [214]. The thickness of the passive layer depends on different factors such as the
pH of the medium, the presence of ions, the applied potential or the composition of
the SS [63,212,215]. In the case of DMFCs, the medium in contact with the BPs may
reach an acidity as low as pH = 3 [42] and as the membranes are typically made by
Nafion R©, sulfide and fluoride ions may be also found in the medium which can accen-
tuate corrosion problems. Analogously, it must be taken into account that these fuel
cells show a temperature operating range between 20 ◦C and 80 ◦C.

In this regard, Wang et al. [212, 215] studied the influence of methanol concentration,
from 0 M to 20 M, on the corrosion behavior of an austenitic stainless steel at 50 ◦C,
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concluding that although corrosion resistance improved as concentration increases, the
conductivity of the formed passive layer decreases. In addition, they reported that,
among the released metallic ions after a 10 h potentiostatic test, the Fe ions content
was the highest followed by Cr and Ni ions. Indeed, beyond the increase in interfacial
contact resistance due to the passivation of the material, one of the main drawbacks
of the use of metallic materials in BPs is the release of metal ions to the medium as
a result of a corrosion process, which will lead to a decrease in their durability and
performance [216, 217]. These ions can significantly and permanently damage both
the electrodes, especially the catalytic layers, and the membranes, where they can
be absorbed, causing a reduction in the properties of the fuel cell [208, 218]. The
metal oxide layer may be reduced at the anode because of a reducing medium leading
to release of metal ions through hydride formation. In the case of the cathode, the
presence of oxidizing medium may exacerbate the corrosion phenomenon [63]. Among
the released metallic ions from SS corrosion, the performance of the fuel cells suffer a
greater reduction due to the membrane contamination with Fe2+ than with Ni2+ or
Cr3+ [219]. Even so, Al3+ ions released over aluminium corrosion process are much
more damaging to the performances of the membranes [219].

In this sense, aluminium alloys might be considered attractive materials for BPs owing
to their low density, almost 3 times lower than that of SS, and cost. However, its
severe corrosion problems, with corrosion current densities 4 times higher than that
of SS [220], and the substantial damage that the Al3+ released ions can cause to the
membrane and catalyst hinder its use in BPs. On the contrary, Ti shows a notable
corrosion resistance, higher than that of SS and AA, because of the formation of very
resistant passivated oxide film on the surface of the base metal which prevents any
subsequent corrosion [221]. The downside in this case is that this passive layer acts
as electrical insulator film because of its poor electric conductivity, which leads to a
lower performance in single cell test than SS due to the higher ohmic losses. Therefore,
given the low oxidation current density, Ti is associated with a lower release of ions
to the medium, but on the other hand, it also presents worse performances in single
DMFC tests than SS, up to 41.5 % lower maximum power density than SS 430 [221].
Despite this, other works found that Ti could be a successful material for anode current
collectors of passive DMFCs due to its high conductivity, low density and relative low
cost compared to Au coated SS plates [222].

To deal with corrosion of metallic materials, to enhance the long term stability and to
reduce the wettability and the excessive interfacial contact resistance with the GDL
generated by the passivated oxide films, the application of different coatings onto the
surface of the metallic BPs is a widely explored alternative that provides pleasing re-
sults [213, 214, 223, 224]. The materials could be classified into 2 large groups: carbon
coatings and metallic coatings. The first group consists mainly of graphite and carbon
coatings deposited on the surface of the BP by different techniques. The second group
can in turn be divided into four subgroups: metal nitride, metal carbide, noble metal
and multimetallic coatings. Thus, SS 316L coated with carbon by physical vapor de-
position notably reduce its corrosion current density (jcorr) in relation to that of bare
SS 316L. Indeed, its jcorr value is below the maximum limit imposed by the United
States Department of Energy in its technical targets for BPs of PEM fuel cells [220].
Conversely, it is fairly complicated to apply coatings in aluminum alloys that allow the
jcorr to be reduced to acceptable values mainly due to the high corrosion of the base
material [220,225]. In the case of carbon coated aluminium alloys, a notable reduction
of the corrosion is obtained but they still do not reach the desired level [220].
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Regarding nitride coatings, the most studied compositions for both SS and AA are
TiN and CrN. In this way, CrN/Cr deposition on SS 316L by means of an unbalanced
magnetron DC sputtering shows a lower jcorr than that of the bare material as well
as an ICR two orders of magnitude less and lower potential loss in long-term single
DMFC experiment [226]. Nitride coatings have been also widely used in AA plates in
such a way that it has been proved that CrN and ZrN/CrN deposited on AA 5083 by
cathodic arc evaporation, a physical vapor deposition technique, lead to a significant
reduction of the corrosion current density of the base material [227], but as in the case
of carbon coating not enough. Equivalent results were obtained with A 356 and AA
7075 aluminum alloys with and without nitride coating, TiN/CrN. Although A 356
shows a lower corrosion current density than AA 7075, and that the coatings further
reduce these values, the levels obtained are still excessively high [225]. Similar coatings
have been also tested on AA 5052 as well as multilayer coatings combining carbon
and nitride layers such as C/TiN and C/CrN. Among them, C/CrN coating seems to
provide a particular interesting corrosion resistance along with a reduced ICR [228]. By
plasma surface diffusion alloying method, Wang et al. [215] obtained a niobium carbide
modified- SS 304 (Nb-C/SS 304) BP which showed a potential features to be used in
DMFCs. The Nb-C/SS 304 plate, in addition to showing a corrosion current density
an order of magnitude lower than that of the base material, also exhibited a low ICR,
with values around 9 mΩ·cm−2 at a compact force of 140 N·cm−2.

To reduce the corrosion and enhance the ICR, BPs coated with noble metals such as
Au have been also developed. In this way, Au coating reduced the corrosion of bare
Al. Additionally, the Au coated plate obtained a lower ICR than that of graphite plate
for the whole range of assembly pressures, as well as a lower wettability. In fact, Au
coated plates showed better overall performance in terms of the polarization curve in an
air-breathing DMFC than graphite plates [229]. Likewise, multi-component Ni-based
coatings have been recently applied as alternative to solve the same problem. Madadi et
al. [230] coated Al plates with Ni-Cr-B-Si, Ni-Cr and (Co,Ni)-Cr-Al-Y via high velocity
oxy-fuel method, so that NiCrBSi/Al obtained the highest corrosion resistance and the
lower ICR. In the same way, Fetohi et al. [231] investigated Ni-P and Ni-Co-P protective
layers onto AA 5251 deposited by electroless and electroplating techniques, obtaining
better results with those coatings that included Co. This type of coatings have been
also prepared to protect stainless steel. For example, an electroless Ni-P coating to
protect the anode side of SS 316L/Cu BP, which showed higher corrosion resistance
and single DMFC performance than bare SS 316L [232].

In general, the results obtained are highly dependent on the base material, the coating
material, the technique used and the thickness of the coating. Still, it should be noted
that the use of most of these coatings will make the resulting BPs more expensive.

Although the corrosion problem can be minimized, metals also have a high density,
which can result in very heavy stacks and therefore in a device with a low power
density. Since mass can be a limiting factor in many applications, such as unmanned
aerial vehicles or portable devices, the use of metallic BPs might not be a suitable
selection in these cases.

2.1.4.1.3 Composite materials

In this context, composite materials arise as a promising alternative to graphite and
metal BPs. Typically, the polymers, that make up the matrix of the composite ma-
terial, are not electrical conductors. In order to be used in the manufacture of BPs,
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it is necessary to bestow this feature on them. For this, usually, a conductive filler
is added to the polymeric matrix. Depending on the filler nature, BPs may be clas-
sified into two main groups: polymer-metal and polymer-carbon, i.e., those based on
metallic or carbon derivative fillers, respectively. Polymer-carbon composite materials
are the most studied for BPs, this is in part because there is extensive knowledge of
these materials acquired in other industrial areas. In addition, metallic fillers, despite
their great capacity to provide electrical conductivity to the polymer matrix, present
incompatibility and wettability issues with polymers as well as high density and low
corrosion resistance. On the other hand, polymer-carbon composite materials may
be good competitors against graphite and metal plates due to their lower weight and
price, and enhanced corrosion resistance. Even so, composite BPs also show some dis-
advantages, such as lower mechanical, thermal and electrical capabilities compared to
metallic BPs as well as the inability to produce stamped parts in order to streamline
the manufacturing process.

Regarding the carbon-based fillers, a wide range of compounds that can be used as
fillers have been studied: graphite, carbon black, carbon fibers, carbon nanotubes,
expanded graphite or graphene. Among them the most common are graphite, carbon
fibers and expanded graphite.

Graphite as filler generates a marginal improvement of the polymer mechanical features
due to its low aspect ratio (the ratio between the width and the length of the particles)
close to one. However, the electrical conductivity of polymer-graphite composite mate-
rials is higher than that obtained by other carbon fillers. Unlike graphite, carbon fibers
exhibit a significantly higher aspect ratio, thereby resulting in improved strength and
stiffness of the manufactured BPs and in sharp reduction of the percolation threshold.
On the contrary, its electrical conductivity is up to two orders of magnitude less than
that of graphite. An excessive increase in the aspect ratio of carbon fibers or the filler
loading in the composite material can lead to porosity problems in the BPs, causing
a decrease in its mechanical properties and an increase in its permeability. To solve
these issues, the filler loading must be limited to 30 wt.% and the carbon fiber wetta-
bility should be improved. As for expanded graphite, the way it is produced results in
a noticeable reduction in density relative to graphite while the aspect ratio increases
to a value around 100. As in the case of carbon nanofibers, this increase in the as-
pect ratio leads to a significant reduction in the percolation threshold. Additionally, it
shows a suitable conductivity to be used in BPs. As downside, an increase of expanded
graphite loading may reduce the mechanical features of the BP, but this weakness may
be enhanced by combining expandable graphite with other fillers.

In general, this type of BPs requires high filler loading to achieve a suitable electrical
conductivity, but this may induce wettability issues between the polymer and filler.
Indeed, the ratio between the surface energies of these two components marks the
wettability of the filler. Thus, a similar surface energy leads to efficient wetting of the
filler by the polymer, thereby favoring the addition of higher loadings before porosity
issues arise.

The other part of the composite materials is the polymeric matrix. In this sense,
both thermosets and thermoplastics polymers have been studied for use in composite
BPs, with a greater predominance of thermosets. Thermosets usually present better
creep resistance, hardness, chemical stability and strength than thermoplastics. They
also show greater stability at high temperatures, over 120 ◦C, although, in this case
it is not a particularly notable aspect since DMFCs operate between 20 ◦C and 60
◦C. One of the main advantages of thermosetting polymers against thermoplastics is
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that the mechanical properties of thermoplastics are degraded above its corresponding
glass transition temperature. However, thermosets are subject to a curing process, by
crosslinking, that reduces its viscosity, allowing higher filler loading, which leads to an
improvement of its general features, such as porosity, conductivity or strength. This
need for post-processing, along with the processing difficulty, is at the same time one
of the main drawbacks of thermosetting polymers compared to thermoplastics. These
issues lead to a longer production time and in general a higher cost. On the contrary,
thermoplastics exhibit a higher toughness, giving rise to better impact resistance. Fur-
thermore, thermoplastic polymers are easier to reuse and recycle, so their use would
allow to curb the environmental footprint of the life cycle over one of the main com-
ponents of DMFCs [233–235]. Still, it should be noted that their properties gradually
degrade when they melt sequentially due to weakening of the bonds [236]. At first
glance, thermoplastics polymers appear to be less competitive than thermosettings to
be used as a matrix for composite BPs, since they may incorporate fewer filler loading
due to their high viscosity. However, thermoplastics have shorter production times and
simpler manufacturing techniques, as well as a greater reusability, which in many cases
may offset their lower mechanical capacities.

A wide range of thermosetting resins have been investigated for use in composite BPs,
including phenolic, epoxy and vinylester. Currently, the most outstanding in the field
of BPs for fuel cells are the phenolic resins. As far as thermoplastics polymers, a wide
range has also been tested. Polypropylene is probably the most used one thanks to
its significant mechanical features, low cost and good manufacturing qualities. Other
polymers, such as polyvinylidene fluoride and polyphenylene sulfide also show promising
properties to be use as matrix in composite BPs. In particular, both exhibit good
mechanical properties, while polyvinylidene fluoride shows moisture resistance, barrier
properties and chemical stability, and polyphenylene sulfide may use high filler loading.
Polyether ether ketone, nylon and other have been also studied for use as matrix of
composite BPs for fuel cells.

Various techniques have been used to make the composite BP, among which hot com-
pression moulding has presented the best results in terms of thermal and electrical
conductivity as well as dimensional stability. Indeed, for thermosetting polymers is
essential to keep the system under high pressure and temperature to remove the gas
and bubbles produced during the curing process. Otherwise, a piece with high porosity
would be obtained with the subsequent deterioration of its properties. Even so, suit-
able composite BPs have been also made by injection moulding technique, although
in this case the system may not be kept under high pressure and temperature condi-
tions and the filler loading is lower than that used in hot compression moulding due
to the low viscosity required for the resin to flow properly. In both cases, the resulting
properties of the piece strongly depend on the conditions during the process, pressure,
temperature and flow direction.

2.1.4.1.4 Polymeric materials

Another option that has been less explored is the direct use of polymers as BPs in
such a way that the electrical conductivity is achieved by means of techniques other
than the use of conductive fillers. This approach has been mainly applied in planar
air-breathing fuel cells, in particular passive DMFCs and planar hydrogen fuel cells,
due to their low currents and unique design with monopolar plates. Since monopolar
plates do not require conducting electricity from one side of the plate to the other, only
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one of their sides needs to conduct the electricity in-plane, the side in contact with the
electrode, to act as current collector. Thus, the use of polymers instead of graphite
or metals is perfectly justified in this case, even of non-conductive polymers, since it
leads to a significant reduction in mass. Additionally, if the polymeric material used
has adequate mechanical properties, the use of end plates can be avoided, which would
reduce mass and volume. All the specifications on polymers described in the previous
section are valid here, but now the lower ability of thermoplastics to achieve high filler
loading is not a drawback, so that it could be more competitive in this case.

Two strategies may be mainly followed to provide electrical conductivity to these el-
ements. The first is to apply a conductive coating on the polymeric surface. This
approach has been followed in planar monopolar hydrogen stacks, studying different
base polymeric materials such as polycarbonate [237] and polyimide film [238] coated
in both cases with Au. In the same way, in the specific field of DMFC, printed circuit
board also coated with Au has provided potential results in their use as monopolar
plates of a passive fuel cell [38], obtaining a maximum power density of 27 mW·cm−2

with a 5 cell passive stack. The second approach involves the use of conductive meshes
or thin plates. In this case, a wide range of materials and structures for these type
of current collectors have been tested such as stainless steel wire mesh [239, 240], Pt
coated niobium expanded mesh [241], stainless steel 316L expanded mesh [242], Au
coated stainless steel wire mesh [243], and so on [223, 224]. Likewise, different mate-
rials have been used to support the current collectors, among which polycarbonate,
polyester, fiberglass, polymethyl-methacrylate or acrylic plates are included.

Similarly, thermoplastic monopolar plates made by fused deposition modeling (FDM)
have been successfully tested in proton exchange membrane electrolysers [244–246].

2.1.4.2 Flow field

Among the functional requirements of bipolar plates is the supply of the reactants to
the catalyst layers as well as the removal of the reaction products. To carry out these
tasks, the stack possesses two flow fields, one for the fuel and other for the oxidant,
each of which is typically composed of two fundamental elements, the manifolds and
the flow patterns.

The manifolds should supply the reactants from the inlet to each cell as well as transport
the reactant products from each cell to the outlet. For the sake of compactness of the
resulting stack, an internal configuration of the manifolds is typically implemented, so
that the manifolds pass through the BPs, thereby forming a distribution duct when BPs
are stacked. The main mission of these elements is to achieve an even distribution of
the reactants to the cells, i.e., that all cells receive roughly the same reactant flow rate.
Indeed, an uneven distribution of reactants has been reported as underlying cause of fuel
cell performance degradation, lifespan reduction, low reliability, hotspots generation,
non-uniform water production, drying and flooding processes and so on [247].

According to the flow direction in the inlet and outlet manifolds, the flow pattern
of the stack may be classified as U and Z configuration, see Figure 2.1.10. In U-
shape configuration, the flow at the inlet and outlet manifolds takes place in opposite
directions in such a way that all reactant connections, inlets and outlets, are in the
same side of the stack which generally results in compact final systems. However, as a
counterpart, it may lead to more inhomogeneities in the distribution of the reactants
to the cells than Z-shape configuration. In Z-shape distribution, the fluid through the
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inlet and outlet manifolds flows in the same direction. Therefore, although in this case
there are connections in both sides of the stack which lead to less compact solutions
than U-shape configuration, it is easier to obtain a uniform distribution.

U - Configuration Z - Configuration

Figure 2.1.10: Sketch of U-shape and Z-shape configurations. Horizontal
lines represent the manifolds crossing all the stack, while vertical ones depict
the flow through each cell of the stack.

The second element that makes up the flow field of the stack is the flow patterns
of the BPs, i.e., channels drilled in the plates, by means of which the reactants are
distributed along the catalyst layers of the cells. Usually, the flow field of the BPs
in DMFCs adopts a square or rectangular shapes [38, 42, 54–56, 248–256], but nothing
would prevent using other types of configurations such as circular flow patterns. In fact,
in the field of hydrogen fuel cells some developed stacks use this circular configuration.
Similarly, a wide range of flow pattern geometries has been studied to obtain a uniform
distribution of the reactants through the catalyst layer, see Figure 2.1.11. The most
researched geometries up to now are parallel, serpentine, multi-serpentine, pin, cascade,
interdigital and bio-inspired designs. A schematic representation of these configurations
can be seen in Figure 2.1.11.

The parallel design consists of two manifolds and a set of parallel channels that join
them, see Figure 2.1.11a. Ideally, the reactants are equally distributed along the parallel
channels, but when there are a large number of channels, the flow through the central
ones is markedly less than through the final channels. In addition, the channels could
become blocked due to the generation of CO2 bubbles in the case of the anode or water
droplets in the cathode as the pressure drop through the channels is quite small to
push them out. This blockage results in thermal problems as well as the reduction
of the available catalytic area because part of the electrode does not get reactants,
thereby reducing the overall performance of the cell. Similarly, as all the channels
present a similar pressure in a cross-section plane, plane A-A in Figure 2.1.11a, the
convective flow under the ribs through the GDL is negligible due to the low pressure
drop between channels. In this way, the reactants access to the under-rib catalyst layer
only by diffusion and by extension the products are also only pushed out by diffusion,
which could lead to under-rib reactant blockage problems, thereby reducing again the
catalytic area.

The serpentine geometry, see Figure 2.1.11b, formed by a single channel covering all
the catalytic area, solves some of the parallel configuration problems. In the first
place, by means of this configuration it could be ensured that all the area is supplied,
preventing blockages since the pressure drop between the inlet and the outlet of the BP
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Figure 2.1.11: Various flow pattern geometries. a) Parallel design; b) Single
serpentine design; c) Multi-serpentine design; d) Spot design; e) Cascade
design; f) Interdigital design; g) Bio-inspired design.
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is enough to push out the reaction products and there is only one channel. Likewise,
there is a certain convective flow beneath the ribs because of the pressure gradient on
both sides of them, plane B-B in Figure 2.1.11b. Even so the under-rib flow must be
controlled to prevent an excessive bypass of flow from the primary channel. Thanks to
the notably pressure drop and enhanced flow rate, this design leads to a good reactant
and product management, preventing the blockage and flooding, as well as to proper
thermal management. In this respect, Yang and Zhao [257] compared the performance
of a parallel and a single serpentine flow fields on the basis of the same channel depth
and open ratio, concluding that serpentine geometry always yields better results at the
different methanol flow rates, with an improvement higher than 25 %. Even so, in very
large BPs, the length of the single serpentine is also very large, with a large number of
bends, which leads to an excessive pressure drop that causes a reduction in the overall
performance of the power plant since it will be necessary to power pumps and blowers
or compressors to supply the reactants. For it, this geometry is typically only used in
small DMFCs. It is worth noting that the concentration of reactants changes along the
serpentine channel.

The multi-serpentine geometry arises as alternative to figure out the problems of the
single serpentine configuration. As can be seen in Figure 2.1.11c, this arrangement
consists of several parallel serpentine channels that cover the entire catalytic area and
have a common input and output, so that they will show a similar pressure drop.
As this configuration has several channels, the length of each of them is lower than
that of the single serpentine for the same catalytic area, thereby resulting in a lower
pressure drop. Nevertheless, as there are several channels, some may be blocked. Even
so, typically the pressure drop is enough to unblock the corresponding channel. This
geometry is the most widely used in active DMFCs in anode and cathode sides, in the
latter when it is not open to the atmosphere.

Configurations such as spot and cascade designs, see Figure 2.1.11d and e, have been
also studied but they are subjected to similar shortcomings as the parallel design, the
uneven distribution and problems to remove the products, which leads to them being
barely used.

Other geometry that provides a high performance in single DMFC tests is the interdig-
ital configuration, see Figure 2.1.11f. Unlike the previous flow field designs, this do not
have an inlet and outlet connected by a channel. Conversely, this geometry has a set
of inlet channels and a set of outlet channels in such a way that the mass transport be-
tween them is based on the flow through the GDL, under the ribs. This geometry takes
to the extreme the use of under-rib flow, obtaining successful results, especially at high
current densities where transport overpotential occurs, since the convective under-rib
flow facilitates the transport of reactants to the catalyst layer as well as the removal of
products. However, it has an important counterpart in most cases, the unreasonable
pressure drop caused by the presence of the porous GDL, whose features play a critical
role in this design. Therefore, the fuel cell performance improvement must make up the
parasitic power required to overcome the pressure drop by the corresponding pump,
blower or compressor.

Currently, a very active research line is the development and study of bio-inspired
flow pattern geometries, which base their structure on transport networks present in
nature, being the most used examples the leaves and lungs, see Figure 2.1.11g. The
principle on which these designs are based is that natural transport networks such as
those present in the leaves are highly efficient since natural evolution has managed to
maximize the distribution of nutrients with a minimum cost in terms of pressure drop.
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Some of these geometries have proven their capabilities to improve the performance
of DMFCs, especially in the cathode side [258], but sometimes they are based on the
interdigitated concept, with the consequent increase in pressure drop. In addition,
these geometries are most of the times not easy to make and scale-up. Consequently,
this kind of patterns are rarely used commercially, but there is extensive research on
them due to their promising properties. In this sense, Ouellette et al. [53] assessed the
performance of two bio-inspired flow fields, interdigitated and non-interdigitated, along
with conventional serpentine pattern, as anode and cathode designs of a DMFC. Among
them, the interdigitated bio-inspired pattern provided the best cathode performance,
while the best anode yield was obtained by means of the serpentine design. The authors
attribute these results to the improvement on the under-rib convection. Indeed, in the
case of the anode the interdigitated bio-inspired design obtained a mean methanol
concentration on the catalyst layer higher than that of the serpentine pattern, but
the distribution was less uniform. The non-interdigitated geometry led to the lowest
pressure drop but it produced dead regions on the catalyst layer due to an uneven
distribution. Likewise, the authors determined that the interdigitated geometry could
enhance if the first two generation branches are only used.

In the particular case that the fuel cell has an open cathode, a geometry typically used
is that of parallel channels that pass through the bipolar plate from side to side.

The geometric parameter of the BPs play an important role on the performance of the
stack and therefore on the reactant distribution, product removal, long-term stability,
early degradation and so on. The most important geometric parameters of a serpentine
design that determine the performance of the cell are the open ratio, the width of the
ribs and the width and depth of the channels. In this context the open ratio of a flow
field is defined as the ratio between the MEA area directly exposed to the methanol
through the channels and the total catalytic area of the MEA [259].

According to Yang and Zhao [257] the best outcomes at medium and high methanol flow
rates are achieved with open ratios close to 50 %. In this way, very wide ribs compared
to the width of the channels, i.e., small open ratios, hinder the under-rib mass transfer,
thereby arising dead zones on the catalyst layer with poor mass transport. On the
other hand, a narrow rib for the same channel width, i.e., high open ratios, seems to
lead to higher crossover. Conversely, at low flow rates, higher open ratios are preferred
since they obtain better results due to the lower transport overpotentials. This finding
is of great interest to passive DMFCs where methanol pumps are not used. Similarly,
Park et al. [260] achieved the best single cell performance with an open ratio of 67.9 %
in both plates, anode and cathode, while open ratios of 59.3 % and 76.3 % led to worse
results.

In general, for a similar open ratio in a DMFC anode BP with single serpentine design,
the lower the channel width, at least up to 0.737 mm, the better the performance,
especially at high current densities when transport problems are dominant [261]. This
may be caused by greater efficiency in mass transport to the GDL due to a higher
pressure drop that also leads to higher velocity at the fluid in the channel. Regarding
the length of the anode serpentine channels, for the same catalytic area and open ratio,
the longer the channel, the better the performance [257]. This is again related to the
width of the ribs. For the same open ratio, a shorter length means wider ribs with
the corresponding under-rib mass transport problems. Nevertheless, the increase in
the length of the channel has as a counterpart an increase in the pressure drop, which
generally improves reactant mass transport and CO2 removal but also leads to higher
parasitic electricity consumption. In the same way, a reduction in channel depth, at



36 CHAPTER 2. STATE OF THE ART

Table 2.1.1: Pros and cons of the different flow field geometries used in
DMFCs.

Advantages Disadvantages References

Parallel • Low pressure drop • Uneven reactant distribution
• Channel blockage by reaction

products
• Problems to remove the prod-

ucts
• No flow under the ribs

[257,259]

Single ser-
pentine

• Uniform reactant distribution
• Effective removal of reactant

products
• Suitable two-phase mass trans-

port
• Appropriate flow under the ribs

• Very high pressure drop
• Significant concentration gradi-

ent between the inlet and the
outlet

[257,259]

Multi-
serpentine

• Uniform reactant distribution
• Effective removal of reactant

products
• Suitable two-phase mass trans-

port
• Reasonable pressure drop
• Appropriate flow under the ribs

• Possible blocking of some of
the channels, although with low
probability

[53,259]

Spot • Low pressure drop • Uneven reactant distribution
• Blockage by reaction products
• Problems to remove the prod-

ucts
• Possible high ohmic overpoten-

tial
• MEA drilling risk

[56,259]

Cascade • Low pressure drop • Uneven reactant distribution
• Blockage by reaction products
• Problems to remove the prod-

ucts
• Possible high ohmic overpoten-

tial

Interdigital • Uniform reactant distribution
• Effective removal of reactant

products
• Excellent flow under the ribs

• Disproportionate pressure drop

Bio-
inspired

• High homogeneous reactant dis-
tribution

• Effective removal of the reaction
products

• Suitable two-phase mass trans-
port

• Appropriate flow under the ribs

• Complex manufacturing
• High pressure drop sometimes
• Difficult scale-up

[53]

least up to 0.5 mm, also results in an enhanced performance [261]. The explanation
for this phenomenon is also based on the improvement of the mass transfer. Even so,
care must be taken to reduce the dimensions of the anode and cathode channels of a
DMFC, as excessively narrow channels can easily become blocked with CO2 bubbles.
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In this respect, the CO2 bubble growing process at the anode of the DMFCs can be
involved in the high overpotential at high current densities, since bubbles could hinder
the mass transport of methanol to the anode catalyst layer, especially at low methanol
flow rates [85]. The CO2 evolution strongly depends on the current density. Thus, for
the same flow rate, at low current densities the two-phase flow is subjected to a bubbly
regime. Then, at intermediate current densities, gas slugs begin to form as well as
discrete bubbles. To conclude, at high current densities, the flow could be dominated
by long slugs [262]. In addition, the emergence and coalescence of the CO2 bubbles
are not even over the anode GDL. In this way, it has been reported that as flow rate
increases for the same current density, a higher number of bubbles is produced but
with a small diameter, which can be explained by the higher force exerted on the CO2

bubbles as the flow rate increases. Calabriso et al. [263], by their test and simulations,
set the limit between the slug bubble flow regime and the bubbly flow regime at Re
= 80. However, other authors have also obtained satisfactory results with lower flow
rates, around Re = 30 [257]. However, the two-phase flow in a channel is regulated
by the momentum of the liquid flow, as can be seen, in general, in the two-phase flow
regime maps which directly depend on the velocity, the mass flux or the volumetric
flux [260,264]. Therefore, by converting the previous Re values, similar velocity values
are obtained to ensure a correct evacuation of the CO2 bubbles, 1.7·10−2 m·s−1 and
1.1·10−2 m·s−1, respectively. Additionally, as several authors have previously reported,
when the methanol flow rate is high enough, its variation has only minor influence on
performance [85, 257, 259, 261], with changes only appearing at high current densities,
in many cases above that corresponding to the maximum power density. Even so, it
is worth noting that there is some evidence that the methanol flow rate may slightly
affect the crossover [262]. Therefore, there is an optimum value of the flow rate below
which CO2 slugs are formed, thereby hindering the mass transport. On the contrary,
above this optimal value the CO2 bubbles are not a problem but since an increase in the
methanol flow rate also causes an increase in static pressure, leading to a slight increase
in the crossover [85, 262, 263] and consequently to slight reduction of the performance.
This effect is much more significant at low operating temperatures than at high ones.
However, at low and intermediate current densities, the performance variations with
flow rate are barely imperceptible. This can be an interesting topic when starting up
and shutting down the fuel cell to extend its useful life by preventing degradation of the
cathode. This decoupling between the performance and the reactant flow rates makes
it possible to dispense with an independent cooling circuit in many DMFC stacks, since
the reactant flows, in particular methanol solution, themselves can be used to control
the stack temperature. In this way, the final power plant will be more compact, since
some systems with their corresponding masses and volumes are eliminated, and at the
same time parasitic consumptions are reduced.

Owing to the appearance of CO2 bubbles in the anode flow field, the cell orientation
shows a notable influence on its yield, in particular when mass transport is dominant
at high current densities. Thus, the maximum yield is achieved when the cell is dis-
posed in a vertical position. Tilting the cell from this position leads to a performance
degradation [262]. Indeed, in the horizontal position, both positions, with the anode
face up or face down, the CO2 slugs formed are longer than in the vertical position.
This phenomenon is ascribed to the buoyancy of the CO2 bubbles, so that when the
cell is oriented vertically, this buoyancy promotes the removal of bubbles. For this same
reason and in order to facilitate the removal of CO2 bubbles and to prevent its accu-
mulation, the methanol solution is typically supplied to the cells from bottom to top,
against gravity. On the contrary, the oxidant is usually supplied from top to bottom for
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the purpose of pushing out the water produced at the cathode side easily [257,262]. Ad-
ditionally, various design solutions have been proposed to prevent the problems related
to the CO2 bubbles transport along the anodic flow field. One of these alternatives,
which has been studied by various research groups, is the arrangement on the anode
channels of a membrane permeable to gaseous CO2 but impermeable to the aqueous
solution of methanol [265,266]. In this way, CO2 bubbles can be removed directly from
the channels, preventing the dragging of bubbles along the anode channels with the
corresponding associated problems. By means of this solution, it would be possible to
decoupling the performance of the cell from its orientation.

Concerning the cathode serpentine channel, for the same flow rate, a reduction of its
depth at least up to 0.3 mm causes an improvement of the cell performance [267]. This
shrinkage of the channel produces a velocity increase inside the channel and in turn
an increase in the static pressure, thereby improving the mass transport, especially
facilitating the water removal, and enhancing the resistance to methanol crossover. As
in the case of methanol solution, this improvement is more significant at high current
densities. In fact, Hwang et al. [267] also concluded that for the same mean velocity
inside the channel, 20.8 m·s−1, the same performances were obtained regardless of the
cathode channel depth. In this way, it can be deduced that the oxidant velocity plays
an important role in improving the performance, especially at high current densities
since at low and intermediate current densities the influence of velocity is relatively
low. Even so, at 100 mA·cm−2 they obtained stable and suitable performance from 1.1
m·s−1. Once again, special care must be taken with the velocity in the channel since
a low velocity might lead to an unstable behavior during operation associated with
inhomogeneous reactant distribution and problems to push out the water generated.
For instance, supplying air with a stoichiometric factor equal to 3 through a serpentine
channel of 1.0 mm x 1.0 mm an unstable polarization curve was reported [267]. Unlike
the anode, in the case of the cathode, a rise of the oxidant flow rate regardless the
pattern, serpentine or parallel, and channel dimensions, always promotes a growth of
the maximum power density of the corresponding polarization curve, ceteris paribus,
without apparent counterpart from a certain flow rate [260, 267, 268]. Even though,
as the flow increases, the improvements are less and less until reaching an asymptotic
behavior. Additionally, it should be noted that the depths of the anode and cathode
channels play an important role not only in the performance of the cell in terms of
polarization curve, but also in stack volume and mass reduction. However, it must be
taken into account that for the same flow rate a depth reduction leads to an increase
of the pressure drop and, in turn, to an increase of the parasitic power consumption.

The studied ranges of the main geometrical parameters of the serpentine flow field
pattern for the anode and cathode sides are summarized in Table 2.1.2.

In line with the influence of the operating parameters, temperature and methanol
concentration present a significant influence on the cell performance in such a way that
an increase in temperature, up to that fixed by the membrane degradation limit, induces
a yield enhance while in the case of concentration a very high methanol concentration
leads to an excessive crossover and a very low one produces significant concentration
losses [261,262].

2.1.5 End plates for direct methanol fuel cells

To achieve an optimal operation of a DMFC stack, it is required that all cells are
subject to an adequate and approximately equal clamping pressure. This task is the
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Table 2.1.2: Variation ranges of the main geometrical parameters of the
serpentine flow field pattern for the anode and cathode sides.

Parameter Range Observations References

Anode channel
depth

0.6 mm -
3.0 mm

Shallower depths lead to better
performances, but they also cause an

increase of the pressure drop
[36,255,257,259,263,267]

Anode channel
width

0.7 mm -
3.0 mm

The lower the width, the better the
performance, but they can in turn

cause an increase of the pressure drop
due to an increase of the length

[257,259,260,263,267]

Anode rib width
0.5 mm -
2.8 mm

Narrower ribs lead to better
performances, but they can in turn
cause an increase of the pressure

drop due to an increase of the length

[257,259,260,263]

Anode open ratio
26.3 % -
79.3 %

Best results were obtained with
values between 52.7 % and 67.9 %

[257,259,260,263,267]

Anode channel
velocity

≥ 0.011 m·s−1 -
0.017 m·s−1

Minimum velocity to remove efficiently
the CO2 bubbles. Too high flow rates

slightly increase the crossover
[257,263]

Cathode channel
depth

0.3 mm -
2.7 mm

The lower it is, the better the
performances, but it also leads to an

increase of the pressure drop
[257,260,263,267]

Cathode channel
width

0.7 mm -
2.0 mm

Lower values, around 0.7 mm -
1.0 mm, seem to provide good results

[257,259,260,263,267]

Cathode rib width
0.5 mm -
1.5 mm

Values close to 0.5 mm seem
to provide good results

[257,259,260,263]

Cathode open ratio
51.0 % -
76.3 %

Best results were obtained with
values between 52.7 % and 67.9 %

[257,259,260,263,267]

Cathode channel
velocity

≥ 1.1 m·s−1
Minimum velocity to obtain a stable
performance. Too high flow rates can

cause an excessive pressure drop
[267]

responsibility of the end plates located at the ends of the stack. They also have other
important functions such as being the inlet and outlet points of reactants and products
and warranting the sealing of the different interfaces to prevent any possible leakage.

Therefore, end plates should keep the stack under a suitable compression load so that
the contact resistance between the components, mainly between BPs and GDLs, is
minimized while maximizing the utilisation of the catalytic points, allowing the under-
rib flow of reactants and products. A contact pressure higher than those in the operating
range leads to a lower interfacial contact resistance between the elements, a significant
part of the total ohmic resistance along with the resistance of the various components
to charge transport. However, it also reduces the porosity of the GDL, predominantly
under the ribs of the bipolar plates, thereby reducing the utilisation of great part of
the catalytic area. Indeed, in extreme cases, an excessive clamping force could cause
an irreversible damage to the electrodes and membranes, even breaking them. On the
other hand, a weak pressure promotes the flow of methanol and oxidant under the ribs
of bipolar plates, but this also results in a large interfacial contact resistance between
components, which can lead to the generation of hot spots that degrade the MEAs.



40 CHAPTER 2. STATE OF THE ART

Likewise, it may cause reactant leakage.

Typically, the manufacturers of different components often indicate the compression
pressure range at which its component may operate properly as well as its maximum
load that it must not be exceeded before irreversibly degrading. In the case of GDLs,
probably the most pressure sensitive component, the specification sheet of Toray-H-
060 (untreated), one of the most used GDLs in the field of methanol fuel cells, states a
working load range between 400 kPa and 1500 kPa, with a maximum load limit before
permanent failure of 2750 kPa [269]. These ranges of values have been confirmed in
different works in which similar compression loads are specified [270–272].

In addition to apply the suitable compression load, it is highly important that it is
distributed evenly in order to prevent the emergence of hot spots in MEAs which could
lead to uneven operation of the cell and therefore to early reduction of the performance.
This homogeneous distribution of the contact pressure may be obtained by minimizing
the displacement of the end plate region in contact with the bipolar plate. Thus, the
stack end plates are designed to be as rigid as possible so that the clamping force exerted
by bolts is evenly distributed over the catalytically active area. An end plate with high
rigidity may be easily obtained enlarging the thickness of the end plate, assuming a
plate with constant thickness, or using stiffer materials. Nevertheless, in general, these
strategies have as a counterpart the increase in the mass and volume of the system,
thereby reducing the specific power and power density. To reduce the mass offered by
thick flattened end plates while ensuring sufficient rigidity, different detailed designs of
end plates with complex configurations, beyond the flat plate, have been developed and
analyzed such as bow-shaped or ribbed end plates [273]. For that purpose, different
finite element tools and optimization techniques, such as topology optimization have
been used. Applying these designs, a mass reduction up to one third with respect to flat
plate may be obtained, achieving the same or even better general performance. Even
so, these optimization techniques in most cases require a preliminary design to carry
out their task. Given the high calculation time of these techniques to obtain a detailed
design, it would be unapproachable to carry out optimization from scratch with them.
As a rule of thumb for ribbed end plate design derived from these analyses, to keep the
contact pressure as uniform as possible, the plates should be reinforced in the region of
maximum deformation that normally corresponds to the central zone of the plate. In
this way, it is possible to increase the local stiffness. Likewise, the ribs should join the
bolts to the center region and the bolts to each other.

Some designs envisage the use of an additional plate between the end plate and the
bipolar plates called the pressure transmitter. In this case, in addition to having screws
on the periphery of the end plate to close the stack, it also has a series of threaded-holes
inside to located screws that distribute the force evenly over the active area [274].

Regarding the materials with which the end plates are made, as in the case of BPs,
polymeric materials have been used, such as poly (ether ether ketone) (PEEK), as well
as composite and metallic materials, such as stainless steel, titanium and aluminium.
Among them, metallic materials, especially stainless steel and aluminium, are still
the most widely used in DMFCs stacks. In general, aluminium leads to lighter end
plates than stainless steel due to its low density, approximately three times lower than
that of stainless steel. Nonetheless, the Young’s modulus of aluminium and stainless
steel are 69 GPa and 200 GPa, respectively, in such a way that the rigidity of the
former is less and will require greater thicknesses to achieve the same uniform pressure
distribution, thereby leading to higher volume. Since metallic materials are electrical
conductors, it is necessary to electrically isolate the end plates from the BPs to prevent
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performance losses and possible accidents in stacks with high voltages or currents. In
addition, as seen in the previous Section 2.1.4, metals present corrosion problems that
are aggravated in acidic medium such as the products of DMFC in the outlet manifolds,
where they can present pH values as low as 3.1 [42, 275]. To prevent this phenomenon
in the end plates, inlet and outlet ducts to the stack may be treated with different
techniques and coatings. Another option would be to house polymeric pieces in this
regions of the end plates, which also lightens their mass [272].

To clamp the whole package different fastening mechanisms have been used, mainly
screws located on the perimeter of the end plates that extend from one side of the
stack to the other, although straps have also sometimes been employed. Such screws
should support high tensile loads, thus they are usually made of steel. Moreover,
the number of screws and its diameters also play an important role to distribute the
load evenly on the end plates and reduce the stress of the screws. Since the elements
that make up the stack may suffer dimensional variations in operation due to thermal
effects, it is possible to use clamping methods or elements that are capable of absorbing
them [270, 272], such as leaf spring and flexible end bars designs or the use of tie rod
springs and disc springs.

2.1.6 Design procedure of direct methanol fuel cells

Typically, in the field of DMFCs, most of the effort has been focused on the study and
investigation of particular aspects of some of the main components of these devices,
such as more efficient electrodes, non-Pt based electrodes, membranes with improved
barrier properties or materials for BPs, and the way in which these improvements
could, in turn, enhance the performances of the DMFCs. However, although low power
density and low specific power are critical aspects of this technology, the influence of
design on these factors has not been studied in detail, the improvement of which could
increase the number of potential applications of DMFCs. There is a lack of knowledge
on design methodologies and design tools in the field of DMFCs.

In the field of engineering, there is a broad consensus in defining the initial stages of
design, i.e., conceptual and preliminary design stages, as the most critical of the entire
process [276–278]. The decisions made in these stages have a great impact in terms of
cost, performance, durability and reliability of the final device. In fact, errors made
in conceptual and preliminary designs can spread to subsequent stages. In the worst
case, such errors could be impossible to solve in advanced phases of the design, forcing
the design team to go back to previous ones or even start over with the consequent
loss of time, money and opportunity. In turn, it is during these initial product design
phases, due to their great influence on the final product, that designs can be further
enhanced based on the initial requirements and the functions to be optimized [277].
Nevertheless, these first stages have some peculiarities and problems, e.g., the design
requirements are subjected to constant modifications as well as the initial parameters,
there are great uncertainties in the values of these parameters or there is a direct
lack of information. Given the changing nature of these initial stages of design, it is
necessary to act quickly to adapt to possible changes in input parameters or to the
incorporation of new information. In general, tools that effectively address these initial
design phases can prove to be very valuable as despite all the uncertainties they can
provide information to guide the next stages of the design or to suggest modifications
to the input parameters, achieving better designs.

In the particular case of fuel cells, their geometries are very complex so that it is
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necessary to evaluate a large number of potential configurations to achieve an op-
timal design. Numerical resolution tools, such as computer fluid dynamics, three-
dimensional modeling or finite elements solving, have been widely applied for the study
of fluid-dynamic patterns in BPs, the modeling of physicochemical phenomena or for
the analysis of specific aspects such as diverse forms of channels and the study of dif-
ferent EPs [260, 261, 263, 279]. The main problems of these tools with regard to stack
optimization during the early design phases are their complexity and the high compu-
tational cost that translates into longer calculation time, preventing their adaptation
to the changing flow of information during these stages [247]. Additionally, today these
numerical resolution tools cannot address the complete study of a stack in a reasonable
time due to the great geometric complexity. In general, their use is more appropriate
to carry out specific analyzes of specific designs or particular aspects of them, therefore
they can be more useful in the final phases of the design, in particular in the detailed
design stage. On the contrary, the use of analytical models, in which some simplifica-
tions are made with respect to the models used in the numerical resolution in order
to be able to solve the resulting systems of equations, makes it possible to evaluate a
large number of potential configurations in short periods of time, so that the develop-
ment cost and computational time are significantly reduced [247]. In this way, design
tools based on analytical models seem more appropriate for use in the early stages
of design since they are able to manage the changing information over time, offering
results quickly and allowing the decision maker to plan the next steps. Certainly, the
uncertainty of the results obtained with this type of models is greater than in the case
of the use of numerical resolution tools, however, given the uncertainty in the input
parameters, this is not usually a problem in the early stages of the design.

In this sense, the works related to preliminary design methodologies of DMFCs are
scarce in the literature. Squadrito et al. [61, 62] developed an automatic scale-up al-
gorithm for the design of the serpentine pattern fluid field of one side of a BP of a
PEMFC stack based on a combination of analytical and numerical calculations using
a computational fluid dynamics (CFD) tool. However, the main objective in that case
was to maintain the performances with the increase in the dimensions of the active area,
not to optimize the power density and the specific power of the stack. Additionally,
only the BP was considered, not the entire stack, and in particular only one side of the
BP without analyzing possible influences between the geometries on both sides. In the
same way, only few design methodologies of systems based on DMFCs and methods for
the optimization of operating parameters have been reported. Flipsen and Spitas [57]
proposed a second order model, based on an evolutionary algorithm, for the preliminary
design of a whole power system with a DMFC, which selected the different equipment
from a database of commercial components, optimizing the total volume. Flipsen [58]
reported a hybrid power system design DMFC-nickel metal hydrate battery intended
for low power applications. Bennett et al. [59] conducted a system-level trade-off study
between DMFC power output and the sizes of the air blower and the fuel storage tank.
Regarding the optimization of operating parameters, Tafaoli-Masoule et al. [60] applied
a validated model in combination with a genetic algorithm to optimize a geometrical
and three operating parameters with the ultimate goal of maximizing power density.
Although multiple tests of single cells have been carried out as well as developments
of complete DMFC stacks, as will be seen in Section 2.1.7, no methodologies or design
tools have been reported that make it possible to optimize the construction parameters
in the design of a DMFC stack to maximize the specific power, power density and to
minimize fuel consumption.
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2.1.7 Direct methanol fuel cell performances

Several active DMFC stacks have been developed by different institutions, both research
centers and companies, the characteristics of some of them are summarized in Table
2.1.3. Most of the stacks collected in Table 2.1.3 were designed and tested in research
centers and their properties published in scientific journals since they are the ones for
which more information is available. As can be seen, the power range covered is very
wide, from a few watts to several hundred watts, depending on the final application.
In the same way, there is a wide variability in the resulting values of specific power and
power density, with maximum values of 84 W·kg−1 and 225 W·l−1. Although it should
be noted that not all the collected stacks were designed with the aim of optimizing these
characteristics, these wide ranges reflect the difficulty of optimizing stacks. To finish
with the characteristics of the stacks, both Z- and U-shape manifold configurations
have been applied with successful results for the different power ranges, as described
previously.

Regarding the materials, BPs of stacks have been predominantly made of graphite and
current collectors seem to be mainly gold-coated copper plates. At the single cell level,
the investigation of new materials for BPs is a very extensive field, but nevertheless
these innovations are not yet reflected in the stacks developed on a laboratory scale,
probably due to the high associated development cost. Something similar happens
regarding the membranes and catalysts of the DMFC stacks. As Table 2.1.3 indicates,
Nafion R© 115 and Nafion R© 117 are still the most used membranes, while all stacks use
Pt-Ru and Pt as catalysts at the anode and cathode, respectively. All of this despite
the intense research in the fields of membranes and catalysts for DMFCs, however this
is mainly focused on single cell experiments because they require small catalytic areas
and are more affordable.

Several authors highlight that the developed stacks show similar performances in terms
of power density to that achieved in the corresponding single cell experiments. In fact,
the power densities summarized in Table 2.1.3 are completely in accordance with the
performances reported by other research groups in single cell experiments [130,157,260,
267, 280]. All this confirms the good design and assembly of the stacks. In this sense,
it is worth noting that all the stacks use internal manifolds, except the one developed
by Lee et al. [281], and that the flow pattern, when it was reported, was a serpentine
design in both sides of the BPs.

Several companies have developed the technology of DMFCs at an industrial level, such
as Oorja Protonics or SFC Energy [43,210,282]. However, there is a little information
on their stacks, it is easier to find information of the whole system, probably due to
the competitiveness and the trade secrecy. Such companies market complete DMFC
systems with different powers depending on the application, reaching up to 1.5 kW
in the case of Oorja Protonics Model T and Model 3, which are intended for back-up
and forklifts, respectively. Both companies also sell models up to 500 W for portable
and mobility applications, wind measurement systems, off-grid secure and surveillance,
as well as for military use and deployment in remoted areas. Both companies have a
large order book, highlighting the commercial interest in DMFC technology for various
applications [43,283–290].
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2.2 Abiotically catalyzed glucose fuel cells

There is a great interest in researching the potential of glucose as a fuel due to the possi-
ble cost savings in its production compared to methanol or ethanol. Glucose (C6H12O6)
is not a common fuel for fuel cells and it has not been as studied as other fuels such as
hydrogen, methanol or ethanol. However, it is the most abundant monosaccharide in
the nature and it appears in early stages of bio-alcohol obtention process [293–295]. In
this sense, glucose shows a theoretical energy density of 15.9 MJ·kg−1 (4430 Wh·kg−1),
in the same order of magnitude as methanol, 22.0 MJ·kg−1 (6100 Wh·kg−1) [296–299].
In addition, glucose as endogenous compound in body fluids could be used in con-
junction with the oxygen dissolved in these same fluids to produce an electrical current
through a fuel cell to supply different implantable medical devices (IMDs) such as pace-
makers, insulin pumps, devices for electrical stimulation and so on. Currently, lithium
based batteries, such as lithium/iodine or lithium/silver vanadium oxide batteries, are
the most used power source for this type of devices [300–303]. Nevertheless, as statis-
tics said, these batteries show a limited lifespan, sometimes lower than expected. For
instance, the 60 % of the pacemakers, which should last 10 year [304], must be replaced
after 5 - 8 years due to the batteries’ depletion [305, 306]. Of the 200.000 pacemaker
implants annually performed in the United States, more than 20 % are due to the need
to replace batteries [305].

It should also be noted that, unlike pacemakers, the active medical implants recently
emerged are meant to treat diseases in patients in all age groups. This has aroused a
great interest in researching alternative implantable power systems capable of operating
for long periods of time without any kind of maintenance, in such a way that patients
would not have to undergo periodic surgeries to replace the batteries of the implants.
Among the possible options are harnessing of the thermal gradients in the body to
produce an electric current by the thermoelectric effect that can supply energy to
low-power systems [306–310], or using the mechanical energy due to the movement of
humans to power the corresponding devices [306,311,312]. Both approaches must cope
with the intrinsic problem of depending on the specific situation of the patient who
carries the device to produce the necessary electric current. Thus, a third promising
approach involves using implantable glucose fuel cells to generate electric power from
the endogenous glucose and the oxygen dissolved in the body fluids.

A detailed study on glucose fuel cells is included in this doctoral dissertation with the
aim of comparing their capabilities with those of DMFCs previously exposed, thereby
identifying the potential niches of each technology. As indicated above, the use of glu-
cose could represent a saving in relation to methanol in terms of fuel cost, however,
it is necessary to assess the performances of these fuel cells as well as the problems
they must overcome in order to establish an adequate comparison with DMFCs. Ad-
ditionally, glucose fuel cells intended to power IMDs will also be analyzed because the
constraints to which this type of fuel cells are subjected lead to novel electrode designs
that could be extrapolated to DMFCs.

2.2.1 Types of glucose fuel cells

Glucose fuel cells can be classified according to the environment in which they operate
or depending on the type of catalysts they use to promote oxidation and reduction
reactions.
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2.2.1.1 According to their location

Glucose presents a duality as fuel, it is the most abundant monosaccharide in the nature
but at the same time it is an endogenous compound in body fluids. Thus, it is possible
to classify this type of fuel cells in two ways depending on the conditions under which
they work as external and implantable fuel cells.

2.2.1.1.1 External glucose fuel cells - EGFCs

External glucose fuel cells (EGFCs) are mainly intended to power small electronic
devices, such as mobiles or laptops taking advantage of the fact that glucose is non-toxic,
non-volatile and non-explosive, making it easier to handle than other fuels, in particular
methanol [313]. Additionally, it is also abundant in nature, cheap, environmentally
friendly and easy to produce [297, 313]. In this sense, they arise as a possible cost-
effective alternative to direct methanol fuel cells (DMFCs) and direct ethanol fuel cells
(DEFCs) since glucose is in an early stage of the bio-alcohol obtention process. Thus,
the use of glucose as fuel would make it possible the direct harnessing of agricultural
waste and its by-products for power generation, almost without prior treatment [296,
298, 314–316]. Indeed, certain crops, such as corn or sugar cane, can produce large
amount of glucose by photosynthesis [295, 297, 314]. In some works [317], such type of
glucose fuel cells is called non-invasive because they do not interact with animals or
human being bodies.

2.2.1.1.2 Implantable glucose fuel cells - IGFCs

The final purpose of implantable glucose fuel cells (IGFCs) is to supply enough power
for the operation of different implantable medical devices (IMDs), such as pacemakers
[300, 318], sensors [319, 320], pumps for deliver drugs [321] or electrodes intended to
reduce the symptoms of neurological diseases [322]. Nevertheless, other types of devices,
for example novel smart contact lenses [317,323], can also be supplied. Unlike EGFCs,
IGFCs are in close contact with the body fluids of the living beings. In fact, they make
use of glucose, and in most of cases the dissolved oxygen, present in different body
fluids, such as interstitial fluid [324], tears [323], the bloodstream [324] or cerebrospinal
fluid in the subarachnoid space [325], to power the corresponding implantable devices.
The power requirements show a wide range depending largely on the specific device,
from the 10 - 40 µW continuously required by a pacemaker to the tens of milliwatts,
or even watts, that an artificial organ could need to operate properly [326,327]. Other
works denominate this type of fuel cells as invasive fuel cells [317].

2.2.1.2 According to their catalysts

Other valuable classification of glucose fuel cells is with respect to the nature of catalyst
used to improve the glucose oxidation and oxygen reduction reaction rates in such a
way that there are three main types of fuel cells: enzymatic, microbial or abiotic.
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2.2.1.2.1 Enzymatic catalysts

Enzymatic fuel cells use different insulated enzymes such as glucose dehydrogenase or
glucose oxidase to catalyze the glucose oxidation reaction (GOR) at the anode, and
bilirubin oxidase, laccase or copper oxidases to speed up the ORR at the cathode [314,
326–331]. One of the advantages of enzymes is their high selectivity toward reactants,
so these fuel cells may operate without electrode compartmentalisation, resulting in
simple and compact designs which can be miniaturised for use in implants or biosensors
[306, 332, 333]. In addition, enzymatically catalyzed glucose fuel cells show a power
density up to several mW·cm−2,thereby spanning the requirements of potential IMDs.
Nevertheless, enzymes suffer a progressive deactivation as a result of the degradation
of their complex protein structure over time, compromising their long-term use. In this
respect, there have been great advances in the in recent years. For instance, Cinquin et
al. [334] developed an enzymatic glucose fuel cell which in in vitro experiments worked
stably for 40 days, getting a maximum specific power of 24.4 µW·cm−3 implanted in a
laboratory rat.

2.2.1.2.2 Microbial catalysts

Microbial glucose fuel cells use the complete enzymatic system of an electroactive mi-
croorganism to catalyze the GOR and ORR. Unlike enzymes, microorganisms are less
likely to degrade under normal operating conditions, showing a successful long-term
stability [297], one of the problems of enzymatic fuel cells. Moreover, microbial popu-
lations reproduce in such a way that the catalytically active sites decrease slow thanks
to the emergence of new ones, which also contributes to greater long-term stability.
Nonetheless, microbial catalysts also exhibit serious drawbacks that hinder their use.
As in the case of enzymes, there is an issue with the electron transfer between microor-
ganisms and electrodes, resulting in a poor performance of these fuel cells [297, 314].
In addition, given the colonising and infectious nature of most microorganisms, micro-
bial glucose fuel cells cannot be considered as an option when it comes to implantable
devices as they could pose a serious health risk.

2.2.1.2.3 Abiotic catalysts

These glucose fuel cells use abiotic catalysts, normally novel metals such as platinum,
gold, palladium or alloys thereof, to speed up the electrochemical reactions. As far as
IGFCs are concerned, abiotic catalysts present some advantages over the previous ones.
Thus, they may be sterilised applying standard methods, such as heating at 121 ◦C
in an autoclave [335, 336], preventing possible infection risks. Likewise, they may be
properly selected according to their biocompatibility [306,326] in order not to produce
an adverse response in the host. Moreover, these catalysts, unlike enzymes, do not
suffer a self-deactivation process, so in principle they show greater long-term stability.
Regarding EGFCs, promising results have been also obtained in fuel cell experiments
using abiotic catalysts with significant breakthroughs in recent years.

2.2.1.2.4 Other catalysts

Recently, two new kinds of catalysts have been researched to promote GOR, namely,
organelle and cell-based catalysts. Organelles consist of all necessary enzymes to carry
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out the glucose oxidation reaction, such as mitochondria [337, 338] whereas the cell-
based catalyst concept poses the use of white blood cells to enhance GOR [339, 340].
These are attractive and novel approaches but still appear to be underdeveloped.

In relation to glucose fuel cells, this work covers both implantable and external types,
and in both cases focuses on those that use abiotic catalysts.

2.2.2 Design and operation of implantable and external glucose fuel
cells

Although the underlying principle governing glucose fuel cells, both IGFCs and EGFCs,
is basically the same, i.e., the oxidation of glucose at the anode and the reduction of
oxygen at the cathode, IGFCs are subjected to a set of constraints imposed by the
physiological environment that greatly condition their designs and operation. The
following sections describe the different conditions under which both types of fuel cells
operate and how those conditions determine their designs and limit their operation.

2.2.2.1 Operating conditions

The essential difference between these fuel cells that largely determines their designs is
that in external fuel cells, as in DMFCs, reactants can be independently supplied to the
corresponding electrodes, glucose to the anode and oxygen to the cathode, but in living
beings both reactants are present in the same solution and, consequently, an indepen-
dent supply to the electrodes is not possible [305,335,341]. In addition, in external fuel
cells it is possible to exercise considerable control over operating parameters such as
temperature, reactant concentrations and flow rates or pressure to achieve an optimum
performance [297, 314]. Conversely, the operating conditions of implantable fuel cells
are fixed and dependent on the implant location according to body physiology [324,325].
Therefore, they cannot be changed to get a better performance without posing a risk
to the patient’s health. Certainly, the values of the operating parameters may undergo
slight modifications over time, but these are due to the regulatory mechanisms of liv-
ing beings, such as homeostasis. Typical values of the main operating parameters of
external and implantable glucose fuel cells are shown in Table 2.2.1. Thus, in external
fuel cells air or pure oxygen are typically used as oxidants, the glucose concentration of
the solution supplied to the anode ranged from 0.1 M to 1 M and temperature varies
between 20 ◦C (or even less) and 70 ◦C. On the contrary, the oxygen saturation in im-
plantable fuel cells ranged approximately from 3.5 % to 7 %, i.e., between 0.03 mM and
0.06 mM, according to the lower an upper limits of oxygen in human cerebrospinal and
interstitial fluids, while the glucose concentration changes between 3 mM and 7 mM
depending on the location. It should be noted that only physically dissolved oxygen in
body fluids can be used in implantable fuel cells. Oxygen chemically combined with
hemoglobin is not capable of reacting on abiotic electrodes and must not be used due
to its vital role in cellular processes. Regarding the operating temperature, it is the
one corresponding to that of the human body, approximately 37 ◦C.

Furthermore, in the case of implantable devices, the concentration ranges of reactants
depend on the specific body fluid and therefore on the implant location. Mainly three
different body fluids have been identified to be use as source of reactants for glucose
fuel cells: blood from the arteries, interstitial fluid from muscle and adipose tissue
and cerebrospinal fluid from subarachnoid space. Table 2.2.2 summarizes the glucose
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Table 2.2.1: Differences in operating conditions of IGFCs and EGFCs.

External glucose
fuel cells

Implantable glucose
fuel cells

Glucose concentration (M) 0.1 - 1.0 2.5·10−3 - 7·10−3

Oxygen concentration (%) 21 or 100 3.5 - 7
Temperature (oC) 20 - 70 ∼37
pH Adjustable 7.2 - 7.4
Strong base concentration (M) 1 - 7 Not possible

Reactant transport Convective flow
Convective or Diffusive

flow

and oxygen concentration ranges in the different body fluids. As can be seen, the
concentrations are lower in cerebrospinal and interstitial fluids than in blood plasma in
such a way a better performance is expected in the latter. However, the implantation in
bloodstream carries significant risks such as coagulation problems, thrombus formation
or those arising from the surgery required to introduce the device. Something similar
occurs in the case of the subarachnoid space located in the brain between the arachnoid
mater and the pia mater. Consequently, tissue implantation is the preferred option
although in this case the reactant supply is based solely on diffusion, unlike implantation
in bloodstream where a continuous reactant flow is available.

Table 2.2.2: Concentration of glucose and partial pressure of oxygen in
different human body locations.

Glucose concentration Oxygen concentration

(mM) (kPa) (mM)

Blood plasma 3.9 - 6.7 [325] 10.0 - 13.3 [342] 0.088 - 0.117
Cerebrospinal fluid 2.5 - 4.4 [325] 3.3 - 6.6 [325] 0.029 - 0.058
Interstitial fluid 3.0 - 4.0 [324] 5.1 - 8.0 [335] 0.045 - 0.071

Unlike external fuel cells, implantable ones cannot improve their performances by sup-
plying different components such as strong bases or acids because these could make the
patient sick. In this context, the body fluids that could be used as sources of reactants
exhibit a fixed and slightly alkaline pH. For example, the pH ranges of cerebrospinal
fluid and blood are 7.3 - 7.35 and 7.35 - 7.45, respectively. Thus, since the majority
of IGFCs do not use electrolytic membranes to avoid the release of potentially toxic
compounds, the body fluids themselves act as electrolyte with its corresponding low
buffer capacity. On the contrary, EGFCs may use different types of electrolytes or
supply components such as KOH to improve its performance. The application of elec-
tromagnets, which have been assessed in some external fuel cell experiments [343,344],
is also ruled out in implantable glucose fuel cells.

Another concern when it comes to IMDs is the biocompatibility of the materials that
make up the device [306,325,326,335]. In addition, it should be borne in mind that in
IGFCs it is not possible to manage the purity of the reactants as in external ones. Body
fluids contain multiple endogenous substances apart from glucose and oxygen such as
amino acids and small organic molecules that can dramatically reduce the power output
of the implantable fuel cells, for instance, by poisoning the catalysts [67, 345–348].
Therefore, given the sharp constraints imposed by the host on the operating conditions
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and the low reactant concentrations in body fluids, IGFCs achieve a significantly lower
yield than external ones. In terms of maximum power density, implantable fuel cells
produce around 6 µW·cm−2 while external ones may obtain up to 38 mW·cm−2.

2.2.2.2 Glucose fuel cell designs

The huge differences between IGFCs and EGFCs operating environments are also re-
flected in their designs. EGFCs have a design similar to that of DMFCs, using MEAs
composed of electrodes and membranes of different nature, as well as bipolar plates
made of graphite or metallic materials and with different flow-field patterns. On the
contrary, the simultaneous presence of glucose and oxygen in body fluids coupled with
the fact that most noble metals are catalytically active for both GOR and ORR prevent
the above design from being applied to IGFCs. In principle, the reaction of both species
on the anode and cathode would lead to similar potentials in both electrodes hindering
the flow of electrons through the external circuit. To overcome these limitations and
achieve the operation of glucose fuel cells in physiological fluids, three different reaction
separation approaches have been reported.

The first approach consists of two openings exposed to physiological solution, one of
them corresponding to the anode and the other to the cathode [349], as can be seen
in Figure 2.2.1a. The separation between glucose and oxygen in this case is carried
out on the cathode side by means of a hydrophobic membrane that allows the diffusion
of gaseous oxygen through it, avoiding the passage of dissolved glucose. A hydrophilic
membrane is placed between the electrodes to electronically isolate them while allowing
the free migration of water and ions. This membrane ensures that the water produced
at the cathode in the case of an acidic electrolyte can leave it, or that in the case
of an alkaline electrolyte the water can be transported to the cathode. The anode is
protected by other hydrophilic membrane through which glucose, oxygen, gluconic acid
and so on are able to diffuse, but not proteins that can damage the electrode. Since
both glucose and oxygen can pass through this membrane, part of the anode catalyst
acts as a sacrificial layer on which oxygen and glucose can directly react with each
other. However, the positive shift of the anode potential due to the presence of oxygen
could be significantly reduced using a proper electrode, for instance highly porous Pt
electrodes [350]. The potential gradient between anode and cathode mainly depends on
the oxygen concentration and the morphology of the anode catalyst, assuming constant
glucose concentration. The lower the oxygen content, the lower the potential at the
anode [351]. Nevertheless, any improvement in anode potential is practically counteract
by the poor cathode potential because of the low oxygen concentration. Likewise, in the
case of using Pt as catalyst in the anode and under physiological glucose concentrations,
the higher the porosity of the catalyst, the more insensitive it is to the presence of
oxygen. In addition, since the reaction kinetics of oxygen is faster than that of glucose,
to apply this concept the concentration of glucose must be significantly higher than that
of oxygen in the solution. As can be seen in Table 2.2.2, this difference in concentrations
is indeed common in physiological fluids.

In principle, the noble metals, as materials, are not able to react selectively only with
glucose in a solution that also contains oxygen. For instance, it has been reported
how Pt directly catalyzes the GOR in presence of oxygen [352]. On the contrary,
materials such as silver and especially activated carbon, capable of selectively carrying
out ORR have been identified. The second concept, known as “depletion design”,
uses these selective catalysts at the cathode. As shown in Figure 2.2.1b, the design
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Figure 2.2.1: Implantable glucose fuel cell designs. a) Two openings design;
b) Depletion design; c) Single layer design.

consists of a single input in front of the selective cathode while the non-selective anode
is placed behind it, between a hydrophilic separator and an impermeable surface. The
separator must be hydrophilic since through it the glucose must access to the anode
while allowing the migration of ions as well as the diffusion of gluconic acid to the
outside [335, 345, 353]. The electrodes may also be separated by a gap rather than
a separator in designs known as ”membraneless”. Additionally, this fuel cell concept
could consist of two openings with a selective cathode in each one and the anode
between them. However, as previously indicated, the presence of two openings makes
the implantation of the fuel cell noticeably difficult. In fact, this design has been
extensively studied because it has a single opening [305, 325, 335, 341, 351, 354, 355], as
it can directly cover the outer surface of the pacemaker. The following idea is the basis
of this design: the oxygen that diffuses into the cell is mainly reduced at the selective
cathode, in such a way that the solution that reaches the anode is poor in oxygen. In
this way, GOR would take place under partial oxygen-free solution. In this case, the
degree of reactant separation is related to oxygen concentration in the corresponding
body fluid, the morphology of the anode catalyst and the current density. Thus, if there
is a high partial pressure of oxygen, it will not be completely removed from the solution
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by reducing it at the cathode [305]. The oxygen concentration at the anode depends
mainly on the current density and the mass transport characteristics of the structure.
A higher current density leads to higher oxygen reduction at the cathode while mass
transport is related to the porosity and thickness of the elements. Therefore, there
is some oxygen at the anode, thereby producing a more positive potential than there
would be in the complete absence of oxygen. However, as in the previous design, this
phenomenon can be mitigated thanks to the morphology of the electrode.

The last concept is the single-layer implantable glucose fuel cell, Figure 2.2.1c. Different
studies have been reported that the morphology of the electrodes may play a key role in
the potential that these electrodes acquire under physiological conditions [68–70, 350,
351]. Thus, although the material from which the electrode is made does not allow
a selective reaction, its morphology does. Pt electrodes with different porosity are a
clear example. Under physiological conditions, the ORR is diffusion controlled due
to the lower concentration and faster reaction kinetics on Pt electrodes of oxygen with
respect glucose, on the contrary GOR is kinetically limited [351]. Therefore, an increase
in surface area of Pt electrodes leads to more negative potentials [345, 350], close to
those of glucose oxidation, while the faster ORR kinetics make it possible to obtain
positive potentials, close to those of oxygen reduction, by means of Pt electrodes with
low specific surface areas [351]. This third design is based on this type of electrodes in
such a way that, as can be seen in Figure 2.2.1c, both electrodes are directly exposed
to physiological fluids. Compared to previous designs, this design makes it possible
to significantly reduce the volume of the cell thanks to its simplicity. Additionally,
the external surface of an IMD, in contact with interstitial fluid, could be covered
with this type of design, thereby powering the corresponding device with the current
generated [318,356].

In the three approaches shown above, it is possible to wrap the device with a protective
membrane [324, 334]. This type of membrane can enhance the biocompatibility of
IGFCs while it also can improve its durability and general performance, preventing the
flow of certain endogenous compounds that could degrade the catalysts.

2.2.3 General operation

As in DMFCs, in glucose fuel cells the electrical current is generated by the elec-
trochemical reactions of glucose and the oxidant, typically oxygen, in two physically
separated electrodes. Otherwise, it would be impossible to create an external current
because both reactions would take place on the same electric conductor. Thus, the
electro-oxidation of the glucose at the anode releases electrons that flow through an
external circuit to the cathode, where the oxidant is reduced. The difference in the
electrochemical potentials of the redox pairs of both electrodes is the driving force of
the electron flow. To close the circuit, a cation flow from anode to cathode takes place
in the case of acidic electrolyte or, conversely, an anion flow in the opposite direction
in the case of an alkaline electrolyte.

2.2.3.1 Reactions in acidic medium

The reactions that take place at both electrodes depend on the nature of the elec-
trolyte. Thus, under acidic conditions the complete oxidation of glucose would produce
24 electrons per molecule as well as protons and carbon dioxide. The corresponding
oxidation, reduction and overall reactions are:
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Oxidation : C6H12O6 + 6H2O −→ 6CO2 + 24H+ + 24e− (2.2.1)

Reduction : 6O2 + 24H+ + 24e− −→ 12H2O (2.2.2)

Overall : C6H12O6 + 6O2 −→ 6CO2 + 6H2O (2.2.3)

The standard Gibbs free energy of the whole reaction at 25 ◦C would be -2.870·106

J·mol−1 and therefore the standard potential of the cell at the same temperature is
1.24 V [353]. However, CO2 has not been found as one of the main glucose electro-
oxidation products in any of the experiments conducted until now in acidic medium.
Indeed, in some of them CO2 was not even detected. This suggests that glucose is not
fully oxidized in acidic medium. Thus, in a glucose electro-oxidation experiment on
smooth Pt in 0.1 M HClO4 solution applying three potential steps program over 29 h,
gluconic acid (C6H12O7) was the main product detected by high performance liquid
chromatography (HPLC) [357]. This carboxylic acid is the first stage in the possible
pathways of glucose oxidation [345]. In addition, glucuronic acid (C6H10O7), oxalic
acid (C2H2O4) and tartaric acid (C4H6O6) were also found as well as traces of glucaric
acid (C6H10O8), glycolic acid (C2H4O3), formic acid (CH2O2) and CO2. Similarly, Pt
electrodes modified by adsorbed atoms of Tl, Pb and Bi produced gluconic acid as
the main glucose oxidation product, also obtaining different proportions of the other
compounds. The use of Au as catalyst showed the same results. Assuming the electro-
oxidation of glucose to gluconic acid instead of CO2, the corresponding redox reactions
are:

Oxidation : C6H12O6 + H2O −→ C6H12O7 + 2H+ + 2e− (2.2.4)

Reduction : 0.5O2 + 2H+ + 2e− −→ H2O (2.2.5)

Overall : C6H12O6 + 0.5O2 −→ C6H12O7 (2.2.6)

As can be seen, in this case only two electrons are produced per glucose molecule, unlike
the 24 electrons under the complete oxidation assumption. The standard Gibbs free
energy of the overall reaction at 25 ◦C is reduced up to -2.51·105 J·mol−1, while the
corresponding standard potential of the cell is 1.30 V [353].

Gluconic acid can be electro-oxidized, as shown by the presence of other products [357],
but its reaction rate is much slower than that of glucose [345]. In fact, experiments
in different media demonstrate that glucose is less reactive in acidic medium than in
alkaline medium [298,357,358]. For this reason, there are very few experiments carried
out with acidic electrolytes and the most EGFCs operate under alkaline conditions.

2.2.3.2 Reactions in alkaline medium

By an analogous reasoning to that followed for reactions in acidic medium, the redox
reactions assuming a complete oxidation of glucose in alkaline medium are:

Oxidation : C6H12O6 + 24OH− −→ 6CO2 + 18H2O + 24e− (2.2.7)

Reduction : 6O2 + 12H2O + 24e− −→ 24OH− (2.2.8)

Overall : C6H12O6 + 6O2 −→ 6CO2 + 6H2O (2.2.9)
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However, as it happened in the acidic medium, the complete electro-oxidation of glucose
molecule has also not been achieved in an alkaline medium. In this sense, Kokoh et
al. [358] carried out cyclic potential step experiments over approximately 20 h to study
the glucose (10 mM D-glucose) electro-oxidation products in 0.1 M NaOH using Pt,
Pt-modified, Au and Au-modified as catalysts. The reaction products were determined
by high performance ion chromatography (HPIC). In all cases, gluconic acid appeared
as the main product, but the concentration of the products changed over experiment
time. Thus, the concentration of gluconic acid increased during the first hours, but then
decreased, giving rise to other products. In this way, glucaric acid, hydroxymalonic
acid, formic acid, tartaric acid or oxalic acid among others were also detected. Similar
experiment using gluconic acid as reactant instead of D-glucose proved the possible
electro-oxidation of this compound.

In addition, it was bore out that changes in the oxidation potentials lead to notable
differences in the concentration ratios of the products. Indeed, with the appropriate
catalyst composition and potential, it is possible to break the carbon-carbon bonds of
the D-glucose structure, i.e., Pt with adsorbed atoms of Bi at 0.6 V vs RHE or Pt with
adsorbed atoms of Pb at 0.9 V vs RHE, obtaining important proportions of oxalic acid
and tartaric acid among others. Nonetheless, during the first five minutes of reaction
the study points out that the mean experimental value of the number of electrons is
close to 2, which demonstrate that gluconic acid is the main product of the reaction
at short residence times [358]. Although gluconic acid can be electro-oxidized, the
corresponding reaction rate is much lower than that of D-glucose oxidation to gluconic
acid [359]. This result has also been confirmed in external alkaline glucose single cell
experiments operating under continuous flow. Thus, Fujiwara et al. [298], using an
anion exchange membrane and Pt as anode catalyst (0.5 M D-glucose + 0.5 M KOH at
4 ml·min−1, humidified O2 at 100 ml·min−1, constant current density of 50 mA·cm−2,
room pressure and temperature) concluded by an enzymatic method that 97 % of the
glucose oxidation products was gluconic acid. Likewise, Chen et al. [297] expected
in their alkaline fuel cell experiments using Ag/Ni foams catalysts that gluconic acid
represented up to 87.5 % of the glucose oxidation reaction products.

Since gluconic acid is the main D-glucose oxidation product under alkaline conditions,
the corresponding oxidation and reduction reactions are:

Oxidation : C6H12O6 + 2OH− −→ C6H12O7 + H2O + 2e− (2.2.10)

Reduction : 0.5O2 + H2O + 2e− −→ 2OH− (2.2.11)

Overall : C6H12O6 + 0.5O2 −→ C6H12O7 (2.2.12)

As in the case of acidic medium, this partial oxidation of glucose only produces two
electrons per glucose molecule instead of the twenty-four corresponding to the complete
oxidation.

It should be noted that D-glucose in a deaerated alkaline solution is isomerized into
D-fructose through enediols while in no deaerated solution it also reacts with dissolved
oxygen to form formic acid [297,358]. The degradation of glucose under these conditions
is exacerbated with increasing temperature.
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2.2.4 Catalysts for glucose fuel cells

The unequal operating conditions of the EGFCs and IGFCs, in addition to leading to
important differences in cell designs, cause the catalysts used in both cases are notably
different. Accordingly, a clear distinction must be made between catalysts used in
external and implantable fuel cells for glucose oxidation and oxygen reduction. In any
case, the design and manufacturing of electrodes must take into account a number of
key factors in order to optimize their performances, such as particle size [360], catalyst
distribution over the substrate [361,362], catalyst loading or the electrochemical surface
area (ECSA) [68,70,351,362–364], among others.

2.2.4.1 Anode catalysts in external glucose fuel cells

Pt, along with Au, is the best catalyst for glucose electro-oxidation. Nevertheless, Pt
shows a great drawback, the loss of its catalytic characteristics over time [297, 325,
363, 365, 366]. Under current knowledge and similar to what happened in DMFCs, Pt
poisoning is primarily caused by the continuous absorption of by-products from the
GOR [367], and is aggravated at high current densities typical of external fuel cells.
As a result, an important line of research is focused on the search for new Pt-based
catalysts for glucose electro-oxidation that combine good performances with a longer
useful life.

The catalysts described below have been assessed on account of their possible catalytic
activity with respect to glucose electro-oxidation. In most cases, the cyclic voltamme-
tries and chronoamperometries performed by various researchers have been used as a
figure of merit to study and compare the different catalysts, as shown in detail in Tables
2.2.3 and 2.2.4. In these experiments, the focus is mainly on the current density and the
potential of the glucose oxidation anodic peaks, which describe the catalytic activity of
the catalyst [368]. Another important parameter that is also taken into account as an
indicator of catalytic activity and poisoning is the electrode onset potential. Thus, the
lower the onset potential, the lower the activation overpotential and therefore better
catalytic capabilities [368]. In this analysis, the onset potential has been determined as
the voltage of the intersection point between the tangent lines to the double layer and
the anode peak branch. For comparative purposes, all the potentials from the original
works have been referred to Ag/AgCl (sat. KCl) reference electrode.

It should be noticed that not all the cyclic voltammograms collected have been ob-
tained under the same experimental conditions, which makes it difficult to compare the
different electrodes. As a general rule, at higher scan rates, higher current densities
are obtained at the oxidation and reduction peaks, therefore, their values are over-
estimated [315, 368]. In addition, a higher concentration of a strong base during the
experiment leads to higher current densities at peaks, provided that the base concen-
tration does not exceed a limit value above which the performance worsen since the
excessive absorption of OH− prevents the glucose absorption onto the catalyst [296].
Likewise, the glucose oxidation peak potential shifts to more negative values with the
increase of base concentration, while an increase of the glucose concentration also causes
a potential shift in the opposite direction [296]. As with base concentration, an increase
in glucose concentration also causes an improvement in the current density of the glu-
cose oxidation peak [296,315]. All this must be taken into consideration when assessing
the values summarized in Table 2.2.4.
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Table 2.2.3: Poisoning rates obtained by chronoamperometric experiments
of different electrodes intended for EGFCs. All potentials are expressed
against Ag/AgCl (sat. KCl) reference electrode and the counter electrode
is always Pt.

Ref Working electrode
[C6H12O6]

(M)
[Electrolyte]

Potential
(V)

Time
(s)

Poisoning rate
(% s−1)

[296] PdRh/C 0.5 0.5 M KOH -0.229 1300 0.0100
[296] Pd2Rh/C 0.5 0.5 M KOH -0.229 1300 0.0056
[296] Pd3Rh/C 0.5 0.5 M KOH -0.229 1300 0.0180
[296] Pd/C 0.5 0.5 M KOH -0.299 1300 0.0019
[299] Pd3Sn2/C 0.5 0.5 M KOH -0.299 1300 0.0140
[299] PdSn/C 0.5 0.5 M KOH -0.299 1300 0.0080
[369] PdBi/cMWCNT 0.5 0.5 M NaOH 0.068 1000 0.0038
[369] Pd/cMWCNT 0.5 0.5 M NaOH 0.068 1000 0.0140
[370] PtAu/C 0.01 0.5 M KOH 0.200 3600 0.0046
[371] Pd/pMWCNT 0.5 0.5 M NaOH 0.168 1000 0.0016
[371] Pd/cMWCNT 0.5 0.5 M NaOH 0.168 1000 0.0020
[371] Pd/nMWCNT 0.5 0.5 M NaOH 0.168 1000 0.0031
[371] Pd/oMWCNT 0.5 0.5 M NaOH 0.168 1000 0.0029

Although Au is able to electro-oxidize glucose under alkaline conditions without poi-
soning effects, as a counterpart, it has greater overpotential and less electrocatalytic
activity than Pt [361, 363, 365, 372]. In this sense, its combination with Pt is intended
to counter the poisoning suffered by the latter, but preserving an adequate catalytic
activity and a reduced overpotential. Basu and Basu [370] tested the bimetallic Pt-
Au/C catalyst and concluded that its poisoning rate is much slower than that of Pt/C
catalyst and commercial Pt-Ru/C. Additionally, they also pointed out that Pt-Au/C
showed better performance per mass of noble metal in single cell experiments than
commercial Pt-Ru/C.

Bi also may mitigate Pt deactivation caused by absorption of intermediates from the
GOR [373]. As can be seen in Table 2.2.4, Pt-Bi/C (4:1 w/w) exhibits higher an-
odic current density than Pt-Au/C electrode (1:1 w/w), both with a metal content of
roughly 15 %, which could be related to the higher Pt content of Pt-Bi/C. Even so, the
lower onset potential of the Pt-Au/C is related with a lower overpotential and higher
electrocatalytic activity.

Although Pt is one of the most studied electrocatalysts, Pd is also known for its great
catalytic activity for the electro-oxidation of different compounds in an alkaline medium
such as ethanol and glucose [299, 371, 374]. Thus, the bimetallic PdPt/C and the
trimetallic PtPdAu/C arise as potential catalysts for glucose electro-oxidation under
alkaline conditions. Basu and Basu [359] concluded that both combinations are catalyt-
ically active, using a metallic load of 15-20 wt.% and ratios of 4:1 and 1:1:1, respectively.
As can be seen in Table 2.2.4, the trimetallic composition shows a higher oxidation cur-
rent density as well as a lower overpotential than those of PdPt/C. Furthermore, the
performance tests of a single cell operated in batch mode (cathode: activated charcoal;
anode loading: 3 mg·cm−2; solution: 0.3 M glucose + 1 M KOH; temperature: 30 ◦C)
reveal that PtPdAu/C is more stable against variations in current density.

Given the excellent characteristics of Pd as catalyst for GOR under alkaline conditions
[361], the development of Pd-based electrodes has aroused great interest, both in sensors
and fuel cells [296,299,361,371,374,386]. In addition, this element is at least 50 times
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Table 2.2.4: Characteristic values of the cyclic voltammograms of differ-
ent electrodes intended for EGFCs. All potentials are measured against
Ag/AgCl (sat. KCl) reference electrode and the counter electrode is al-
ways Pt.

Ref Working electrode
[C6H12O6]

(M)
[Electrolyte]

Scan rate
(mV·s−1)

Onset
potential

(V)

Anodic peak
forward scan

Cathodic peak
backward scan

Ib/If

If
(mA·cm−2)

Potential
(V)

Ib
(mA·cm−2)

Potential
(V)

[293] Nickel foam 1
3 M KOH +
5 mM MV

40 -0.62 28.3 -0.51 -5.8 -0.77

[296] PdRh/C 0.5 0.5 M KOH 20 -0.28 3.5 -0.05 0.9 -0.27 0.26
[296] Pd2Rh/C 0.5 0.5 M KOH 20 -0.30 1.9 -0.05 0.6 -0.28 0.32
[296] Pd3Rh/C 0.5 0.5 M KOH 20 -0.25 1.7 -0.06 0.2 -0.27 0.12
[296] Pd/C 0.5 0.5 M KOH 20 -0.13 2.7 -0.09 1.6 -0.22 0.59
[299] Pd3Sn2/C 0.5 0.5 M KOH 20 -0.46 3.7 -0.02 1.2 -0.19 0.33
[299] PdSn/C 0.5 0.5 M KOH 20 -0.17 2.8 0.00 1.4 -0.21 0.5
[315] Ni(OH)2/TNTs 0.025 0.1 M NaOH 100 0.51 20.5 0.66 17.8 0.68 0.87
[313] NiPd/SiNWs 1 1 M KOH 50 -0.16 25.7 -0.05 10.0 -0.19 0.39
[359] PdPt/C 0.05 0.5 M KOH 20 -0.32 2.9 -0.23 -2.0 -0.40
[359] PtPdAu/C 0.05 0.5 M KOH 20 -0.45 3.5 -0.17 1.2 -0.4 0.35
[375] Ni(OH)2 NPs/Ni foam 0.001 1 M NaOH 10 0.38 14.1 0.43 -5.0 0.26
[375] Ni(OH)2 NPs/Ni foam 0.002 1 M NaOH 10 0.38 19.1 0.45 -5.0 0.26
[375] Ni(OH)2 NPs/Ni foam 0.003 1 M NaOH 10 0.38 23.8 0.46 -5.0 0.26
[375] Ni(OH)2 NPs/Ni foam 0.002 0.5 M NaOH 10 0.39 15.8 0.48 -3.95 0.28
[375] Ni(OH)2 NPs/Ni foam 0.002 1 M NaOH 50 0.39 26.2 0.49 -11.9 0.25
[376] Cu(OH)2/PGF 0.001 1 M KOH 20 0.16 3.0 0.68 -2.4 0.10
[369] PdBi/cMWCNT 0.5 0.5 M NaOH 50 -0.38 16.4 0.02 11.2 0.68
[369] Pd/cMWCNT 0.5 0.5 M NaOH 50 -0.45 11.4 -0.07 7.2 0.63
[361] Pd30Au70/C-NH3 0.02 0.1 M NaOH 50 -0.20 4.6 -0.06 2.6 -0.16 0.57
[361] Pd30Au70/C 0.02 0.1 M NaOH 50 -0.32 2.4 -0.27 0.4 -0.46 0.16
[377] Dandelion-like CuO film 0.001 0.1 M NaOH 20 0.23 6.7 0.58 -5.0 0.41

[378]
Co3O4@Graphene

microspheres
0.004 0.1 M NaOH 50 0.48 0.9 0.59 -0.4 0.53

[379] NiCoO2@CNT/GC 0.01 0.1 M NaOH 50 0.30 9.9 0.50 -3.7 0.30
[373] PtBi/C 0.05 0.5 M KOH 20 -0.45 9.2 -0.19 0 -0.39
[373] PtAu/C 0.05 0.5 M KOH 20 -0.57 4.5 -0.28 -1.7 -0.35
[380] Au/MnO2-C 0.5 M 1 M NaOH 50 -0.46 18.2 0.26 14.2 0.13 0.78
[362] Pd/CeO2-C 0.02 0.1 M NaOH 50 -0.18 5.7 0.17 1.5 -0.27 0.26
[371] Pd/pMWCNT 0.5 0.5 M NaOH 50 -0.31 0.9 -0.10 0.3 -0.39 0.33
[371] Pd/cMWCNT 0.5 0.5 M NaOH 50 -0.34 5.6 -0.05 2.1 -0.38 0.38
[371] Pd/nMWCNT 0.5 0.5 M NaOH 50 -0.37 4.3 -0.06 1.6 -0.39 0.37
[371] Pd/oMWCNT 0.5 0.5 M NaOH 50 -0.34 4.6 -0.10 1.7 -0.39 0.37
[374] Pd30Au70/C 0.05 0.1 M NaOH 50 -0.44 3.0 -0.31 1.2 -0.49 0.41
[381] NiNPs/PVP-GNs with CS 0.0005 0.1 M NaOH 50 0.42 0.6 0.47 -0.1 0.37
[382] Co3O4-HND/GCE 0.003 0.1 M KOH 50 0.46 1.4 0.60 -0.8 0.48
[383] NiO HHs-Nafion/GCE 0.001 0.1 M NaOH 50 0.47 1.9 0.53 -0.6 0.42
[384] NiO HSs-RGO-NF/GCE 0.0001 M 0.1 M NaOH 50 0.33 1.5 0.36 -0.9 0.27
[385] PtRu/C 0.05 M 0.5 M KOH 20 -0.50 2.6 -0.36 -1.3 -0.32

more abundant in the Earth’s crust than Pt [361,374] in such a way that its use, instead
of Pt, would lead to a notable reduction in the cost of fuel cells because of its lower
price [296, 369, 371]. However, from glucose fuel cell perspective Pd onset potential is
located at high potentials which leads to high overpotentials. As in the case of Pt, a
strategy to mitigate this problem is to combine it with the appropriate elements.

Ethanol, as glucose, is a very stable compound and complex to oxidize [380]. In this
context, PtSn catalyst has demonstrated suitable properties for its electro-oxidation in
acidic medium. Based on this reasoning and knowing the outstanding properties of Pd
in alkaline medium, Brouzgou et al. [299] decided to analyze the properties of PdSn/C
and Pd3Sn2/C as catalyst for glucose electro-oxidation. As can be deduced from Table
2.2.4, Pd3Sn2/C possesses a greater yield for glucose electro-oxidation than PdSn/C,
higher oxidation current density (If ) and lower onset potential, however chronoamper-
ometric experiment reveals a more intense poisoning, Table 2.2.3.

Yan et al. [374] blended the remarkable Pd catalytic activity in alkaline medium and
the poisoning tolerance of Au in the same catalyst, seeking the optimum ratio between
them. They concluded that a molar ratio combination of 30 Pd: 70 Au (Pd30Au70/C)
exhibits both of these expected properties. To obtain smaller catalyst particle sizes,
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the synthesis process was modified with ammonia [361], thereby improving the activity
of the resulting catalyst (Pd30Au70/C-NH3) against glucose oxidation. Under the same
conditions, Pd30Au70/C-NH3 shows an oxidation current 1.9 times greater than that of
Pd30Au70/C, although a more positive onset potential, see Table 2.2.4. Likewise, there
is a remarkable difference in the Ib/If ratio (Ib and If are the backward and forward
current densities, respectively), higher for Pd30Au70/C-NH3, which can be related to
less by-product poisoning during GOR.

The same research group studied the catalytic performance of Rh in conjunction with
Pd [296]. Among the analyzed catalysts are PdRh/C, Pd2Rh/C, Pd3Rh/C and Pd/C.
PdRh/C stood out for its greater electrocatalytic activity in terms of current density.
According to the authors, this notable improvement seems to be related to a higher elec-
trochemical surface area (ECSA). Even so, see Table 2.2.3, between the four catalysts,
PdRh/C presents the higher poisoning rate.

The improvement of the electrodes is not only related to the elements that make up
the catalysts and the corresponding synthesis techniques. The substrates on which
the catalysts are deposited also play a fundamental role in the performance of the
electrodes. They partially determine the active surface area and electronic conductivity
of the electrode, aid in catalyst dispersion and may have synergistic effects with the
catalyst material [361, 362, 371, 386]. Hence, different substrates have been developed
and analyzed in order to study their performances and figure out their synergistic
relationship with glucose electrooxidation.

Multi-walled carbon nanotubes (MWCNTs) are one of the most widely studied sub-
strates since they have excellent properties as support: a large surface area, high
electrical conductivity and chemical stability and low cost. Despite this, it is nor-
mally not easy to obtain a uniform catalyst distribution on the non-treated pristine
MWCNTs because is chemically inert. To solve this problem, Chem et al. [371] an-
alyzed four MWCNTs substrates with different functionalities, using Pd as catalyst.
These functionalizations are intended to ensure the presence of bonding points on the
support surface that make possible a more uniform and efficient distribution of the
catalyst. The modified substrates included pristine MWCNTs (pMWCNTs), carboxy-
lated MWCNTs (cMWCNTs), amine-modified MWCNTs (nMWCNTs) and hydroxyl-
modified MWCNTs (oMWCNTs). Among them, Pd/cMWCNTs shows the best yield
in cyclic voltammetry experiments, see Table 2.2.4. Its superior performance for glu-
cose electro-oxidation is attributed to the specific functional group incorporated in the
substacte processing stage and the high uniformity of Pd distribution. According to
the authors, the electrochemical surface area, catalyst particle size and the amount of
Pd in the different electrodes seem to play a minor role in the comparison between the
resulting electrodes. Another remarkable feature of Pd/cMWCNTs is its low poisoning
rate, see Table 2.2.3, although it is not the lowest of all the tested substrates, this merit
corresponds to Pd/pMWCNTs. Moreover, it also offers a high cycling stability such
that after 500 cycles it still retains 46 % of its catalytic activity.

Given the excellent results of cMWCNTs as support and knowing that Bi may reduce
the poisoning by means of the reaction of its oxides and GOR intermediates, they
decided to use PdBi as catalyst to improve the general performance of the electrode,
seeking the best ratio between Pd and Bi to optimize the glucose electro-oxidation
yield [369]. Increasing the ratio of Bi leads to a growth in particle size, appearing
particle clusters for ratios greater than 1:0.14. Thus, as can be seen in Table 2.2.4,
PdBi/cMWCNT (1:0.14) shows the highest oxidation current density among the elec-
trodes developed by the research group with MWCNTs as substrate, but also presents
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a more positive onset potential than that of Pd/cMWCNT. Likewise, chronoamperom-
etry experiments confirm its low susceptibility to poisoning, see Table 2.2.3. Adding a
certain amount of Bi improves electrode performance, but an excessive amount limits
the catalytically active sites of the electrode.

MnO2 is reportedly capable of catalysing to some degree different carbohydrates, in-
cluding glucose [380]. Using it as a support with Au as primary catalyst (Au/MnO2-C),
it has been found that Au/MnO2-C presents better performance than Au/C, probably
as a result of a combined effect of the catalyst and substrate. Nonetheless, the mor-
phology of the support might be optimized to enhance its catalytic activity. Different
combinations of manganese oxide and nickel oxides have been tested as substrates [387].

Three-dimensional silicon nanowires (SiNWs) are also a potential support for glucose
oxidation catalysts since it presents a high physicochemical stability, large active surface
area and low cost. Using NiPd as the main catalyst, NiPd/SiNWs provided higher
catalytic capacities and stability than NiPd/Si [313]. Other supports with a large
surface area have also been studied, such as multi-walled TiO2 nanotubes [315].

In the field of glucose sensors, transition metals and their oxides, such as CuO, NiO
or Co3O4, have received a great deal of interest owing to their capabilities to catalyze
the electro-oxidation of glucose in an alkaline medium as well as their high biocompat-
ibility and low cost. In addition, breakthrough microstructures for catalysts, such as
hierarchical, three-dimensional and hollow structures, and large surface area substrates,
such as graphene and foams, are used to improve the performance of these devices by
increasing the active surface area.

Regarding the use of Co3O4 as electrocatalyst for glucose oxidation, it has been reported
that Co3O4 with a hollow nanododecahedral structure provides higher catalytic activity
than bulk Co3O4 [382]. The authors attribute this improvement to the increase in the
catalytically active surface area, which demonstrates the important role of the micro-
and nano- structures of the catalysts for enhancing electrode performance. Likewise,
Yang et al. [378] developed a hierarchical porous Co3O4@graphene microspheres elec-
trode made by hydrothermal method, obtaining also better results than bulk Co3O4.
Graphene films create an interconnected network that forms continuous electron path-
ways, also achieving a large surface area. This electrode also performed better than
bulk Co3O4.

Among the oxides of transition metals, nickel oxide is one of the most studied and
promising for the electrooxidation of glucose. Using a hydrothermal method, Cui et al.
[388] made hierarchical flower-like hollow microspheres consisting of NiO nanocrystals.
This morphology presents a large specific surface area. Similarly, Wang et al. [389]
developed a hierarchical NiO structure on Ni foam by carbonizing Ni metal organic
framework/Ni foam. Nickel foam has a large active surface area as well as suitable
pathways to enhance the conductivity of electrons and mass transport, additionally,
electrical conductivity is also improved thanks to the carbon frameworks in which NiO
structure is embedded. Nickel foams have been extensively studied in the field of glucose
sensors. In this sense, Ni nanofoams has been also prepared by chemical bath deposition
followed by a thermal annealing stage [390]. Surfaces of Ni catalysts must be rich in
Ni(OH)2 to have large amounts of Ni2+ in place, capable of oxidizing to Ni3+, that
promote the oxidation of glucose. To get the Ni(OH)2 film in the surface, the authors
suggest the application on the Ni foam of a cyclic voltammetry process in an alkaline
medium. In a similar fashion, Kung et al. [375] made a porous Ni foam catalyst coated
by Ni(OH)2 nanoparticles generated by means of cyclic voltammetry in basic solution.
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Various studies have also been carried out on the role of Cu-based catalysts in glu-
cose electro-oxidation. In this sense, electrodes made of porous graphene foams deco-
rated by copper hydroxide nanorods have been synthesized and tested [376]. As other
foams, porous graphene foam shows a large surface area, but also has a high electronic
conductivity and an extraordinary chemical stability, which enhances the electrode
lifespan. All this makes it a suitable support for glucose catalysts. Since the cata-
lyst microstructure also plays an important role in the whole electrode performance, a
proper microstructure can greatly increase the electrochemical active surface area, sev-
eral investigations have developed different microstructural patterns and have explored
their influence. For instance, different hierarchical flower-like CuO microstructures onto
Cu sheets have been manufactured changing the concentration of NaBH4 during the
process [377]. They offer high electrocatalytic performances for glucose oxidation, at-
tributed by the authors to a large surface area, lower resistance to charge transfer and
right reactant diffusion to catalytic sites thanks to the petal-like nanostructure.

As with noble metals, the use of two transition metals or their oxides in a single
catalyst has also been explored with successful results. The combination of two metallic
species in a ternary metal oxide could generate more redox reaction pathways as well as
higher electronic transfer capacity. Tang et al. [379] synthesized an electrode composed
of hierarchical NiCoO2 structure onto a carbon nanotube template (CNT). Likewise,
an electrode of ZnO-Al2O3 onto an aluminium substrate has been also developed by
electrodeposition techniques, obtaining notable electrocatalytic features, even better
than Pt [391]. specifically, it demonstrated lower polarization resistance and higher
exchange current density than Pt.

The reaction mechanisms of the transition metals with glucose are strongly dependent
on the availability of OH− ions since they take part in the oxidation stages of the
metals. Therefore, the performances of the catalysts with transition metals are highly
influenced by the pH of the working solution in such a way that a high alkalinity is
usually required to achieve an adequate operation.

Another approach to enhance the maximum current density provided by glucose oxi-
dation in external fuel cell is to use electron transmitting substances such as methyl
viologen (MV). For example, Liu et al. [293] identified that when a small amount of MV
is added to the alkaline glucose solution, the GOR performance on Ni foam catalyst
notably improves. This kind of compounds may be an effective way to enhance the
efficiency of EGFCs.

2.2.4.2 Cathode catalysts in external glucose fuel cells

In a similar way to the cathodes of DMFCs, Pt is the most widely used catalyst in the
cathodes of EGFCs, normally deposited on a carbonaceous support, due to its high
catalytic activity for oxygen reduction [365,373,392]. Although sometimes it is alloyed
with Ru to improve the lifespan of the electrode [298].

As in the case of anodes, the substrate morphology and the catalyst dispersion on it
are fundamental factors to improve the performance of the cathodes [371]. A larger
surface area or a better dispersion may lead to an improvement in performance with
the same catalyst load or to a reduction in the catalyst load, and hence the cost,
maintaining performance. For this reason, different substrates have been investigated
as well as different methods of synthesis and dispersion of the catalysts. In this case,
MWCNTs have also received considerable attention as a substrate for cathodes. As an



2.2. ABIOTICALLY CATALYZED GLUCOSE FUEL CELLS 61

example, Zhao et al. presented a new deposition technique by which they generated
three-dimensional flower-like Pt nanoparticles on a MWCNTs support. The three-
dimensional microstructure of the catalyst along with the large active surface area
of the rough MWCNT substrate led to a remarkably higher ECSA. As a result, this
electrode displayed better electrocatalytic features than conventional Pt electrodes.

The research group led by Cosnier have also developed cathodes based on MWCNT
substrates but in these cases cobalt phthalocyanine (CoPc) was used as catalyst [360,
393]. As in DMFCs, the use of other compounds as catalysts instead of Pt reduces the
final cost of the fuel cell, usually at the cost of reducing performance. These electrodes
demonstrated a high oxygen reduction capacity in cyclic voltammetry experiments,
which according to the authors is due to the synergy between the electrocatalytic
efficiency of CoPc and the large surface area of the substrate.

Other substrates and catalysts have also been used for ORR in EGFCs. For example,
Song et al. [394], in their work on anode manufacturing methods, used a Pd/C electrode
as cathode in EGFC experiments obtaining an acceptable performance. Ni foams were
also tested as substrates for cathodes with the aim of improving the transport and
diffusion of reactants thanks to their porous and three-dimensional morphology [297].
However, in this case a Ag film deposited onto the aforementioned support served
as catalyst for oxygen reduction because, according to the authors, Ag presents an
excellent catalytic capacity for both GOR and ORR.

2.2.4.3 Anode catalysts in implantable glucose fuel cells

After more than 30 year without significant advances in the field of implantable glucose
fuel cells [324], Kerzenmacher et al. [335] decided to resume the investigation in 2008
by replicating the manufacturing protocol for the fuel cell made by Rao and Gebhardt
in the 1960s. For these experiments, they made use of an anode consisting of activated
carbon supported Pt and Bi particles embedded in a matrix of poly(vinyl alcohol)-
poly(acrylic acid) (PVA-PAA), a glucose permeable polymeric hydrogel binder. The
electrode was prepared by Doctor Blade technique and a Pt mesh acted as current
collector due to its biocompatibility and chemical stability. Nevertheless, the electrode
experienced a rapid performance loss when it was tested in a 5 mM glucose solution
under an oxygen partial pressure of 196 mbar. This quick deterioration may be caused
by poisoning of the catalyst with by-products of glucose oxidation or by the degra-
dation that the binder undergoes over time. Both phenomena could increase internal
resistance.

Under physiological conditions, the influence of the oxygen on the anode potential can
be mitigated with the use of high ECSA electrodes [350]. The faster kinetics and lower
concentration of oxygen with respect to glucose in body fluids are the reasons why elec-
trodes with high ECSA present potentials close to that of glucose oxidation [351]. Under
physiological conditions, the ORR is diffusion limited due to the low concentration and
the fast reaction kinetic of oxygen while GOR is kinetically controlled. Therefore, an
increase in the catalyst surface area leads to a lower potential [345, 351]. By contrast,
electrodes with low specific surface areas exhibit higher potentials due to the faster
kinetic of ORR. Thus, the current trend to enhance anode performance in IGFCs is to
increase the active electrode surface area. In this sense, several research groups decided
to develop Pt-based Raney electrodes for use as anodes [305, 325, 354, 395]. Compared
to electrodes with binders, Raney electrodes display greater stability against chemical
agents [335,395]. Furthermore, their roughness factor (RF) (238 [305] - 2668 [395]), i.e.,
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the electrochemical surface area divided by the geometric area, is up to two orders of
magnitude higher than that of commercially available Pt sheets (30 ± 4 [305]) in such
a way that they exhibit lower potentials, reducing the influence of dissolved oxygen.

Pt-based Raney electrodes are made by depositing a metallic layer of Zn, Ni, Al or
other on a Pt sheet and subsequently subjecting the assembly to an annealing process
in order to generate a thin alloy film between the two materials. Then, the unalloyed
metallic material is removed giving rise to a rough structure [354, 395, 396]. Typically,
the substrate consists of a silicon layer with a thin Ti layer (∼20 nm) spread on it to
enhance the Pt adhesion [354, 396]. The thickness of the Pt and metallic removable
layers ranges between 100 nm [354] and 5000 nm [395]. The roughness, the stability and
therefore the performance of the resulting electrode depend on several factors associated
with the manufacturing process, namely annealing time, annealing temperature and
Pt/alloying metal ratio. Another issue to consider is the thermal expansion coefficients
of the materials as they can cause the electrode to deform during the process [395].

Originally, Ni was preferred as the alloying material in Pt-based Raney electrodes
[305, 397]. In absence of O2, these electrodes exhibited low specific resistance and
high stability against variations in current density. Nevertheless, the potential and the
specific resistance simultaneously raised with the presence of O2 [305]. Additionally,
Ni has biocompatibility issues due to it carcinogenic and allergenic features, so its use
should be avoided in medical applications [395,398–400]. For this reason, biocompatible
materials, such as Zn, began to be used as alloying materials, obtaining electrodes with
higher stability than PtBi ones [395]. In the same way, compared to Pt/Ni Raney
electrode, Pt/Zn Raney performs better in the absence of O2. Even so, they show a set
of shortcomings, such as the rapid degradation of its performance over time as well as
their low tolerance to body fluids, as their potential quickly tend to more positive values
in these fluids. Al was also used as alloying material in Pt-based Raney anodes [325].

The limited roughness of Raney electrodes, their difficult manufacturing process, and
the impossibility of using substrates with large surface areas prompted researchers
to seek new techniques and methods [401]. Among them, electrodeposition by cyclic
voltammetry [70, 351] or its variant, pulsed electrodeposition [68], offered promising
results. These techniques make it possible to develop stable anodes with RFs higher
than 3000 in the first case, and 6000 in the second. Unlike Raney electrodes, this
technique does not require high temperatures during the manufacturing process and
enables the development of electrodes with a large catalytically active surface area
[70,351]. The manufacturing protocol consists of a simultaneous electrodeposition stage
of Pt and Cu followed by a second step in which Cu is electrochemical dealloyed. These
steps are repeated for several cycles voltammetry scans or pulses using as deposition
electrolyte a mixture of H2PtCl6 and CuSO4 in sulfuric acid [70]. The stability and
roughness factor of these electrodes are conditioned by the scan rate and the negative
scan limit in the case of using cyclic voltammetry for the deposit process or the potential
and duration of the pulses in the case of pulsed electrodeposition; the concentration
of salts in the electrolyte is key in both cases [68, 69]. The RF and the performance
of the electrodes prepared by electrodeposition of Pt and Cu with the subsequent
dealloying of Cu are better than those of Pt-based Raney electrodes. Particularly,
pulsed electrodeposition technique allows greater control of the electrode features while
offering better results than those obtained by cyclic voltammetry.

Au was also studied in anodes of implantable fuel cells due to its good properties as
catalyst for glucose electro-oxidation, especially its low overpotential and poisoning
rate, see Tables 2.2.4 and 2.2.3. Both features are very valuable in IGFCs given the low
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current densities provided by these fuel cells. Thus, some implantable fuel cells using
Au as catalyst at the anode and PVA/PAA as binder were reported [341,355].

As previously stated, Pt electrodes are easily poisoned by absorption of by-products of
the GOR. Nonetheless, due to the low glucose concentration and low current density,
this phenomenon has little influence on IGFCs. Instead, attention must be paid to the
poisoning of the electrodes by endogenous substances present in body fluids [67, 346].
Particularly, the adsorption of either the amino acids or their oxidation products show
a deep poisoning effect on Pt electrodes [346,347]. Depending on the chemical features
of the amino acids, they exhibit a different impact on catalyst poisoning [346,348]. The
anode is especially affected by these phenomena with more than 80 % of the voltage
loss when the experiments are carried out in simulated cerebrospinal fluid (SCF) or
in simulated tissue fluid (STF). The Pt poisoning rate in SCF is lower than in STF
due to the lower presence of proteins and amino acids. Even so, in both cases the
potential difference of the fuel cell was zero in less than 40 hours [67]. Therefore,
further research is needed in the development of catalysts with increased tolerance to
poisoning in order to increase the useful life of these devices. Another option is to
develop and use protective membranes that prevent the diffusion of the most harmful
compounds.

2.2.4.4 Cathode catalysts in implantable glucose fuel cells

Regarding the catalysts for oxygen reduction, initially, before knowing the influence of
the roughness factor, selective catalysts, such as activated charcoal and silver, were used
in IGFCs with depletion design [335,345], Figure 2.2.1b. Both silver and activated char-
coal exhibit a very low catalytic response to glucose oxidation [345,402,403]. Although
carbon cloth, carbon paper and new developments as single-walled carbon nanotubes
are still used as cathodes in this type of fuel cells [325,341,355], many research groups
have made and studied new electrodes for oxygen reduction under physiological con-
ditions. The purpose of these new cathodes is to enhance the electrocatalytic activity
for O2 reduction, minimize the mass transport limitation and increase the long-term
stability.

Activated carbon in implantable fuel cell tests experienced a progressive degradation
over time, showing a reaction dominated by mass transport losses which significantly
limited its performance [335]. By contrast, Pt exhibits a more positive oxygen reduction
potential and higher activity in terms of current density than carbon [324], but, as
previously stated, it is also active towards glucose oxidation [396]. The use of Pt as
catalyst enhances electrode stability and ORR efficiency, but it cannot prevent by itself
the mass transport losses. Under physiological conditions, the ORR on Pt cathodes is
limited by the mass transport, but the kinetic of this reaction is faster than GOR, so
that Pt electrodes with a low specific surface area shows more positive potentials than
those with a high porosity [351]. Even so, these cathodes must have a certain roughness
(i.e., cannot be completely smooth) because, although ORR is diffusion controlled, O2

has a low spread capacity. Nevertheless, this does not solve the mass transport issues.
To mitigate this problem, one option is to reduce the local current density of the cathode
for a given potential difference, which can be accomplished by increasing the area of
the cathode with respect to that of the anode [350].

Initial proposals posed that a sufficiently thin Pt cathode would prevent the forma-
tion of oxygen-free regions inside the cathode itself [305, 396], thereby reducing the
possible formation of a mixed potential between that of oxygen reduction and glucose
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oxidation. Furthermore, thanks to the high efficiency of Pt for oxygen reduction, the
electrode would exhibit a low overpotential. Similar to anodes, the first studies as-
sessed the potential of Pt-based Raney electrodes, in this case with Al as dealloying
material [305,396]. Such Pt-Al Raney catalysts with a RF around 170, i.e., an order of
magnitude less than Pt-based Raney anodes, offered a sufficient tolerance to be used
as cathodes in an implantable glucose cell under physiological conditions. However, al-
though they showed a greater chemical stability against oxidative and hydrolytic attacks
than cathodes based on activated carbon particles embedded in a binder, they presented
worse performances, especially at low oxygen concentration, with higher transport over-
potentials. At the toxicological level, it was verified that the use of Al should not affect
the physiological levels of this element, although more specific analyzes would be re-
quired.

Another approach for making low-roughness Pt electrodes is to deposit the Pt by sput-
tering on a carbonaceous substrate such as carbon paper or carbon cloth since they
have an excellent electronic conductivity [354,397]. The sputtering technique is widely
used for the preparation of electrodes in all types of fuel cells, getting high quality Pt
adhesion. Two key factors in the development of this electrodes, whose variation may
affect negatively or positively the performance, are the thickness and the porosity of
the support [354]. As in the case of Pt-based Raney electrodes, before depositing Pt,
a thin layer (∼20 nm) of another material, typically Ti, can be deposited to act as an
adhesion layer [397].

Low-roughness Pt electrodes were also made by means of electrodeposition techniques,
such as cyclic electrodeposition of PtCu [70, 351] and pulsed electrodeposition [68],
reducing the number of alloy-desalloy cycles. With these techniques, the RF of the
electrode can be precisely controlled by varying the number of repetitions.

2.2.5 Glucose fuel cell performances

This section assesses the most notable experiments of both external and implantable
glucose single cells carried out since 2000. For comparison purposes, the description of
fuel cells are completed with the corresponding test conditions and the results obtained
in each case. Nevertheless, it is difficult to establish comparisons between the fuel cells
due to the different tests, designs and operating conditions.

2.2.5.1 External glucose fuel cells

In the case of EGFCs, three different experimental cells were reported, which makes
it difficult to compare the results obtained with them, going beyond the differences in
operating conditions.

The most widespread design concept is the continuous flow fuel cell, in which the fuel,
normally a solution of glucose and strong base, and the oxidant, typically oxygen or air,
are independently supplied at a constant rate to the anode and cathode, respectively,
as can be seen in Figure 2.2.2a. A membrane, normally alkaline, is placed between the
electrodes, separating the reactions and acting as electrolyte.

The second approach is the batch fuel cell, whose main characteristic is that the anode
is submerged in an alkaline electrolyte solution with glucose, see Figure 2.2.2b. Thus,
the solution inside the batch acts as both a fuel source and an electrolyte. The cath-
ode, typically activated charcoal, is placed in front of the anode, at the air-electrolyte
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Figure 2.2.2: Scheme of the different EGFC designs. a) Continuous flow
fuel cell; b) Batch fuel cell; c) Microfluidic fuel cell.

interface, using oxygen from the environment as oxidant. In this sense, this design is
similar to passive DMFCs. Likewise, as in the case of active and passive DMFCs, the
results of the continuous flow and bath mode tests are not comparable [373].

The third concept is the microfluidic fuel cell, in which the reactants are supplied
through microchannels and the electrodes are located on both sides of these microchan-
nels, see Figure 2.2.2c. The tests carried out on this type of design are very limited [365].

The EGFCs described below stand out for their catalysts, structure, high power densi-
ties or the use of substances to improve its performance. A detailed breakdown of these
fuel cells, their performance and the corresponding operating conditions is depicted in
Table 2.2.5.

There are several experiments that highlight the advantages of anion exchange mem-
branes (AEMs) over cation exchange membranes (CEMs) [298, 360]. Thus, the maxi-
mum power densities obtained with a Tokuyama AEM and a Nafion R© CEM were 20
mW·cm−2 and 1.5 mW·cm−2, respectively, using the same cell and electrodes and under
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the same operating conditions except for the solution supplied to the anode, 0.5 M glu-
cose + 0.5 M KOH in the case of AEM and only 0.5 M glucose for CEM [298]. Indeed,
when only glucose is supplied to the anode in tests with AEM, the performance drops
drastically, obtaining only 0.1 mW·cm−2. Likewise, the results of the tests with CEM
do not improve if H2SO4 is added to the solution. Similar conclusions were derived
from the tests conducted by Elouarzaki et al. [360], however in this case lower power
densities were obtained because phthalocyanine cobalt complex was used as cathode
catalyst instead of Pt. These outcomes demonstrate how the glucose electro-oxidation
process is more efficient in alkaline medium.

Many research groups have explored the addition of substances that act as electron
transmission intermediates to the glucose base mixture supplied to the anode [293,392,
404, 405]. Such compounds may enhance electron transfer to the electrode, making
charge transport and GOR more efficient processes. As indicated in Section 2.2.3.2,
glucose in alkaline solution is spontaneously transformed into enediols [297], which
may be oxidized in the presence of the appropriate intermediate, with the consequent
exchange of charges. Subsequently, the reduced intermediate migrates to the anode
where is oxidized, releasing the charge and returning to its non-reduced state [405].
To achieve an effective charge transfer between the enediols and the intermediate, the
latter must show a negative redox potential, but not as negative as the oxidation
potential of glucose. Otherwise, the intermediate could not react with glucose and be
reduced. Methyl viologen (MV), a compound widely used as a herbicide and a well-
known redox mediator in the field of microbial fuel cells, was also tested in abiotically
catalized external glucose fuel cells, concluding that its addition to the glucose-base
solution markedly improved the performance of the anode catalyst and the whole fuel
cell [293]. In this sense, a concentration of 15 mM MV in solution of 1M glucose + 3
M KOH increased 6 times the maximum power density of the cell operated in batch
mode (anode: Ni foam; cathode: Pt/C) [293], see Table 2.2.5. In this case, strong
alkaline conditions were required to achieve a notable performance probably due to the
use of Ni as catalyst at the anode. Regarding the use of other electron transmission
intermediates, Eustis et al. [392] conducted a study with 45 of them, paying special
attention to their molar masses, relative solubilities, diffusivities, open circuit voltages
and short circuit current densities. Among them, MV exhibited the best performance,
see Table 2.2.5, but its high toxicity led them to study indigo and its sulphonated
derivatives in detail, the second intermediates with the best performance. By mean of
single cell experiments (anode: carbon felt; cathode: Pt on Vulcan XC-72; membrane:
AEM) in which a solution of 1.0 M glucose + 50 mM intermediate + 2.5 M NaOH
was continuously supplied to the anode, they concluded that the best indigo-derived
intermediate is indigo carmine (IC), thereby showing an OCV of 0.51 V and a maximum
power density of 0.9 mW·cm−2, see Table 2.2.5. These works demonstrate that the use
of suitable electron mediators notably improves the fuel cell performance, even using
non-noble catalysts at the anode such as Ni foam [293] or carbon felt [392].

Different MEA constructive factors have also been evaluated because they can have a
remarkable influence on mass transport and charge transfer. In this sense and similar
to what happens with DMFCs, it has been reported that the fabrication techniques of
the anode electrode, such as catalyzed diffused medium or catalyst-coated membrane
methods, the composition of the binders used to prepare anode catalysts and the com-
positions of the micro-porous layer largely determine the performances of the resulting
cell [394]. Likewise, various membranes, as key components of MEAs with a prominent
role in the performance of continuous flow fuel cells, were developed and studied with
special emphasis on anion exchange membranes because of the positive effect of the
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alkaline medium on glucose oxidation, and, among them, those based on quaternary
ammonium groups [298, 393, 394]. An increase in the loading of cationic groups inside
the membrane was shown to enhance the overall performance of the fuel cell in polar-
ization curve tests [393]. However, an in-depth analysis is required on the long-term
stability of these membranes as well as on the possible mechanisms of degradation.
It should be noted that the crossover phenomenon in EGFCs is negligible compared
to DMFCs, both with AEM and CEM [298]. Indeed, in terms of equivalent current
density, the glucose crossover is more than 30-fold smaller than that of methanol. This
might be due to different factors, such as the size of the molecules, their polarity and
the diffusion coefficients. Therefore, with a membrane of certain thickness, the glucose
crossover from anode to cathode through the membrane does not affect the performance
of EGFCs that use membrane, thereby enhancing the fuel utilization.
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According to the data collected, and as can be seen in Table 2.2.5, those fuel cells with
better performance in terms of power density were developed by Zhao et al. [336] and
An et al. [314], obtaining in both cases values close to 38 mW·cm−2. However, the
elements that make up these two fuel cells differ greatly from each other. Thus, the
former used a cation exchange membrane (Nafion R© 115, 127 µm) while the latter had
an anion exchange membrane (Tokuyama A201, 28 µm). Regarding the electrodes,
An and coworkers [314] disposed a PdNi/C anode using polytetrafluoroethylene as
binder and a Pt-free HYPERMECTM electrode as cathode, but its specific composition
is unknown. On the other hand, Zhao et al. [336] used two identical Pt/MWCNTs
electrodes synthesized by electrochemical methods. The operating conditions were also
remarkably different. Thus, in the case of An et al. the anode was supplied with a
solution consisting of 0.5 M glucose + 7 M KOH at 2 ml·min−1 while the cathode was
supplied with pure dry oxygen at 100 sccm and the temperature of the tests was 60 ◦C.
For their part, Zhao and coworkers supplied a 0.5 M glucose + 0.1 M PBS solution to
the anode, 7 % saturated oxygen solution to the cathode and the cell was tested at 37
◦C. The performance of Zhao’s fuel cell was unusually high considering the elements
used, especially the Nafion R© membrane, and the operating conditions under which the
results were obtained. In particular, since An and coworkers required a strong base to
the anode, pure oxygen to the cathode, high temperature and a thin alkaline membrane
to get a similar power density.

2.2.5.2 Implantable glucose fuel cells

This section contains a compilation of some of the most notable abiotically catalyzed
implantable glucose fuel cells developed since 2000. A detailed breakdown of these
fuel cells, their performance and the corresponding operating conditions is depicted in
Table 2.2.6. As can be seen, some cells were tested with reactant concentrations out of
the physiological ranges described in Section 2.2.2.1, e.g., glucose concentrations higher
than 5 mM or oxygen saturations greater than 7 %, which makes their comparison
difficult.

In 2008, Kerzenmacher et al. [335] developed and carried out the first tests of an abioti-
cally catalized implantable glucose fuel cell after more than 30 years without noteworthy
results. To resume this research line, they manufactured a fuel cell based on the proto-
cols and designs described by Rao et al. [345,408] in the 1970s. Such fuel cell exhibited
a maximum power density of 3.3 µW·cm−2 under a near-physiological conditions (5
mM glucose and 21 % oxygen saturation), see Table 2.2.6. However, its performance
decreased rapidly over time, which could be associated with the deactivation of the
PtBi catalyst and the degradation of the binder in both electrodes.

To overcome the issues stemming from the use of binder-based electrodes, the re-
searchers drew on Raney-type electrodes, which were also reported in the 1970s for
use as catalyst for glucose oxidation [409]. As previously stated in Section 2.2.4.3, the
manufactured Pt-Raney electrodes primarily used Al, Zn or Ni as the alloying material
in such a way that the maximum power density achieved with these type of electrodes
was 4.4 µW·cm−2, using a Pt/Zn (RF = 2668) and Pt/Al (RF = 135) Raney electrodes
as anode and cathode, respectively. In this case, the experiment was carried out under
physiological conditions, 3 mM glucose concentration and 7 % oxygen saturation.

Particular attention should be paid to the results reported by Rapoport et al. [325],
according to which a power density of 180 µW·cm−2 was obtained using a Pt/Al Raney
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electrode and a mesh of single-walled carbon nanotubes (SWCNTs) as anode and cath-
ode, respectively. The test was conducted in a saline phosphate buffer solution con-
taining 10 mM glucose and unknown oxygen saturation. However, this power peak was
obtained at a current density higher than 1600 µA·cm−2, which cannot be sustained
under steady-state conditions because mass transport in these devices is much slower
than that required to achieve that current density. Therefore, the experiment was prob-
ably conducted under non-steady state conditions, perhaps by a sweep voltammetry at
high scan rate [351].

As in the case of Rapoport et al., other fuel cells were also developed by combining a Pt-
Raney electrode for the anode and an electrode manufactured by other technique for the
cathode. Thus, both Oncescu and Erickson [354] and Nguyen Van [397] manufactured
cathodes by sputtering Pt onto a porous carbonaceous substrate, specifically on carbon
paper. By combining these cathodes with Pt/Ni Raney anodes in a fuel cell, they
obtained, in polarization curve tests under physiological conditions, maximum power
densities of 1.9 µW·sm−2 and 3.5 µW·cm−2, respectively.

As indicated in Section 2.2.4.3, Au anodes were also used in implantable glucose cells,
achieving a top power density of 15 µW·cm−2 in a single cell tests with a carbon cloth
as cathode and a glucose concentration of 55.5 mM [341, 355]. The oxygen partial
pressure is unknown, but it seems that the experiment was opened to the atmosphere
in such a way that the conditions were significantly different from those expected in
body fluids.

In order to increase the limited RF offered by the Pt-Raney electrodes, other routes for
the manufacture of highly rough electrodes were explored, with special emphasis on the
electrodeposition. With Pt electrodes made by cyclic voltammetry electrodeposition
(1.40 V to -0.60 V vs SCE at 50 mV·S−1), with deposition of PtCu alloy and subsequent
Cu dealloying, the maximum power density obtained was 5.1 µW·cm−2 (anode: 500
cycles and RF = 3070; cathode: 5 cycles and RF = 92) [351]. To increase the RF of
the electrodes obtained by this electrodeposition technique and to reduce the manu-
facturing time demand, electrodeposition pulsed method was introduced. Thus, with a
cathode made by 5 cyclic voltammetry scans, as in the previous case, and a Pt-based
anode made by 1200 electrodeposition pulses on a ceramic substrate, the corresponding
fuel cell provided a maximum power density of 6.3 µW·sm−2 at 16 µA·cm−2, which
represents the highest recorded power density for an implantable glucose cell [67, 68].
Both fuel cells were assembled according to depletion design, so that micro-perforated
metallized silicon wafers with 50 µm wide tapered feedholes were used as the substrate
for the cathodes to allow the passage of glucose. Additionally, both experiments were
conducted at 37 ◦C in PBS with a glucose concentration of 3 mM and 7 % oxygen
saturation.

All the fuel cells described so far in this section were assembled according to the de-
pletion design, Figure 2.2.1b. In addition to the nature of the electrodes used, a key
factor in optimizing this type of design is the interelectrode distance. The influence of
this factor on the performance of the fuel cells was studied both experimentally [354]
and analytically [397], concluding in both cases that there is an optimal distance that
maximizes the power density provided by the device and that the use of membrane
separators reduce the performance. This optimal distance is due to the transport of
reactants to the anode, such that for a given current density, when the interelectrode
distance decreases the glucose concentration on the anode increases, but in turn also
increases the oxygen concentration, which could lead to a mixed potential. Thus, de-
pending on the interelectrode distance and the nature of the anode, mainly its roughness
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factor, the potential of this electrode would be more or less negative for a given current
density. Typically, this optimal distance is on the order of hundreds of micrometers.
It should be noted that most depletion fuel cells summarized in Table 2.2.6 either use
separators between the electrodes or are membraneless. Thus, although Nafion R© has
demonstrated its biocompatibility and has been used in glucose sensors to increase their
lifespan [410], it has practically not been used in implantable glucose cells. Therefore, it
would be used as a protective membrane to improve the biocompatibility of the whole
device or even as cation exchange membrane [325], but more research is required at
this point.

In addition to implantable glucose cells with the depletion design, fuel cells with a
single layer design were also successfully manufactured and tested [305, 350], Figure
2.2.1c. With this layout, the ratio between the cathode and anode areas can be easily
modified, improving the performance of the fuel cell. Therefore, since cathodes are
subjected to high mass transport losses, a possible strategy to mitigate this problem,
as stated in Section 2.2.4.4 is to increase the mentioned ratio of areas with the objective
of reducing the local current density of the cathode for a given current. In this way, the
cathode could sustain higher currents densities under steady-state conditions without
experiencing transport losses [305, 350]. However, an increase in the ratio of areas
also produces a higher local anode current density for a given fuel cell current density,
understood as current divided by the sum of anode and cathode areas [350]. On this
basis, there must be a cathode to anode area proportion that optimizes the performance,
which was experimentally demonstrated [305, 350]. As can be seen in Table 2.2.6,
two IGFCs with single layer design have been developed. Kloke et al. [350] achieved
a maximum power density of 3.0 µW·cm−2 at 6.7 µA·cm−2, using a Pt/Zn Raney
electrode as anode and a Pt/Al Raney electrode as cathode with a cathode to anode
area of 2. For their part, Oncescu and Erickson [305] manufactured a single layer fuel
cell that incorporated a Pt/Ni Raney anode and a Pt/Al Raney cathode with an ratio
of areas equal to 3.7, achieving a top power density of 2.0 µA·cm−2. Both fuel cells
were tested under implantable conditions. To compare these results with the others
shown in Table 2.2.6, it should be noted that the total area of the fuel cell (anode +
cathode) was used to calculate the power density in fuel cells with a single layer design.
By contrast, in those fuel cells with a depletion design, the area of the fuel cell used to
normalize the power was equal to the area of one electrode. In addition, Oncescu and
Erickson [305] stacked 12 single layer cells, 12 cm2, connected in parallel to demonstrate
the possibilities of this concept as a compact power source for IMDs. They obtained a
promising peak volumetric power of 16 µA·cm−3, but the test did not perform under
physiological conditions.
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2.3 Comparison between the different types of fuel cells

In this section, DMFCs as well as EGFCs and IGFCs are compared with respect to
their designs, their constituent components, and their overall performance.

2.3.1 Design of fuel cells

As previously shown, the designs of external, both methanol and glucose, and im-
plantable glucose fuel cells are completely different due to the particular operating
conditions as well as the restrictions that apply in each case. The presence of a con-
vective transport of reactants towards the catalytic layer and products out of the cells
makes the continuous flow design the most efficient for DMFCs and EGFCs, since with
it the highest power densities are achieved. Therefore, when the goal is to achieve
maximum power densities, this configuration is more common than the passive one in
the case of DMFCs and than the batch and microfluidic designs in the case of glucose
fuel cells. However, these other designs also have their potential applications. For
example, passive or batch fuel cells that are almost identical, simply they have been
named differently in each field, which do not require pumps that consume part of the
generated current, may be of interest for low power applications such as portable charg-
ers. In addition, by not requiring auxiliary equipment such as pumps, passive fuel cell
designs tend to be more compact, which is also an advantage for low-power portable
applications.

In the case of IGFC, the most used design is the “depletion design”, Figure 2.2.1b. The
presence of a single opening, that acts as inlet and outlet for reactants and products,
makes implantation easier and with less risk, therefore it is sometimes considered the
most appropriate configuration. However, the design of the cathode electrode support
is complex since glucose should pass through it while it must be a good electricity
conductor. As additional advantage, depletion design might be placed directly onto the
surface of the IMDs, for instance a pacemaker, thereby minimizing the complexity and
whole volume. Even so, the emergence of selective catalysts based on their morphology
has made the “single-layer design”, Figure 2.2.1c, a promising implantable glucose fuel
cell design, which has been tested with satisfactory results. Thanks to this design, it
is possible to reduce the volume of the fuel cell since it does not need lateral frames.
In fact, it is possible to place the electrodes, both anodes and cathodes, directly onto
the surface of the corresponding IMD. Furthermore, since this design does not require
a separator or membrane, the complexity degree is also minimized. As a counterpart,
to produce a certain power, this design requires twice the footprint covered by the
depletion design, which could be a concern if only the outer surface of the IMD is
available. In this sense, an important factor in this design is the cathode-to-anode area
ratio, being the optimum value close to 2 according to the background [305,350].

2.3.2 Membranes

Regarding membranes, in DMFCs, CEM-type membranes are used almost exclusively,
being Nafion R© the predominant one. Even so, as previously described, many other
compositions of CEM membranes that are more affordable and with less crossover
than Nafion R© are being investigated and developed. AEM membranes are still being
studied for DMFCs but their use is very limited and they have not been used in stacks
or commercial devices due to the serious degradation problems they suffer. In contrast,
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AEM membranes are used almost exclusively in EGFCs because of the enhancement
of GOR in alkaline medium instead of neutral or acidic medium. In addition, a strong
base is usually supplied to the anode with the glucose solution in order to improve the
performance. Since glucose is not oxidized to CO2 with abiotic catalysts in alkaline
medium, the carbonation problems with AEMs are less important in EGFCs than in
DMFCs. Although it should be noted that in the case of EGFCs, long-term tests have
not been carried out to study the degradation of AEM membranes. Conversely, IGFCs
normally employ non-electrolytic membranes or, in certain cases CEM membranes,
since it must be ensured that the implanted components do not harm the guest.

2.3.3 Electrodes and catalysts

2.3.3.1 Anode electrodes and catalysts

In DMFCs, the element most used as anode catalysts is Pt since it is the element with
the highest electrocatalytic activity towards MOR in acidic medium. Pt is normally
combined with Ru commercially to minimize the CO adsorption problems. However,
both Pt and Ru are very expensive raw materials, for which reason other elements are
being studied for alloying with Pt and even catalytic systems not dependent on Pt.
On the contrary, in an alkaline medium, Pd is attracting keen interest due to its great
activity towards MOR, even higher than that of Pt. As can be seen in Table 2.2.4,
both materials, Pt and Pd, are also the main base elements in the case of anodes for
EGFCs, with a greater predominance of Pd that usually presents a better behavior in
an alkaline medium, such as that found in EGFCs.

In this sense, by comparing the GOR catalysts intended for EGFCs shown in Table
2.2.4, it is possible to draw several conclusions. To carry out a systematic comparison,
first, a direct evaluation is made between the cyclic voltammograms of the catalysts that
have been tested under the same conditions with respect to strong base concentration,
glucose concentration and scan rate. The results of this direct comparison are shown
in Figure 2.3.1, which is made up of four graphs corresponding to catalysts tested
under the same conditions. In this way, it is concluded that Pt-Bi/C, Pd3–Sn2/C,
Pd–Bi/cMWCNT and Pd/CeO2–C are the catalysts with the highest current densities
in their corresponding comparisons.

To continue with the comparison, it is considered that whether one catalyst shows a
higher glucose oxidation current density than another and also its test conditions are
more unfavorable, then the former has a higher catalytic capacity. By way of illus-
tration, the cyclic voltammograms of Pt–Bi/C and Pd3–Sn2/C were performed at the
same KOH concentration and scan rate, but on the contrary the glucose concentration
was lower in the test of Pt–Bi/C. Even so, Pt–Bi/C exhibits a higher oxidation current
peak, therefore it can be assumed that it is a better catalyst than Pd3–Sn2/C in terms
of current. The remaining comparisons are included in Figure 2.3.2, together with the
set of catalysts that show higher current densities after the comparison process.

Taking this comparison based on the oxidation current density peaks (If ) as a reference,
it is easy to infer those catalysts based on transition metals and their corresponding
oxides, especially those formed by Ni, present in general higher catalytic activities
towards GOR. Likewise, this comparison also highlights the significance of substrates
with high surface area, good mass transport properties and electrical conductivity, and
the synergies between the catalyst and substrate, in the same way that it is already
known in anode electrodes for DMFCs. Therefore, the catalyst for glucose oxidation
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Figure 2.3.1: Direct comparison of different catalysts of the glucose oxi-
dation reaction intended for EGFCs based on their corresponding cyclic
voltammograms. a)[C6H12=6] = 0.05 M, [KOH] = 0.5 M, scan rate = 20
mV·s−1; b)[C6H12=6] = 0.5 M, [KOH] = 0.5 M, scan rate = 50 mV·s−1; c)
[C6H12=6] = 0.5 M, [KOH] = 0.5 M, scan rate = 20 mV·s−1; d) [C6H12=6]
= 0.02 M, [NaOH] = 0.1 M, scan rate = 50 mV·s−1.

reaction with higher catalytic activity in alkaline medium in terms of current density
are those based on transition metal oxides such as NiCoO2, CuO or Ni(OH)2, with high
surface area substrates such as TNT or Ni foams, and high surface microstructure such
as three-dimensional or hierarchical structures.

As in the case of catalysts for glucose oxidation, Ni as well as other transition metals
and their corresponding oxides such as Co2O3, Y2O3 or TiO2 have been also studied
for MOR with satisfactory results regarding current densities. However, these catalysts
suffer from the same problem in both cases, i.e., their onset potentials are clearly higher
than those of Pd, Au or Pt. For GOR, this can be clearly seen from the Table 2.2.4,
where catalysts based on elements such as Ni, Cu or Co, present positive onset potentials
while those catalysts based on Pd, Pt or Au show negative onset potentials. In fact, the
differences are easily greater than 0.3 V. This shift of the onset potential means that
catalyst based on Ni, Cu or Co require larger overpotentials to catalyze both GOR
and MOR, which would lead to worse performances in the corresponding fuel cells.
An alternative, applicable both to DMFC and EGFC, to take advantage of the good
characteristics of these elements at the same time that the onset potential is reduced, is
to combine them with other catalysts that show lower overpotentials with the purpose
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NiCoO2@CNT/GC
NiCoO2@CNT/GC

Pd/CeO2-C

Cu(OH)2/PGF

Dadelion-like CuO film 

Co3O4-HND/GCE 

Dadelion-like CuO film 

NiO HHs-Nafion/GCE 

Co3O4@Graphene 

Pt-Bi/C 

Ni(OH)2 NPs/Ni foam

Pd3-Sn2/C 

Ni(OH)2 NPs/Ni foam

Au/MnO2-C 

Ni-Pd/SiNWs

Ni(OH)2 NPs/Ni foam

Dadelion-like CuO film 

NiO HSs-RGO-NF/GCE 
NiO HSs-RGO-NF/GCE 

Pd-Bi/cMWCNTs

Ni(OH)2/TNTs

Ni NPs/PVP-GNs with CS

Figure 2.3.2: Comparison of catalysts of the glucose oxidation reaction
intended for EGFCs based on their glucose oxidation current peak (If ).
The orange arrows denote the best catalyst derived from the corresponding
comparison. All catalysts, their test conditions and catalytic performances
are collected in Table 2.2.4.

of reducing the overall overpotential. For instance, Ni–Pd/SiNWs electrode as shown in
Table 2.2.4 for GOR. Among the possible elements to reduce the potential onset, such
as Pt, Pd or Au, Au seems to show the best characteristics since its combination with
Pd as well as jointly with Pd and Pt in a trimetallic catalyst seems to reduce in all cases
the onset potential. Other option that can be applied in the case of EGFCs is to rise
the concentration of the strong base supplied together with the glucose solution, which
shifts the potentials to more negative values [375]. The anode used in the best external
fuel cell to date applied both strategies, thereby using a bimetallic composition Ni-Pd
in combination with a high strong base concentration of 7M. Therefore, for GOR in
alkaline medium, Pd could be a good option in combination with Ni, Co or Cu. Another
alternative might be the use of catalysts with lower catalytic activity but at the same
time lower overpotential, such as Pd-Pt-Au or Pd-Bi.

Nonetheless, Co, Ni or Cu are not adequate catalysts for GOR in IGFCs because of
their excessive overpotential and the non-applicability of the previous strategies, in
particular the addition of a strong base. Accordingly, one option is the use of Pt, Pd,
Bi, Ru, Au or a combination of them. Among them, the combination PtAu presents a
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better electrocatalytic activity, stability and poisoning resistance than PtPd and PtRu,
with all combinations prepared by the same technique [411]. In fact the best atomic
proportion of Pt:Au seems to be 1:4. Notwithstanding these positive results, highly
porous electrodes must be prepared with this catalyst to be used in IGFCs.

2.3.3.2 Cathode electrodes and catalysts

The catalysts for ORR, both in DMFCs and EGFCs, have been followed similar trends.
In both cases, the most used catalysts is Pt, even so bimetallic systems have been also
assessed in which besides Pt, other metals are included with the aim of reducing the
cost of the catalyst or improving its performance, basically increasing the poisoning
resistance.

Pd has been also investigated for both types of fuel cells. Its interest for cathodes of
DMFCs lies in the selective ORR on Pd in acidic medium, typical in this kind of fuel
cells, in such a way that this catalyst is less affected by the methanol crossover since
at low pH, Pd is inactive against MOR. Additionally, Pd is more affordable than Pt.
In this sense, Pd-Pt combination led to successful results in the field of DMFCs.

With regard to the cathode catalyst layers for IGFCs, Pt is again the main element.
However, as Pt is not ORR selective in presence of glucose, it is required that the
catalyst has a low roughness in order to favor the ORR due to its faster kinetic under
physiological conditions against GOR.

2.3.3.3 Substrates and morphology of the catalyst layers

It is important to note that in the anodes and cathodes of all fuel cell types analyzed,
the structure of the corresponding catalyst layers presents a remarkable influence on
the performance. In that respect, it is worth highlighting the importance of both the
substrates used, including their nature and shape, and the morphology of the catalytic
layer to enhance the performance of the electrodes and reduce the catalyst load, which
would result in a lower cost of the technology. In fact, a synergistic effect has been
found between different catalysts and substrates in DMFCs as well as in IGFCs and
EGFCs.

In general, substrates with a high surface area may lead to higher ECSAs and therefore,
better performance. In this way, the substrates affect the effective utilization of the
catalyst. In addition, they also influence on the catalyst particle size, the dispersion
of these particles and the long-term stability. In the same way, the features of the
substrates such as the electrical conductivity or the reactants and products manage-
ment, also influence the performance. In the light of the foregoing, a huge range of
supports have been investigated, both carbonaceous and non-carbonaceous ones, more
extensively in DMFCs because there is a greater number of research groups in this field.

Regarding the morphology of the catalysts, due to its key role on the performance,
a large number of preparation techniques have been studied with the purpose of con-
trolling the particle size, the coating substrate degree and the general morphology.
Thus, core-shell, dandelion-like or mesoporous nano-spheres morphologies have been
produced, increasing the catalyst utilization factor and generating higher ECSAs.

A clear example of this are the anodes for IGFCs. As can be seen in Figure 2.3.3, the
roughness factor of the electrodes, in particular the anode, is a decisive factor in order
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to obtain a high performance. The higher the roughness factor, the closer the anode
potential is to the corresponding reversible potential. Therefore, in this particular case,
the selection of a technique that allows preparation of high RF electrodes is essential
to get a high power density. In this sense, cyclic electrodeposition of Pt-Cu alloy with
the subsequent dealloying of Cu [70, 351], and its variant with electrodeposition by
pulses [68], are the best techniques for this objective, obtaining even better results
than Raney electrodes. Due to its qualities, this thesis studies this technique for the
preparation of electrodes for DMFCs to reduce the Pt loading.

Figure 2.3.3: Performance of in vitro experiments of several IGFCs, under
near-physiological conditions. 1 Single layer design with cathode to anode
area proportion = 2.13. 2 Single layer design with cathode to anode area
proportion = 1. 3 Single layer design with cathode to anode area proportion
= 2. All performances are collected in Table 2.2.6.

2.3.4 Overall performances

To analyze the overall performance of the fuel cells under study, external fuel cells,
both methanol and glucose, and IGFCs, need to be assessed separately.

Regarding IGFCs, the benchmark fuel cell in terms of performance under physiologi-
cal conditions was developed by Kerzenmacher’s research group and achieved a power
density of 6.3 µW·cm−2 [67]. It had a porous Pt anode, made by 1200 PtCu electrode-
position pulses with a RF = 6500, and a porous Pt cathode, made by 5 electrodeposition
voltammetry cycles with a RF = 103. The research group used a separator membrane,
without electrolytic properties, while the cathode substrate was a microperforated sil-
icon wafer. The experiments were carried out in a phosphate-buffered solution with 7
% oxygen saturation, 3 mM glucose and at 37 ◦C. Currently, the key idea of this tech-
nology is to be able to extend its useful life even at the cost of part of its power density.
With current IGFCs, it would be possible to cover the housing of a pacemaker and
power it without problems. However, its useful life would be, at best, a few months. In
this sense, a more in-depth investigation is required on possible methods for reducing
anode poisoning, the main one being the development of new bimetallic catalysts.

With respect to the external fuel cells, DMFCs and EGFCs, a comparison between
their power density is shown in Figure 2.3.4. The comparison reveals that the best
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Figure 2.3.4: Comparison between maximum power densities of DMFCs
and EGFCs with continuous flow design. The performances of DMFCs and
IGFCs are collected from Tables 2.1.3 and 2.2.5, respectively.

EGFCs designed until now generate a half or a third of the power density produced by
DMFCs. Additionally, the development of the green methanol economy in parallel with
green hydrogen is currently being proposed and defended as a potential way to reduce
the green-house gas emissions. In this way, methanol could experiment a significant
boost as a fuel in the coming years. Therefore, this dissertation focuses mainly on the
study and design of DMFCs due to their potential applications with the current state
of the art.
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Chapter 3

Materials and methods

3.1 Preliminary design of direct methanol fuel cells

The specific power or mass, the power density or volume and the fuel consumption of
a DMFC stack are key factors from a development and design point of view to achieve
the commercial viability of this technology. An increase of the specific power and power
density leads to more compact designs, thereby improving the integrability of the fuel
cell in the whole system, for example in a UAV. On the other hand, a reduction of the
methanol consumption in turn allows for a reduction in operating cost and an endurance
increase, assuming a given volume of fuel. Nonetheless, for a constant design power
and assuming that the electrodes and mebranes are already selected, the optimization
of these three factors is a trade-off, they cannot be optimized simultaneously. Thus,
knowing this interdependence, it is essential to obtain a proper DMFC design in order
to minimize the mass, the volume, the fuel consumption or a set of them. Indeed, this
optimization process, according to the design theory, must be carried out in the initial
stages of the design, since that is when the biggest differences can be achieved. In fact,
it is the best time to achieve design optimization. On the contrary, in the final stages
of the design, for example in the detailed design stage, only small modifications can be
introduced, which only allows marginal improvements.

As previously indicated in Section 2.1.6, there are only a few papers on optimizing
DMFC designs in the early stages of their design, despite the potential for improving
key parameters of the resulting device. In this sense, a tool has not yet been developed
that, considering the construction parameters of a stack, optimizes its preliminary de-
sign with the aim of reducing its mass, volume and fuel consumption. This part of
the dissertation aims to solve such a lack of preliminary design tools for DMFCs. To
this end, a computer-aided automated system is created to solve as fast as possible the
optimization problem of the DMFC stack design, being the final objective to improve
the specific power, the power density and the fuel consumption. In this way, a scheme
focused on construction parameters and their optimization is presented. A set of steps
are followed for the development of the tool. The first one is to parameterize the com-
plete configuration of the stack, thus obtaining a design vector formed by the minimum
number of construction parameters that completely defines a design. Then, a set of
functions is specified, including some simplifications, to evaluate the mass, volume,
fuel consumption as well as fluid dynamic and mechanical properties. Subsequently, a
design function is posed to appraise the aptitude of the potential configurations sym-
bolized by the design vectors. The decision-maker can regulate the weights assigned to

83
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mass, volume and fuel consumption inside the design function to adapt the final design
to the specific application under study. Thus, modifications in the weights of the de-
sign function parameters could lead to differences in the final optimal solutions. This
provides a great versatility to the design tool. In addition, a fluid-dynamic element
is included in the function, distinguishing those workable configurations based on the
design criteria also specified by the decision-maker. Such fluid-dynamic term induces
high discontinuity and complexity in the problem, making it difficult to find the optimal
solution. To overcome this difficulty, a genetic algorithm is included as optimization
paradigm. Therefore, in the design tool developed the constructive parameters of the
stack included in the design vector are optimized, while the operating parameters, the
specific polarization curves and the membrane electrode assembly elements are assumed
as input data.

Since the geometry of a DMFC stack is quite complex and the number of configurations
that must be assessed during the optimization process is very large, analytical models
are included in the preliminary design tool instead of numerical models. Certainly, nu-
merical solving tools, such as three-dimensional modeling, finite elements or computer
fluid-dynamics, can obtain accurate results in the study of particular configurations,
achieving a deep analysis of the physical phenomena [260,261,263]. However, their high
computational cost and complexity make them impractical tools for the optimization
proposed here [247]. Indeed, in early design stages, such as conceptual and preliminary
design stages, it is possible to reduce the precision in exchange for speeding up the cal-
culation, thereby reducing the computational cost. Thus, analytical models, although
they include some simplifications in the formulation of the physical phenomena in rela-
tion to numerical ones for the sake of solving them, allow a multitude of configurations
to be appraised very quickly. In this way, the development and computational times
are significantly reduced [247]. Therefore, the use of analytical models in the initial
stages of design are more appropriate if the objective is to achieve optimization of the
preliminary design.

It should be noted that in the proposed preliminary design tool, the decision-maker,
understood as a group of experts, must provide diverse input information such as the
materials to be studied for both BPs and EPs, limits of fluid-dynamic restrictions, ac-
curacy of tools for machining, dimensional restrictions, etc. Therefore, the proposed
methodology can be used in concurrent design schemes, in such a way that experts
in different areas, such as materials science, fluid dynamics, fuel cells, manufacturing
techniques, electrodes or membranes, contribute their knowledge by setting the cor-
responding input values. This concurrent design scheme, by taking into account the
knowledge and opinion of experts in various subjects from the early stages of design,
leads to a reduction in development time and cost, preventing later errors due to lack
of communication between the different areas of product development.

3.1.1 Problem statement

Before designing and developing the methodology and therefore the tool, the problem to
be addressed should be precisely defined. Therefore, the characteristics of the DMFCs
under study are described below. First of all, it is assumed a horizontal configuration of
the DMFCs with Nc cells, i.e., BPs in an upright position with the horizontal manifolds
going through the stack. This is the most typical arrangement in the fuel cell uses,
although in mobility applications they may adopt certain tilt angles, for example, in
aircrafts. Regarding the general fluid dynamic configuration, both U-Shape and Z-
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Shape distributions are posed [412]. In U-shape case the flow in the inlet and outlet
manifolds is in opposite directions in such a way that all connections are in the same
side of the stacks which generally results in compact final systems. As a counterpart, it
may lead to inhomogeneities in the distribution of the reactants to the different cells.
On the contrary, in Z-shape distribution, the fluid in the inlet and outlet manifolds
flows in the same direction. Therefore, in this case there are connections in both sides
of the stack, leading to less compact solutions than U-Shape. However, it provides a
highly homogeneous supply of reactants to the cells. Beside the two previous options,
the supply of the oxidant, air or oxygen, may also be supplied through an open cathode
with vertical channels crossing the entire cathode side of the BPs.

The flow pattern adopted in both sides of the BPs, except when using the previously
described open cathode, is the multi-channel serpentine, a serpentine with parallel
channels, since it is currently the most widespread due to its advantages, as indicated
in Section 2.1.4. The methanol solution inside the corresponding side of the BPs is
supplied bottom-up, against gravity, i.e., from the lower left corner in the case of the
BP sketch shown in Figure 3.1.1. In this way, the accumulation of the gaseous CO2

generated at the anode would be mitigated [52]. Consequently, the methanol solution
that flows through cells is affected by gravity, but not the flow through the manifolds.
On the other hand, the effect of gravity on the oxidant, air or oxygen, is neglected due
to its gaseous state.

Additionally, to estimate the optimal configuration within a reasonable time, typical of
the preliminary design stage, the following assumptions are made:

• The stack operates in steady-state conditions.

• The reactants are subjected to laminar flows, low Reynold numbers, inside the
whole flow field of the stack. This assumption is in accordance with most of the
experiments carried out until now.

• The inertial terms in the equations that determine the flows in the manifolds are
negligible. This may be accepted in the light of laminar flow condition.

• The geometry of the inlet and outlet manifolds is the same for each reactant.

• For each cell, the velocity of the corresponding reactants is constant and equal
for the serpentine channels, but different between cells.

• The pressure drop is the same in all the serpentine channels of a cell.

• The oxidant, pure oxygen or moist air, is modeled as an ideal gas. This as-
sumption is in accordance with typical working pressures in DMFCs, less than 8
bar.

• The flow of methanol solution through the channels is considered as single-phase,
i.e., the influence of CO2 is not taken into account. This hypothesis is strictly valid
under open circuit conditions, when the current density is zero. However, with it,
it is possible to assess a large number of potential designs, even estimating their
pressure drop and reactant distribution, without the need to use time-consuming
CFD tools. Moreover, at low Re, the greatest pressure drop occurs at low current
densities [52].

• The density and the viscosity of both oxidant and methanol solution are constant
along the stack. This may be accepted in the light of the previous assumption
discussion.
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3.1.2 Design methodology

3.1.2.1 System parameterization

The first step is to parameterize the possible shapes of the BPs in order to be able
to carry out a quick assessment of the different configuration. As indicated above,
a typical multi-channel serpentine BP is chosen in this case, although the oxidant
side may also adopt a vertical straight multi-channel flow pattern. In this sense, a
parameterization in which multi-channel serpentine is used as pattern on both sides of
the BPs is developed, hereinafter referred to as MCS-MCS, see Figure 3.1.1. It consists
of a set of parameters that make up the so-called design vector, that is defined as the
fewest number of parameters which describe the whole stack design. Each possible
design has its own design vector with its corresponding values for the parameters. In
this way, all the information related to the geometry of the stack is included in the
design vector ready to be used in mass, volume, fuel consumption, fluid dynamics and
mechanical calculations.

Figure 3.1.1: Parametric plan of the MCS-MSC bipolar plate.

The simplest parameterization strategy, hereinafter referred to as #1, would be to
consider length as continuous magnitude. i.e., it is a positive real number, in such a way
that most parameters are defined as relations between lengths, see the MCS-MCS#1
parameterization in Table 3.1.1. With these 16 parameters the BP design, and thus the
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design of the whole stack, would be completely defined, except for the MEA elements
that are considered defined by the designers. The calculation sequence to determine
the complete stack design from the design vector and the input parameters set by the
experts, i.e., power of the stack (Ẇs), voltage of the stack (Vs) and the polarization
curves associated with each BPs material, is detailed below.

Table 3.1.1: Parameters that make up the design vectors of the MCS-MCS
design under parameterization approach #1 and #2.

MCS-MCS#1 MCS-MCS#2
Parameter Description Parameter Description
Nc number of cells in the stack Nc number of cells in the stack

δa depth of anode channels δa depth of anode channels

δc depth of cathode channels δc depth of cathode channels

cna anode channels number cna anode channels number

bna anode 180◦ bends number bna anode 180◦ bends number

cnc cathode channels number cnc cathode channels number

bnc cathode 180◦ bends number bnc cathode 180◦ bends number

ξa
ratio of channel to rib

widths at anode, cta/rta
cta anode channel width

ξc
ratio of channel to rib

widths at cathode, ctc/rtc
rta anode rib width

τa
ratio of straight section to

radius at anode manifold, da/ra
ctct

tentative cathode channel
width

τc
ratio of straight section to

radius at cathode manifold, dc/rc
ra

radius of the anode
manifold

Γ
ratio of the base and height

of the electrode, b/h
rc

radius of the cathode
manifold

matBP
material of the stack bipolar

plates
matBP

material of the stack bipolar
plates

matEP
material of the stack end

plates
matEP

material of the stack end
plates

matSC
fastening system screw

material
matSC

fastening system screw
material

Mx fastening system screw metric Mx fastening system screw metric

First, the cell design voltage (Vc) is calculated followed by the determination of the
current density (jc) from the polarization curve corresponding to BP material matBP :

Vc =
Vs
Nc

(3.1.1)
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Vc 7−→ Polarization Curvemat 7−→ jc (3.1.2)

To estimate the catalytic area of the electrodes (A), it is required to previously deter-
mine the current of the stack from Ẇs and Vs:

Is =
Ẇs

Vs
(3.1.3)

A =
Is
jc

(3.1.4)

Once the area of the electrodes is obtained, its base (b) and height (h) could be calcu-
lated from Γ:

h =

√
A

Γ
(3.1.5)

b =
√
A · Γ (3.1.6)

From this point, it is possible to obtain the widths of the anode channel and rib, cta
and rta respectively. According to Figure 3.1.1, the height (h) of the catalytic area
must be equal to cnta · cta + rnta · rta where cnta and rnta are the total number of
channels and ribs from top to bottom following the line A-A’ in the anode side of the
BP:

cnta = cna · (bna + 1) (3.1.7)

rnta = cnta − 1 (3.1.8)

cta =
h

cnta +
rnta
ξa

(3.1.9)

rta =
cta
ξa

(3.1.10)

The same applies for the cathode side in such a way that the widths of the cathode
channel and rib, ctc and rtc, are obtained from h:

cntc = cnc · (bnc + 1) (3.1.11)

rntc = cntc − 1 (3.1.12)

ctc =
h

cntc +
rntc
ξc

(3.1.13)



3.1. PRELIMINARY DESIGN OF DIRECT METHANOL FUEL CELLS 89

rtc =
ctc
ξc

(3.1.14)

It should be noted that the number of bends at the anode and cathode sides of the BP,
bna and bnc respectively, must be even numbers to prevent any manifold superposition.

Now, the geometry of the manifolds may be calculated using the values of cta and rta
along with cna and τa in the case of the anode side, and ctc, rtc, cnc and τc for the
cathode one, see Table 3.1.1. Thus, the radius of methanol and oxidant manifolds,
ra and rc respectively, and their corresponding straight sections, Ta and Tc, can be
estimated by:

ra =
cna · cta + (cna − 1) · rta

2 + τa
(3.1.15)

Ta = ra · τa (3.1.16)

rc =
cnc · ctc + (cnc − 1) · rtc

2 + τc
(3.1.17)

Tc = rc · τc (3.1.18)

To complete the definition of the BP, it only remains to include the safety distances
defined by the experts. Such distances include the sealing safety distance (sld) and
the hole to edge safety distance (h2ed) which may depend on the BP material, the
fabrication technique and the final application of the fuel cell. In this way, the distances
marked in Figure 3.1.1 as tsd and bsd, top safety distance and bottom safety distance
respectively, must be at least equal to sld to prevent leakages from the flow pattern
to the outside. Similarly, the distance between flow pattern and the manifolds must
also be at least equal to sld, thereby avoiding mixing of the anodic and cathodic flows.
Additionally, the gap between the manifolds and the edge of the bipolar plate must
be at least the maximum distance between sld and h2ed. Thus, the distances marked
in Figure 3.1.1 as rsd and lsd, i.e., right and left safety distances, respectively, can be
estimated as:

tsd = bsd = sld (3.1.19)

rsd = lsd = max{2·sld+2·ra;h2ed+sld+2·ra; 2·sld+2·rc;h2ed+sld+2·ra} (3.1.20)

However, this parameterization strategy, MCS-MCS#1, presents a critical problem,
and that is that from a manufacturing and machining point of view the length cannot
be considered as a continuous magnitude. That is, in the manufacturing of the BPs,
lengths could not adopt any positive real value, there is a minimum gap fixed by
the properties of the machine. For this reason, a second parameterization approach,
hereinafter referred to as #2, is developed bearing in mind the machine used to obtain
the geometry, and in particular its accuracy, amd. In this case, no parameter is defined
as a relation of distances in order to control the values of the distances that define the
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BP, see the MCS-MCS#2 parameterization in Table 3.1.1. Those 16 parameters also
determine the whole design of the stack, along with the MEA elements and the input
parameters fixed by the experts. However, the consideration of amd as part of the
concurrent design approach notably conditions the calculation process of this second
parameterization described below.

The first steps of the calculation sequence are the same as those indicated for the
parameterization #1, eqs. 3.1.1 - 3.1.4. In this case, the height (h) of the catalytic area
is estimated directly from the number of channels in the anode side of the BP, cna, the
number of 180◦ bends in the anode, bna, and the width of the channels and ribs in this
same side, cta and rta:

h = cta · cnta + rta · rnta (3.1.21)

with cnta and rnta obtained as in eq. 3.1.7 and eq. 3.1.8, respectively. It should be
clarified that the number of bends at the anode and cathode sides of the BP must be
even numbers. In the same way, h must be equal to ctc · cntc + rtc · rntc with cntc and
rntc obtained as in eq. 3.1.11 and eq. 3.1.12, respectively. Theoretically:

rtc =
h− ctc · cntc

rntc
(3.1.22)

Nevertheless, in this equation, although h and ctc comply with the accuracy of the
machine defined by amd, rtc may not. Therefore, a logic is required to comply with
eq. 3.1.22 and the accuracy of the machine at the same time. Indeed, the number of
combinations of positive ctc and rtc that meet both requirements is limited, these pairs
are identified below. Since h, ctc and rtc should be an integer multiple of amd, they
may be transformed in dimensionless integer quantities:

hdim =
h

amd
; ctc,dim =

ctc
amd

; rtc,dim =
rtc
amd

(3.1.23)

in such a way that the dimensionless width of the cathode ribs is expressed as:

rtc,dim =
hdim − ctc,dim · cntc

rntc
(3.1.24)

Additionally, hdim may be formulated as:

hdim =

⌊
hdim
rntc

⌋
· rntc +

{
hdim
rntc

}
(3.1.25)

Introducing eq. 3.1.25 in eq. 3.1.24:

rtc,dim =

⌊
hdim
rntc

⌋
+

{
hdim
rntc

}
· 1

rntc
−
ctc,dim · cntc

rntc
(3.1.26)

Knowing that rntc = cntc − 1 and operating:
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rtc,dim =

⌊
hdim

cntc − 1

⌋
+

{
hdim

cntc − 1

}
· 1

cntc − 1
−
ctc,dim · cntc
cntc − 1

=⌊
hdim

cntc − 1

⌋
+

{
hdim

cntc − 1

}
· 1

cntc − 1
− ctc,dim

(
1 +

1

cntc − 1

)
=⌊

hdim
cntc − 1

⌋
− ctc,dim +

1

cntc − 1

({
hdim

cntc − 1

}
− ctc,dim

) (3.1.27)

To ensure that rtc,dim is an integer, all three components of the right-hand side of the
equation have to be integers. The first two elements are integers by definition and the
required values of ctc,dim that ensures that the third component is an integer are:

ctc,dim,i =

{
hdim

cntc − 1

}
+ (i− 1) (cntc − 1)

with i = 1, ...

⌊
hdim − ctc,dim,1 · cntc

(cntc − 1) · cntc

⌋
+ 1

(3.1.28)

From the hdim expression, it is possible to estimate the limit value of the index i:

hdim = ctc,dim · cntc + rtc,dim · (cntc − 1) (3.1.29)

in such a way that eliminating the contribution of the ribs term results in the following
inequation:

hdim ≥ ctc,dim · cntc (3.1.30)

This means that the height of the electrode is always higher than the sum of the width
of all channels from top to bottom. Including eq. 3.1.28 in eq. 3.1.30:

hdim ≥
({

hdim
cntc − 1

}
+ (i− 1) (cntc − 1)

)
· cntc (3.1.31)

Operating, it is possible to obtain:

hdim
cntc

−
{

hdim
cntc − 1

}
cntc − 1

≥ i− 1 (3.1.32)

Thus, the maximum value of the index i is:

i =

⌊
hdim − ctc,dim,1 · cntc

(cntc − 1) · cntc

⌋
+ 1 (3.1.33)

as it is indicated in eq. 3.1.28.

Now, including eq. 3.1.28 in eq. 3.1.24, the possible mathematical values of rtc,dim may
be obtained:
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rtc,dim,i =
hdim − ctc,dim,i · cntc

rntc
with i = 1, ...

⌊
hdim − ctc,dim,1 · cntc

(cntc − 1) · cntc

⌋
+ 1 (3.1.34)

These eqs. 3.1.28 and 3.1.34 provide the pairs of ctc and rtc that meet the previously
explained conditions.

The objective of the parameterizations is to be able to easily generate a large number
of designs by assigning random values, between fixed limits, to the parameters. To
complete the MCS-MCS#2 parameterization, ctc or rtc should be included in the design
vector, but neither of them may be fixed before defining the corresponding design vector
because they depend on other parameters also included in it. Therefore, it is not
possible to include any of them in the vector since it is not possible to ensure that both
meet the accuracy criterion with the random generation of one of them, as previously
demonstrated in eq. 3.1.22. Here, the parameter ctct included in the MCS-MCS#2
design vector comes into play, see Table 3.1.1. As in MCS-MCS#1, the number of
channels and 180◦ bends in the cathode side of the BP are clearly defined in the MCS-
MCS#2 design vector, thereby the values of cntc and rntc that take part in eq. 3.1.22.
However, instead of setting a ctc or rtc value, a tentative value ctct is assigned. In this
way, given a MCS-MCS#2 design vector, the corresponding possible pairs of ctc or rtc
are estimated and the final value of the ctc is the one immediately above ctct contained
in the possible pairs. The final rtc value is the corresponding pair of the ctc. Thus, the
same design vector always generates the same stack, although different design vector
result in the same stack.

Then, knowing the area (A), calculated as in eq. 3.1.4, and height (h) of the catalytic
area, it is possible to estimate the base (b) of the electrode, but also bearing in mind
the machine accuracy:

b =

⌈
A

h · amd

⌉
· amd (3.1.35)

Therefore, the area of the electrode must be reestimated since b could be higher than
the value strictly required to obtain the previous area because b length must also comply
with the accuracy of the machine:

A = b · h (3.1.36)

For the same reason, the current and the power of the stack will also changed slightly:

Is = jc ·A (3.1.37)

Ẇs = Vs · Is (3.1.38)

Regarding the manifolds, in this case it is only necessary to determine the length of
their straight sections because the radiuses are directly included in the design vector, see
parameterization MCS-MCS #2 included in Table 3.1.1. As can be seen in Figure 3.1.1,
the total vertical length of the anode manifold must be equal to cta ·cna +(cta−1) ·rta,
therefore, the length of the straight section of the fuel manifold is:
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Ta = cta · cna + (cta − 1) · rta − 2 · ra (3.1.39)

Similarly, the length of the straight section of the oxidant manifold is:

Tc = ctc · cnc + (ctc − 1) · rtc − 2 · rc (3.1.40)

To complete the definition of the BP with this second parameterization, it only remains
to determine the distances marked in Figure 3.1.1 as tsd, bsd, rsd and lsd bearing mind
the safety distances defined by the experts. They can be estimated as in parameteri-
zation #1, following the eqs. 3.1.19 and 3.1.20.

These two parameterizations offer the possibility of defining a complete stack with only
16 parameters in each case, assuming that certain quantities are previously fixed by
the experts such as security distances or the accuracy of the machine. Each param-
eterization shows its pros and cons. Thus, in the parameterization #1, since most
of the parameters related to distances are expressed as ratios of distances, except the
depths of anode and cathode channels, i.e., as aspect ratios, it is easier to set the lim-
its of its parameter in order to seek an optimal design without knowing a priori any
dimension of the stack. For example, in the case of manifolds, τa of MCS-MCS#1
parameterization determines how slender the fuel manifold is, so that independently
of the size of the stack if τa = 0 the manifold is a circumference and when its value
increases the manifold becomes slimmer. For this reason, setting a range for τa of
MCS-MCS#1 parameterization is easier than setting a range for ra of MCS-MCS#2
parameterization, because the latter is a distance that probably depends on the size and
shape of the stack. In addition, MCS-MCS#2 is a more complex parameterization than
MCS-MCS#1 in terms of calculation and computation. Nevertheless, MCS-MCS#2 is
capable of taking into account the accuracy of the machine tool, ensuring in this way
that the resulting design might be manufactured. Even so, in this parameterization
two different design vector can lead to the same stack due to the issues in adapting the
height of the electrochemical area at both sides of the BP caused by the machine accu-
racy. This means that MCS-MCS#2 parameterization is a surjective function whereas
MCS-MCS#1 is a bijective function. All of these factors may influence the ability of
the optimization algorithm to obtain the optimal result. However, since MCS-MCS#1
can result in a recurrent way in designs that could not be manufactured, it is decided to
carry out the study only with MCS-MCS#2. MCS-MCS#2, although more complex,
if it is possible to solve the optimization problem, it will always lead to designs that
can be manufactured.

3.1.2.2 Mathematical modeling

Once the stack is parameterized, it is necessary to define a set of quantities to assess
the fitness, i.e., the suitability, of any configuration. The fitness of the designs is
evaluated in terms of its mass, volume and fuel consumption as well as by fluid-dynamic
parameters that measure the homogeneous distribution of the reactants to the different
plates, the pressure drop or the reactants velocity in the plates. In this section, the
necessary functions for evaluating designs are developed.



94 CHAPTER 3. MATERIALS AND METHODS

3.1.2.2.1 Density and viscosity

To evaluate the fluid-dynamic functions the first step is to define the density and
viscosity of the reactants supplied to the stack.

Methanol-water mixture

The density of methanol-water mixture as a function of temperature and concentration
is estimated by means of a multiple linear regression using the empirical density data
measured by Mikhail and Rimel [413] and the density values of pure water at 55 ◦C
and 60 ◦C:

ρdis = (a1 + a2 · χMeOH + a3 · T + a4 · χ2
MeOH + a5 · T · χMeOH) · 1000 (3.1.41)

being ρdis the density of the solution (kg·m−3), T the solution temperature (K) and
χMeOH the methanol concentration in the solution, expressed as mass fraction. The
correlation coefficient of the regression is 0.9998 and the standard error and the max-
imum relative error are 1.02 kg·m−3 and 0.21 %, respectively, see Figure 3.1.2. The
coefficients of the regression are summarized in Table 3.1.2.

Regarding the viscosity of the methanol-water mixture, it presents an unconventional
behavior. In general, most of mixtures of liquids exhibit a viscosity lower than their
pure components, but in the case of methanol-water mixtures, the viscosity is higher
than that of the components, behavior that some other mixtures, such as ethanol-
water, also show. This unusual dependence of the viscosity with the concentration of
the components makes it impossible to apply in this case conventional mixing rules,
such as Kendall and Monroe method. In fact, the viscosity of pure methanol does
not correspond to Przezdziecki and Sridhar’s model either. Eyring-PRSV-WS model
[414], a viscosity model for non-ideal liquid mixtures, reproduces with great fidelity the
viscosity values of the methanol-water mixture between 285 K and 330 K, including
its strong asymmetric behavior with respect to the composition. Nevertheless, this
model depends on tabulated parameters that change with temperature, with only values
for four temperatures. Therefore, this formulation shows certain limitations to be
implemented in a computer-aided automated tool for de design of DMFCs in which
different temperatures and concentration could be demanded. For this reason and
similarly to density, the viscosity of methanol-water mixture is also obtained by a
multiple linear regression using the empirical data obtained by Mikhail and Rimel [413]
in the range of 30 ◦C to 50 ◦C along with the viscosity values of pure water at 55 ◦C,
60 ◦C and 70 ◦C and pure methanol at 55 ◦C and 60 ◦C:

µdis = (b1 + b2 · χMeOH + b3 · T + b4 ·
1

T
+ b5 · χMeOH · T+

b6 · χMeOH · T 2 + b7 · χ2
MeOH + b8χ

3
MeOH + b9χ

2
MeOH · T ) · 10−4

(3.1.42)

being µdis the methanol-water mixture viscosity (Pa·s). The correlation coefficient of
the regression and the corresponding standard error are 0.996 and 0.194·10−4 Pa·s,
respectively, see Figure 3.1.3. The maximum relative error is 4.5 %. The coefficients of
the viscosity regression are summarized in Table 3.1.2.

It should be noted that in both cases, density and viscosity regressions, the F statistics
of the regressions are much higher than the corresponding critical levels of F, according
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a)

b)

Figure 3.1.2: Density of methanol-water mixture. a) 3D representation; b)
Density of different isothermal lines. The points represent the real values
and lines the correlation.

to Fisher–Snedecor distribution, for α = 0.05, concluding that the null hypothesis is to
be rejected. Therefore, the regressions are useful to determine the density and viscosity
of methanol-water mixtures.

Air and oxygen

The density of the oxidant is estimated by the ideal gas model, since the pressure in a
DMFC is typically lower than 5 bar. When the oxidant is air:

ρair =
(p− φ · p∗T ) ·Mair + φ · p∗T ·MH2O

RT
(3.1.43)

where ρair is the density of the moist air, p is the total pressure of the moist air, φ
depicts the relative humidity, Mair and MH2O represent the molar mass of air and water,
respectively, while T and R are the temperature and the ideal gas constant. Likewise,
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a)

b)

Figure 3.1.3: Viscosity of methanol-water mixture. a) 3D representation;
b) Viscosity of different isothermal lines. The points represent the real
values and lines the correlation.

p∗T represents the saturation pressure at temperature T which may be calculated by
means of the Clapeyron equation as a function of T :

ln p∗T = a− b

T
(3.1.44)

with a and b equal to 13.765 and 5121 K, respectively. Other correlations such as the
one reported by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) could also be used [415].

The viscosity of a gas mixture, in this case moist air, at low pressure is calculated by
means of the Wilke method [416,417]:
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Table 3.1.2: Fitted coefficients of the density and viscosity correlations
obtained for the methanol solution, eqs. 3.1.41 and 3.1.42, respectively.

Density Viscosity
Coefficient Value Coefficient Value
a1 1.104 b1 -3.488·102

a2 6.086·10−2 b2 71.593
a3 -3.625·10−4 b3 5.004·10−1

a4 -7.958·10−2 b4 6.215·104

a5 -6.355·10−4 b5 2.123·10−1

b6 -1.175·10−3

b7 -2.261·102

b8 8.639
b9 6.150·10−1

µm =

n∑
i=1

xi · µi
n∑

j=1

xi · ϕij

(3.1.45)

where µm represents the viscosity of the mixture, xi the molar fraction of the i compo-
nent in the mixture. Moreover, ϕij depicts the interaction parameter of the component
i with j:

ϕij =
1√
8

(
1 +

Mi

Mj

)−1/2
[

1 +

(
µi
µj

)1/2(Mj

Mi

)1/4
]2

(3.1.46)

The corresponding ϕji parameter is given by:

ϕji =
µj ·Mi

µi ·Mj
ϕij (3.1.47)

When both indexes, i and j, are the same the value of the interaction parameter is 1,
ϕii = 1.

To estimate the viscosity of the air components required by this formulation, the kinetic
theory of Chapman-Enskog for pure gases at low pressure, i.e., below 10 bar, is used
[416]:

µi = 0.1

(
2.6693 · 10−5

√
Mi · T

σ2
i · Ωu,i

)
(3.1.48)

where the subscript i denotes the component in such a way that µi is its dynamic
viscosity in Pa·s and σi is the corresponding collision diameter in Å. The collision
diameter is specific for each component and, in the case of oxygen, nitrogen and water,
equal to 3.467 Å, 3.798 Å and 2.649 Å, respectively [416]. Likewise, Mi is the molar
mass of the i component while the collision integral is depicted by Ωu,i which can be
found in published tables versus the non-dimensional temperature (T ∗). T ∗ is defined
as:
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T ∗ =
κ · T
ε

(3.1.49)

where κ and ε represent the Boltzmann constant and the characteristic reactant energy.
Even so, ε/κ values for the different components are also tabulated, in particular, the
values for oxygen, nitrogen and water are 106.7 K, 71.4 K and 356 K, respectively [416].

3.1.2.2.2 Reactant flow rates

Methanol flow rate

The volumetric flow rate of the methanol-water mixture supplied to the stack (QMeOH)
is estimated as the methanol stoichiometric ratio (SMeOH), i.e., the number of times
that the methanol required for the reaction is actually supplied, multiplied by the
required amount of methanol solution to generate the design current (Is):

QMeOH = Nc · SMeOH ·
Is

za · F
MMeOH

χMeOH · ρdis
(3.1.50)

where za depicts the electron moles generated per mol of methanol, and F is the
Faraday’s constant.

Oxidant flow rate

Similarly, the volumetric flow rate of the oxidant is given by:

Qoxi = Nc · Soxi ·
Is

zc · F · rO2

R · T
p− φ · p∗T

(3.1.51)

where Qoxi represents the total oxidant (moist air or oxygen) flow rate through the fuel
cell, zc is the electron moles consumed per mol of oxygen and rO2 represent the oxygen
content in dry air. As in the previous case, Soxi is the oxygen stoichiometric ratio.
The excess supply of the reactants ensures the proper operation of the stack, avoiding
possible mass transfer losses.

3.1.2.2.3 Fluid dynamic field

The flow field of the stack is analyzed through a modification of the formulation de-
veloped by Maharudrayya et al. [418] to solve multi-parallel-channel flow field of a BP,
assuming single-phase fluid. In this case, the formulation is not used to study a flow
field of a BP, but to solve the flow field of the entire stack since the fluid dynamic com-
ponents are completely equivalent in both cases. In this way, the horizontal manifolds
and the vertical channels of the multi-parallel-channel flow field of the BP correspond
to the manifolds of the stack and the serpentine channels of the cells, respectively.
Therefore, the pressure drop in each channel of the BP is replaced by the pressure drop
in each cell of the stack through the parallel serpentine channels.

First, the continuity and momentum equations associated with the inlet and outlet
manifolds are posed. Then, it is analyzed the flow through the serpentine channels and
finally the complete system of equations is solved.

Inlet manifold
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Taking into account the control volume shown in Figure 3.1.4 corresponding to the inlet
manifold and assuming that ∆xim may be expressed as the length of the inlet manifold
(Lin) divided by the number of cells (Nc), the continuity equation in integral form is
given by:

d

dt

∫
ϑc(t)

ρ · dϑ+

∫
Σc(t)

ρ(v̄ − v̄c) · n̄ · dS = 0 =⇒

− ρ ·Aim · vim + ρ ·Aim

(
vim +

dvim
dx

∆xim

)
+ ρ ·Ast · vs = 0 =⇒

Aim
dvim
dx

= − Nc

Lin
Ast · vs

(3.1.52)

where subscripts im and s refers to the inlet manifold and serpentine channels, respec-
tively, ρ represent the fluid density, Aim depicts the cross-sectional area of the inlet
manifold, xin is the coordinate along the inlet manifold following the flow direction and
v represents the corresponding fluid velocity. Likewise, Ast is the total cross-section
area of the parallel serpentine channels at their junction with the manifold in such a
way that, in the case of the anode side of the BP, Ast = δa · cta · cna. The calculation is
equivalent for the cathode side. It should be noted that this problem is considered sta-
tionary, hence the first time-dependent integral term is neglected. Additionally, since
the control volume is fixed to the stack system, the velocity of their walls (vc) is zero.

The momentum equation applied in the xin direction also in integral form can be
expressed as follows:

d

dt

∫
ϑc(t)

ρ · v̄ · dϑ+

∫
Σc(t)

ρ · v̄(v̄ − v̄c) · n̄ · dS =

−
∫

Σc(t)
p · n̄ · dS +

∫
Σc(t)

¯̄τ n̄ · dS +

∫
ϑc(t)

ρ · f̄m · dϑ =⇒

− ρ ·Aim · v2
im + ρ ·Aim

(
vim +

dvim
dx

∆xim

)2

+ ρ ·Ast · vs · vim−s =

pim ·Aim −
(
pim +

dpim
dx

∆xim

)
− τw · Pim ·∆xim =⇒

d

dx

(
ρ · v2

im

)
= −dpim

dx
− Pim · f · ρ · v2

im

2 ·Aim

(3.1.53)

where Pim is the cross-section perimeter of the inlet manifold, while pim represents
the pressure. Moreover, as previously stated in Section 3.1.1, the inertial terms are
neglected in this formulation. The shear stress with the walls of the manifold (τw) is
calculated as 0.5 · f · ρ · v2

im, being f the corresponding friction factor.

Both expressions, continuity and momentum, are valid for U-configuration and Z-
configuration.

Outlet manifold

Following a similar analysis, the continuity and momentum expressions for the outlet
manifold in a Z-configuration are given, respectively, by:
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Inlet Manifold

𝑣 𝑥

𝑝 𝑥

𝑣 𝑥 + ∆𝑥

𝑝 𝑥 + ∆𝑥

𝑣

𝑣 ,
𝜏

𝑣 𝑥

𝑝 𝑥

𝑣 𝑥 + ∆𝑥

𝑝 𝑥 + ∆𝑥

𝑣

𝜏

Outlet Manifold

Z - Configuration

Figure 3.1.4: Z-configuration and details of the inlet and outlet manifolds
with their corresponding control volumes.

Aom
dvom
dx

=
Ast · vs

∆x
(3.1.54)
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d

dx

(
ρ · v2

om

)
= −dpom

dx
− Pom · f · ρ · v2

om

2 ·Aom

(3.1.55)

where the subscript om refers to magnitudes of the outlet manifold.

In U-configuration, see Figure 3.1.5, the flow through the outlet manifold goes in the
opposite direction to that of the Z-configuration in such a way that for U-configuration
a negative sign must precede the right-hand side of the mass equation, eq. 3.1.54, while
the negative sign in the second term of the momentum expression, eq. 3.1.55, must be
changed by a positive sign.

Multi-channel serpentine

The pressure drop in the multi-channel serpentine, the flow pattern in the BP of the
stack, is estimated by the mechanical energy balance. Therefore, assuming that the
fluid velocity variation between the inlet and outlet of the multi-channel serpentine is
tiny, the total pressure drop of a fluid in a serpentine pattern may be expressed as:

pim − pom = ∆pim−om =
1

2
ρ · v2

s · kf +
1

2
ρ · v2

s · bn · kf,eq + ρ · g ·∆h (3.1.56)

where kf and kf,eq are the friction loss coefficients corresponding to the channel as
straight channel and the bends, respectively. Likewise, bn represents the number of 180◦

bends in the serpentine and ∆h is the vertical elevation of the outlet of the serpentine
with respect to the inlet. Of the three terms in eq. 3.1.56, the first represents the
pressure drop by friction through the channel as if it were straight. The second is the
pressure drop due to the presence of bends, the estimation is carried out using the
equivalent length method. The third and last term depicts the gravimetric pressure
drop.

As in the manifolds, using the Fanning friction factor to define the friction loss coeffi-
cients [206,419], these can be expressed as:

kf = 4f
Lt

Ds
kf,eq = 4f

Leq

Ds
(3.1.57)

where Ds represents the hydraulic diameter of the serpentine channel, Lt is the serpen-
tine total length and Leq is the equivalent length of each 180◦ bend in terms of friction
losses for the same hydraulic diameter. Thus, the ratios of Leq/Ds are tabulated for
different types of bends and sections.

Considering the expression for the Reynolds number, Re = ρ·vs·Ds/µ, and the empirical
correlation of Kays and Crawford [420], Re ·f = 13.84+10.38 ·exp(−3.4/a), being a the
channel aspect ratio (width/depth), the velocity of the fluid in the serpentine channel
is given by:

vs =
(∆pim−om − ρ · g ·∆h)D2

s

2µ (Re · f)s (Lt + bn · Leq)
(3.1.58)

Fluid-dynamic system solution

All the above-mentioned equations, eqs. 3.1.52 - 3.1.58, become non-dimensional using
the following dimensionless variables:
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Inlet Manifold

𝑣 𝑥

𝑝 𝑥

𝑣 𝑥 + ∆𝑥
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𝜏
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Figure 3.1.5: U-configuration and details of the inlet and outlet manifolds
with their corresponding control volumes.

x′ =
x

Lm
v′ =

v

vin
p′ =

p

ρv2
in

(3.1.59)

where Lm is the length of the manifold, Lm = Lim = Lom, and vin represents the
velocity of the corresponding fluid at the inlet of the stack.
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Once all the equations are non-dimensional, the introduction of vs, eq. 3.1.58, in the
continuity equations, eqs. 3.1.52 and 3.1.54, lead to a coupled system of ordinary
differential equations for both possible configurations, Z and U.

The resulting system for Z-configuration:

Continuity Inlet Manifold :
dv′im
dx′

= −A ·∆p′im−om +B (3.1.60)

Continuity Outlet Manifold :
dv′om
dx′

= A ·∆p′im−om −B (3.1.61)

Momentum Inlet Manifold : 2v′im ·
dv′im
dx′

+
dp′im
dx′

+ C · v′im = 0 (3.1.62)

Momentum Outlet Manifold : 2v′om ·
dv′om
dx′

+
dp′om
dx′

+ C · v′om = 0 (3.1.63)

Similarly, the non-dimensional system of equations for U-configuration is given by:

Continuity Inlet Manifold :
dv′im
dx′

= −A ·∆p′im−om +B (3.1.64)

Continuity Outlet Manifold :
dv′om
dx′

= −A ·∆p′im−om +B (3.1.65)

Momentum Inlet Manifold : 2v′im ·
dv′im
dx′

+
dp′im
dx′

+ C · v′im = 0 (3.1.66)

Momentum Outlet Manifold : 2v′om ·
dv′om
dx′

+
dp′om
dx′

− C · v′om = 0 (3.1.67)

These systems of equations may be solved using the boundary conditions:

v′im = 1 at x′im = 0

v′im = 0 at x′im = 1
(3.1.68)

This means that the fluid velocity at the inlet of the stack is vin whereas the velocity
of the fluid in the x direction at the end of the inlet manifold must be zero.

The coefficients A, B and C of the previous equations, eqs. 3.1.60 - 3.1.67, respond to
the following formulations:
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A =
Nc · ρ · vin ·Ast

Am

D2
s

2µ (Re · f)s (Lt + bn · Leq)

B =
D2

s

2µ (Re · f)s (Lt + bn · Leq)

Nc ·Ast

Am · vin
· ρ · g ·∆h

C =
µ (Re · f)m LmPm

2 ·Am ·Dm · ρ · vin

(3.1.69)

As indicated in the initial hypotheses, Section 3.1.1, the effect of gravimetric pressure
drop on the gases is practically negligible compared to the friction terms. This is
basically due to their low densities. Therefore, the value of B for the oxidant, regardless
of whether it is air or oxygen, is zero.

Additionally, for both configurations, a relation between the fluid velocities at the inlet
and outlet manifolds may be obtained by applying the continuity equation. In this
way, for Z-configuration, the sum of the manifold velocities for any section, i.e., for any
x′ value between 0 and 1, must be equal to the average inlet velocity to the stack. In
non-dimensional variables the corresponding equation is given by:

v′im + v′om = 1 (3.1.70)

Similarly, the application of the continuity equation between the inlet and outlet mani-
fold in U-configuration concludes that in any section the velocity at the inlet and outlet
manifolds must be the same:

v′im = v′om (3.1.71)

Table 3.1.3 shows a summary of the equation systems that describe the behavior of the
stack fluid-dynamic field in the two configurations considered, U and Z.

Table 3.1.3: Summary of the equation systems that describe the fluid-
dynamic field of the stack.

Equation Z-configuration U-configuration

Continuity
Inlet Manifold

dv′im
dx′

= −A ·∆p′im−om +B
dv′im
dx′

= −A ·∆p′im−om +B

Continuity
Outlet Manifold

dv′om
dx′

= A ·∆p′im−om −B
dv′om
dx′

= −A ·∆p′im−om +B

Momentum
Inlet Manifold

2v′im ·
dv′im
dx′

+
dp′im
dx′

+ C · v′im = 0 2v′im ·
dv′im
dx′

+
dp′im
dx′

+ C · v′im = 0

Momentum
Outlet Manifold

2v′om ·
dv′om
dx′

+
dp′om
dx′

+ C · v′om = 0 2v′om ·
dv′om
dx′

+
dp′om
dx′

− C · v′om = 0

Velocity
Relation

v′im + v′om = 1 v′im = v′om
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It is possible to determine an analytical solution of these governing systems by rearrang-
ing the corresponding equations. For Z-configuration, subtracting eqs. 3.1.62 - 3.1.63
and including eq. 3.1.70 and eq. 3.1.60 to eliminate the velocity at the outlet manifold
and the pressure drop between the manifolds, a second-order differential equation with
analytical solution is achieved:

d2v′im
dx′2

− 2A
dv′im
dx′

− 2AC · v′im +AC = 0 (3.1.72)

Similarly, for U-configuration, subtracting eqs. 3.1.66 - 3.1.67 and including eq. 3.1.71
and eq. 3.1.64 to eliminate the velocity at the outlet manifold and the pressure drop,
another second-order differential equation with analytical solution is obtained:

d2v′im
dx′2

− 2AC · v′im = 0 (3.1.73)

The second-order differential equations for Z-configuration and U-configuration along
with their corresponding solutions are summarized in Table 3.1.4.

Table 3.1.4: Solutions of the fluid-dynamic field of the stack.

Element Z-configuration U-configuration

Equation
d2v′im
dx′2

− 2A
dv′im
dx′

− 2AC · v′im +AC = 0
d2v′im
dx′2

− 2AC · v′im = 0

v′im
1

2
+D1e

m1x′ +D2e
m2x′ D1e

m1x′ +D2e
m2x′

v′om
1

2
−D1e

m1x′ −D2e
m2x′ D1e

m1x′ +D2e
m2x′

∆p′im−om

−
[
m1D1e

m1x′ +m2D2e
m2x′

]
+B

A

−
[
m1D1e

m1x′ +m2D2e
m2x′

]
+B

A

v′s − Am

Nc ·Ast

[
m1 ·D1e

m1x′ +m2 ·D2e
m2x′

]
− Am

Nc ·Ast

[
m1 ·D1e

m1x′ +m2 ·D2e
m2x′

]
D1

1

2

1 + em2

em2 − em1

em2

em2 − em1

D2 −1

2

1 + em1

em2 − em1

em1

em1 − em2

m1 A+
√
A · (A+ 2C)

√
2A · C

m2 A−
√
A · (A+ 2C) -

√
2A · C

3.1.2.2.4 End plate thickness

To solve the end plates (EPs) in such a way that its thickness can be estimated and to
ensure and adequate distribution of the clamping force on the BPs, it is assumed that
the EPs can be considered as flat plates in the sense of the theory of solid mechanics.
Consequently, one of the three dimensions of the cuboid solid, the thickness, must be
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notably lower than the other two, typically at least 5 times lower but values around 15
times lower or more are preferable. Moreover, to obtain an analytical approximation,
it is assumed that the plate is simply supported on its edges, i.e., on the screw line,
at time that the load is applied in the contact region with the current collector, which
has the same area and shape than that of the BPs. To consider the most unfavorable
possibilities, i.e., that in which the maximum deflection of the EP occurs, two load
conditions are supposed, Figure 3.1.6. The first, assuming a uniformly distributed
load in the contact region between the current collector and the EP, Figure 3.1.6a. The
second load condition has the same total clamping force but it is distributed only in the
lines corresponding to the edges of the BP, Figure 3.1.6b. These cases are analytically
solved by means of the Navier’s method, which allows solving rectangular plates simply
supported on their four edges.

End Plate

Simple support

Contact region with
the current collector

Uniform distributed load

Distributed load only
along the edges of the

current collector

a)

b)

Figure 3.1.6: Load conditions studied for the end plates. a) Uniform dis-
tribution of the load in the contact region between the end plate and the
current collector; b) Distribution of the load along the edges of the current
collector.

The displacement, wEP , of the described plates under the action of a load, q, must
satisfy the Lagrange equation for plates:

q

D
= ∆∆wEP (3.1.74)

where D is a parameter that relates the Young’s modulus, E, and the Poisson’s coeffi-
cient of the plate material with the thickness of the plate, h, as follows:
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D =
Eh3

12(1− ν2)
(3.1.75)

Additionally, the equation must satisfy the corresponding boundary conditions, i.e.,
the displacement and the moment in the edges must be zero:

wEP |x=0 = 0 wEP |x=a = 0 wEP |y=0 = 0 wEP |y=b = 0

∂2wEP

∂x2

∣∣∣∣
x=0

= 0
∂2wEP

∂x2

∣∣∣∣
x=a

= 0
∂2wEP

∂y2

∣∣∣∣
y=0

= 0
∂2wEP

∂y2

∣∣∣∣
y=a

= 0

(3.1.76)

The solution proposed by Navier for the Lagrange equation is based on expressing
the load and the displacement as the sum of sines of Fourier series, both in x and y
direction:

q(x, y) =

∞∑
m=1

∞∑
n=1

qmnsin
(mπx

a

)
sin
(nπy

b

)
(3.1.77)

wEP (x, y) =

∞∑
m=1

∞∑
n=1

wmnsin
(mπx

a

)
sin
(nπy

b

)
(3.1.78)

where a and b are the dimensions of the plate in the x and y directions, respectively;
while qmn and wmn represent the Fourier coefficients of the serie.

Since the applied load, q(x, y), is known, it is possible to obtain the qmn coefficients:

qmn =
4

ab

∫ a

0

∫ b

0
q(x, y)sin

(mπx
a

)
sin
(nπy

b

)
dxdy (3.1.79)

Introducing the q(x, y) and wEP (x, y) expressions, eqs. 3.1.77 and 3.1.78 respectively,
in the Lagrange equation, eq. 3.1.74 and solving, the wmn coefficients may be obtained
as a function of qmn coefficients:

wmn =
qmn

π4D

(
m2

a2
+
n2

b2

)−2

(3.1.80)

Therefore, introducing the wmn coefficients in eq. 3.1.78, it is possible to estimate the
displacement of the plate. Similarly, if the load q(x, y) is known, and the decision-maker
imposes a maximum deflection on the plate, the required thickness can be calculated
since this is only included in the parameter D in eq. 3.1.80.

The qmn coefficients for the case of uniformly distributed load is:

qmn =
4

ab
q1

[
b

nπ

(
cos

(
nπb1
b

)
− cos

(
nπb2
b

))]
·[ a

mπ

(
cos
(mπa1

a

)
− cos

(mπa2

a

))] (3.1.81)
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where q1 is the uniformly distributed load, and a1 - a2 and b1 - b2 pinpointed the contact
area.

Conversely, in the case the load is applied only on the contour corresponding to the
contact between the current collector and the EP:

qmn =
4

ab
q2

[
b

nπ

[
cos

(
nπb1
b

)
− cos

(
nπb2
b

)]
·[

sin
(mπa1

a

)
− sin

(mπa2

a

)]
+

a

mπ

[
cos
(mπa1

a

)
− cos

(mπa2

a

)]
·[

sin

(
nπb1
b

)
− sin

(
nπb2
b

)]]
(3.1.82)

3.1.2.2.5 Fastening system

Among the possible systems for clamping the whole stack, in this case, one of the most
common methods is used, the distribution of screws along the perimeter of the EPs.
Assuming the material, matSC, and metric, Mx, of the screws to be used are known,
which are given directly by the design vector, as well as the contact area, Acont, derived
from the geometrical variables contained in the design vector and the pressure applied
on the GDL, pGDL, for the proper operation of the MEA extracted from manufacturers
catalogs, the required clamp force, Fclamp, is given by:

Fclamp = pGDL ·Acont (3.1.83)

Now, it is necessary to estimate the maximum force that each screw of the specified
metric and material may withstand. At this point there are several options. In the
case of steel screws, the standard ISO 898 [421] defines the proof load, Fp, based on
nominal stress in such a way that typically the screws must not be withstand loads
highest than 75 % of the corresponding Fp. Thus, knowing Fclamp and Fp according to
the standard ISO 898, the required number of bolts, Nb to clamp the stack is:

Nb =
Fclamp

0.75 · Fp
(3.1.84)

The resulting value of Nb is rounded toward the following even number to obtain the
real number of required screws.

On the contrary, manufacturers sometimes specify the maximum torque of their screws,
Mt,max, as a function of the metric and the material. In the same way, they usually
also indicate the maximum torque proportion that is safe to be applied, rMs. In this
case, the clamping force that a single screw may withdraw is defined as:

Fb,max =
rMs ·Mt,max

µb · dnom
(3.1.85)

where, µb is the friction coefficient of the material and dnom the nominal diameter of
the screw. Therefore, the required number of bolts is obtained as:
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Nb =
Fclamp

Fb,max
(3.1.86)

As in the previous case, the resulting value must be rounded to the following even
number to determine the real number of bolts.

To ensure the most possible uniform force distribution, the decision maker can place
limits on the number of screws used or on the minimum distance between them. It
should be noted that the metric of the screws determines in some way the size of the
EP because there must be enough space between the BP edges and the EP edges to
accommodate the screws, nuts and washers without touching the BPs. Additionally,
the heads of the screws as well as the nuts and washers must not protrude from the plane
defined by the EP in any case, although they obviously protrude in the perpendicular
direction.

3.1.2.2.6 Stack mass and volume

Once the design vectors are defined, along with the safety distances set by the experts,
which completely determine the design of the stack as described in Section 3.1.2.1, it
is possible to estimate the material volume of the BPs as well as their mass, which
depends on the density of the material mat. The contribution of the end plates to the
mass and volume of the stack is also taken into account. For this, experts must define
two dimensions, firstly the thickness of the end plate to withstand the compression
stresses and secondly the distance from the edge of the BPs required to accommodate
the screws. The volume of the BPs is estimated from their geometry coded in the
corresponding design vector. The mass of the BPs is obtained by multiplying its actual
volume by the density of the corresponding material, mat, and adding the masses of
the end plates and the elements of the MEA, such as electrodes, membranes, catalysts,
gas diffusion layers.

3.1.2.2.7 Fuel consumption

There are two main contributions to the methanol consumption; that required for
the generation of the fuel cell current and that due to the phenomenon of methanol
crossover. The latter represents a negative effect on the general performance, since it
reduces the cathode potential and the fuel utilization. Assuming that the pressure in
both sides of the MEA is the same, the crossover consists of two terms, the diffusion
of methanol through the membrane due to the concentration gradient and the elec-
troosmotic drag [422]. The formulation for the total methanol consumption is given
by:

ṁMeOH,s = Nc · Jt ·A ·MMeOH (3.1.87)

where ṁMeOH,s represents the total methanol consumption of the stack and Jt is the
molar flux of methanol that may be expressed as:

Jt =
jc + jcross
za · F

(3.1.88)
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being jcross the equivalent current density of methanol crossing the membrane. Solving
the diffusion problem of methanol through the membrane along with the electroosmotic
drag [423,424], see Figure 3.1.7, jcross is estimated as:

jcross =

(ja,lim − jc)
(
ω + nd

jc
jw

)
ja,lim

(
1 + ω + nd

jc
jw

) (3.1.89)

ω =
Dm · lbl
Dbl · lm

(3.1.90)

jw = F ·Dbl
wa

lbl
(3.1.91)

ja,lim = za · F
Dbl · cMeOH,ch

lbl
(3.1.92)

where Dm and Dbl represent the respective methanol effective diffusion coefficient
through the membrane and the anode backing layer, while lm and lbl depict the thick-
nesses of the membrane and the anode backing layer, respectively, see Figure 3.1.7.
Likewise, wa is the molar water concentration at the anode, cMeOH,ch represents the
inlet methanol concentration, ja,lim is the limiting current density at the anode and nd
corresponds to the electroosmotic drag coefficient.

GDL MembraneChannelBP ACL CCL
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Figure 3.1.7: Sketch of methanol transport from anode channel to the cath-
ode through the membrane electrode assembly. BP: bipolar plate; GDL:
gas diffusion layer; ACL: anode catalyst layer; CCL: cathode catalyst layer.

3.1.2.2.8 Validation

This section analyzes the validity of the mathematical models previously described.
First of all, the quality parameters of the multiple linear regressions developed to model
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the density and viscosity of aqueous methanol mixtures as a function of temperature
and methanol concentration are included in Section 3.1.2.2.1, both regressions show a
relative error lower than 5 %. On the other hand, models with widely proven validity
over the years are those used to calculate the density and viscosity of the oxidant, air
or oxygen.

As noted at the beginning of the Section 3.1.2.2.3, the formulation of the MCS fluid
dynamic field is conceptually equivalent to that described by Maharudrayya et al.
[418], the only difference lies in the inclusion of serpentine channels instead of parallel
channels. As the original formulation is underpinned by several previous published
works [247,418], the only part of the model that remains to be verified is the pressure
drop in the sepertine, which is validated using the experimental data of Yang et al.
[52], as can be seen in Figure 3.1.8. The authors analyzed the pressure drop under
different operating conditions, changing the flow rates as in Figure 3.1.8a, the methanol
concentration as in Figure 3.1.8b and the temperature as in 3.1.8c. Additionally, they
detailed the complete structure of the studied serpentine thanks to which the pressure
drop can be validated, thereby concluding that the relative error of the model is less
than 5 % in all cases. Regarding the multi-parallel-channel flow field at the cathode,
the formulation used has been successfully applied in different fields of engineering,
thus demonstrating its validity.

a)

b)

c)

Figure 3.1.8: Validation of the analytical estimates of pressure drops in
a serpentine by the comparison with the measurements made by Yang et
al. [52] under different operating conditions: a) Flow rate; b) Concentration
of methanol in the working solution; c) Temperature.
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Finally, the formulation applied to determine the methanol crossover through the mem-
brane, although it shows a local character, has been widely used in previous works with
satisfactory results [423–425], so that it may be appropriated for the predesign stage of
DMFCs.

3.1.2.3 Design function

Since the mass, volume and fuel consumption of a fuel cell are important factors that
may determine the viability of an application, the ultimate objective of this prelimi-
nary design tool is to locate a workable design of a DMFC that optimizes a function of
these factors. These three factors cannot be optimized simultaneously, e.g., the design
with the lowest fuel consumption is not the lightest one. Therefore, a multi-objective
optimization approach is required. One of the most widespread procedures is the util-
ity function technique, linear scalarization in this case, that transforms multi-objective
problems into single-objective ones [426]. In this way, weights that represent the sig-
nificance of each objective should be included, so that the decision-maker must select
their values in accordance with the final application of the fuel cell. The design function
used in this case responds to the following formulation:

θi =


α · mi

mmax
+ β · vi

vmax
+ γ · ṁMeOH

ṁMeOH,max
NURi = 0

NURi NURi > 0

(3.1.93)

where the subscript i makes reference to the corresponding design, m represents the
mass of the design i while v is the volume. The subscript max makes reference to
the design with the maximum value of the corresponding factor inside the universe
of possible solutions of the problem that is determined by the limits imposed by the
decision-maker to the parameters in the design vector. This leads to a non-dimensional
design function in such a way that it is easier to compare the different terms that
compose it. Likewise, α, β and γ depict the weights allocated by the decision-maker for
each factor, they represent the relative importance of each factor, so that α+β+γ = 1
and α ∧ β ∧ γ ≥ 0. In addition, NURi is the number of unsatisfied restrictions of
the design i. The designer may include a set of restrictions to comply with different
dimensional design criteria, e.g., the maximum dimensions of the stack to include it in
a specific location, and to ensure the proper operation of the device, e.g., a maximum
value of the fluid dynamic factor Fd. There are several strategies to integrate these
restrictions in the design function, one of the most widespread is to include them as
penalties to the function that can be carried out in different ways. In this case, each
unfulfilled restriction has a unit value such that if there are constraints that the design
does not meet, the value of the design function is NURi [427]. Thus, it is even possible
to compare and rank designs that do not address all the restrictions based on their
NUR value. A design vector that satisfies all restrictions shows a consistent geometry
with the limitations. Therefore, according to the aim of the suggested methodology,
the design vector with the lower value of θ is the most suitable design. It is worth
noting that the values used to normalize the factors could change if the possible field of
solutions change. This means that, for the same weights in the same problem, a change
in the field of solutions could lead to different results. For this reason, it is advisable
to try different weights for the same problem.
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A list of restrictions included in the design tool, and therefore that a designer could
use in the preliminary design process, is included in Table 3.1.5.

Table 3.1.5: Possible constraints included in the design tool.

Constraints

Dimensional constraints

Maximum rib width of the anode flow field
Maximum rib width of the cathode flow field
Maximum channel width of the anode flow field
Maximum channel width of the cathode flow field
Maximum open ratio of the anode flow field
Maximum open ratio of the cathode flow field
Maximum length of the base of the stack
Maximum length of the height of the stack
Maximum length of the depth of the stack
Maximum length of the diagonal of the stack
Minimum rib width of the anode flow field
Minimum rib width of the cathode flow field
Minimum channel width of the anode flow field
Minimum channel width of the cathode flow field
Minimum open ratio of the anode flow field
Minimum open ratio of the cathode flow field
Minimum width of the fuel manifold
Minimum width of the oxidant manifold
Minimum channel depth of the anode flow field
Minimum channel depth of the cathode flow field

Operating constraints

Maximum fuel velocity in the anode flow field
Maximum oxidant velocity in the cathode flow field
Maximum fuel pressure drop in the stack
Maximum oxidant pressure drop in the stack
Maximum difference in mass flow rate between
the anode side of cells
Maximum difference in mass flow rate between
the cathode side of cells
Minimum fuel velocity in the anode flow field
Minimum oxidant velocity in the anode flow field
Minimum relation between pressure drops in the
anode flow field and the fuel inlet manifold
Minimum relation between pressure drops in the
anode flow field and the fuel outlet manifold
Minimum relation between pressure drops in the
cathode flow field and the oxidant inlet manifold
Minimum relation between pressure drops in the
cathode flow field and the oxidant outlet manifold
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3.1.2.4 Genetic algorithms

The ultimate goal of the developed tool inside the whole design methodology is to
find the preliminary design, i.e., the values of the corresponding design vector, that
minimise the design function provided by the decision-maker, eq. 3.1.93, which could be
a complex and arduous task. The larger the search space for solutions, the more difficult
the search become. Additionally, the proposed design function is strongly discontinuous
due to those parameters of the corresponding design vector with integer values, such as
the anode and cathode channels number, the number of bends and so on, and the use of
the penalty function associated with the restrictions. In this way, a genetic algorithm
(GA) developed ad hoc is chosen to locate the optimum configuration. This method
provides great versatility in solving the problem, which can vary significantly between
different initial specifications and restrictions. Indeed, to be useful in the design process,
the developed tool must be able to obtain the best solution or a near-best solution
regardless of the initial specifications and the restrictions imposed. Furthermore, GAs
may be easily modified to improve the performance of the problem resolution. This type
of evolutionary algorithms inspired by the biological evolution has been successfully
applied to fuel cell modeling [60,428–431]. Even so, GAs have not been previously used
to design DMFC stacks.

Under GA approach, each possible set of values of the corresponding design vector
expresses one tentative design in such a way that its suitability to solve the problem
is evaluated using the design function, eq. 3.1.93. To streamline and facilitate the
successive steps of the GA resolution, the values of the parameters in the design vector
are binary coded. As previously indicated, each parameter must have its own limits,
upper or lower, provided by the decision-maker and a number of bits that define it
in order to establish a biunivocal relation between its real and binary representations.
Likewise, the limits imposed to the parameters also pinpoint the possible universe of
solutions, so it is possible to define the worse designs, those with the maximum mass,
volume and fuel consumption, that lead to non-dimensional design function.

To solve the posed optimization problem, a GA is programmed and analyzed, its frame-
work structure can be seen in Figure 3.1.9. In this way, the first step of all GAs is
to create an initial population, defined as A, with k configurations either randomly
generated or selected in advance by the decision-maker. Given the versatility that is
intended to confer on the tool and the cost of time that would be involved in selecting
k configurations, in this case the initial population is generated completely randomly.
Subsequently, the fitness of the configurations contained in the population A is assessed
by the design function.

Three operators form the foundation of any GA: selection, crossover (take care, this
operator is not related in any case to the methanol crossover through the membrane
previously noted in Section 3.1.2.2.7) and mutation. They are repeated sequentially in
each iteration:

• Selection operator: within the biological paradigm of the GAs approach, this
first operator aims to seek pairs of configurations to produce offspring. In most
cases, the number of offspring generated is equal to or less than the number of
configurations in the population, k. In the GAs proposed to solve this optimiza-
tion problem, each pair of configurations chosen by the selection operator only
give rise to a new configuration. Therefore, the number of pairs selected must
be equal to the number of offspring generated. There are different strategies to
carry out the selection of the candidates: randomly among configurations of the
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Figure 3.1.9: Detailed flowchart of the GA as a DMFC preliminary de-
sign optimization method integrated into the proposed design methodology
workflow.

population A, proportional to the fitness of each configuration, by tournament
between a bunch of configurations, and so on. Different strategies are applied in
the proposed GAs.

• Crossover operator: this operator leads to the offspring generation from the cou-
ples chosen by the selection operator from the population A. As in the selection
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process, there are a large number of methods to generate offspring from parents.
Here, a variant of the uniform crossover is used [427], in such a way that each
pair gives rise by means of a random rule to only one offspring instead of two.
This random rule consists of a binary vector with a length equal to the number
of parameters in the design vector, 16 in this case, such that the value of each
offspring design vector parameter is equal to the value of one or another parent
depending on whether the value of the random rule is 1 or 0, see Figure 3.1.10.
The offspring is stored in a new population, B.

Figure 3.1.10: Operation scheme of the crossover operator through which
an offspring is generated from two parents. In this case, if the value of the
random rule for the corresponding parameter is 1, the offspring acquires
the value of the Parent 1, otherwise it takes the corresponding value of the
Parent 2.

• Mutation operator: as in the biological paradigm, offspring are not simple copies
of the parents genes, but certain mutations can arise. This operator tries to re-
produce this phenomenon that introduces new genetic material in the population.
For the sake of simplicity, the mutation process is carried out with population B
coded in binary. In this way, some elements of the binary design vectors stored
in population B are randomly selected and their values changed from 1 to 0 or
vice versa, depending on the initial value of the element. This operator makes
it possible to keep diversity in the population, favoring the search process in the
solutions universe and avoiding early domination of partial optimal solutions.
However, care must be taken with the mutation percentage used in the process
since a very high percentage of mutation makes the search for the optimal solution
indistinguishable from a random search.

Once the mutation process ends, the offspring contained in population B are evaluated
by the design function to determine their fitness value. Finally, a replacement process
takes place, in which the offspring replaces their parents in the population A. In some
cases, this replacement is conditional on the offspring showing better fitness than its
corresponding parent. This new population A restarts the loop with the selection
process. Under GA approach, each generation is expected to lead to fittest solutions
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than the previous one, although there may be certain ups and downs in the fitness
value of the optimal solution with the generations. Therefore, to obtain a near-optimal
configuration as solution, the loop is repeated g times, being g the total number of
generations. Two conditions may be imposed to finish the GA, that the number of
generations reaches a limit value imposed by the decision-maker or that the relative
variation of the best fitness value of the population over a preset number of generations
is lower than a threshold. The final resulting solution of the process is the configuration
of the last generation with the lowest fitness function value.

To solve the problem under study, three types of GAs are developed and tested in order
to obtain good convergence and repeatability with the lowest possible computational
cost. The three variants are based on the framework structure indicated previously
but with some modifications described below. These modifications are intended to
improve some aspect of the resolution process, but improving one aspect can lead to
the degradation of others.

3.1.2.4.1 Basic genetic algorithm

This algorithm practically follows the previously described structure step by step. It
is the simplest which leads in principle to a lower computational cost, but it may
experience a low repeatability, associated with an early dominance of partial optima
with the corresponding, and complicated convergence. This GA could be considered a
good starting point.

Two types of selection operators are used for this GA scheme, random selection among
the configurations that make up the population and roulette wheel selection by which
the configurations are chosen with a probability inversely proportional to their fitness
values. The first is easy to implement, but the selective pressure, i.e., the emphasis of
selection operator on the fittest configuration [432], is very small in such a way that
a large number of generations is required for the convergence of the solution, if it is
reached. On the contrary, in roulette wheel selection the best configurations are more
likely to be selected and, therefore, to disseminate their characteristics to the following
generations. In this case, the selection pressure is higher leading to more suitable
configurations over time. However, it has been reported that this operator may lead
to early convergence to local optimum in problems with great differences between the
fitness values of the best and worse solutions, or with dominant configurations. In
these cases, the selection pressure could be excessive, causing a loss of diversity over
generations. On the other hand, when the configurations of a population show similar
fitness function values, this operator provides results indistinguishable from the random
selection.

In the particular case under study, the use of this scheme with a random selection
leads to a poor convergence. In fact, most of cases the problem does not converge at
all. With the implementation of roulette wheel selection instead of the previous one,
the convergence improves slightly, but the repeatability is still very low. For that, the
incorporation of an elite selection module is planned to improve convergence.

3.1.2.4.2 Genetic algorithm with elitist selection

To avoid losing the best-found configurations throughout the generations, thereby im-
proving the convergence, the best configurations of the population A at the start of
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the generation may be directly cloned to the next generation population, skipping the
intermediate operations. This is the so-called elitist selection. The remaining config-
urations that must be selected to generate the offspring and continue the process are
chosen by the random or roulette wheel selection operators as in the previous case.
The risk of the elitist selection is that the cloned configurations prematurely dominate
the process, leading to local optimum and removing the diversity of the population.
This could occur if the cloned configurations show a much better fitness values than
the population average. Therefore, the number of configurations cloned may play an
essential role in the performance improvement of the GA.

The implementation of this elitist selection module to this optimization problem clearly
improves the convergence since it prevents the loss of the best configurations in the
loops. However, the reproducibility is still small, probably due to the early dominance
of sub-optimal solution. To prevent early dominance of sub-optimal solutions, it is
decided to turn the GA to a diffusion scheme.

3.1.2.4.3 Diffusion genetic algorithm

The last kind of GA developed and evaluated for solving the optimization problem is
a diffusion genetic algorithm, which could be useful to prevent an early domination of
partial solutions [427]. This perspective shrinks the selection pressure over the pop-
ulation which results in a greater exploration of the solutions universe, allowing the
emergence of different sub-optimal configurations in multiple regions of the population.
However, it could slow down the convergence of the process.

As in the two previous algorithms, the process begins with a randomly generated popu-
lation, but in this case the k inital configurations are located in the nodes of a toroidal-
mesh A of dimensions r (rows) and f (columns) in such a way that k = r ·f , see Figure
3.1.11. Then, all configurations are evaluated my means of the design function.

The selection process also differs from that of the previous two algorithms, in this
case the mate selection of each configuration in the toroidal-mesh is performed by a
tournament strategy among its four closest neighbours in the mesh, see Figure 3.1.11,
thereby being the winner the configuration with the lower value of the design function,
θ. This selection restricted to the closet neighbours gives its diffusive nature to this
algorithm, so that good solutions are gradually spreading through the population.

The crossover and mutations processes are identical to that of the previous algorithms.
Finished the mutation process, the fitness values of the configurations in the offsprings
array are estimated by means of the design function. The fitnesses of the offsprings are
compared to that of their corresponding parents in such a way that if the parent shows
a higher fitness value than its offspring, it is replaced in the main array, A. Otherwise,
the parent maintains its position in the population and the offspring is discarded.
This conditional replacement strategy resembles the elitist strategy of the previous
GA, thereby avoiding the loss of potential solutions throughout the generations. Once
the comparison and replacement are completed, the process resumes with the new A
population.

This scheme provides very good results in terms of convergence, repeatability and
calculation time, as will be seen in Section 4.1. For this reason, this scheme is the one
finally implemented in the design software developed.
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C12C12 C13C13 C14C14 C15C15 …… C1fC1f

C22C22 C23C23 C24C24 C25C25 …… C2fC2f

C32C32 C33C33 C34C34 C35C35 …… C3fC3f

Cr2Cr2 Cr3Cr3 Cr4Cr4 Cr5Cr5 CrfCrf

…… …… …… …… ……

……

C11C11

C21C21

C31C31

Cr1Cr1

……

Figure 3.1.11: Toroidal-mesh with the configurations distributed in its
nodes. Dashed lines link each configuration with its direct neighbors. Based
on the green shaded cross, the neighbors of configuration C24 are: C14, C25,
C34 and C23. These four configurations are subjected to a tournament to
determine the mate of the configuration C24. In the case of configuration
C21, see the orange shaded region, its neighbors are: C11, C22, C31 and C2r.

3.2 Bipolar plate materials for DMFCs

According to the results of the preliminary design tool for DMFCs, which will be
exposed in detail in Section 4.1, and the previous researches, presented in particular
in Section 2.1.4, the selection of materials for bipolar plates has a huge impact on the
specific power and power density of the final fuel cell. Normally, graphite and metals,
such as stainless steel and titanium, are the most used materials for BPs. Nevertheless,
graphite is very bulky, thereby reducing the power density, and presents brittleness
problems, which could lead to potential issues during its lifetime. On the other hand,
metallic materials tend to corrode in anodic and cathodic environments of DMFCs,
which results on the release of ions to the medium, damaging in this way the catalysts
and electrolytes, and in the potential reduction of the metal conductivity.

In this context, polymers arise as an appealing alternative for the development of BPs.
Their low densities and costs could increase the specific power of DMFCs and reduce
the stack price, improving two of the biggest problems of this technology. As indicated
in Section 2.1.4.1.4, thermoplastic polymers could be a competitive option to manufac-
ture BPs. In general, they are easier to recycle and reuse than thermosets, so that their
use in BPs would lead to a reduction of the environmental footprint of the technology
life cycle [233–235]. Additionally, complex thermoplastic pieces and prototypes can be
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quickly made by fused deposition modeling (FDM), sometimes also referred as addi-
tive manufacturing or 3-dimensional printing [433]. FDM technique exhibits promising
benefits, which could lead to a cost reduction, such as easy customization of pieces,
fast prototyping, manufacture of complex shapes, reduction of relative equipment cost
and maximization of material utilization [434]. In fact, this technique confers great
versatility to the production and repair process, given that pieces can be produced in
situ, such as in a vessel on the high seas or in the International Space Station [435], with
an economical and portable machine. Undoubtedly, thermoplastic pieces prepared by
FDM show normally lower mechanical features than those made by injection moulding.
But it should not be forgotten that, under normal conditions, BPs do not withstand
large stresses and impacts, so that mechanical solicitations are not particularly demand-
ing. Therefore, despite the lower mechanical features, FDM would be an appropriate
technique for the manufacturing of BP prototypes or small production quantities. It
should be noted that this manufacturing technique has been used successfully for the
manufacture of proton exchange membrane electrolyzers [244–246].

Despite the research carried out in the field of composite and polymeric BPs, analyzed
in detail in Section 2.1.4, a detailed and systematic study of thermoplastic polymers for
BPs has not yet been carried out. Likewise, long-term experiments of such materials
have not been performed to evaluate their viability. In this regard, the large set of
potential materials and properties involved to be taken into account for the selection
of the best thermoplastic material make such a selection an arduous task. Since the
best thermoplastic material is searched for from many alternatives based on a wide set
of criteria, material selection for the BPs of DMFCs is a multi-criteria decision-making
problem (MCDM) [436]. Several MCDM techniques, such as COPRAS (Complex Pro-
portional Assessment) [437,438], AHP (Analytical Hierarchy Process) [439], SAW (Sim-
ple Additive Weighting) [440,441], TOPSIS (Technique of ranking Preferences by Sim-
ilarity to the Ideal Solution) [437,439], ELECTRE (ELimination Et Choix Traduisant
la REalité) [442] or VIKOR (VIšekriterijumsko KOmpromisno Rangiranje) [443, 444]
have proven their ability to solve material selection problems. In fact, some of these
MCDM techniques have already been used for the selection of materials for BPs of fuel
cells [63, 445–448].

The objective of this section is to identify, among some thermoplastic materials, the best
one for three different applications of DMFCs, namely: stationary, portable (laptops
or smartphones) and on board UAV. To this end, four different MCDM techniques are
applied to obtain reliable selection. However, to apply these techniques it is necessary
to collect a large amount of data related to their performance in DMFCs. Therefore, all
materials are subjected to long-term experiments, three months, in a simulated medium,
thereby reproducing the harsh conditions produced inside a DMFC. This enables to
evaluate the variations over time of the polymer properties, such as thickness, surface
area and hardness, as well as solution absorption and degradation rate. The potential
chemical deterioration of the polymers is also assessed by Fourier-transform infrared
spectroscopy. All the data obtained over the long-term experiment along with the cost,
flexural strength and cost of the thermoplastic polymers are collected as input for the
MCDM techniques.

Once the best materials for the specified applications have been selected, the way to
achieve a conductive coating of the material is studied in order to provide electrical
conductivity to the polymeric materials. For this, two different techniques are studied,
on the one hand the electroless deposition of Ni and on the other hand the physical
vapor deposition of Au.



3.2. BIPOLAR PLATE MATERIALS FOR DMFCS 121

3.2.1 Materials

To encourage the commercialization of DMFCs, the materials under study are chosen
in accordance with the following three approaches:

• High commercial availability.

• Competitive cost.

• Possibility of additive manufacturing using “conventional” 3D printers, maximiz-
ing their use in this way, since they could be used to make different products
or prototypes. This would lead to a reduction of the equipment cost and would
facilitate the rapid prototyping of new and more efficient bipolar plate configura-
tions.

In this way, seven thermoplastic polymers are chosen for the study, namely, acrylonitrile
butadiene styrene (ABS), supplied by RS Components (Pozuelo de Alarcón, Spain) and
copolyester (CPE and CPE+), nylon (NY, grade based on PA6/PA66), polycarbonate
(PC), polylactic acid (PLA) and thermoplastic polyurethane (TPU 95A) supplied by
Ultimaker BV (Geldermalsen, the Netherlands). Methanol (CH3OH) and sulphuric
acid (H2SO4, 99.9% purity) were supplied by PanReac. MilliQ grade water is used to
prepare the aqueous solutions.

3.2.2 Uncoated materials

3.2.2.1 Uncoated polymer samples preparation

Seven cuboid-shaped samples of each material of approximately 20 mm × 20 mm ×
5 mm are made by means of a 3D printer,“Ultimaker 3 Extended”, Figure 3.2.1. The
printing parameters applied for each material, summarized in Table 3.2.1, are selected
in accordance with the suppliers’ recommendations. In all cases, a layer thickness of
0.06 mm and a fill of 100 % were applied.

Figure 3.2.1: PC samples with approximate dimensions of 20 mm × 20 mm
× 5 mm used in the long-term experiment.

Before carrying out the experiments, samples are successively sanded with sandpaper
with a grit size of 600 and 800, in order to obtain a homogeneous and similar surface
finish on all materials. Subsequently, samples are rinsed with abundant distilled water
and placed in a desiccator. To determine the starting conditions of the samples, their
dimensions and hardness are measured, and they are weighed.
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Table 3.2.1: Printing parameters used for each material.

Polymer
Nozzle temperature

(oC)
Plate temperature

(oC)
Print speed
(mm·s−1)

ABS 230 80 55
CPE 240 70 55
CPE+ 260 110 40
Nylon 245 60 70
PC 270 110 70
PLA 210 60 70
TPU 95A 235 70 25

For the purpose of reproducing the actual conditions in a DMFC, it is prepared an
aqueous solution that simulated such characteristics, which consisted of 1 M CH3OH
+ H2SO4 until 2.85 pH. The temperature of the solution is kept constant by means of
a thermostatic bath at 60 ◦C. The experiment begins by introducing the samples into
seven different flasks, one for each material, containing the simulated solution.

The total duration of the experiment is 3 months. During this period, six of the
seven samples of each material are taken out the solution after 1, 7, 15, 30, 60 and 90
days, and not returned to it, to assess their physicochemical characteristics, such as
solution absorption, hardness, degradation rate or infrared spectra. Henceforth, these
samples will be designated as “removed samples”. The hardness and dimensions of the
remaining samples, one of each material, are also analyzed on these same dates, but
these samples were always returned to the solution after measuring in such a way that
they are designated as “resident samples”.

3.2.2.2 Physicochemical characterization of uncoated polymer samples

3.2.2.2.1 Solution absorption

After the initial 24 hours of experiment, one sample of each polymer is taken out the
simulated solution to determine its solution absorption in this lapse of time. Then, the
excess of solution on the surfaces of the sample is wiped using filter paper, and the
sample is rapidly weighed. By the comparison of the mass of the corresponding sample
at the initial time (mdry) and that obtained after the first 24 hours (mwet), it is possible
to determine the mass percentage gained due to the absorption of the solution in this
period as:

%Solution absorbed =
mwet −mdry

mdry
· 100 (3.2.1)

3.2.2.2.2 Hardness

The importance of hardness lies in the fact that variations in this property may be
associated with changes in the sample’s surfaces in contact with the simulated solution.
Thus, this is an affordable and simple method that can provide meaningful information
about the degradation of the materials. The hardness measurements are carried out
using a SATRA STD 226 digital durometer under the Shore D hardness scale and



3.2. BIPOLAR PLATE MATERIALS FOR DMFCS 123

following the ISO 7619 standard. Once the sample is out of the solution, its surface is
immediately dried with filter paper and subsequently at least 3 hardness measurements
are made on its upper and bottom faces. With respect to this experiment, it is assumed
that the bottom face of the samples is the one that was in contact with the 3D printer
hot plate during the printing process while the upper face is the opposite side of the
sample. For the purpose of preventing edge effects that could alter the results, the
measurements are performed in regions near the center of the samples.

3.2.2.2.3 Dimensional stability

After the hardness measurements, the dimensions of the samples are determined by a
calibre, then “removed samples” are introduced in a desiccator while “resident samples”
are returned to the solution. These measurements allow tracking the dimensions of the
samples to study the dimensional stability of the materials by means of the changes in
their thickness and surface expressed as percentages:

%Thickness = %T =
e(t)− e(t = 0)

e(t = 0)
· 100 (3.2.2)

%Surface = %S =
Sf (t)− Sf (t = 0)

Sf (t = 0)
· 100 (3.2.3)

where e is the thickness of the sample, i.e., the narrowest dimension, and Sf represents
its plane surface, i.e., the product of the other two dimensions of the sample. The
dimensions of the samples were measured before immersing them into the solution,
identified as (t = 0), and after taking them out of the solution (t). Since, the “resident
samples” are always returned to the solution, their dimensions are tracked over the
entire experiment.

3.2.2.2.4 Mass change and degradation rate

The “removed samples”, that were placed in a desiccator upon their removal from the
solution, are weighed 6 weeks after the end of the long-term experiment. Knowing the
initial, m(t = 0), and the final mass, m(t), of each sample, it is possible to estimate the
degradation rate of each material in m.d.d. (milligrams per square decimetre per day)
as in the corrosion studies of metallic materials:

Degradation rate =
m(t = 0)−m(t)

St(t = 0) · t
(3.2.4)

where m represents the mass, St is the total surface of the sample and t is the time
during which the corresponding sample was exposed to the simulated solution. The
units of mass, surface and time are mg, dm2 and days in order to express the degradation
rate in m.d.d.
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3.2.2.2.5 FTIR analysis

Once the “removed samples” were weighed, their spectra of the Fourier transform
infrared spectroscopy (FTIR) are recorded with a Perkin Elmer Spectrum 100 spec-
trometer, equipped with an attenuated total reflectance (ATR) module. Thus, 20 scans
are performed for each sample at a resolution of 2 cm−1 in the wavelength range of
4000-650 cm−1 in absorbance mode. The objective with this experiment is to confirm
the possible chemical degradation of the materials over time.

3.2.3 Multi-Criteria Decision-Making (MCDM) methods

After the long-term experiments are completed, the most suitable polymers are selected
among those studied for three different applications of DMFCs based on the results ob-
tained. To identify them, different Multi-Criteria Decision-Making (MCDM) methods
are applied.

3.2.3.1 Selection of the most appropriated MCDM methods

It is well known that MCDM techniques are a very appropriated tool for solving material
selection problems. In fact, several authors recommend applying different MCDM
techniques to solve the same material selection problem in order to get a reliable solution
[436,449,450]. This is because the ranking of the materials may vary from one method
to another. Nevertheless, MCDM methods provide valuable information for evaluating
the possibilities [437]. In particular, Mousavi-Nasab and Sotoudeh-Anvari indicated
that COPRAS and TOPSIS are two effective MCDM techniques to sort out general
material selection problems [436, 437]. Likewise, Jahan et al. [451] in their review
on material selection methods concluded that SAW, TOPSIS and AHP are among
the most popular selection techniques. Furthermore, some of these MCDM methods
have also been previously applied to select materials for bipolar plates of fuel cells.
Thus, Taherian [63] applied SAW method to evaluate different composite and metallic
materials for use as bipolar plates, for their part, Shanian and Savadogo [445] applied
TOPSIS among other methods to find the solution to a similar problem. Consequently,
AHP, COPRAS, SAW and TOPSIS methods were applied in this case to determine the
most suitable material in each case.

3.2.3.2 MCDM problem

A common MCDM problem comprises four essential elements:

• Alternatives, are the different options that are going to be ranked, in this case, the
materials under study. Hereinafter, the alternatives are mathematically described
as Ai with i = 1, 2, ...,m, where m is the number of alternatives.

• Criteria, represent the properties that are evaluated to rank the alternatives, for
instance the cost of the alternatives or their density. The different criteria are
designated as Cj with j = 1, 2, ..., n, where n is the number of criteria.

• Scores of each alternative for each criterion. The score of alternative i with respect
to criterion j is defined as xij with i = 1, 2, ...,m and j = 1, 2, ..., n.
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• Weight vector, which indicates the importance of each criterion in relation to the
solution in such a way that it may be defined by wj with j = 1, 2, ..., n, since
weight vector must have as many elements as criteria.

The alternatives along with criteria and scores make up the decision matrix, D:

DM =

A1

A2
...
Am

C1 C2 . . . Cn
x11 x12 . . . x1n

x21 x22 . . . x2n
...

...
...

xm1 xm2 . . . xmn

 (3.2.5)

From the decision matrix, DM , and the weight vector, w, it is possible to determine
the suitable alternative in a selection problem applying different MCDM techniques.
Obviously, to solve the problem, the criteria and alternatives, which depend on the
particular problem, must be clearly defined so that scores may be correctly assigned.
In this regard, it should be taken into account that there are two kinds of criteria:
those in which a higher value implies a deterioration of the corresponding characteristic,
typically the cost, known as cost criteria, and those in which a lower value implies a
deterioration of the characteristic, for example the tensile strength, known as beneficial
criteria.

3.2.3.3 Simple Additive Weighting (SAW)

SAW technique, firstly exposed by Farag [452], is widely applied in MCDM problems
due to its clarity and simplicity, so that the candidates are sorted out according to the
weighted sum, by the weight vector, of the corresponding scores of the criteria. Thus,
SAW algorithm comprises two steps:

1. Normalization of the decision matrix DM according to eq. 3.2.6:

rij =



xij

x+
j

j ∈ Ω+

x−j
xij

j ∈ Ω−

(3.2.6)

where rij is the normalized decision matrix obtained by the normalization of the
ith alternative by the jth criterion, x+

j represents the maximum value of xij for jth

beneficial criterion while x−j represents the lower value of xij for jth cost criterion.

Likewise, Ω+ and Ω− stand for the sets of beneficial and cost criteria, repectively.
This normalization process allows converting all criteria into beneficial criteria in
the new normalized decision matrix, rij .

Therefore, as eq. 3.2.6 reflects, when the jth criterion is a beneficial one, the
maximum value of such property in the decision matrix is changed by a value of
1 in the new normalized matrix, and other values of this property are normalized
with the corresponding maximum value. By contrast, in the case of cost criteria,
the minimum value of such property in the decision matrix is changed by a value
of 1 in the new normalized matrix, and other values are obtained by dividing the
lower value of the property by the corresponding value of the property. In this
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way, all the values in the new normalized matrix are between 0 and 1, assuming
that in the decision matrix DM all values are positive real numbers.

2. Calculation of the “Performance Index”, score, of each alternative. Since nor-
malization process allows converting all criteria into beneficial criteria in the new
normalized decision matrix, rij , it is easy to obtain the weighted weight of each
alternative by eq. 3.2.7:

PIi =
n∑

j=1

wj · rij (3.2.7)

where PIi is the “Performance Index” of the ith alternative, in such a way that the
alternative with the highest “Performance Index” correspond with the preferred
one in accordance with this method.

3.2.3.4 Complex Proportional Assessment (COPRAS)

This MCDM technique was proposed by Zavadskas et al. [453] and the underlying idea
is to rank the alternatives by similarity with supposed ideal and worst solutions under
the assumption that the scores of alternatives for each criterion show a proportional
and direct dependence on their significances [454]. Thus, in this technique the ranking
of the options is obtained based on their significance and degree of utility. COPRAS
algorithm comprises five steps:

1. Normalization of the decision matrix DM according to eq. 3.2.8:

rij =
xij

m∑
i=1

xij

(3.2.8)

This generates a normalized decision matrix, rij , from the original decision matrix
DM by dividing each value of DM by the sum of the values of the corresponding
criterion.

2. Weighing of the normalized decision matrix, rij , with the significance of each
criterion, wj , in accordance with eq. 3.2.9:

yij = rij · wj (3.2.9)

where yij is the weighed normalized matrix obtained by multiplying each element
of the normalized decision matrix by the weight of the corresponding criterion.

3. Calculation of the sums of normalized weighted scores for beneficial and cost
criteria by eqs. 3.2.10 and 3.2.11:

S+
i =

n∑
j=1

yij j ∈ Ω+ (3.2.10)

S−i =

n∑
j=1

yij j ∈ Ω− (3.2.11)
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where S+
i and S−i represent the sum of the values of the ith alternative associated

with beneficial and cost criteria, respectively. Therefore, in the most general case,
each alternative consists of a value of S+ and another of S−. Thus, the higher
the S+

i value, the better the ith alternative in relation to the beneficial criteria.
By contrast, the lower the S−i value, the better the ith alternative in relation to
the cost criteria.

4. Determination of the relative significance of each alternative by the combination
of the corresponding S+ and S− values. The relative significance, QRi, of each
alternative is obtained from the values of S+

i and S−i in such a way that the
higher the QRi value, the better the corresponding alternative. Thus, QR is
easily related to the beneficial criteria. However, in the case of cost criteria it
is necessary to convert them to a factor such that an improvement implies an
increase in its value. Hence, the lower value of S−, S−min, can be used to this
end, so that S−min/S

−
i transforms the weighted normalized score of cost criteria

in a beneficial factor. But this new factors must be renormalized because its
importance must be equal to that of S−i , i.e., the sum of the new factors must be
the same than that of the previous one,

∑m
i=1 S

−
i . For this reason, S−min/S

−
i is

divided by
∑m

i=1

S−min

S−i
resulting:

m∑
i=1

S−min

S−i
m∑
i=1

S−min

S−i

= 1 (3.2.12)

and then this equation is multiplied by
∑m

i=1 S
−
i as it is shown in eq 3.2.13:

m∑
i=1

S−min

S−i
m∑
i=1

S−min

S−i

·
m∑
i=1

S−i =
m∑
i=1

S−i (3.2.13)

Therefore, the relative significance of each alternative can be obtained according
to eq. 3.2.14:

QRi = S+
i +

S−min

m∑
i=1

S−i

S−i

m∑
i=1

S−min

S−i

= S+
i +

m∑
i=1

S−i

S−i

m∑
i=1

1

S−i

(3.2.14)

Therefore, the preferred alternative is that with the highest value of QRi. The
relative significance, QRi, of alternative i determines the satisfaction level of the
need.

5. Sometimes, the quantitative utility of the alternatives is also used, which can be
calculted as in eq. 3.2.15:

Ui =
QRi

QRmax
· 100 (3.2.15)
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where QRmax represents the highest relative significance value.

3.2.3.5 Technique of ranking Preferences by Similarity to the Ideal Solu-
tion (TOPSIS)

Yoon and Hwang [455] proposed the TOPSIS technique, which is based on the concept
that the most suitable alternative should be that one with the shortest distance to the
ideal solution and as far as possible from the nadir-ideal solution. It is important to
consider both distances because sometimes the alternative with the lower Euclidean
distance to the ideal solution may also be near the nadir-ideal solution compared to
other alternatives. Thus, this technique sorts out the alternatives depending on their
Euclidean distances to supposed ideal and nadir-ideal solutions. Assuming that the
significance of all criteria is a monotonically decreasing or increasing function, it is
possible to define the ideal solution as that formed by the best value of each criterion
while the nadir-ideal solution would consist of the worse values of those same criteria
[450]. TOPSIS algorithm comprises five steps:

1. Normalization of the decision matrix DM according to eq. 3.2.16:

rij =
xij√√√√ m∑
i=1

x2
ij

(3.2.16)

2. Weighing of the normalized decision matrix, rij , with the significance of each
criterion, wj , in accordance with eq. 3.2.17:

yij = rij · wj (3.2.17)

3. Definition of the ideal (R+) and nadir-ideal (R−) solutions from the weighted
normalized matrix by:

R+ = {y+
1 , y

+
2 , . . . , y

+
n } = {(maxjyij |j ∈ Ω+), (minjyij |j ∈ Ω−)} (3.2.18)

R− = {y−1 , y
−
2 , . . . , y

−
n } = {(minjyij |j ∈ Ω+), (maxjyij |j ∈ Ω−)} (3.2.19)

4. Determine the Euclidean distances from each alternative to the ideal solution
(D+

i ) and nadir-ideal solution (D−i ) according with eqs. 3.2.20 and 3.2.21, re-
spectively:

D+
i =

√√√√ n∑
j=1

(
yij − y+

j

)2
(3.2.20)

D−i =

√√√√ n∑
j=1

(
yij − y−j

)2
(3.2.21)
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5. Calculate the relative proximity of each alternative to the ideal solution by eq.
3.2.22

CC∗i =
D−i

D−i +D+
i

(3.2.22)

Therefore, the higher the value of CC∗i , or in other words, the smaller the distance
to the ideal solution and the higher the distance to nadir-ideal solution, then the
greater the aptitude of the corresponding alternative.

3.2.3.6 Analytical Hierarchy Process (AHP)

In the seventies Saaty proposed the Analytical Hierarchy Process [456] as a method
to make decisions in complex problems and over the years it has taken hold as a
widely accepted and used technique. AHP method reduces complex decisions to a
set of pairwise comparisons made by the designers or the decision makers. In fact, one
pairwise comparison matrix should be completed per criterion in which the performance
of each alternative for such criterion is compared with that of the other alternatives.
Thus, unlike the previous methods, this technique requires the intense participation
of the decision-maker, which in some occasions can lead to more subjective decisions.
There are different modifications of the original AHP method, but for this material
selection problem the Saaty formulation was applied, which comprises the following
steps:

1. Develop the decision hierarchy structure of the problem with the target at the
top, the criteria in the second layer, and finally the alternatives on the lower level.

2. Generate the pairwise comparison arrays (Zj), square arrays with m x m dimen-
sions, to compare the suitability of each alternative with that of the others in
relation to the corresponding criterion. To complete each matrix, the 1-9 impor-
tance scale shown in Table 3.2.2 should be used.

If an alternative Ap shows a relative importance over alternative As of zps, the
relative importance of As over Ap is the inverse of zps, i.e., zsp = z−1

ps . Therefore, it
is only necessary to evaluate half of the matrix, because the other half is obtained
directly from their inverse values.

3. Check the consistency of the pairwise comparison matrices once they have been
completed. To apply the AHP method with guarantees, the matrices must be
consistent. The procedure to verify the consistency of a matrix comprises:

(a) Determine the highest eigenvalue, λj,max, of each pairwise comparison ma-
trix.

(b) Calculate de consistency index (CI) of each matrix by eq. 3.2.23:

CI =
λmax −m
m− 1

(3.2.23)

where m is the dimension of the comparison matrix, which is equal to the
number of alternatives. The lower the CI value, the smaller the deviation
of the consistency of the matrix. A completely consistent matrix will come
through that CI = 0.
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(c) Determine the consistency ratio (CR) by eq. 3.2.24 using the random index
(RI) sets out on Table 3.2.3.

CR =
CI

RI
(3.2.24)

In eq. 3.2.24 the value of RI corresponding to the number of alternatives,
i.e., the dimension of the comparison matrix, must be used.

If the CR value obtained is lower than 0.05 in the case of 3 alternatives, lower
than 0.09 in the case of 4 alternatives or lower than 0.1 in all other cases,
the corresponding pairwise comparison matrix is accepted. This means that
the consistency of the matrix is notably better than if it had been generated
randomly. Thus, this is an underlying logic in the generation of the matrix in
such a way that there are no inconsistencies in the assignment of the values
of the comparisons. However, the existence of an underlying logic does not
mean that this logic is not subject to designers or decision-maker biases. In
case one or more of the matrices do not pass the consistency test, they must
be tailored by the decision-makers until meet the CR requirements.

4. Determine the relative normalized weight for each alternative (rpi) and criterion
by calculating the eigenvector (kpi) for the highest eigenvalue of the corresponding
matrix and diving it by the sum of kpi elements, as in eq. 3.2.25:

rpi =
kpi

m∑
i=1

kpi

(3.2.25)

Thus, rpi vector represents the relative significance of each alternative in relation
to the criterion under study. All rpi vectors disposed in order result in the final
rating matrix, FR.

5. Determine the material suitability index (MSI) of each alternative by multiplying
the FR matrix by the criteria weight vector, w, in such a way that the alternative
with the highest MSI value is the preferred one according with this technique.

Table 3.2.2: Comparative scale used to complete the pairwise comparison
matrices.

Intensity of importance Verbal scale

zij =1 Equal importance
zij =3 Weak importance of i over j
zij =5 Strong importance of i over j
zij =7 Demonstrated importance of i over j
zij =9 Absolute importance of i over j
zij =2,4,6,8 Intermediate values between the adjacent judgments

Table 3.2.3: Random Index values [439].

Number of alternatives 3 4 5 6 7 8 9 10

RI values 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49
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3.2.3.7 Determination of the relative importance of the criteria

In those MCDM problems in which there are a large number of criteria, it is quite
difficult for the human brain to perform a global and direct assessment of all criteria in
order to determine their relative significance and complete the weight vector, w. In fact,
the assignment of weights in this case would be largely intuitive, thereby shrinking the
reliability of the final selection. Therefore, it is essential to properly assign the criteria
weight vector, otherwise the results of the MCDM techniques applied subsequently
could lead to wrong selections.

This problem may be solved taking a systematically approach in the determination of
the relative importance of the criteria. For this purpose, different techniques have been
reported, such as equal weighting, digital logic, AHP, entropy, Z-Numbers approach,
experiments design and so on. In this work, AHP method is applied in the assignment
of the criteria weight based on surveys conducted to experts following a scheme similar
to that described in Section 3.2.3.6.

3.2.3.8 Determination of the best alternative based on the results of the
MCDM techniques

Once the MCDM techniques have been applied and the corresponding rankings ob-
tained, the best alternative must be determined. If the first position in the rankings
obtained with the different techniques is occupied by the same alternative, the decision
is easy to make and the best material is the one that occupies such first position in all
the rankings. However, there is also the possibility that different techniques provide
different rankings. In fact, it is quite common, so it is recommended to carry out the
decision-making study using different techniques. When there is no consensus among
the applied techniques, the selection of the best alternative must be made based on
some specific criteria, this means that it is necessary to generate a new score for each
material from the previous rankings. Under the assumption that all used MCDM tech-
niques are equally valid, one option is to obtain the new scores by adding the position
of each alternative in the previous rankings. In this way, the material with the lower
score could be considered the best one. The other option is to take the values of PI,
QR, CC∗ and rp for each material, corresponding to SAW, COPRAS, TOPSIS and
AHP methods respectively, and to calculate its geometric mean. The alternative with
the highest geometric mean is considered the best material in this case.

3.2.4 Coated materials

According to the results of the thermoplastic material study, which will be presented
in detail in Section 4.2.1, this type of materials, especially ABS and PC, has great
potential for reducing the mass of DMFCs, in particular passive stacks, presenting at the
same time sufficient mechanical and chemical properties. However, the thermoplastic
materials analyzed do not conduct electricity by themselves, so that if they are to be
used as monopolar or bipolar plates it is necessary to provide them in some way with
the ability to conduct electricity. To achieve this purpose, different strategies have been
reported as described in Section 2.1.4, such as the use of metallic mesh or conductive
coatings. Thus, passive DMFCs have been manufactured in which PCBs acted as
monopolar plates [38], also, in the case of electrolyzers, coatings have been successfully
used [244–246].
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Additionally, following these strategies, it is possible to decouple in some degree the
functional requirements of the BP. Typically, when a single material, usually stainless
steel of graphite, is selected to make a BP, the functional requirements of that BP are
strongly coupled because all the physical properties associated with these requirements
depend only on a single final design parameter, the BP material. Under this assumption,
to change any physical parameter that does not meet the corresponding functional
requirement, e.g., the electric conductivity, the only option is to change the material
and with it the rest of the physical parameters that affect the BP will also change. In
this context, it is not possible to modify a single or a reduced set of parameters without
replacing the material. However, combining a base material with a coating, either to
improve corrosion resistance in the case of metals or to achieve electrical conductivity
in the case of polymers, the functional requirements are somewhat decoupled from
the design parameters. For instance, in the case of a thermoplastic polymer coated
with a conductive layer, the mechanical requirements as well as the mass and volume
requirements are dependent on the base material, the thermoplastic polymer, but the
conductivity and the hydrophobicity hinge on the coating. In fact, different parings
of base material and coating could be used to adapt the design of the monopolar
or bipolar plate to the functional requirements. This decoupling between functional
requirements and design parameters is in line with the Independence Axiom of the
Axiomatic Design, in which the independence of functional requirements is pursued as
part of good design [457,458].

In this case, two coating techniques are posed to endow electric conductivity to the
selected polymeric materials. The first is the electroless Ni coating leveraging the
hydrophobic interaction, while the second relies on the sputtering technique to obtain
a homogeneous Au coating around the polymers. To test the capabilities of both
techniques, several ABS and PC samples, the most suitable materials as concluded
from the materials study, are 3D printed, coated and analyzed.

Both coating techniques as well as the manufacturing and coating process of the samples
and the tests to which they are subjected are detailed below.

3.2.4.1 Coating strategies

3.2.4.1.1 Electroless Ni coating

Electroless deposition is widely used in different fields of industry because of the simplic-
ity and flexibility of the processes involved. This kind of deposits occurs as a result of a
catalyzed redox reactions in an aqueous solution between a metallic ion and a reducing
chemical agent without the need for an external electrical field [459]. The reduction
reaction of the metallic ions is carried out selectively on the substrate surface, the dif-
ferent thermoplastic polymers in this case, which has been previously activated by a
catalyst. Accordingly, a homogeneous deposit is obtained through the self-sustained
catalytic action of the deposit itself. As can be seen in Figure 3.2.2, the electroless
deposition process may comprise up to three stages:

• Treatment and conditioning of the substrate surface.

• Application of an appropriate catalyst on the surface of the substrate.

• Electroless deposition.
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Usually, there is a lack of affinity between the substrate and the metal. Hence, the
treatment of the base material seeks to modify the functionality of the substrate so
that the catalyst can bind in the subsequent step. In general, the applied treatment
techniques consist of a harsh attack of the base material surface. Some of the most
used conditioning techniques are chemical etching, either with sulfuric acid or chromic
acid, treatment with plasma or the use of ultraviolet radiation. Given the application
environment of the materials under study, a severe attack of the base material through
which it modifies its features, e.g., hydrophobicity, does not seem the most appropri-
ate strategy. However, recently Wang et al. [460] developed a less harmful process for
the treatment of the polymer surface based on the hydrophobic interaction [461, 462],
which is a type of interaction by which non-polar substances in an aqueous solution
present a repulsive behavior to water, tending to cluster with each other. Generally,
the lack of affinity of these non-polar substances with water is caused by the pres-
ence of hydrophobic groups, such as the long carbon chains. One of the compounds
studied for surface treatment relied on this hydrophobic interaction is poly(allylamine
hydrochloride) (PAH) [460], a weak polyelectrolyte, positively charged when protonated
and hydrophobic, so that it can lead to hydrophobic interactions with other substances
of the same nature, such as ABS or PC surfaces [463], in aqueous solution, see Figure
3.2.2. Thus, when treating the surface of the polymer with PAH, the latter is absorbed
on the surface of the polymer due to the hydrophobic interaction probably induced by
the hydrophobicity of the long carbon chains that both materials have, the base mate-
rial and the PAH. PAH is a weak polycation with a pKa value of 8.8 [464], therefore,
the compound will be protonated with pH values lower than its pKa, in fact, at pH
values lower than 6 it will be completely ionized, and will spread through the surface
of the base polymer giving rise to more stretched configurations the higher the charge.

1 2 3 4

PAH (poly (allylamine
hydrochloride))

Proton

Catalyst (negatively
charged)

Ni

Figure 3.2.2: Process of electroless Ni coating onto hydrophobic polymer
applying a surface treatment based on the hydrophobic interaction, elab-
orated using as reference [460]. 1 - Initial base hydrophobic polymer. 2 -
Polymer after poly (allylamine hydrochloride) (PAH) treatment. 3 - State
after the immersion in the catalyst bath. 4 - Polymer coated with Ni after
the immersion in the electroless plating bath.

Owing to the presence of charges on the surface treated with PAH, the electrostatic
interaction may be exploited to carry out the application of catalyst on the surface, see
Figure 3.2.2. As catalysts, various compounds of Pd [465], Ag [466] or even Ni [467]
are used in different electroless coating approaches. Wang et al. [460] obtained posi-
tive results using Na2PdCl4 after the PAH-based treatment since the positive charges
distributed on the substrate surface attract the negatively charged catalyst, PdCl4

−2,
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thereby creating catalytic spots throughout the PAH film.

The properties of the coatings obtained depend on their composition, which in turn
largely depends on the conditions of the electroless plating bath used to achieve the Ni
deposit, which usually consists of four components essentially [459]: a Ni ions source,
a reducing agent, a complexing agent and stabilizers.

Regarding the Ni cation source, NiSO4 is the most widely used compound regardless
of electroless technique, although NiCl2 and C4H6NiO4 have also been used but in a
much more limited way. The presence of the chloride anion hampers the use of NiCl2
as it can lead to undesired effects on the base material, for example in the case of Al
or ferrous alloys. On the other hand, C4H6NiO4 is more expensive than NiSO4 and it
also has no clear benefits.

Four are the most widely used reducing agents in electroless nickel deposits, namely:
hydrazine (N2H4), sodium borohydride (NaBH4), sodium hypophosphite (NaH2PO2)
and dimethylamine borane (DMAB) ((CH3)2NHBH3). These four compounds show
similar structures, all of them containing at least two reactive hydrogens, which par-
ticipate in the Ni reduction process through a dehydrogenation reaction. Nevertheless,
the use of one or the other compound confers different properties to the coating, mainly
due to the essential role played by possible phosphorus and boron inclusions.

The main functions of complexing agents are:

• Exert a buffer effect, preventing the pH of the solution from decreasing rapidly
during the depositing process.

• Avoid the precipitation of Ni salts.

• Decrease the free Ni ion concentration.

In electroless nickel deposits, the complexing agents are in most cases organic acids or
their salts, although the inorganic pyrophosphate anion and the ammonium ion have
occasionally been used in alkaline solutions and to control the electroless plating bath
pH, respectively.

Stabilizers exert a prophylactic action, avoiding possible reactions caused by the by-
products of the reduction reaction between the reducing agent and NiSO4 that lead to
the total decomposition of the plating bath. Also, these compounds maintain or even
improve deposition rates. The underlying chemistry under the use of stabilizers is very
broad, thereby having to analyze the compatibility with the process, the problem to be
solved with its addiction, possible side-reactions and their influence on the final coating.
Concerning the used compounds, they can be divided in four main groups: compounds
with elements from VI Group, heavy metal cations, anions containing oxygen and
unsaturated organic acids.

The electroless nickel deposition technique based on hydrophobic interaction has demon-
strated to be effective using various polymers as substrate, including low density polyethy-
lene (LDPE), high density polyethylene (HDPE), polypropylene (PP) and polystyrene
(PS) [460].

3.2.4.1.2 Au sputtering coating

Another technique for metallizing non-conductive surfaces is sputter deposition, one of
the physical vapor deposition (PVD) techniques, with which it is possible to sputter
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almost any metallic material, even commercial alloys [468]. Sputter deposition basically
consists in the extraction of atoms from the target surface due to the momentum
exchange with particles, normally ions of a noble gas, which bombard this surface with
sufficient energy. Following the sketch shown in Figure 3.2.3, a sputtering equipment
consists of a vacuum chamber 1 connected through a duct 2 to a vacuum pump 3
to reduce the pressure inside the chamber. Likewise, the inert gas may be introduced
to the chamber through the valve 4 and the inlet duct 5 . As a result of a high

potential difference produced by a power source 6 between the target 7 and the

substrate support 8 the particles inside the chamber are ionized forming a plasma

9 . These ionized particles bombard the target, which leads to the ejection of atoms

from it to the substrate 10 , thereby resulting in coating of the latter.

+
-

1

3 4

2 5

7

10

9 6

Electron

Sputtered atoms

Ionized-neutral gas 
atoms

8

Figure 3.2.3: Sketch of a sputtering equipment. 1 - Vacuum chamber. 2 -
Exhaust duct. 3 - Vacuum pump. 4 - Reduction valve. 5 - Inert gas inlet
duct. 6 - High voltage source. 7 - Target material. 8 - Substrate support.
9 - Plasma. 10 - Substrate with the coating layer made up of atoms of the
target.

In this context, when the pressure throughout the process is low, generally around 0.15
Pa or less, the sputtered atoms from the target follow a collision-free or very low-collision
path before reaching the substrate surface, called ballistic or collision-free transport. On
the contrary, at pressures in the order of 1.5 Pa and higher, the sputtered atoms collide
with the gas-phase elements inside the chamber, being subject from that moment to
diffusive transport [469]. In the ballistic transport, as no collisions occur, a directional
and fairly energetic deposition takes place. Thus, the sputtered atoms move directly
from the target to the substrate in a straight line and the deposited layers under these
conditions exhibit a good adhesion and tend to have fine grain size and high density.
In the diffusive transport regime, the ejected atoms lose a large amount of kinetic
energy in the collisions with the gas atoms in such a way that, unlike ballistic transport
regime, the deposited atoms have almost zero kinetic energy. Therefore, the properties
of deposited layers under diffusive conditions may be notably different in comparison
with ballistic deposition. Indeed, layer stress tends to be tensile, as opposed to typical
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compressive stresses in ballistic deposition, and the grain is normally higher [469].

For the same substrate and target materials and gas in the vacuum chamber the result-
ing coating mainly depends on the deposition time, the sputter current, the pressure
inside the chamber and the distance between target and substrate. In general, a shorter
distance between the target and the substrate and lower pressures result in higher trans-
port values, understanding transport as the ratio of atoms deposited on the substrate
versus sputtered atoms. Even so, there is a great dependence in absolute terms of
the transport efficiency with the target material and gas used [469]. Similarly, higher
sputter currents and lower pressures lead to a higher deposition rates. It should also be
noted that the efficiency of the momentum transfer between the particles bombarding
the target and the sputtered atoms is strongly dependant on the atomic weight of the
gas. Nevertheless, Ar is the gas most used in the sputtering technique, although the use
of air is becoming more frequent in many areas, for example in SEM coatings, due to
its lower cost and the similar results obtained. Certainly, the use of air leads to slightly
slower deposition rate as against Ar, but the cost reduction still justifies its use.

Among all the possible target materials, in this particular case, Au is selected due to
its suitable chemical and electrical properties and its widespread use in BP coatings for
fuel cells.

3.2.4.2 Coated polymer samples preparation

The study of coated polymers is carried out in two stages. In the first stage, the
adhesion or resistance of the coatings is verified when the polymer coated samples
are immersed in a DMFC simulated solution, verifying the viability of the proposed
depositing techniques. In the second stage, a systematic study of the most appropriate
technique, according to the first stage results, is carried out to identify the best substrate
and coating thickness. The following describes the manufacturing and coating process
of the ABS and PC specimens in both stages.

3.2.4.2.1 Stage 1 - Degradation of the coating on polymeric samples in
simulated solution

To determine the resistance of the coatings, 8 samples, 4 of ABS and 4 of PC, are
prepared by 3D printing following the indications described in Section 3.2.2.1 for the
preparation of the samples. Four of the 8 samples, 2 of ABS and 2 of PC, are subjected
to the electroless nickel deposition process and the other 4 are coated with Au by
means of the sputtering technique. After printing all samples are sanded with 800 and
1000 grit size sandpapers to obtain homogeneous and smooth finish and then they are
sonicated in an ultrasonic bath to eliminate the dust resulting from sanding.

Following the Wang et al. [460] process, three baths are prepared for the electroless Ni
coating of the corresponding samples, Figure 3.2.4a:

• Bath 1. A poly(allylamine hydrochloride) (PAH) solution is prepared at 1 g·l−1

adjusting the pH to 6.5 by means of 1 M NaOH. This bath is aimed at conditioning
the surface of polymers.

• Bath 2. This second bath is a 5 mM sodium tetrachloropalladate (II) (Na2PdCl4)
solution. In this case HCl is used to regulate the pH to 2. By means of this bath,
it is possible to generate catalytic points throughout the PAH film.
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• Bath 3. The third bath is the electroless plating bath by means of which Ni is
deposited on the sample surface. This solution is prepared by dissolving 5 g of
lactic acid, 10 g of sodium citrate, 34 g of NiSO4 · 6 H2O and 1 g of borane
dimethylamine in 500 ml of deionized water adjusting the pH to 6.5 with the aid
of 30 % NH3.

Na2PdCl4
bath

PAH
bath

Electroless Ni 
plating bath

a)

b)

Figure 3.2.4: a) The three baths used in the electroless Ni plating process;
b) Samples obtained with this procedure.

The three solutions are prepared with Milli-Q grade water.

To coat the samples with a Ni layer, the samples are successively immersed in Bath 1
over 30 min under a light and constant stirring, in Bath 2 over 15 min and in Bath 3
over 50 min. The samples are rinsed with plenty of water after removing them from
each solution. In this way, four Ni coated samples, 2 of ABS and 2 of PC, are obtained,
Figure 3.2.4b.

The Au sputter deposition on the remaining samples is carried out in a DC sputtering
coater (BAL-TEC, SCD 005 Sputter Coater) with the vacuum chamber evacuated to at
least 4·10−2 mbar, using air as gas inside the chamber and applying a sputter current of
50 mA, see Figure 3.2.5. The samples are placed horizontally on the substrate support
and sputtered over 30 s on each side, Figure 3.2.6.

In this way, four Au coated samples and four Ni coated samples are successfully ob-
tained. All samples present smooth and homogeneous coatings, but the Au coated
samples show a lower coating in the edges. This is probably related to the sputtering
process and the sight line of the target with regard to the samples.

For the sake of studying the degradation of the coatings, the samples are immersed in a
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Sputter
Coater
Chamber

Figure 3.2.5: Sputter coater used to prepare Au coated samples.

solution that reproduces the environment in a DMFC, which consists of 1 M CH3OH +
H2SO4 until a pH of 2.85. The temperature of the solution was kept constant by means
of a thermostatic bath at 60 ◦C. The samples are kept inside the solution for 15 days.
However, after only 5 days the coating of the Ni coated samples begin to delaminate
and peel and after 7 days traces of Ni are no longer visible by visual inspection on
the surface of the samples. On the contrary, the Au coatings withstand the 15 days of
testing.

From these results it can be concluded that the electroless nickel deposition technique
based on hydrophobic interaction is not suitable for coating parts intended for use in
DMFC. This could be partially due to the weak adhesion between the coating and
the substrate that produces the hydrophobic interaction, so that the weak bonds are
not able to resist in such a harsh environment. Conversely, Au coatings exhibit good
adhesion properties. Therefore, the coating technique analyzed in the second stage of
the study of coated polymers is the Au sputtering.

3.2.4.2.2 Stage 2 - Study of the Au coated samples

This stage of the study seeks to identify the influence of different Au coatings on the
final sample properties. For it, eight different circular samples of each material, ABS
and PC, of 21.5 mm in diameter and 5 mm in thickness are prepared with a 1 mm x
1 mm serpentine channel on one of the sides using an Ultimaker 3D Extended printer,
see Figure 3.2.7. The 3D printing process follows the specifications indicated in Section
3.2.2.1. Before sputtering, the samples are treated as in Stage 1, sanding the surface
and using an ultrasound bath to remove the dust.

Given the poor coating observed on the edges of the Au coated samples in Stage 1, in
this case the samples are not arranged parallel to the target during sputter deposition.
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a) b)

Figure 3.2.6: a) Example of a Au-coated sample by sputtering; b) Image
of the Au coating obtained by an optical microscope at x150.

Instead, the samples are placed in the faces of a pyramid structure made ad hoc, see
Figure 3.2.8a. To get homogeneous coating all around the samples, also in the edges and
inside the channels, they are rotated four times during the sputtering time, following
the sequence shown in Figure 3.2.8b. In this way, after a quarter of the sputtering
time the sample is rotated 180 ◦ in its plane, then when half the time is achieved, the
sample is rotated 180 ◦ changing the side exposed to the target, and finally after a more
quarter, the sample is rotated again 180 ◦ in its plane. With this turning strategy, not
only a conductive coating is sought, but in principle the presence of Au will make the
surface more hydrophobic, so that a suitable coating of the interior of the channels
poses potential benefits. Thus, each plane of the pyramid has an angle of 26.5 ◦ with
the horizontal so that the interior of the channels is also covered.

Following this procedure, four different sputtering times are applied, 30 s, 60 s, 90 s
and 120 s (coating time of each side of the samples), so two samples of each material
are coated at each time. In this way, coated samples are named by ”Material Name”
followed by the sputtering time in seconds to which they are subjected, e.g., ABS-30
for acrylonitrile butadiene styrene (ABS) with sputtering time equal to 30 s on each
side.

3.2.4.3 Characterization of coated polymer samples

To evaluate the capacities and suitability of the different coatings, firstly the homo-
geneity of the coatings is study and secondly the contact angle is determined.

3.2.4.3.1 Homogeneity of the coating

The homogeneity of the coatings is assessed using an optical microscope (Dino Lite
Edge AM4515ZT) at four different magnifications, 20x, 50x, 150x, 220x.

3.2.4.3.2 Water contact angle

The contact angles between droplet-sample interface and the droplet-vapor interface is
a measurement of the wettability of the surface. This is an important parameter for
the BP development since the lower the wettability of the surface, the easier it will be
to remove the water droplets generated on the cathode of the fuel cell. In this way, it
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b)

a) ABS Samples

PC Samples

Figure 3.2.7: Samples before Au coating by sputtering. a) The eight sam-
ples of each of the materials after 3D printing before the sanding process;
b) Detail of the samples.

is possible to prevent flooding problems in this side of the BP, which are quite common
in DMFCs.

The surface wettability is assessed by means of the sessile drop method. To carry out
the tests, a specific experiment with the corresponding devices is designed and manu-
factured. As can be seen in Figure 3.2.9, the main structure of the experiment consists
of a three-degree-of-freedom platform on which the samples for testing are placed and a
circular adapter to lock an optical microscope (Dino Lite Edge AM4515ZT). By means
of four screws arranged in the corners, the platform can be moved along the z axis
and rotated around the x and y axes in order to locate the samples horizontally and
at the appropriate height, thereby obtaining axisymmetric water droplets. Similarly,
by using the circular adapter together with the back cap, it is possible to control the
inclination of the microscope, arranging it horizontally as well. The different parts of
this structure are made of ABS by 3D printing.

Once the corresponding sample is located in the appropriated position, 10 µL droplet is
placed with a micropipette onto its flat side (no channels side). A back light is applied
to clearly take the shape of the water droplets onto the surface of the samples [470].

A MATLAB software is programmed to detect the droplet contour from the images
obtained by the camera, as the frame showed in Figure 3.2.10a, for which the Canny
edge detector method is applied. Succinctly, the first step of Canny method relies
on the application of a gaussian filter to remove the noise of the image. Then, the
intensity gradients of the image are located using different edge detector operators.
Additionally, non-maximum suppression approach is included to determine the higher
intensity gradients and to eliminate spurious edges detected in the previous stage.
Finally, a double threshold strategy is implemented to detect intense and weak edges.
After clearly detecting the droplet contour, as can be seen in Figure 3.2.10b, the static
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Figure 3.2.8: Set-up prepared for the physical vapor deposition of Au and
a scheme of the followed procedure. a) Pyramid structure fabricated to
sputter Au in four samples simultaneously; b) Scheme of the four positions
adopted by the samples during the sputtering process to obtain homoge-
neous coatings. Red and green colors mark each of the sample halves to
determine its orientation. The squares on one side of the sample represent
the serpentine channels in the cross section.

contact angle is estimated by fitting the contour to a circle and calculating the tangent
to the droplet profile in the contact point with the sample, see Figure 3.2.10c [471].

Following the described process, the contact angle is determined for each uncoated,
before the sputtering, and coated samples. For each sample, the shape of the water
droplet on its surface is recorded for 300 s to identify possible variations over time.

3.2.4.3.3 SEM characterization

An electron microscope (JSM-6400F, JEOL) operated at 5 kV is used to identify the
surface morphologies of the coated samples by scanning electron microscopy (SEM).
This microscope includes an energy-dispersive X-ray spectrometer (Link-eXL) with
resolution in energies of 133 eV.
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b)

a)

1

2

Figure 3.2.9: Set-up designed to carry out the wettability experiments. a)
3D CAD assembly of the device designed to measure the wettability of the
polymeric and coated samples; b) Real device for wettability measurement.
1 - Three-degree-of-freedom platform. 2 - Circular adapter to lock the
optical microscope.

3.3 Electrodes for DMFCs and IGFCs

The development of new electrodes, as indicated in sections 2.1.3 and 2.2.4, is receiving
a lot of attention in the field of both direct methanol fuel cells (DMFCs) and im-
plantable glucose fuel cells (IGFCs). In this sense, the development of Pt electrodes
for DMFC with lower catalyst loadings, but keeping constant the performance, would
reduce the total stack cost. Similarly, if the Pt loading were conserved and better
performance were achieved, it could result in an increase in the specific power and the
power density of the stack, since the catalytic area could be reduced for a given power
requirement. Therefore, the development of new electrodes can substantially improve
the performance of fuel cells and their commercial viability.

Applying this reasoning, this section proposes the development of new Pt electrodes for
their potential use as cathodes of DMFCs, and as a previous step to the development of
Pt-Ru electrodes for anodes using a similar technique. In this case, the novelty lies in
the use of the simultaneous electrodeposition technique of Pt-Cu with the subsequent
electrochemical Cu redissolution. This technique, for which reduction and oxidation
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a) b) c)

Figure 3.2.10: Contact angle determination procedure. a) Real frame of the
droplet onto the material; b) Contour of the droplet detected by applying
a Canny edge detector filter to the real frame; c) Fit of the droplet contour
to a circle and calculation of the tangent in the contact point.

pulses are used at different potentials, has been widely studied and reported in the
development of electrodes for IGFCs [68–70, 350, 351]. One of its advantages is that
the deposit of Pt-Cu and subsequent redissolution of Cu allows the generation of very
porous structures with a large electrochemical catalytic surface area. This is used in
the case of IGFCs to produce electrodes with a high roughness factor, reaching values
of several thousand, which are very appropriate for use as anodes in this type of fuel
cells. However, in IGFCs these catalytic structures with a large roughness factor are
achieved at the expense of large catalyst loadings, which is not acceptable in DMFCs.

In this case, the objective is to study the potential of this Pt-Cu pulse electrocodeposi-
tion technique for the development of electrodes for DMFCs, but keeping the Pt loading
within the typically accepted margins for DMFC electrodes. To do this, initially the
technique is fine-tuned trying to develop electrodes similar to those previously reported
for IGFCs. Subsequently, it is used to synthesize Pt electrodes with the aim of being
used as cathodes in DMFCs. In this regard, a study is carried out on the influence on
the electrode features of the sulfuric acid concentration in the deposition electrolyte,
the stirring and the duration of the deposit pulses.

3.3.1 Electrochemical cell and test bench

To carry out the preparation and characterization of electrodes as well as other possible
materials, an electrochemical cell is designed and manufactured. Figure 3.3.1 presents
a sketch of the cell along with the 3D CAD design. A versatile cell design is proposed
that allows to easily modify different operating parameters cell. In this way, the cell
has a liner that is connected through connectors C1 and C1’ to a refrigerated-heating
circulator through which the temperature of the solution may be adapted to the re-
quirements of the corresponding process. The cell also has two connectors, C2 and C2’,
that go through the liner to reach the central cell. These facilitate the discharge of
the cell and also make it possible to connect it to a peristaltic pump, thus achieving
a recirculation of the electrolyte within the cell. The cell may also include two kinds
of stirring, magnetic stirring by placing a base with a rotating magnet under the cell
and introducing a magnetic stir bar inside the central reservoir, or mechanical stirring
by introducing a shaft with blades connected to an electrical motor into the solution
through the lid of the cell. In the plane perpendicular to the previous connections, see
section B-B in Figure 3.3.1, the cell has two through holes, C3 and C3’, by which the
working electrodes are placed inside the central reservoir. Usually, the electrodes are
tested one at a time in such a way that only one of the two through holes is used while
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the other is blocked by a threaded plug that has a silicone gasket to prevent leakage.

A A

B

B

A-A B-B

C1

C1’

C2

C2’

C3 C3’

Figure 3.3.1: 3D view, the drawings of the most representative sections,
and the final manufactured version of the designed electrochemical cell.

The mechanism to place the working electrode within the cell is shown in Figure 3.3.2
and it must meet three main functional requirements:

• Positioning the working electrode within the central reservoir with one side ex-
posed to the solution.

• Conducting the electricity from and to the working electrode.

• Being airtight to avoid electrolyte leakage from inside the cell.

For this, a 21.5 mm diameter Teflon tube with flaps at both ends is used, see Figure
3.3.2. The flaps at the outer end prevent the mechanism from falling into the cell. To
prevent any type of leakage between the flap and the glass, an O-ring is placed in the
junction. On the other hand, the flaps at the end introduced into the solution prevent
the working electrode from falling into the solution, also achieving adequate contact
between the working electrode and the electrical conductor. Inside this Teflon tube a
steel stem is introduced so that the working electrode is on one side in contact with the
solution and on the other with this stem. The steel stem consists of a 21.4 mm diameter
pad threaded to a steel rod, see Figure 3.3.2. To ensure the position reproducibility
of the stem and improve the tightness, a guide with the same outer diameter as the
steel pad is used. The stem rod goes through this guide joining the steel pad with the
outside where it is connected to a potentiostat/galvanostat. This entire system is fixed
by means of a threaded plug with a central hole that has a silicone gasket at its base to
prevent possible electrolyte leakage. To adapt to this mechanism, the electrodes must
have a diameter of 21.5 mm, while the area exposed to the solution is also circular with
a diameter of 19.6 mm.

Figure 3.3.3 shows the Teflon lid of the electrochemical cell with its multiple through
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a)

b)

Figure 3.3.2: Device to place the working electrode within the cell. a)
Teflon tube with the O-ring and the steel stem with the guide and the
threaded plug; b) Combination of the two previous parts.
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Figure 3.3.3: Teflon lid of the electrochemical cell.

holes to accommodate all the necessary elements. Holes 1 and 2 of the Figure 3.3.3
house the bubbler and the siphon, the first is the inlet port to the central reservoir of
gases such as N2 or O2 while the second is the outlet port of such gases which also
prevents the passage of atmospheric air inside. By means of these two elements, the at-
mosphere with which the solution is in contact during the corresponding processes may
be controlled. The cap also has a central hole 3 where the reference electrode is lo-
cated. Throughout the successive electrode preparation and characterization processes,
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an Ag/AgCl (3 M KCl) is used as reference electrode. The counter electrode, which in

this case is always a Pt rod, is located either in hole 4 , if mechanical stirring is used in

the process, or in hole 5 if mechanical stirring is not required. When mechanical stir-
ring is necessary, the shaft of the stirrer is introduced in the central reservoir through
hole 5 . The hole number 6 is typically used to house a thermometer to control the
temperature of the solution. Those holes that are not used in a specific experiment are
sealed with the corresponding plugs to prevent the entry of atmospheric air. Finally,
the lid has an O-ring to ensure a hermetic seal in the cell-lid junction.

The test bench for the preparation and characterization of electrodes is completed, as
can be seen in Figure 3.3.4, with cylinders that store the N2 used during the different
processes and a refrigerated - heating circulator that passes distilled water through the
liner of the cell to keep a constant and fixed temperature inside the central reservoir.
Additionally, it has a peristaltic pump to circulate the electrolyte, a magnetic base
and an electric motor with its corresponding shaft with blades. The electrochemical
deposition and characterization processes are performed by means of a potentiostat/-
galvanostat (Biologic VSP) controlled by a computer. In all tests, unless otherwise
specified, the described cell operates on a three-electrode scheme, with the working
electrode located on the steel stem, and with an Ag / AgCl (3 M KCl) electrode and a
Pt rod as reference electrode and counter electrode, respectively.

3.3.2 Fabrication of porous Pt electrodes

3.3.2.1 Substrate selection

The substrate selected to prepare all the electrodes is Toray Carbon Paper TGP-H-
60 [269], which is widely used for the manufacture of electrodes and MEAs for DMFCs.
A SEM microphotograph of Toray TGP-H-60 is shown in Figure 3.3.5. Its intrinsic
porosity favors the mass transport of reactants and products to and from the catalytic
layer. Similarly, this porosity of the base material is also an interesting factor for the
preparation of Pt electrodes with high roughness factor (RF) for implantable glucose
fuel cells. The higher the RF of the starting material, the higher the RF of the resulting
electrode prepared by the electrodeposition technique as previously reported [472].

3.3.2.2 Substrates cleaning

Before carrying out the electrodeposition, the surface of the substrate is subjected to
an electrochemical cleaning process via cyclic voltammetry in 0.5 M H2SO4 solution
between -0.4 V and 1 V vs Ag/AgCl. To do that, three sets of cyclic voltammetries are
applied following the next sequence:

• 10 cycles at 100 mV·s−1

• 5 cycles at 50 mV·s−1

• 3 cycles at 20 mV·s−1

After the cleaning process, the substrate is rinsed with plenty of distilled water and
stored in a desiccator until metal deposition is carried out.
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Figure 3.3.4: Test bench for the preparation and characterization of elec-
trodes. 1 - Compressed O2/N2 cylinder. 2 - Pressure reduction valve. 3 -
Electric motor with a shaft with blades for mechanical stirring. 4 - Mag-
netic base and 5 - Stir magnetic bar for magnetic stirring. 6 - Peristaltic
pump to recirculate the electrolyte. 7 - Refrigerated - Heating circulator
to keep the cell at a constant and fixed temperature. 8 - Potentiostat/-
Galvanostat to carry out the electrochemical processes. 9 - Computer to
control the potentiostat/galvanostat.

3.3.2.3 PtCu pulse electrodeposition with selective Cu dealloying

The selected technique to prepare the electrodes consists of a simultaneous electrode-
position of Pt and Cu followed by a stage of preferential electrochemical dealloying of
Cu previously deposited, so that this pulse train may be repeat several times to prepare
electrodes with high RFs. This deposition techniques has been widely investigated by
Kerzenmacher’s research group [68–70,351,472] in the field of abiotically catalyzed im-
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Figure 3.3.5: SEM microphotograph of Toray Carbon Paper TGP-H-60 at
x100.

plantable glucose fuel cells, particularly to prepare Pt anodes with high RFs. Indeed,
it has provided some of the better results in this field, where the anodes are the key
components of the fuel cells. In this case, the capabilities of this technique to prepare
electrodes oriented mainly for use in DMFC are explored, so that it is intended to
prepare electrodes with a high RF but maintaining a low Pt load, which could lead to
a lower cost. In addition, it is also intended to evaluate the ability of the selected com-
mercial carbonaceous substrate to achieve anodes with a very high RF characteristic
for IGFCs. In this type of fuel cells, the amount of platinum and therefore the cost
take a back seat. Following these two ways, two sets of electrodes are synthesized.

3.3.2.3.1 Electrode set A - IGFC

The purpose of this first set of electrodes (set A - IGFC), oriented to implantable
glucose fuel cells, is to study the viability of the Pt deposit on the selected substrate
using the described technique, as well as to fine-tune the system and asses the ability
of the Toray substrate to produce electrodes with high RF.

The deposition electrolyte consists of a 0.1 M H2SO4 solution containing 20 mM
H2PtCl6 and 20 mM CuSO4, these salts concentrations are selected based on previous
works [68, 69] in which their influence on the prepared electrodes has been analyzed.
The electrodeposition process, as the cleaning stage, is performed under a N2 inert
atmosphere, thereby removing the possible oxygen contained in the electrolyte. Thus,
a N2 flow is bubbled inside the solution during 5 min before the electrodeposition pro-
cess. On the contrary, during electrodeposition, the N2 stream is only introduced into
the gap between the solution and the cell lid, so as to avoid the appearance of possible
uncontrollable transport phenomena induced by the bubbles.

As can be seen in Figure 3.3.6, the base pulse, which is repeated successively, presents
two potential levels [68]. Along the lower potential step of -0.456 V vs Ag/AgCl,
extending for 9 s, the Pt and Cu cations contained in the electrolyte are reduced onto
the working electrode, the substrate. Then, during the upper potential step of 0.744
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Figure 3.3.6: Pulse train scheme used for the preparation of the electrode
set A - IGFC. The metallic ions are reduced onto the substrate surface
when the lower potential level is applied, while the upper pulse allows to
redissolve the Cu previously deposited.

V vs Ag/AgCl, applied over 4.5 s, the metallic Cu deposited onto the surface in the
last stage is preferentially oxidised and the corresponding cations released again to the
electrolyte.

In previous work, the highest RFs using highly porous substrates have been obtained by
including a waiting time of up to 1000 s between one base pulse and the next to ensure
and efficient diffusion of Pt and Cu ions inside the substrate structure [472]. However,
under a hypothetical mass production process, assuming that about 500 pulses per
electrode were required [472], it would take approximately 6 days to prepare each
electrode. This would lead to low production rates or high equipment costs if high
production is maintained. To avoid the long waiting times and at the same time
maintain an adequate mass transport to the electrode, the electrolyte is stirred by
means of a magnetic stirrer rotating at 300 rpm.

It is worth mentioning that the deposit process is carried out at a constant temperature
of 20 ◦C, which is achieved by circulating water from the refrigerated-heating circulator
through the liner of the electrochemical cell.

Following this procedure, four different electrodes are prepared with 10, 40, 100 and
200 repetitions of the base pulse, see Table 3.3.1.

3.3.2.3.2 Electrode set B - DMFC

Once the feasibility of the deposition technique has been proven by means of the elec-
trodes of set A - IGFC, as will be seen in Section 4.3, this second set of electrodes, B -
DMFC, is developed for use as potential cathodes in DMFC. In this case, the objective
is not only to obtain a high RF, but to achieve the largest electrocatalytic active area
with the lower possible Pt loading. For this, the influence of some factors on the elec-
trodeposition process is studied, namely the H2SO4 concentration in the electrolyte,
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Table 3.3.1: Electrodes that make up set A - DMFC.

Electrode Stirring
Deposition

time (s)
[H2SO4]

(M)
Number
of pulses

Total
deposition
time (s)

Total
dissolution

time (s)

Total
time (s)

Electrode 1 YES 9 0.1 10 90 45 135
Electrode 2 YES 9 0.1 40 360 180 540
Electrode 3 YES 9 0.1 100 900 450 1350
Electrode 4 YES 9 0.1 200 1800 900 2700

the reduction pulse length and the stirring. Regarding the H2SO4 concentration, it is
well known that the concentration of dissolved salts plays a fundamental role on the RF
of the electrodes, however, the importance of the H2SO4 concentration has not been
explored. Since the deposition potential commonly employed lies beyond the hydrogen
evolution region, it is possible that a higher H2SO4 concentration directly influences
the deposition process. Similarly, the influence of deposition pulse length on the RF of
the resulting electrodes for IGFC has been studied, however, its influence on the prepa-
ration of electrodes with low Pt loadings (<3 mg·cm−2) has not been investigated. The
stirring of the electrolyte during the deposition process has not been systematically
studied either. Thus, there are 3 process parameters to study which may adopt the
following values:

• H2SO4 concentration: 0.1 M and 0.5 M.

• Length of the deposition pulse: 1 s, 4.5 s and 9 s.

• Stirring: YES and NO.

In this way, 12 electrodes are prepared corresponding to the possible combinations of
the above factors. Table 3.3.2 summarized the preparation conditions of each of them.

Table 3.3.2: Electrodes that make up set B - DMFC.

Electrode Stirring
Dep.

time (s)
[H2SO4]

(M)
Number
of pulses

Total dep.
time (s)

Total dis.
time (s)

Total
time (s)

Substrate
mass (mg)

Electrode 5 YES 1 0.1 90 90 405 495 27.1161
Electrode 6 NO 1 0.1 90 90 405 495 26.8988
Electrode 7 YES 4.5 0.1 20 90 90 180 26.6648
Electrode 8 NO 4.5 0.1 20 90 90 180 26.9125
Electrode 9 YES 9 0.1 10 90 45 135 27.4804
Electrode 10 NO 9 0.1 10 90 45 135 27.3027
Electrode 11 YES 1 0.5 90 90 405 495 26.8513
Electrode 12 NO 1 0.5 90 90 405 495 27.4281
Electrode 13 YES 4.5 0.5 20 90 90 180 26.9722
Electrode 14 NO 4.5 0.5 20 90 90 180 27.2496
Electrode 15 YES 9 0.5 10 90 45 135 27.1472
Electrode 16 NO 9 0.5 10 90 45 135 27.2496

Regarding the H2PtCl6 and CuSO4 concentrations, these are the same as those used
to prepare the electrode set A - IGFC, 20 mM in both cases. Likewise, the structure of
the base pulse is also the same but changing the length of the reduction pulse according
with the specified values, while the dissolution pulse is always applied over 4.5 s. To
compare the 12 electrodes with each other, the total deposition time in all of them is
the same, 90 s, so that the number of pulses varies in each case as shown in Table 3.3.2.
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As will be seen in detail in Section 4.3 where the results of the electrode set A-IGFC are
described, the method carried out to prepare these electrodes has a significant handicap,
the electrodes present an inhomogeneous catalyst coating. They all have a region that
divides the electrode into two approximately equal parts in which the catalyst loading
is poor compared to the rest of the electrode. As will be seen later, it is concluded that
the main cause is the presence of the magnetic field generated by the magnetic stirrer
and the magnetic base, which induces a deviation of the electric current in the steel rod
on which the working electrode is located during the deposition process. To prevent
this type of inhomogeneity, magnetic stirring is replaced by mechanical stirring using
a paddle shaft, which is introduced through the lid of the electrochemical cell, coupled
to an electric motor.

Finally, the temperature at which the deposition is performed is 20 ◦C as in the previous
procedure.

3.3.3 Electrochemical characterization

3.3.3.1 Roughness factor and ECSA determination

To assess and compare the performance of the prepared electrodes, both the roughness
factor (RF) and the electrochemical surface area (ECSA) are studied. Both parameters
are determined by means of cyclic voltammetry tests, analyzing the regions in which
a monolayer of protons is adsorbed on/desorbed from the catalyst surface, without
reaching the hydrogen evolution region, i.e., measuring the electric charge involved in
the absorption/desorption process of the monolayer. Such protons are absorbed and
desorbed following a process that only requires one electron:

Adsorption process : Pt + H+ + e− −→ Pt-H (3.3.1)

Desorption process : Pt-H −→ Pt + H+ + e− (3.3.2)

All cyclic voltammetry tests are conducted in a 0.5 M H2SO4 solution, without stirring,
at 37 ◦C and under N2 atmosphere. Prior to perform the tests, the solution contained in
the electrochemical cell is bubbled with N2 over 5 min to remove the dissolved oxygen.
Then, during the measurements, the N2 is only introduced into the gap between the
cell lid and the solution in order to keep the anoxic conditions. As in the previous
cleaning and deposition processes, a three electrodes configuration is used to carry out
these characterizations in such a way that a Pt rod acts as counter electrode and a
Ag/AgCl (3 M KCl) electrode is used as reference electrode.

Since the samples under study present a wide range of RFs, for the same scan rate,
the potentials of the hydrogen absorption/desorption peaks could shift significantly
from one case to another due to the greater impedance generated at the electrode-
electrolyte interface in those electrodes with higher porosity [472–474]. This complicates
the standardization of an experimental procedure in which both the scan rate and the
negative scan limit of cyclic voltammetry could be set. Hence, in this case an adaptive
strategy is followed so that the scan rate and the negative turning potential are adapted
until the hydrogen evolution region is reached [472, 474]. All cyclic voltammetries are
repeated several times until stable cyclic voltammograms are obtained that do not
change with the cycles.
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Although both the absorption and desorption regions are assessed, the calculations of
RF and ECSA are carried out with the electric charge corresponding to the proton
reduction process because this region shows a lower dependency with the negative
turning potential.

To determine the RF from a cyclic voltammogram, the first step is to integrate the
current density versus the potential in the hydrogen adsorption region (AjV ). This
region is limited by the double layer on one side and by the initiation of hydrogen
evolution on the other. To standardize the integration, and given the possible shifts
that the peak potentials may experience due to the different porosities of the electrodes,
the potentials between which the integration is carried out are those corresponding to
the maximum current density of the double layer and to the maximum prior to the
hydrogen evolution. In terms of current density, the integration is performed between
the corresponding current density of the cyclic voltammogram and the current density
of the double layer. Once AjV is known, the charge density corresponding to the
indicated region is calculated taking into account the scan rate (vs) by:

qH =
AjV

vs
(3.3.3)

Consequently, the roughness factor (RF) may be estimated as:

RF =
qH

qmon−Pt
(3.3.4)

where qmon−Pt is the charge density of homogeneous layer of H ad-atoms onto a planar
platinum surfaces and has a value of 0.210 mC·cm−2.

The electrocatalytic surface area (ECSA) can be easily estimated from the correspond-
ing RF by knowing the actual Pt density of the electrode (mPt), i.e., the mass of Pt
per unit area:

ECSA =
RF

mPt
(3.3.5)

The Pt mass of the electrodes is calculated by the difference in mass between the final
electrode and the initial substrate, so that all samples are weighed before and after
the deposition process by a precision balance with an accuracy of 10−4 mg (Sartorius
Micro MC-5). In order for the weighings to be carried out under the same conditions,
the samples are stored in a desiccator for at least three days before each weighing.

To automate the whole calculation process, a tool has been developed in MATLAB
capable of identifying the region to be integrated and estimating the corresponding RF
and ECSA from a cyclic voltammogram.

3.4 DMFC single cell experiments

Along with bipolar plates and electrodes, membranes can be considered one of the
fundamental elements in the operation of fuel cells. In fact, as explained in Section
2.1.2, membranes play a very important role in DMFCs due to the crossover problems
suffered by this type of fuel cells [79], which reduce the fuel utilization and the cathode
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potential [81–84]. Nafion R© membranes, despite their proper thermal and chemical sta-
bilities and high proton conductivity, have a number of drawbacks for use in DMFCs,
mainly a notably methanol crossover and a high cost. In this sense, the Energetic
Applications (ENAP) and Sol-Gel Energy Group (SGEG) groups of the Spanish Na-
tional Research Council (CSIC, Consejo Superior de Investigaciones Cient́ıficas in its
Spanish acronym) have developed novel hybrid membranes [475]. These new hybrid-
membranes aim to overcome these limitations, reducing the cost and enhancing the
methanol barrier properties, and thus increasing the fuel conversion efficiency.

These organic-inorganic membranes are synthesized using styrene-ethylene-butylene-
styrene triblock copolymer (SEBS) as organic base. It is a low-cost raw material and
pretty interesting for use as membrane in fuel cells, since it acquires proton conductiv-
ity by direct sulfonation reaction of the styrenic units [476–479]. In addition, it shows a
good processability. However, despite its promising features, sSEBS membranes in wet
state suffer an unreasonable reduction of dimensional stability and mechanical proper-
ties that may compromise their service life and durability. For these reasons, sSEBS
has seldom been used as proton exchange membrane in DMFCs, although it exhibits a
higher economic profitability and lower methanol permeability than perfluorosulfonic
acid membranes [480–482].

To prevent these shortcomings as well as cutting the methanol crossover effectively and
providing full functionality to these types of membranes for use in DMFCs, a widely
used approach is the development of hybrid proton exchange membranes by combining
the sSEBS organic matrix with nano-scale inorganic components [480–490]. Among
the different options to synthesize hybrid membranes, in this case, sol-gel chemistry by
direct infiltration of the inorganic precursor inside pure sSEBS membranes is applied.
This allows modifying the ionomer by controlling the arrangement of the inorganic
network, which is favored by the characteristic structure of the SEBS that shows clearly
separated microphase morphology whereby the copolymer blocks are self-organized
into hydrophobic and hydrophilic regions [491–496]. The sol-gel technique uses such
hydrophilic domains of the sSEBS membranes as template to incorporate the inorganic
material solely inside of them. In this way, the hybrid membranes typically result in
enhanced mechanical strength, dimensional stability and methanol barrier properties
[481,486].

In this case, 40SiO2-40P2O5-20ZrO2, a novel zirconia modified phosphosilicate gel, is
used as inorganic compound. This type of inorganic electrolytes shows interesting
features for use in proton exchange membranes as its nanosized porosity that lead to a
high water retention inside of the microstructure at high temperatures, crucial to get a
high proton conductivity, or the appearance of M-OH groups in the surface, (M = Si, P,
Zr) that improves the hydrophilicity of the material [497]. In addition, these groups may
act as hopping sites for protons, thereby aiding the H+ transport [498–501]. Likewise,
the hydrogens of the P-OH groups present more intense hydrogen bonds with water
molecules in such a way that higher temperatures are required to remove the water from
the structure. The silicate network, in turn, enhances the chemical and mechanical
properties. Meanwhile, the existence of Zr-O bonds also conducts to a higher chemical
stability. It should be noted that given the excellent properties of these materials, some
attempts to synthesize pure inorganic electrolytes via sol-gel technique has also been
carried out, but the resulting membranes present an unacceptable mechanical weakness
that makes their use in fuel cells impossible [498].

To investigate the potential use in DMFCs of these new hybrid membranes jointly
developed by the ENAP and SGEG research groups of the CSIC and its ability to
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reduce the crossover compared to commercial and pure sSEBS membranes, three MEAs
are tested using three hybrid membranes prepared with different infiltration times, 5
min, 20 min and 40 min. For the sake of comparison, two additional MEAs are also
assembled using pure sSEBS and Nafion R© 112 as membranes, Nafion R© 112 (DuPont)
is selected because its thickness is similar to that of the hybrid membranes. Therefore,
this section describes the experimental bench and techniques used for the assessment
of such hybrid membranes in order to characterize their performances in DMFC.

3.4.1 Test bench

To carry out the experiments of direct methanol single cells, a previously developed
test bench is used with small modifications [502]. A sketch of the test bench, along
with a real image of it, is displayed in Figure 3.4.1. The bench has two main lines
corresponding to the two reactants. Starting with the oxidant line, O2 is stored at 200
bar in a compressed tank 1 which is equipped with a pressure reduction valve 2 to
reduce the pressure of the flow to values that may be managed by the single cell and
the rest of elements in the line. A mass flow controller 3 sets the rate at which O2 is

supplied to the cell. This O2 passes through a humidifier 4 , consisting of two bottles
connected in series filled with Milli-Q grade water, and it is supplied to the cathode of
the single cell 5 . A pressure controller 6 located at the outlet of the cell sets the
pressure of the line to that required in the corresponding experiment. Finally, excess
oxygen and reaction products are released to the outside through the exhaust pipeline
7 . This configuration is used in polarization curve tests, but for other experiments,

such as the determination of through-plane membrane conductivity or the limiting
crossover current density, the O2 cylinder may be exchanged for a nitrogen one, as it
is indicated in 1 .

Regarding the fuel line, the methanol solution stored in the reservoir 8 is supplied

by means of a pump 9 to the anode of the cell 10 . Excess methanol solution along
with the reaction products are conducted out of the cell through the methanol exhaust

pipeline 11 .

To get and keep the operating temperature of the cell, the test bench has a refriger-

ated/heating circulator 12 that circulate distilled water or a water - ethylene glycol

mixture through a radiator 13 coupled to a fan 14 that is connected to a CC power

supply 15 . This system allows keeping a constant operating temperature inside the

test enclosure 16 , which consists of a methacrylate box with a square hole on one
of its sides where the radiator is arranged. To achieve good thermal insulation and
prevent heat leakage, the test enclosure along with the fan and the radiator are placed

inside another methacrylate box that forms the external enclosure 17 .

The single cell through the connections 18 may be connected to two different de-

vices depending on what should be measured. Load system 19 along with a data

acquisition system 20 are used to record a polarization curve, while to determine the
through-plane membrane conductivity or the limiting crossover current density, the cell

is connected to a potentiostat/galvanostat 21 .

As can be seen in Figure 3.4.1, the mass flow controller 3 , the cathode pressure
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controller 6 , the methanol solution pump 9 , the circulator 12 , the load system

19 , the data acquisition system 20 and the potentiostat/galvanostat are controlled
by a computer, in which the generated information is also stored. Except for the
potentiostat/galvanostat that uses the Nova software from Autolab, the rest of elements
are controlled and its information is recorded by a software previously developed for
this test bench.

Control/Data 
connection

O2/N2 duct Methanol duct Coolant duct Electric wire

+

O2
-

N2

-

1

2 3

4

6

7

8

5

9

10

17

11

16

12
15 13

14

19

DAQ

Pot/Galv

20

22

21

18

Figure 3.4.1: Sketch of the test bench used for direct methanol single cell
experiments. 1 - O2/N2 compressed tank. 2 - Pressure reduction valve. 3
- Mass flow controller. 4 - Humidifier. 5 - Cathode of the single cell. 6 -
Pressure controller. 7 - Exhaust pipeline. 8 - Methanol solution reservoir.
9 - Methanol feeding pump. 10 - Anode of the single cell. 11 - Methanol
exhaust pipeline. 12 - Refrigerated - Heating circulator. 13 - Radiator. 14
- Fan of the thermal conditioning system. 15 - CC power supply. 16 - Test
enclosure. 17 - External enclosure. 18 - Connection box. 19 - Variable re-
sistor - Load. 20 - Data acquisition system. 21 - Potentiostat/Galvanostat.
22 - Computer.
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3.4.2 Electrochemical single cell experiments

The described test bench is used to assess the potential use in DMFCs of novel hybrid-
membranes developed by the Energetic Applications (ENAP) and Sol-Gel Energy
Group (SGEG) groups of the Spanish National Research Council (CSIC, Consejo Su-
perior de Investigaciones Cient́ıficas in its Spanish acronym) [475].

3.4.2.1 Preparation of the membrane electrode assembly

The five MEAs are prepared and tested in a single DMFC with and active area of 3.8
cm2. The electrodes used in the different MEAs are prepared by the Electrochemical
Applications of Materials (ELAMAT) research group of CSIC following the procedure
reported by Jurado et. al [503]. They are based on a gas diffusion layer (carbon paper
gas diffusion layer with microporous layer and PTFE treated to 5% - SIGRACET
39BC GDL) with the catalytic layer airbrushed onto it. The inks required to make
the catalyst of anode and cathode are a suspension 3:7 of ionomer (Aldrich 5 wt%
Nafion solution) and the catalyst and 2:1 water-isopropanol solution. The used anodes
are fabricated using 40 % PtRu (1:1) on Vulcan XC-72 (E-TEK) with a total PtRu
loading of 3 mg·cm−2, while cathodes are prepared with 40 % Pt also on Vulcan XC-72
(E-TEK) with a total loading of 1 mg·cm−2.

To prepare the MEAs, i.e., the basic unit of a fuel cell, each membrane is sandwiched
between the corresponding electrodes, an anode and a cathode, and the union is hot-
pressed at 100 ◦C at 10 bar over 3 min, see Figure 3.4.2a. The single cell hardware
consists of two 316L stainless steel monopolar plates with a multi-parallel channel flow
pattern. The whole system is fastened by means of 4 screws located in the corners
of the cell, applying a torque of 2 N·m, see Figure 3.4.2b. This single DMFC is used
to determine the methanol crossover through the membranes, through plane proton
conductivity and general performance of the MEAs in terms of their polarization curves.

3.4.2.2 Polarization curves

To perform the polarization curve measurements, 1 M methanol-water solution is sup-
plied to the anode while cathode is fed with pure saturated oxygen at 1 bar and 100
ml·min−1. All experiments are conducted at 60 ◦C. Before recording the polarization
curves, the corresponding MEAs are subjected to a warm-up phase, which consists of
thermal and electrical conditioning. First, the single cell is heated up to the required
temperature (60 ◦C) by means of the heat exchanger of the test bench previously de-
scribed. Once the working temperature is reached, two potential step cycles, with each
step applied over 180 s, from the open circuit voltage (OCV) to 0.4 V are performed
to activate the catalysts.

3.4.2.3 Through-plane conductivity

The through-plane ion conductivity of the membranes is estimated by electrochemical
impedance spectroscopy experiments which are carried out using an Autolab PGSTAT
128N potentiostat/galvanostat along with a FRA 32 M frequency response analyzer
module integrated in the same device. For these tests, the same single cell hardware
and electrodes previously described are used. The anode is fed with 1 M methanol
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a)

b)

Hybrid sSEBS
Membrane

Electrode

PTFE seal

Electrode

Figure 3.4.2: a) Example of MEA prepared with a sSEBS hybrid membrane;
b) Arrangement of the MEA in the test cell along with the seals.

solution at 3 ml·min−1, while the cathode is fed at 100 ml·min−1 with pure nitrogen
previously humidified at 68 ◦C. The amplitude of the sinusoidal excitation signal is 10
mV while the frequency ranged from 1-105 kHz. The measurements are carried out at
a constant bias potential of 0.3 V. The through-plane proton conductivity (σTP ) of the
membranes is estimated by the following equation:

σTP =
l

A ·RΩ
(3.4.1)

where l depicts the corresponding membrane thickness, A represents the active area and
RΩ is the ionic resistance estimated from the Nyquist plot in the intersection between
the real impedance axis and the impedance curve at high frequency.

3.4.2.4 Crossover determination

To determine the limiting crossover current density, the electrochemical method re-
ported by Ren et al. [504] is followed. To this end, as can be seen in Figure 3.4.3,
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Figure 3.4.3: Sketch of the single DMFC configuration for the limiting
crossover current density tests. 1 - Anode GDL. 2 - Anode catalyst layer
(Pt-Ru/C). 3 - Proton exchange membrane. 4 - Cathode catalyst layer
(Pt/C). 5 - Cathode GDL.

methanol aqueous solution 1 M at 3 ml·min−1 is supplied to the PtRu/C electrode,
while pure nitrogen humidified at 68 ◦C and at a flow rate of 100 ml·min−1 is sup-
plied to the Pt/C electrode. In this way, the methanol crossing the MEA is oxidized
at the Pt/C electrode by setting a potential difference between the electrodes. Under
this configuration the H+ ions flow from the Pt/C electrode to the PtRu/C electrode
through the membrane, the opposite direction to that of the DMFC, in such a way that
in this experiment H2 is produced at PtRu/C electrode. The current generated due to
the oxidation of methanol crossing the membrane as response to the applied potential
differences is measured by means of an Autolab PGSTAT 128N under potentiostatic
mode. The potential applied range from 0.3 V to 0.95 V with steps of 50 mV applied
over 180 s. Three electrodes configuration is used in such a way that Pt/C electrode,
in which takes place the oxidation of methanol crossing the membrane acts as working
electrode while PtRu/C electrode is used as both reference and counter electrodes. The
limiting current density of the current density - voltage curve is a representative mea-
sure of the methanol flux through the corresponding MEA at the open circuit voltage
but somewhat lower [505]. This is mainly due to the opposite flow of ions, and there-
fore electro-osmotic drag, inside the membrane with respect to its direction in DMFCs,
which leads to a reduction of the methanol crossover in the described experimental
scheme, especially at high methanol concentrations.



Chapter 4

Results and discussion

4.1 Direct methanol stack pre-design tool

This section presents the results of the developed computer-aided automated system
intended to solve the optimization problem of the DMFC design in the initial stages of
the design procedure, being the final objective to improve the specific power, the power
density and the fuel consumption.

4.1.1 Definition of the case of study

To analyze the operability and capability of the developed automated computer-aided
software for the preliminary design of DMFCs, a specific study case is posed. The
main input parameters of the case are summarized in Table 4.1.1, while the features
of the possible materials for the end plates are presented in Table 4.1.2. Likewise, the
properties of proposed materials for the fastening system, i.e., screws, nuts and washers,
are summarized in Tables 4.1.3, 4.1.4 and 4.1.5. In the same way, Table 4.1.6 shows a
compilation of the design constrains imposed by the decision-makers.

The choice of the design power and the stack voltage depends largely on the specific
application for which the fuel cell is intended, as well as it is also conditioned by
the design of the complete power plant that can include other energy sources, such
as batteries or supercapacitors, and different hybridization schemes, either active or
passive [506, 507]. In this case study, the stack final application is based on the use
reported by Kang et al. [36], who developed a DMFC to power an unmanned aerial
vehicle (UAV) during the cruise stage, in such a way that the power required in this
flight phase was 230 W and the associated voltage of the fuel cell was approximately
14 V. Therefore, as can be seen in Table 4.1.1, these are the design power and the
voltage proposed as input parameters for the case. Additionally, it should be noted that
these power and voltage are in the range of other stacks previously developed for the
propulsion of UAVs and portable applications [22, 508]. Regarding flow configuration
of the stack, it uses a U-shape stack distribution to achieve a compact power plant [36].

Table 4.1.1: Input parameters of the study case.

Parameter Description Value Ref.

Ẇs (W) Power required 230 [36]

159
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Table 4.1.1 continued from previous page.

Input Parameter Description Value References

Vs (V) Voltage required 14 [36]

α Weight of mass 0.6 -

β Weight of volume 0.1 -

γ Weight of fuel consumption 0.3 -

SMeOH Methanol stoichiometric ratio 3 [42]

Sair Air stoichiometric ratio 4 [260]

χMeOH (% wt.)
Concentration of supplied

methanol
3 [221]

T (◦C) Operating temperature 60 [221]

pair (kPa) Air discharge pressure 101.325 [221]

φ Relative humidity of the inlet air 0.5 -

Dbl (cm2·s−1)
Methanol diffusion coefficient
through anode backing layer

2.984·10−5 [423]

Dm (cm2·s−1)
Methanol diffusion coefficient

through the membrane
4.9 · 10−6exp

[
2436

(
1

333
− 1

T

)]
[509]

nd Drag coefficient 2.9exp

[
1029

(
1

333
− 1

T

)]
[509]

labl (µm)
Anode backing layer

thickness
190

(Toray TGP 060 carbon paper)
[510]

lcbl (µm)
Cathode backing layer

thickness
235 (Sigracet 25BC) [511]

lm (µm) Membrane thickness 127 (NafionR© 115) [512]

ρA,m (g·cm−2) Membrane area density 2.5·10−2 [513]

ρA,acl (g·cm−2)
Anode catalyst layer

area density
3.75·10−3 [514]

ρA,ccl (g·cm−2)
Cathode catalyst layer

area density
2.20·10−3 [514]

ρA,abl (g·cm−2)
Anode backing layer

area density
8.78·10−3 [515]

ρA,cbl (g·cm−2)
Cathode backing layer

area density
8.60·10−3 [511]

q (kPa) Compression load 1250 [269]

rcload (%)
Relative compression of GDLs

to specified load
19 [269]

Leq/Ds
Equivalent length of bends in

serpentine channels
30 [52]

MMeOH (kg·kmol−1) Methanol molar mass 32.042 [516]
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Table 4.1.1 continued from previous page.

Input Parameter Description Value References

MO2 (kg·kmol−1) Oxygen molar mass 31.999 [516]

MN2 (kg·kmol−1) Nitrogen molar mass 28.013 [516]

Mair (kg·kmol−1) Air molar mass 28.959 [516]

MH2O (kg·kmol−1) Water molar mass 18.015 [516]

za
(mole− ·molMeOH

−1)
Electron moles per

methanol mol
6 -

zc
(mole− ·molO2

−1)
Electron moles per

oxygen mol
4 -

σO2 (Å) Oxygen collision diameter 3.467 [416]

σN2 (Å) Nitrogen collision diameter 3.798 [416]

σH2O (Å) Water collision diameter 2.649 [416]

ε/κ|O2 (K)
Oxygen characteristic energy

divided by Boltzmann’s constant
106.7 [416]

ε/κ|N2 (K)
Nitrogen characteristic energy

divided by Boltzmann’s constant
71.4 [416]

ε/κ|H2O (K)
Water characteristic energy

divided by Boltzmann’s constant
356 [416]

sld (mm) Sealing safety distance 7 -

h2ed (mm) Hole to edge safety distance 5 -

a2cd (mm)
Distance from anode to
cathode through plate

1 -

s2pd (mm) Screw to BP secury distance 2 -

s2ed (mm)
Screw line to end plate

edge secury distance

d

2
+1

see Table 4.1.7 for d values
-

amd (mm) Machine dimensional accuracy 0.1 -

wEP (mm)
Maximum deflection of the

end plate midplane
0.1 -

Given the crucial importance of the weight of the systems on board of an aircraft for its
operability, the significance of stack mass in the design function is assigned a value of α
equal to 0.6. In a similar way, the fuel consumption also plays an important role from
the point of view of operating costs and of mass because, for the same power, a higher
fuel consumption leads to a greater mass of fuel to perform the same mission. Thus, to
catch these peculiarities, the fuel consumption is given a weight of 0.3 (γ) in the design
function. On the contrary, in the aeronautical field, the volume is less important as
long as the corresponding device fits in the aircraft. For this reason, it is assigned only
an importance of β = 0.1 in the design function. Even so, restrictions are implemented
to limit the dimensions of the resulting stack, as can be seen in the General restrictions
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section in Table 4.1.6, in order to ensure that it fits into the hypothetical available
space.

Stainless steel 430 (SS 430) and titanium (Ti) as potential materials for BPs are con-
sidered in this study. For this, the polarization curves reported by Park et al. [221]
for single cells made with these materials are used. In this way, the software must
determine which is the most appropriate material. In principle, SS 430 provides better
single-cell performances, as already indicate in Section 2.1.4.1.2, but nevertheless its
density is 1.7 times higher than that of Ti (7800 kg·m−3 versus 4510 kg·m−3 [517]),
which can be a problem in terms of mass. With respect to the operating parameters,
the operating temperature, methanol solution concentration and type of oxidant, air in
this case, are in compliance with the conditions under which Park et al. [221] obtained
the curves, the corresponding values can be seen in Table 4.1.1. However, in that work,
the flow rates are not specified, consequently, typical stoichiometric ratios are selected
for methanol and air, 3 and 4 respectively, which are in accordance with previously
reported values that lead to outstanding performances.

The MEA components considered are the same as those used by Park et al. in their
single cell tests, so their thicknesses and area densities are compiled in Table 4.1.1.
Likewise, the methanol diffusion coefficient in the Nafion R© membrane and the cor-
responding drag coefficient are those normally used in the literature, while for the
methanol diffusion coefficient in the anode backing layer, a typical value from the liter-
ature is selected. In the same way, to estimate the required clamp force, a compression
load of 1250 kPa is considered, load included in the operating compression load range
of TGP-H-60 specified by the manufacturer [269]. To be consistent, the relative com-
pression of GDLs is that corresponding to the applied compression load, 19 % in this
case.

The safety distances, such as sld, h2ed or a2cd, are estimated from DMFC stacks
reported in previous works. Similarly, the dimensional accuracy of the manufacturing
machines as well as the maximum deflection of the end plate midplane are fixed at 0.1
mm in both cases.

Table 4.1.2: Properties of the possible materials to be used as end plates.

Material Al 7075 Ti-6Al-4V SS 316L PEEK

Young’s modulus, E (GPa) 71 [517] 114 [517] 193 [517] 3.3 [518]
Poisson’s coefficient, ν 0.33 [517] 0.34 [517] 0.3 [517] 0.38 [518]
Density, ρ (kg·m−3) 2800 [517] 4430 [517] 8000 [517] 1310 [517,518]

In addition to the materials of the BPs, different materials are also considered for use as
end plates, namely aluminum alloy (Al 7075), titanium grade 5 (Ti-6Al-4V), stainless
steel 316L (SS 316L) and poly (ether ether ketone) (PEEK). This set of materials covers
a wide range of properties, both in terms of Young’s modulus and density, as Table
4.1.2 clearly shows. As outlined in Section 2.1.5, aluminum is typically the most used
material in EP due to its low density, approximately 3 times lower than that of stainless
steel, other widely employed material for EP, and its reasonable rigidity, although in
this case it is 2.7 times lower than that of stainless steel. Al 7075, an Al alloy with Zn as
primary alloying element, is selected as possible EP material because of its outstanding
mechanical properties among those of other Al alloys, such as Al 6061. This kind of alloy
is usually found in aeronautical, aerospace and structural applications. Similarly, Ti-
6Al-4V, an alpha-beta alloy, owing to its excellent corrosion resistance and outstanding
strength to density ratio is extensively employed in fields where the mass is a limiting
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factor and where a harsh environment is expected. As stainless steel, the austenitic SS
316L is taken into consideration due to its great corrosion resistance and mechanical
properties, which is why it is used in many industrial applications. The last of the four
possible materials for EP is PEEK polymer, which has been proposed and used in EP
of a DMFC by Kang et al. [36] with the aim of reducing the total mass of the stack.

Table 4.1.3: Properties of the possible materials to be used in the fastening
system (screws, nuts and washers).

Material Medium carbon steel 1040 PEEK

Density, ρ (kg·m−3) 7850 [517] 1310 [517,518]
Friction coefficient, µ 0.2 [206] 0.25 [519]

With regard to fastening elements, two materials are also under consideration. On
one hand, the typical screws of medium carbon steel, in this case type 1040, class 8.8
according to standard ISO 898-part1 [421]. This property class is selected based on its
broad implementation at industrial level. As reflected in the standard, screws of this
class must have a nominal tensile strength of at least 800 MPa and a yield strength
of at least 640 MPa. For this type of screws, the design condition is that they do not
withstand more than 75 % of their corresponding proof load, Fp, associated with their
metric. The proof loads as a function of the metric for 8.8 class screws are included in
Table 4.1.5. On the other hand, the possible use of PEEK fastening elements is also
considered as a mean to reduce the mass of the stack. In this sense, commercial PEEK
screws are selected [520], whose torsional rupture torque is shown in Table 4.1.4. In
this case, according to the manufacturer, the design criterion is that the screws are not
subjected to a torque greater than 50 % of the rupture torque. The required properties
of both materials to carry out the sizing of the fastenings are recorded in Table 4.1.3.
The necessary dimensions to estimate the mass of the elements of the fastening system,
i.e., screws, nuts and washers, are shown in Table 4.1.7 where the nomenclature of the
dimensions are in accordance with Figure 4.1.1.

Table 4.1.4: Torsional rupture torque of the PEEK screws according to the
data sheet provided by the manufacturer [520].

Screw metric M2 M3 M4 M5 M6 M8 M10 M12

Torsional rupture
torque (N·m)

0.06 0.30 0.64 1.28 2.26 5.98 10.80 18.60

Table 4.1.5: Minimum ultimate tensile and proof loads for screws with
property class 8.8 according to standard ISO 898 - part1 [421].

Screw metric M2 M3 M4 M5 M6 M8 M10 M12

Pitch (mm) 0.4 0.5 0.7 0.8 1.0 1.25 1.5 1.75

Nominal stress area,
As,nom (mm2)

2.075 5.035 8.785 14.196 20.141 36.638 58.034 84.329

Minimum ultimate
tensile load, Fm,min (N)

1660 4020 7020 11350 16100 29200 46400 67400

Proof load, Fp (N) 1200 2920 5100 8230 11600 21200 33700 48900
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Therefore, the design vector solution of the proposed case of study must contain the
values of the geometrical variables that uniquely define the resulting stack as well as
the materials of the BPs, the EPs and the fastening system, as described in Section
3.1.2.1.

To ensure a correct operation of the resulting stack and a suitable integration with
the rest of systems, a set of restrictions is established on different critical variables
of the DMFCs. All imposed design constraints are summarized in Table 4.1.6. In
particular, the velocity of fluids in the channels and the dimensional constraints of the
BP variables, i.e., the depth and width of the channels, the ribs width and open ratios,
are taken in accordance with the values presented in the literature and analyzed in
Section 2.1.4.2. A minimum ratio between pressure drop in cells and in manifolds of 10
is adopted, as it is a broadly extended rule of thumb for the proper operation of fuel
cells. In addition, to obtain a homogeneous distribution of the reactants to the cells
which is crucial to get a stable operation and long term durability, as it was highlighted
in Section 2.1.4.2, a limit to the maximum mass flow rate difference between cells is
also imposed. The remaining constraints are related to the integration of the stack in
the platform under study. So that, the integration of the stack in the available space is
accomplished by setting the maximum dimensions of the stack, while maximum pressure
drops for anode and cathode sides are set to curb the parasitic power consumption and
in the same way to facilitate the selection of the supply subsystem equipment such as
compressors/blowers and pumps.

Table 4.1.6: Design constraints on different design variables to ensure
proper operation of the resulting fuel cell whereas it has dimensions com-
patible with the available space.

Parameter
Anode Cathode

Minimum Maximum Minimum Maximum
Channel velocity (m·s−1) 0.02 0.2 1.5 -
Channel depth (mm) 0.7 - 0.4 -
Channel width (mm) 0.7 1.2 0.7 1.1
Rib width (mm) 0.5 1.0 0.5 1.0
Open ratio (%) 53 68 53 68
Total pressure drop (Pa) - 1200 - 5000
Ratio between pressure drop
in cells and manifolds

10 - 10 -

Manifold radius (mm) 1.5 - 1.5 -
Cells mass flow difference (%) - 5 - 5

General
Minimum Maximum

Base of the stack (mm) - 200
Height of the stack (mm) - 200
Width of the stack (mm) - 200
Diagonal of the End Plate - -
Number of screws 8 18

Distance between screws
d

see values in Table 4.1.7
-

Finally, to run the software, the variation range of each variable contained in the design
vector as well as the number of bits to encode all of them must be set. The combination
of these ranges and bits numbers along with the previously design constraints defines
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Table 4.1.7: Screw, nut and washer dimensions based on their metric.
Nomenclature according to Figure 4.1.1. The h dimension, not shown in
Figure 4.1.1, is the inner diameter of the washer while Dp represents the
effective pitch diameter.

Dimension M2 M3 M4 M5 M6 M8 M10 M12

a (mm) 4.6 6.4 8.1 10.4 11.5 16.2 19.6 21.9
b (mm) 1.4 2.0 2.8 3.5 4.5 5.5 7.0 8.0
c (mm) 2.0 3.0 4.0 5.0 6.0 8.0 10.0 12.0
d (mm) 5.5 7.0 9.0 10.0 12.5 17.0 21.0 24.0
e (mm) 0.5 0.5 0.8 1.0 1.6 1.6 2.0 2.5
f (mm) 4.0 5.5 7.0 9.0 10.0 14.0 17.0 19.0
g (mm) 1.6 2.4 3.2 4.0 5.0 6.5 8.0 10.0
h (mm) 2.3 3.3 4.3 5.3 6.4 8.4 10.5 13.0
Dp (mm) 1.74 2.68 3.55 4.48 5.35 7.19 9.03 10.86

Figure 4.1.1: Main dimensions of the screws, nuts and washers. The real
values as a function of the screw metric are summarized in Table 4.1.7.

the search space, i.e., the space of feasible solutions, to be analyzed by means of the GA.
Therefore, the optimal design resulting as solution is the optimal solution of this search
space in such a way that if the search space is modified by changing the variable ranges,
the number of bits of each variable or the constraints, the optimal solution could change.
For the second parameterization described in Section 3.1.2.1, MCS-MCS#2, which is
applied initially in this case of study, the variable ranges, their corresponding number of
bits and the accuracy (the distance between two consecutive values of each parameter)
are specified in Table 4.1.8. As can be seen, wide ranges are selected to explore a large
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number of potential configurations. Likewise, the intersection of the variable ranges
with their corresponding constraints, for those variables that present constraints such
as rib or channel widths, is non-empty in all cases. Regarding the accuracy of the
variables, it is the result of the binary encoding of the variables to operate within the
GA, so that the variables may only take discrete values. In this sense, as Table 4.1.8
shows, the ranges and number of bits are selected in such a way that the accuracy
matches the machine accuracy in those variables related to the dimensions. In the case
of number of cells and number of channels, the accuracy is 1 because these variables
must take integer values while the accuracy of the number of bends is 2 because, due
to the design of the bipolar plates, it must take an even integer value. For the material
variables, the number of bits set as many options as materials, e.g., in the case of
matEP , 2 bits allow four combinations, as many as possible materials under study.
Finally, the accuracy of the screw metrics is variable since there is not preset distance
between two consecutive metrics from the chosen list of metrics, see Table 4.1.7. In this
way, with the bits indicated for each variable in Table 4.1.8, the search space consists
of 248 feasible configurations, i.e., 2.8·1014 combinations.

Table 4.1.8: Variation ranges of the design vector variables, number of
bits used to encode each one and steps between consecutive values of the
variables.

Variable Bits
Maximum

value
Minimum

value
Accuracy

Nc 4 37 52 1
δa, δc 3 0.4 mm 1.1 mm 0.1 mm
cna, cnc 3 2 9 1
bna, bnc 2 2 8 2
cta 3 0.6 mm 1.3 mm 0.1 mm
rta 3 0.4 mm 1.1 mm 0.1 mm
ctct 3 0.6 mm 1.3 mm 0.1 mm
ra, rc 6 1.5 mm 7.8 mm 0.1 mm
matBP 1 1 2 1
matEP 2 1 4 1
matSC 1 1 2 1

Mx 3 2 12
Variable

see Table 4.1.7

The approach of this case of study for the design of a DMFC clearly reflects all the
technical fields, electrochemistry, fluid mechanics, material science or manufacturing
among others, involved in the design of a stack even in the early stages such as concep-
tualization or preliminary design. Indeed, the participation of experts from all these
fields in the design process by means of concurrent engineering methodologies from
early design stages would lead to a reduction of the total time required for the design,
the minimization of revisions as well as the reduction of potential errors in subsequent
stages that would cause delays, extra costs and maybe loss of opportunity. Following
this concurrent design paradigm and implementing the developed tool as part of the
design strategy, the experts may determine the parameters and the design constraints
corresponding to their fields as well as suggest possible design variables to be optimized,
e.g., different materials or MEAs, in such a way that the resulting preliminary design
provided by the software would be consistent with the decisions made by the experts.
In the worst case, it would also make it possible to determine the unfeasibility of the
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design, if constraints do not allow it, quickly and economically. For example, if there
is not enough space to install the required power.

All previously specified data must be input, directly or through tables, in the user
interface of the developed software. Figure 4.1.2 shows some screenshots of the user
interface designed for the software.

4.1.2 Convergence

A single run of the tool is carried out for the posed case of study under the following
conditions: number of generations = 700; size of the population = 40 x 40; and mutation
percentage = 4 %. The evolution of the fitness of the configurations present in the
population over the generations can be seen in Figure 4.1.3, so that the status of the
entire population is shown at twelve different moments of the evolutionary process,
i.e., generations, by means of the design function values of their 1600 configurations.
The number i above each frame of Figure 4.1.3 represents the corresponding number
of its generation. Each pixel in these frames is a configuration, i.e., a possible solution,
of the 1600 that make up the population in each generation in such a way that the
color of the pixel determines its fitness according to the design function. Thus, black
pixels are configurations that do not meet all the constraints, they break at least one
of the restrictions imposed in Table 4.1.6. Conversely, the lighter the pixel, the lower
the design function value, and therefore the better the configuration. The convergence
of this single run of the developed tool is assessed in Figure 4.1.4, where the best
configuration fitness value (Minimum in the legend) and the mean fitness value of the
population configurations (Mean in the legend) are plotted over generations as well as
the number of non-restricted solutions, i.e., the number of solutions that comply with
all the imposed constraints.

The first population, as mentioned previously, is generated completely randomly by
taking values for the variables of the design vectors in the ranges specified in Table 4.1.8
and, as can be seen in Figure 4.1.3, i = 1, all configurations of this initial population
break at least one of the design constraints. Indeed, although the minimum fitness value
of this first generation in accordance with Figure 4.1.4a is 1, i.e., the best configuration
in the first generations infringes only 1 restriction, the population mean design function
value is 7.5 approximately. This indicates that in average 7.5 design constraints are
breached by the configurations in this first generation. Therefore, this first population
underlines the complexity of the studied problem, since none of the 1600 randomly
created configurations from ranges in accordance with the literature complies with all
the design constraints.

The first configuration that meets all the restrictions, hereinafter valid configuration,
arises at the third generation, but only one among the 1600 configurations of the
population. This is consistent with the sharp reduction in the design function value
of the best configuration in the third generation shown in Figure 4.1.4a. After this
generation, disperse new valid solutions begin to form in such a way that gray pixels
arise in isolation within the corresponding population as can be seen in generations 5
and 10 in Figure 4.1.3. As evidenced, over this first generations, the mean fitness value
of the population also decreases owing to two causes. The first is the generation of
new valid solutions, however, such a reduction cannot be due only to the appearance
of a few solutions, e.g., in generation 10 there is only 16 valid configurations out of a
population of 1600, see frame of generation 10 in Figure 4.1.3. The second reason is
the fall in the number of infringed constraints on average by the invalid configurations,
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Figure 4.1.2: Screenshots of the user interface of the developed software for
the preliminary design of DMFCs.
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𝑖 = 1 𝑖 = 10

𝑖 = 20 𝑖 = 30 𝑖 = 50

𝑖 = 100 𝑖 = 200 𝑖 = 300

𝑖 = 450 𝑖 = 600 𝑖 = 700

𝑖 = 5

Figure 4.1.3: Evolution of the fitness of the population individuals at dif-
ferent generations of a single run of the methodology under the following
conditions: total number of generations = 700; size of the population = 40
x 40; and the mutation percentage = 4 %. Each pixel represents a possi-
ble solution. Black pixels are configurations that do not comply with the
imposed restrictions, while the whiter the pixel, the lower the value of the
optimization function. The corresponding generation of the populations,
from upper left to bottom right: 1, 5, 10, 20, 30, 50, 100, 200, 300, 450,
600, 700.
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in such a way that the GA is able to compare and rank configurations that do not
address all the constraints. The emergence of these isolated valid solutions is caused by
chance either in the mutation stage or by the crossover of two restricted configurations.
However, there is a higher probability of success due to the algorithm capability to
improve the configurations throughout the generations even when they do not meet all
the constraints.

a)

b)

Figure 4.1.4: Convergence of a single run of the methodology, corresponding
to the evolution showed in Figure 4.1.3, under the following conditions:
number of generations = 700; size of the population = 40 x 40; and mutation
percentage = 4 %. a) Evolution with the generations of the minimum value
of the fitness function, the mean fitness value of the population and the
number of non-restricted solutions, i.e., solutions that meet all constraints;
b) Detail of the minimum and mean curves of Figure 4.1.4a in order to assess
the variations of the best configurations with the generation number.

The generation of these new isolated valid configurations seems to remain until at least
the 50th generation, i = 50 in Figure 4.1.3, since after it, the space of invalid solutions is
quite small and not very connected. Even so, not all steps from invalid to valid solution
(pixels whose color changes from black to gray in one generation) take place through
this mechanism. In fact, this mechanism is minority in terms of valid configurations
generated, but totally essential to be able to generate potentially valid solutions in
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early generations. The second mechanism is due to the tournament selection strategy
imposed in the GA, according to which each configuration in the population selects the
fittest neighbor, among the four closest (pixels), to carry out the crossing process. In
this way, the restricted configurations near valid ones are more likely to lead to valid
configurations. This second mechanism results in islands of valid solutions, which can
be observed from early generations. For instance, in the upper left corner of the 5th

generation, i = 5 in Figure 4.1.3, there is one of this islands which gradually grows
by diffusion, as can be seen in the same position in 10th, 20th and 30th generations.
Therefore, first a valid solution is nucleated which begins to grow by diffusion until
it comes into contact with another of these islands. Through the merger of these
two phenomena, a rapid increase in the number of non-restricted configurations in the
population as well as a quick reduction of the mean fitness value of the population are
achieved over the first 100 generations, as can be clearly seen in Figure 4.1.4.

Although the step from invalid to valid solutions through this diffusive mechanism
takes place until the last generation, as reflected by the progressive disappearance
of black pixels in Figure 4.1.3, from 100th generation, the crossover process occurs
mainly between valid solutions, since there are very few invalid solutions. In this
context, the structure of the population and the tournament selection process prevents
a quick exchange of information between distant regions of the population, as the
emergence and growth of islands clearly reflects. This makes a broad exploration of the
search space possible as well as a progressive improvement over the generations, thereby
inhibiting an early dominance of non-optimal solutions as shown the smooth trend of
the mean curve in Figure 4.1.4. The curve of the best solution is susceptible to more
pronounced steps since the improvements of the best configuration depend on specific
processes on one of the population configurations, for example the crossover between
two specific feasible solutions. Additionally, the selection by tournament facilitates
the conservation of the diversity present in the population configurations, remaining
until advanced generations, so that regions with different gray tones can be seen in
populations of advanced generations in Figure 4.1.3, which is associated with a notable
diversity. This trend can also be confirmed in Figure 4.1.4 where the mean value curve
decrease over generations, tending to the optimum value, but it keeps a certain distance
even over a large number of generations.

In essence, the gradual decrease in fitness value of the best configurations and the mean
of the population over the generations, see Figure 4.1.4, ensures a reliable convergence
of the developed tool. This decrease is in line with the progressive color change of pixels
in Figure 4.1.3 from black at 1st generation to white at last generation.

4.1.3 Repeatability

In the previous section, the converge of a single run of the tool for the proposed case
of study has been discussed. Nevertheless, because of the stochastic nature of the
optimization algorithm, a single run does not provide enough information to verify
the ability to successfully achieve the best configuration in successive runs, i.e., the
repeatability of the repeatability. For it, the previous case, with the same values of the
parameters associated with the GA, i.e., 700 generation, 40 x 40 population and 4 %
of mutation, is run 100 times to assess the repeatability.

In this sense, Figure 4.1.5 illustrates the fitness value of the best configuration and
the mean value of the population over the generations for the 100 runs. As can be
seen, all runs show a similar convergence process to the optimal solution, therefore,
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the tool exhibits a reliable convergence process. However, Figure 4.1.5b clearly shows
that not all the runs reach the optimal value, the lowest possible value of the fitness
function, which is typical in stochastic process. In this way, it is important to know
how often the optimal design is achieved. In this case, it is assumed that a final design,
the best solution of the final population of a run, is optimal when it has a fitness value
that deviates less than 0.1 % from the global minimum of the 100 runs. Under this
assumption, the global minimum is reached 76 times out of 100 runs, while optimal
designs are obtained 78 times out of 100. This means that more than 3 out of 4 runs
the optimal solution to the case study is reached, and therefore it is only necessary to
run the tool 2 or 3 times to ensure an optimal design of the stack, thereby highlighting
the good performance of the tool.

a)

b)

Figure 4.1.5: Repeatability of the solutions by means of 100 repetitions
of the same case using as framework the following conditions: number of
generations = 700; size of the population = 40 x 40 and mutation percentage
= 4 %. a) Evolution of the design function value of the best configuration
and the mean value of the population for each generation; b) Detail of the
minimum and mean curves of Figure 4.1.5a to assess the variations of the
best configurations with the generation number.

The values of the design vector of the best solution of the 100 runs are shown in Table
4.1.9 while the drawing of the corresponding BP is shown in Figure 4.1.6. Such a table
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also includes the frequency of occurrence or repeatability of the optimal values of the
variables throughout the 100 runs, as well as their mean values and standard deviations.
The distributions of the values of the variables for each run can be seen in Figure 4.1.7.

As can be seen, although the global minimum value of the design function is achieved as
a solution 76 out of 100 runs, the repeatability of each variable is uneven. In this way,
5 of the 16 variables, among which are those related with the selection of materials,
namely Nc, matBP , matEP , matSC and Mx, always converge at their corresponding
optimum value in all runs. In this sense, their convergence seems to be straightforward.
Other 6 variables, δa, δc, cnc, bna, bnc and cta, present a repeatability close to or greater
than 90 %. Conversely, the variables that determine global repeatability to a greater
extent are the dimensions of the reactant manifolds, so that ra and rc show the lower
repeatability 78 % and 76 %, respectively. It should be noted that the latter equal to
the global repeatability value. Therefore, it seems that the variables associated with
the sizing of the manifolds are the most critical as far as the optimization process
is concerned. As Figure 4.1.7 shows, ra and rc are the variables with the greatest
dispersion of the results, ra shows values between 1.6 mm and 2.3 mm while rc covers
a range from 1.7 mm to 2.3 mm. The remaining variables, with the exception of
Nc, matBP , matEP , matSC and Mx that always obtain the same value, present a
maximum of 3 different values among the 100 design vectors obtained as a solution for
this repeatability test, while ra and rc show solutions with up to 6 different values, see
Figure 4.1.7. However, it must be considered that these two variables are those that
are defined by a greater number of bits and those that cover a greater range of values
to be studied, as can be seen in Table 4.1.8. They probably have less influence on the
mass and volume and no influence on fuel consumption than other variables such as
the materials of the different elements, the diameter of the screws, the number of cells
or the depth of the channels. Similarly, they are also subject to more lax restrictions
than the fluid field variables, both in relation to dimensions and to fluid dynamics,
since the main pressure drops are not due to the manifolds. Furthermore, the sizing
of the manifolds depends to a great extent on the design of the fluid field since the
major axis of the oblong-shape manifold is related to the width of the corresponding
ribs and channels. Taking into account all of the above factors, it is possible that small
variations in the values of these variables result only in small variations in mass and
volume. This, together with the fact that the sizing of the manifolds hardly suffers
limitations and depends on other variables, makes ra and rc the most complicated
variables to be optimized. Even so, their limited standard deviation, approximately
the accuracy of the machine, indicate that the obtained values are typically close to
their corresponding mean value that is practically the optimum value.

Regarding the optimal values of the variables reached as a solution that can be seen
in the second column of Table 4.1.9, different fluid fields are obtained for anode and
cathode sides of BP as reflected by the different values of number of channels and
bends, depth of channels and width of channels and ribs for the anode and cathode
sides. This discrepancy is probably caused by different fluid dynamic conditions and
constraints, which lead to notably unequal configurations. Thus, optimal designs may
require different fluid field configurations at anode and cathode sides of BPs. Likewise,
comparing the optimal values in Table 4.1.9 with the previously established ranges for
the variables in Table 4.1.8 and the imposed constraints in Table 4.1.6, it is concluded
that almost all values of the best design vector are included in the specified ranges. Only
3 variables, the values of channel depths and the number of channels in the cathode
side are equal to one of the ends of their ranges. However, this does not mean that
the solution is restricted, since the limits imposed on the variables are based on design
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Table 4.1.9: Design vector values for the parameterization MCS-MCS#2
obtained as solution to the study case proposed and its repeatability af-
ter 100 runs of the tool with 4 % mutation, 700 generations and 40 x 40
population size.

Variable
Optimal Design

Value
Frequency

100 repetitions
Mean Value

100 repetitions
Standard Deviation

100 repetitions

Nc 41 100 41 0
δa 0.7 mm 96 0.704 mm 0.0197 mm
δc 0.4 mm 88 0.412 mm 0.0327 mm
cna 6 85 5.770 0.6491
cnc 9 89 8.780 0.6289
bna 4 95 4.180 0.8088
bnc 2 99 2.020 0.2000
cta 1.1 mm 88 1.088 mm 0.0327 mm
rta 0.6 mm 84 0.596 mm 0.0530 mm
ctc 1 mm 84 1.003 mm 0.0223 mm
ra 2 mm 78 2.029 mm 0.1183 mm
rc 2 mm 76 2.028 mm 0.1164 mm
matBP SS 430 100 - -
matEP Al 7075 100 - -
matSC Steel 1040 100 - -
Mx 2 100 2 0

θ 0.4587 76 0.4604 0.0037

decisions. On one side, the depth of the channels tends to be reduced to reduce the
mass and volume of the BPs and therefore those of the stack, as long as all the fluid
dynamic and dimensional restrictions are fulfilled as in this case. The limits of both
variables are imposed based on the results observed in the literature, see Section 4.1.1.
On the other hand, the channel limit is imposed in order to ensure to a certain extent
that the distribution in all channels is similar, since it is one of the initial hypotheses.

Considering the selection of resulting materials for the different components, it should
be pointed out that in this case the selected material, despite the high weight attributed
to the mass in the design function, is SS 430, which has a higher density than titanium,
but that in turn presented better performances. In the same line, the selection of
material for the EPs also poses the same dichotomy. In this case, the EPs consist of a
7.3 mm thick Al 7075 plate, see Tables 4.1.9 and 4.1.10, at the expense of a PEEK plate.
This means that the possible PEEK plate would have a much greater thickness such
that the lower density of the material would not compensate for the greater thickness
in terms of mass and volume. Something similar happens with the elements of the
fastening system, which are made of steel 1040 instead of PEEK since with the use of
steel screws the diameters are smaller than with PEEK. This leads to a size reduction
of the EPs, which seems to compensate on the whole.

Table 4.1.10 shows complementary values to those of the best design vector in order
to understand and discuss in depth the obtained stack design. Starting with the di-
mensions, it can be seen how the shape of the MEAs is rectangular with a catalytically
active area of 54.58 cm2 per cell. In fact, the base of the active area is just over twice
its height. With this shape it is possible to reduce the mass of the BPs by reducing the
length of the side frames where the manifolds are located, which due to the presence
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Figure 4.1.6: Drawing of the BP resulting from the proposed case study
with its corresponding dimensions in accordance with Table 4.1.9.

of these are wider than the upper and lower frames. This configuration also makes
it possible to reduce the gravimetric term of the pressure drop by shrinking the head
to which the methanol solution must raise up. In addition, by having long horizon-
tal channels, the pressure drop on both sides of the ribs after a turn is greater than
that corresponding to square active areas, which enhances the under rib mass transfer,
thereby maximizing the use of the catalytically active area. Table 4.1.10 also shows
the notable differences in the size of the manifolds, the cathode manifolds have a much
larger straight section than those of the anode, probably associated with the high air
flow rate, in turn reflected in Table 4.1.10.

Differences in channel and rib widths on both sides of the BPs as well as different
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Figure 4.1.7: Distributions of the variables included in the design vector
resulting from the 100 runs of the tool for the proposed case study.
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Table 4.1.10: Complementary values of the obtained stack as solution to
the study case proposed.

Parameter Value Parameter Value

Active area (cm2) 54.58 Anode open ratio (%) 65.77
Base/height ratio of
active area

2.15 Cathode open ratio (%) 53.87

Base of active area (cm) 10.83 Number of screws 8
Height of active area (cm) 5.04 Total applied load (kN) 6.6
Straight section of the
anode manifold (mm)

5.6 Anode pressure drop (Pa) 651.6

Straight section of the
cathode manifold (mm)

12.2
Cathode pressure
drop (Pa)

4905.3

Cathode rib width (mm) 0.9
Methanol solution flow
rate (m3·s−1)

3.81·10−6

Stack base (cm) 15.78 Air flow rate (m3·s−1) 1.00 ·10−3

Stack height (cm) 7.79 Stack volume (cm3) 1549.13
Stack length (cm) 12.60 Stack mass (kg) 5.72

End Plate thickness (mm) 7.3
Methanol consumption
(mg·s−1)

54.47

numbers of channels and bends also lead to discrepancies in the open ratios of the
anode and cathode sides of BPs. Even so, both values are contained in the specified
ranges. In the same way, the overall dimensions of the stack also comply with the
dimensional restrictions imposed.

Regarding the fastening system, 8 Steel 1040 screws are required which withstand a
total load of 6.6 kN.

Therefore, taking into account all the above, a stack is achieved with a power density
and a specific power of 148.5 kW·m−3 (148.5 W·l−1) and 40.2 W·kg−1, respectively.
This power density value is higher than those of most of the previously developed stacks,
which may be partially associated with the fact that these stacks usually have square
active areas that, according to the optimization results, do not seem to be the most
appropriate solution. In addition, most of the reported stacks are formed by graphite
or composite BPs that tend to be thicker and larger, resulting in greater stack volume.
On the other hand, the pointed out specific power is within the values of the state of
the art, although it is somewhat lower than the value of 72.023 W·kg−1 reported by
Kang et al. [36], work in which the case study is based in terms of power and voltage.
To explain this result, the material of the BPs comes into play again, being composite
in the case of Kang’s work. Such composite shows a remarkable lower density than
that of SS 430 used in the resulting stack design, so the lower density of the composite
counterbalances, in terms of mass, the greater thickness they require. In relation to
fuel consumption, it can be seen from Table 4.1.10 that a value of approximately 54.5
mg·s−1 is obtained.

Figure 4.1.8 shows the mass percentage of each of the components in relation to the
total mass of the stack. It can be clearly seen how BPs account for more than 85 %
of the total, with EPs as the second component with the highest contribution to the
total mass with 9 %. The other systems as a whole, i.e., the screws, nuts and washers,
the MEAs and the current collectors do not represent 6 % of the total. This clearly
highlights the need to put efforts in the study and optimization of BPs both from the
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Figure 4.1.8: Distribution of the masses of the different components of the
best stack resulting from the study case.

point of view of materials and design to improve the specific power of the DMFC stacks.

4.1.4 Influence of genetic algorithm parameters

In the previous section, the repeatability of the tool was verified by running the same
case study 100 times so that the stochastic nature of the optimization algorithm can
be assessed. However, repeatability can be significantly affected by changes in the
parameters corresponding to GA, such as the percentage of mutation or the number
of generations. For this reason, to evaluate the influence of GA parameters on the
repeatability, 24 cases with different mutation percentages, from 0 % to 10 %, and
numbers of generations, from 100 to 700, are run 100 times each one, using as base the
same case study proposed in Section 4.1.1. The design vector with the minimum value
of the fitness function, and therefore the best design, is still that shown in the second
column of Table 4.1.9.

The repeatability and the distribution of the design function values for each of the 24
cases are shown in Figure 4.1.9, as in the previous section it is assumed that the solution
of a run is optimal, and therefore is computed in the repeatability, when it presents a
fitness value that deviates less than 0.1 % from the global minimum fitness value. In
this way, the need to introduce mutations in order to reach the optimal solution through
increased search field exploration is evident, since when the mutation ratio is 0 %, a
repeatability of 5 % is barely reached in the best of the cases. Likewise, it is possible
to conclude that an increase in the number of generations, in addition to improving
repeatability, leads to more constant frequencies with the percentage of mutation. This
is in accordance with the distributions shown in Figure 4.1.9b, which gradually reduce
their dispersion as the number of generations increases as reflected by the reduction of
the deviations from the optimal value. Thus, it is possible to relax to a certain extent
the dependence of repeatability on the mutation percentage, but at the cost of longer
calculation times. Furthermore, the improvement in repeatability is not linear with the
number of generations or independent of the mutation rate. In fact, as the number of
generations increases, the maximum frequency seems to shift towards higher values of
the mutation percentage. Consequently, for 100 and 300 generations the maximum is
around 2 % of mutation, but for 500 and 700 generations, it takes place at 4 %. By
having a greater number of generations to find the solution, more randomness can be
introduced in the mutation operator.
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a)

b)

Figure 4.1.9: Influence of the GA mutation percentage and the number
of generations on the repeatability of the optimal solution. a) Frequency
with which the optimal solution is obtained as a function of the mutation
percentage and the number of generations. Frequency represents the times
that the best design function value is obtained after 100 repetitions of
the same combination of mutation rate and generations; b) Final design
function values for the 100 repetitions of each mutation rate - generation
pair of values. The red marker at 0.4587 represent de optimum fitness value
while the error bars depict the standard deviation of each set of values from
the optimum value.

Consequently, the reproducibility is maximized when the case study is run in the tool
with 700 generations, 40 x 40 population and a mutation rate between 2 % and 8 %. A
lower mutation value leads to insufficient variability in the mutation operator, whereas
a too high value causes a disproportionate randomness in the offspring population,
turning the search of solutions into a practically random process, thereby suppressing
the process in selection and crossover operators. Accordingly, under the specified condi-
tions only 2 runs of the tools, or 3 to ensure the result, are required to achieve the best
design at least once. Since a single tool run requires between 40 - 45 s using a computer
with an Intel Core i7, 16 GB RAM and 2.60 GHz processor, the best design could be
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achieved in just a few minutes. Additionally, it should be noted that by assessing only
1.12·106 out of 2.8·1014 feasible configurations in a single run with 700 generations and
a population composed by 40 x 40 configurations, the tool is capable of reaching the
optimal solution with a high probability, which highlights the qualities of the tool.

4.1.5 Variation of design function weights – Pareto frontier

The solution described in the previous sections with its corresponding design vector
summarized in Table 4.1.9 represents the fittest design for the proposed case of study
in which the selected weights for the mass, volume and fuel consumption functions are
α = 0.6, β = 0.1 and γ = 0.3, respectively. However, for certain applications it is not
easy to correctly define the weights of the different criteria, in the same way, in other
situations the decision-maker would like to analyze the influence of different weights
before selecting a preliminary design. In this way, for the same case study exposed
in Section 4.1.1, it is possible to progressively modify the weights assigned to mass,
volume and fuel consumption to obtain all the possible solutions for the problem and
not only that corresponding to a specific set of weights, as the one previously used, α
= 0.6, β = 0.1 and γ = 0.3.

Figure 4.1.10a shows the mass, volume and fuel consumption of all the possible solutions
obtained by modifying the weights in steps of 0.05, thereby forming a Pareto frontier.
To enhance the understanding, solutions with the same color represent an equal fuel
consumption level. Although with this strategy there are more than 200 combinations
of weights, only 11 different solutions are achieved. Therefore, many combinations of
weights result in the same solutions. The resulting design vector of this 11 solutions
along with their corresponding power density, specific power and methanol consumption
as well as a typical set of weights for each one are listed in Table 4.1.11.

As can be seen in Figure 4.1.10a, the solution highlighted with a “Ti” label, Configu-
ration 1 in Table 4.1.11, presents notably different characteristics from the rest. This
solution is the design with the lower mass since it is obtained when mass relevance
in the design function is equal to 1. In fact, when the mass significance is slightly
reduced an alternative solution is reached, see Configurations 2, 3, and 4 in Table
4.1.11. The origin of the great distance between the “Ti” solution and the others in
the Pareto frontier is the use of Titanium as material for the BPs, while all the other
optimal designs use SS 430, as clearly shown by the values of matBP in Table 4.1.11.
This underscores that although Ti exhibits worse performance than SS 430 in DM-
FCs, in certain circunstances, i.e., when the mass of the device is the only important
thing, this poor performance could be offset thanks to its lower density. Even so, it
should also be taken into account that this is the stack with the highest volume and
fuel consumption. Thus, “Ti” configuration presents a power density of 95.7 kW·m−3

while the second worse value, Configuration 5, increases up to 138.6 kW·m−3. In the
same way, its methanol consumption is 77.97 mg·s−1, almost 1.4 times higher than the
second worst consumption value corresponding to Configuration 2 with 56.89 mg·s−1.
On the contrary, “Ti” configuration represents only a marginal improvement in terms
of specific power over the second best configuration in this concept, Configuration 2,
i.e., 40.6 W·kg−1 against 40.3 W·kg−1. Therefore, such a tiny improvement in specific
power could rarely compensate in a real application for the great disadvantages that
“Ti” configuration, Configuration 1 in Table 4.1.11, shows in relation to power density
and fuel consumption. For instance, comparing Configuration 1 with Configurations 2
and 3 summarized in Table 4.1.11, Configuration 1 presents an improvement of 0.75
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% in specific power, but, nevertheless, Configurations 2 and 3 show an increase in
power density of 55 % and a consumption reduction of more than 27 % compared to
Configuration 1.

Ti
a)

b) c)

d) e)

Figure 4.1.10: Pareto frontier obtained modifying the weights of the design
function (the best of 3 repetitions, 700 generations, 40 x 40 population and
4 % mutation). a) Mass, volume and fuel consumption of the different re-
sulting configurations; b) Detail of Figure 4.1.10a; c), d) and e) Projections
of the solutions on their corresponding planes. The different colors repre-
sent different levels of fuel consumption, in the same way bullet-shape dots
(•) are the 3D solutions while star-shape dots (∗) depict the projections of
the solutions on the corresponding planes.

Figure 4.1.10b depicts the mass, volume and fuel consumption of the optimal config-
urations that make use of SS 430 as material fo BPs, while Figures 4.1.10c, d and e
represent the projections of the solutions on the corresponding planes. An analysis of
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the solutions obtained by progressively modifying the weights of the factors shows that
the improvement of one factor among the optimal solutions leads to the worsening of at
least another. Hence, these configurations can be considered Pareto optimal solutions.
Since the variables that make up the design vectors are coded non-continuously and
many of them show discrete values, such as Nc, cna, cnc, bna, bnc, matBP , matEP or
marSC, the mass, volume and methanol consumption of the resulting configurations
are non-continuous functions. This can be clearly seen by means of methanol consump-
tion, which directly depends on the number of cells, Nc, that is a discrete variable. This
is the reason why different levels of methanol consumption can be observed in Figures
4.1.10c, d and e, highlighted with different colors.

Typically, the variations between those stacks that show the same fuel consumption,
i.e., the solutions highlighted with the same color in Figures 4.1.10c, d and e, which in
turn are divided into sets of three solutions such as the configurations (3, 6 and 8), (4, 7
and 9) and (5, 10 and 11) according with Table 4.1.11, are mainly owing to the change
in the material of the EPs as the weights of the objectives in the design function change.
In fact, the same thing happens in all three sets of solutions. When the relevance of the
stack volume is low compared to that of mass, the material used in the EPs is always Al
7075, see Table 4.1.11. However, as volume prevails over mass in importance, Ti-6Al-4V
becomes a better choice because its better mechanical properties result in thinner but
heavier EPs, thus reducing volume but increasing the mass of the final design. Finally,
if the volume is dominant over the mass factor, the material chosen for EPs in all cases
is SS 316L, since by presenting the best mechanical properties, see Table 4.1.2, it gives
rise to lower thicknesses that lead to lower volumes. It should be pointed out that the
use of PEEK as material for EPs is not a good option in any of the cases studied, there
is not a trade-off between its low density and its poor mechanical properties, giving rise
to thick plates.

Table 4.1.11: Design vectors of the 11 configurations that form the Pareto
frontier along with their corresponding power density, specific power and
methanol consumption as well as a typical set of weights for each one.

Variable Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6 Conf. 7 Conf. 8 Conf. 9 Conf. 10 Conf. 11

α 1 0.95 0.95 0.9 0.35 0.3 0.2 0.1 0.1 0.1 0.05
β 0 0.05 0 0 0 0.7 0.65 0.9 0.85 0.3 0.4
γ 0 0 0.05 0.1 0.65 0 0.15 0 0.05 0.6 0.55

Nc 52 45 42 41 37 42 41 42 41 37 37
δa (mm) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
δc (mm) 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.5 0.5
cna 6 6 6 6 6 6 6 6 6 6 6
cnc 9 9 9 9 9 9 9 9 9 9 9
bna 4 4 4 4 4 4 4 4 4 4 4
bnc 2 2 2 2 2 2 2 2 2 2 2
cta (mm) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
rta (mm) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
ctc (mm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ra (mm) 2.3 2.1 2.0 2.0 1.7 2.0 2.0 2.0 2.0 1.7 1.7
rc (mm) 2.3 2.1 2.0 2.0 1.7 2.0 2.0 2.0 2.0 1.7 1.7
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Power density
(kW·m−3)

95.7 148.7 148.7 148.5 138.6 151.3 150.9 153.5 153.3 141.2 143.7

Specific power
(W·kg−1)

40.6 40.3 40.3 40.2 37.4 39.1 38.9 36.9 36.7 36.2 34.0

Consumption
(mg·s−1)

77.97 56.89 55.06 54.47 53.15 55.06 54.47 55.06 54.47 53.15 53.15
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It is also interesting to see how the depth of the cathode channels does not always
reach the lower limit of the specified range, as it would be expected to minimize the
total mass of the resulting stack, a fact that does occur in the case of the anode. This
is associated with the fluid dynamic limitations imposed, and in particular with the
maximum allowable pressure drop specified by the decision-maker. This phenomenon
occurs in those configurations in which the BPs have a larger size, which leads to greater
lengths of the channels and therefore to greater pressure drops, see Configurations 5,
10 and 11 in Table 4.1.11 that have only 37 cells and therefore a higher catalytic area
for the same current. Likewise, as the number of cells increases, Nc, the volumetric
flow rates of reactants also increase according to eqs. 3.1.50 and 3.1.51, thus requiring
manifolds with a larger area that make it possible to manage these flows.

As can be seen in Table 4.1.11, all the resulting configurations maintain a similar fluid
field structure, in both anode and cathode sides, such that the values of cna, cnc,
bna, bnc, cta, rta and ctc are the same in all cases. This well-defined configuration
results in a low stack height, with the corresponding low pressure drop in the anode
side due to the gravimetric factor, and meets all dimensional constraints, both in terms
of fluid fields and the maximum dimensions of the plates. In fact, all solutions show
the same BP height but different base size, since the height is determined by the
number of channels and bends and the the width of channels and ribs. In the event
that any of the restrictions imposed on the maximum size of the plates are breached,
especially regarding the base dimension, modifications of the fluid field would possibly
be produced to adapt the size of the BPs to the requirements.

The solutions that form the Pareto frontier, excluding Configuration 1, exhibit power
densities and specific powers in the range of 138.6 kW·m−3 - 153.5 kW·m−3 and 34.0
W·kg−1 - 40.3 W·kg−1, as well as a methanol consumption between 53.15 mg·s−1 -
56.89 mg·s−1, respectively. This means that, taking as a starting point the worst value
of each of the three factors, the optimal designs in the Pareto frontier could suffer power
density, specific power and fuel consumption variations of 10.75 %, 18.53 % and 6.58
%, respectively, depending on the selected configuration. These wide ranges highlight
two fundamental points. On the one hand, the importance of the design of the DMFC
stacks to achieve optimal configurations. That is to say, it is necessary to have tools that
allow to obtain designs close to the Pareto frontier, since developing designs located in
the region dominated by this frontier would be a waste of resources and a reduction in
the competitiveness of the final product. Furthermore, as previously mentioned, it is
essential that such a tool can carry out optimization in the early stages of the DMFC
design to avoid wasting resources.

Regarding the mass of the stack elements, Figure 4.1.11 shows the mass distribution
of the different elements for the configurations that make up the Pareto frontier. In
general, the trend is similar to that shown in the case study. It can be seen for Con-
figuration 1 how the lower mass of the titanium BPs makes the rest of the elements
gain importance. In fact, the relative significance of MEAs also increases due to the
higher number of them, which in turn is due to the greater number of cells in the stack.
Additionally, as the material of the EPs changes from Al 7075 to Ti-6Al-4V and later
to SS 316L, the relative mass of the EPs is increasing, reaching almost 20 % when SS
316L EPs are assembled.
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Figure 4.1.11: Distribution of the masses of the different components for
the configurations in the Pareto frontier.

4.1.6 Influence of the design voltage in the set of optimal configura-
tions

In many cases, the design voltage is not a fixed value, but rather a range of possible
values that may depend, among other factors, on the main bus voltage or DC-DC
converter located after the fuel cell. Therefore, the design voltage could also be seen
as a design variable. However, this variable is not easy to include in the previously
described scheme since the exploration range of the number of cells should be adapted
as a function of the voltage, which would make the work of the operators that make up
the genetic algorithm difficult. On the contrary, it is not difficult to study this variable
later. Thus, to study the influence of the design voltage on the optimal configurations,
based on the case study described in Section 4.1.1, the design voltage will be modified
between 12 V and 15 V with steps of 0.5 V, obtaining the corresponding Pareto frontier
for each case. Subsequently, these Pareto frontiers are combined to obtain a single one
where only the non-dominated solutions of each of the previous frontiers are represented,
as can be seen in Figure 4.1.12. With this, a single global Pareto frontier is obtained
in which voltage is not a design parameter but rather a variable to be optimized.

In this case, the Ti BPs option disappears on the global Pareto frontier. Ti solutions
only appear in the Pareto frontiers obtained for the high voltages of the range under
study, i.e., 14 V, 14.5 V and 15 V. But on the contrary, there are solutions at lower volt-
ages, that is, a smaller number of plates but with a greater area, which using stainless
steel have a lower mass than the solutions with Ti, even when mass is the only factor
considered (α = 0). In general, for the same fuel consumption, the optimal solutions
are again obtained by triples in which the fundamental difference is the material of
EPs. This is so, except in solutions with higher mass and lower consumption where the
Pareto frontier takes a more complex shape.
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a)

c) d)

b)

Figure 4.1.12: a) Global Pareto frontier, representing mass, volume and fuel
consumption of the non-dominated optimal configurations obtained for 7
different design voltages by modifying the weights of the design function; b),
c) and d) Projections of the non-dominated solutions on their corresponding
planes. In this case, the colors represent the different voltage designs.

As can be seen in Figure 4.1.12, considering the voltage as a variable allows better
solutions to be reached with respect to those contained in the Pareto frontier obtained
for a single voltage. In terms of power density, the maximum and minimum values go
from 153.5 kW·m−3 and 95.7 kW·m−3 for a single voltage of 12 V, see Table 4.1.11, to
156.9 kW·m−3 and 140.3 kW·m−3 on the global Pareto front. This represents a 2.2 %
improvement over the maximum achievable power density and a 46.6 % improvement
over the lowest power density. This last improvement is mainly due to the change of
material of the BPs when the lowest possible mass is sought, or in other words, the
highest specific power. In the same way, the maximum and minimum specific power
in the case of a single voltage, see Table 4.1.11, are 40.6 W·kg−1 and 34.0 kW·m−3

respectively, while when voltage is considered as variable they are 41.2 kW·m−3 and
34.0 kW·m−3. This is an improvement of 1.5 % in the maximum specific power, while
for this case study the minimum remains constant. Finally, it is also possible to improve
both the maximum and the minimum fuel consumption by going from 77.97 mg·s−1 and
53.15 mg·s−1 for a fixed voltage to 57.64 mg·s−1 and 53.14 mg·s−1 for the global Pareto
frontier, which represents a reduction of 26.1 % and 0.02 %, respectively. Therefore, the
three characteristics are improved both in their maximum and minimum values while
the decision maker has a greater number of options. In this sense, it should be noted
that for a single voltage there were only 11 possible configurations, see Figure 4.1.10
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and Table 4.1.11 in the corresponding pareto front, while now the front is composed of
35 configurations.

This global Pareto frontier, in which the voltage is considered as a variable instead of
as an input parameter, can act as an aid or guide in the decision-making process during
the conceptual and preliminary stages of stack design, since they represent a detailed
view of all possible optimized configurations.

4.2 Bipolar plate materials for DMFCs

4.2.1 Uncoated materials

In this section, the results of the seven thermoplastic polymers subjected to long-term
experiments in simulated medium are exposed. Subsequently, the most appropriated
ones for three different applications, namely: stationary, portable and UAV, are selected
by means of four multi-criteria decision-making methods.

4.2.1.1 Physicochemical characterization

4.2.1.1.1 Initial conditions

Before starting the long term experiment, different properties of all samples, such as
mass, dimensions, density and hardness, are measured to compare the results after
the experiments, the average values of these properties and their standard deviations
(in parentheses) are summarized in Table 4.2.1. In the same way, mass, volume and
density properties are also shown in Figure 4.2.1, while hardness is shown in Figure
4.2.2. As can be seen, both mass and volume values show a tiny standard deviation in
all cases which entails the samples of each material are quite similar and therefore the
3D printing method is repeatable in this sense. In addition, the volume of the different
materials is also similar.

According to their densities, the materials can be sort out as: CPE > PC > PLA >
TPU 95A > CPE+ > Nylon > ABS.

Regarding the hardness of the samples at initial time, Figure 4.2.2 reveals that ABS,
CPE, PLA and TPU 95A samples show a slightly higher hardness on their bottom faces
than in their corresponding upper faces, with differences between 0.7 and 2.8 Shore D
degrees, indicative of a slight anisotropy derived from the manufacturing process. By
contrast, PC samples display a homogeneous and similar hardness on both sides with
variations of only 0.2 points in Shore D scale between them, while the hardness of
the upper face of Nylon and CPE+ samples are notably higher to that of the bottom
face. In this sense, CPE+ exhibits a difference of 4.7 Shore D degrees in the average
hardness of both sides of the samples, reflecting the appearance of a high anisotropy
during the 3D printing process. However, the hardness standard deviations of each
face of CPE+ samples are comparable to those of the other materials. For its part,
Nylon is the most irregular material regarding the hardness among those studied. This
atypical behavior is clearly reflected in the extreme anisotropy between both sides of
the samples, with a difference of 10.2 Shore D degrees in the average hardness values.
In addition, the standard deviation of the bottom face of the Nylon’s samples is 5 times
higher than common values, confirming that the irregular behavior is not restricted to
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Table 4.2.1: Average initial values of the different properties of the materials
under study and their standard deviations (in parentheses).

Polymer Mass (g) Volume (cm3) Density (kg·m−3)
Hardness (Shore D scale)
Upper face Bottom face

ABS
1.90105

(0.01584)
1.988

(0.0048)
956.2
(6.9)

69.0
(0.5)

71.8
(1.2)

CPE
2.46287

(0.01032)
2.013

(0.0077)
1223.0
(3.0)

73.9
(0.8)

74.6
(0.8)

CPE+
2.28945

(0.02127)
2.037

(0.0099)
1124.0
(11.1)

75.9
(1.0)

71.2
(1.8)

Nylon
2.16117

(0.02129)
2.027

(0.0126)
1066.0
(12.8)

74.5
(1.2)

64.3
(5.1)

PC
2.40313

(0.00663)
2.006

(0.0107)
1198.0
(5.4)

81.9
(0.4)

81.7
(0.9)

PLA
2.33975

(0.01861)
1.987

(0.0048)
1177.0
(8.8)

80.3
(1.6)

81.2
(1.4)

TPU 95A
2.23751

(0.03294)
1.947

(0.0071)
1149.0
(16.1)

47.9
(1.5)

50.0
(1.1)

Figure 4.2.1: Mass, volume and density of the different thermoplastic mate-
rials before starting the experiments. The bars represent the corresponding
average values while the error bars correspond to the standard deviation of
the measurements in each case.
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Figure 4.2.2: Hardness measurements of the different polymeric materials
before starting the experiments. The bars represent the average hardness
values while the error bars correspond to the standard deviation of the
measurements in each case.

the direction from one to another side of the samples but also exists in the same face.
This highlights the difficulty to properly print some materials such as Nylon in order
to obtain components with homogeneous characteristics.

4.2.1.1.2 Solution absorption

The absorption of liquids by polymers, especially water, can lead to several damages in
the materials, thereby changing their properties and composition. Thus, it can cause
chemical degradation due to hydrolysis, dimensional and mass changes, dissolution of
soluble compounds or changes in electrical and mechanical properties. Indeed, water
acts in most cases as a plasticizer for polymers, decreasing their strength and glass
transition temperature. In DMFCs, the solution absorption is a factor that must be
considered in the selection of materials for their bipolar plates because in this applica-
tion the polymers would be in constant contact with a methanol solution. Therefore,
the absorption of liquids should be as low as possible to prevent possible chemical
degradation, mass increase of the polymers and dimensional changes of the BPs that
could lead to leakage problems.

In this sense, Figure 4.2.3 presents the percentage of the solution absorbed by the
different thermoplastic polymers immersed over 24 h in the simulated solution at 60 ◦C
in such a way that the ranking of the materials according to their solution absorption
capacity is as follows: PC < CPE < CPE+ < PLA < TPU 95A < ABS < Nylon.
Thus, PC is, by far, the material with the lowest solution absorption with only 0.19 %
of mass change while Nylon shows an extreme absorption capacity, increasing its mass
by 5.87 %.
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Figure 4.2.3: Percentages of absorbed solution for the different polymers
under study immersed over 24 h in the simulated solution at 60 ◦C.

4.2.1.1.3 Hardness

Hardness measurements are simple to perform technically, are affordable and at the
same time can provide a meaningful information on the condition of the material sur-
face. Thus, by carrying out this kind of measurements throughout a process it is
possible to track the evolution of the surface over time. In this regard, Figure 4.2.4
shows the hardness measurements of the different polymers under study throughout
the long-term experiment. The horizontal bands in it represent the hardness value
ranges of the samples of each material at the starting time (t = 0) so that the mauve
band is related to the hardness of the upper sides of the samples while pale pink band
is associated with the bottom face of the samples. The purple band in some of the
graphs is caused by the overlap of the two previous bands. Additionally, since several
measurements are carried out in each face of each sample, the lines plotted in Figure
4.2.4 depict the average hardness value of the corresponding measurements while the
error bars represent the maximum and minimum values.

From Figure 4.2.4 stands out the sudden and unexpected suspension in PLA measure-
ments after only 7 days of experiment. After 15 days, the PLA samples look severely
cracked in such a way that those that should have been measured at that date broke
when the hardness measurements are performed due to their severe degradation. For
this reason, there are not measurements for PLA samples after the 7th day. Moreover,
from that day forth, the remaining PLA samples are not subjected to the hardness test
in order to preserve them for the mass change study.

Regarding the remaining materials, TPU 95A and especially Nylon experience a re-
markably shrink in their hardness over time in comparison with the starting values.
TPU 95A samples seems to undergo a progressive hardness reduction during the first
days. Thus, after 24 h around 5 Shore D degrees are lost, while from 1 to 15 day
approximately 2.5 more degrees are reduced in both sides of the samples. By contrast,
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Figure 4.2.4: Hardness measurements of the different thermoplastic poly-
mers throughout the long-term test. The shaded bands represent the initial
hardness ranges of all samples of the corresponding materials. The bars on
the graphs correspond to the maximum and minimum measured values and
the points indicate the average values of the corresponding measurements.
(BFH = Bottom Face Hardness; UFH = Upper Face Hardness). “Removed
samples” refer to those samples taken from the solution and not returned
to it, while “resident samples” allude to those that always return to the
solution after measurements.
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the decrease of hardness in Nylon samples seems to take place during the first few
hours since after only 24 h the samples already experience an enormous contraction
of the hardness, close to 20 degrees in Shore D scale, and thereafter the values keep
constant during the rest of the experiment. This severe reduction of the hardness in
Nylon samples could be mainly due to the fact that its glass transition temperature,
50 ◦C according to the data sheet provided by the manufacturer, is exceeded in the
experiment. Likewise, in both cases, TPU 95A and Nylon, it is possible that other
physical and chemical degradation processes also take place. In Figure 4.2.4 it can be
also seen how the anisotropy between the faces of the Nylon samples persists through-
out the entire experiment with 10 Shore D degree differences in average between sides.
Furthermore, the error bars of Nylon measurements as well as the variability are still
higher in the lower face of the samples.

For its part, CPE shows a dissimilar behavior between the upper and bottom faces of the
samples in such a way that bottom faces keep their hardness constant within the initial
hardness range while the bottom faces suffer a light hardness shrinkage of approximately
4 Shore D degrees on average. These results suggest a possible underlying anisotropy
between the faces of the samples that could not be determined at the beginning of the
experiment.

Finally, ABS, CPE+ and PC behave similarly concerning hardness progress over time
so that almost all measurements are within their starting ranges and those that come
out of them are only by 2 degrees in Shore D scale or less. Nonetheless, these polymers
are clearly those with the smallest variations along the experiment with respect to the
starting values, although they also seem to experience a light hardness reduction over
time on both faces of the samples.

4.2.1.1.4 Dimensional stability

The dimensional stability of those materials used for assembly fuel cells is a key factor
to ensure the proper operation of the device, otherwise different problems could arise.
For instance, leakages due to shrinkage through the plane of the bipolar plates or
overpressure in the electrodes of the membrane electrode assembly due to the expansion
through the plane of the material. Leakages may also occur caused by the expansion
or contraction in the plane of the bipolar plates or changes in the cross-section of the
channels in the bipolar plates that could lead to unever distribution of the reactant and
changes in the pressure drop. In this context, the percentage variations in thickness
and surface of the materials under study over time are set out in Figures 4.2.5 and
4.2.6, respectively. The “a)” graphs of the previous figures represent all the data while
“b)” graphs are the same as “a)” but rescaled to retain information on those materials
with slight dimensional changes. It should be mentioned that, in both figures, there are
only data of PLA until day 30th because in the following days the severe degradation
of the samples led to their break when, by means of tweezers, they were taken out from
the solution.

As far as the dimensional stability over time is concerned, the materials pose a great
variety of behaviors. Starting with PLA and CPE, these polymers present a positive
thickness change which means that samples increase their thickness, but not in the
same way. PLA exhibits a quite constant and time-independent percentage change
while CPE samples increase their thickness nearly linearly over time. So, although
PLA undergoes the highest initial thickness change, more than a 10 % in the first day,
CPE experiences a greater long-term thickness variation, showing an increase of up
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a) b)

Figure 4.2.5: Percentage variations of the thickness over time of the poly-
meric materials under study. a) All values; b) Detail of Figure 4.2.5a to
assess the performance of polymers with a lower thickness changes.

to a 40 % after 90 days. By contrast, the surface of both materials shrinks almost
linearly during the experiment, up to 30 % reduction in the case of CPE after 90
days. Once again, PLA experiences the greatest initial variation of surface area, 10 %
decrease after the first 24 hours. Thus, these outcomes corroborate the anisotropy of
the samples of these materials suffered during the experiments, especially in the case of
CPE. Nonetheless, despite the overdone dimensional variation of CPE, the change of
samples volume is only slightly positive, which could be related to thermal expansion
of the material. By contrast, PLA does suffer a progressive loss of volume, although
initially it presents a slight swelling.

Unlike, CPE and PLA, TPU 95A substantially shrinks both its thickness and surface
over time, and therefore, also its volume. However, these reductions do not follow a
linear trend, but both reach an asymptotic shrink after 30 days with values close to 10
% and 5 % for thickness and surface changes, respectively. In fact, according to Figure
4.2.5, TPU 95 A is, together with CPE, the only polymers that keep a substantial
thickness change after 90 days. Likewise, the volume shows a reduction of up to a 16
% after 90 days. In this sense, it seems that the degradation process is not unlimited,
or at least, it notably reduces its significance with time. Typically, polymer materials
immersed in solutions are prone to swell as a result of the solution absorption, however,
the unusual behavior of TPU 95A might be partially due to a high degradation rate in
such a way that the material mass loss is more important than swelling. In addition,
this asymptotic behavior is consistent with the hardness measurements shown in Figure
4.2.4.
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The performance of Nylon is quite different from that of the other materials under study.
Initially, a sudden positive thickness change takes place, around 2 % after the first day,
but then it shows a decreasing trend, changing to negative values after 30 days. This
might be explained by a complex relationship between the swelling of the samples, that
cause an increase in thickness, and their loss of mass, which reduces it, so that their
relative significances vary over time. Thus, swelling is initially dominant but finally the
degradation turns out more important. To conclude the analysis, ABS is practically
immune to modifications in the thickness of its samples, roughly 0 % throughout the
entire experiment. It is noteworthy that the uncertainties in the thickness percentage
obtained by the propagation of errors are close to ABS values, so the fluctuations
around 0 % are within the error of the measurements. In the same way, ABS, PC and
CPE+ suffer a small reduction of the surface over time, with only 1 % variation after
90 days in the worst case.

a) b)

Figure 4.2.6: Percentage variations of the surface area over time of the
polymeric materials under study. a) All values; b) Detail of Figure 4.2.6a
to assess the performance of polymers with a lower surface changes.

4.2.1.1.5 Degradation rate

Figure 4.2.7a shows the degradation rate curves of the materials estimated according
to eq. 3.2.4. In the same way, Figure 4.2.7b is a magnification of the previous one, the
same abscissa axis but a ordinate axis with higher resolution, in order to display more
clearly the information from those materials with a low degradation rate.

In general, the degradation rate of all polymers declines over time, with the exception
of Nylon and PLA. In the first 7 days of the experiment, the PLA samples progress
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in accordance with the general pattern, but the sample to be tested on day 15 breaks
when it is removed from the solution. Hence, this datum is not included in the chart.
On the next measurement day (day 30), the corresponding PLA sample can be tested,
but it is severely damaged with many cracks running from the edges into the sample
and has undergone a significant loss of mass. From then on, it is not possible to make
further measurements on PLA samples because they break when removed from the
solution due to their severe degradation.

Regarding Nylon, its degradation rate decreases over the first month, but then it under-
goes a change in trend that results in a slight increase. This is attributable to a severe
degradation suffered by the samples after 30 days exposed to the simulated solution.
In fact, after two months the underside of the immersed samples has acquired a gritty
texture.

Probably both polymers, PLA and Nylon, suffer a hydrolytic degradation process as
a result of their close and continuous contact with the simulated solution [521–523].
This phenomenon is exacerbated with increasing temperature, the solution is at 60 ◦C,
decreasing the pH of the medium because H3O+ ions speed up the corresponding reac-
tions. In the case of PLA, this process leads to the hydrolysis of the ester bond of the
main chain while for Nylon the amide linkages are those that suffer the break. Hydrol-
ysis produces a decrease in the molecular weight of the polymer, thereby compromising
its properties. It should be noted that the plasticization of the polymer chains may
also have a notable role in the degradation of these two polymers.

According to Figure 4.2.7b, the remaining materials present a decreasing and asymp-
totic degradation rate in such a way that in the end the variation of the mass is constant
over time, but different for each material. Thus, TPU 95A exhibits a higher degrada-
tion rate than ABS, PC, CPE+ and CPE. Furthermore, the performances of CPE+
and CPE are quite similar, as in the case of ABS and PC. These latter two polymers
show the lower degradation degree among the studied materials with a degradation
rate after 90 days of around 0.1 m.d.d.

a) b)

Figure 4.2.7: Degradation rates of the polymers under study estimated
according to eq. 3.2.4. a) All measurements; b) Enlargement of Figure
4.2.7a to assess the behavior of polymers with a small degradation rate.
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4.2.1.1.6 FTIR analysis

An analysis of FTIR spectra of the samples immersed in the simulated solution is
performed to determine their possible chemical degradation over time that would be
associated with the emergence, shift or disappearance of their corresponding bands. For
comparative purposes, all spectra are subjected to a baseline correction by subtracting
the mean value in the range 1800 - 2200 cm−1, region in which it does not absorb any
of the polymers under study.

a) b)

c) d)

Figure 4.2.8: FTIR spectra of the materials with no significant chemical
degradation: a) ABS; b) CPE; c) CPE+; d) PC. The broad band that
appears around 3300 cm−1 corresponds to the absorbed water, different
water absorption degree may lead to absolute absorbance variations. The
vertical segment included in the charts is a reference to absorbance scale.

The spectrum morphology of some materials such ABS, CPE+, CPE and PC remains
unchanged, in terms of vibration frequency and relative band intensity, regardless of the
immersion time. However, the absolute absorbance of the bands does vary, which may
be simply associated with a change in the amount of material crossed by the radiation,
caused by the roughness of the corresponding sample surface. In this respect, the
different amount of absorbed water in the samples may also lead to variations in the
absolute absorbance between samples of a material, even if their chemical compositions
are the same, see Figure 4.2.8.

By contrast, and as can be seen in Figure 4.2.9, there are materials, such as Nylon, PLA
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and TPU 95A, that undergo changes in the relative intensity and frequency of their
bands over time, even with the emergence and mitigation of bands. In these cases, it is
postulated a severe chemical degradation of the original material with the immersion
time. This disappearance and appearance of bands may be clearly appreciated in the
spectra of Nylon and TPU 95A shown in Figure 4.2.9. PLA spectra are not depicted
due to the poor signal-to-noise ratio in the wave number range under study and to the
extreme physical degradation of some samples, forcing the use of sample powder for
measurements. These outcomes are in line with the degradation rate values previously
determined. It seems that the materials with the highest degradation rate are those
that experience a severe chemical degradation.

a) b)

Figure 4.2.9: Chemical degradation of the material surface: a) TPU 95A;
b) Nylon. Arrows mark those bands that change depending on the immer-
sion time of the samples. The vertical segment included in the charts is a
reference to absorbance scale.

4.2.1.2 Thermoplastic materials selection for three different DMFC appli-
cations

In this section, four MCDM methods are applied in order to select the most appropri-
ate thermoplastic materials for use in DMFC with different purposes. In particular,
three possible applications of DMFCs are assessed: 1) stationary, 2) portable, e.g., in a
smartphone, and 3) on board of an unmanned aerial vehicles (UAVs). The thermoplas-
tic polymers under study are those previously tested, except for PLA due to its undue
degradation under DMFC-simulated conditions.

To encourage the commercialization of DMFCs, they should reduce their cost and
improve their power density whereas raising their lifespan and guaranteeing proper
operation throughout it. For these reasons, the criteria chosen for decision-making
should cover the following factors: economy, mass, durability and operability.

The economy factor is defined by one criterion:

• Cost (C): the cost of the material.

Two criteria are used to assess the mass factor:

• Density (D): it is related to the mass of the stack, which is a critical feature for
some fuel cell applications.



4.2. BIPOLAR PLATE MATERIALS FOR DMFCS 197

• Solution absorption (SA): the percentage of solution absorbed by the correspond-
ing polymer after 24 hours immersed in the simulated solution at 60 ◦C. It can
cause an increase in the mass of the components with the operating time as well
as their internal degradation.

The criterion associated with the durability factor is:

• Degradation rate (DR): the degradation rate of the material after 90 days im-
mersed in the simulated solution is considered. This criterion is tied to the lifespan
of the components and therefore to that of the device.

The operability factor consists of three criteria:

• Flexural strength (FS): it is taken into account in order to ensure the mechanical
stability of the corresponding polymeric components.

• Thickness change (TC): the percentage change in thickness after 90 days im-
mersed in the simulated solution. It is linked to the dimensional stability of the
components throughout their service life.

• Surface change (SC): the percentage change in surface area of the material after 90
days immersed in the simulated solution. As the change of thickness, this criterion
also measures in certain degree the dimensional stability of the corresponding
components throughout their service life.

Table 4.2.2 presents the decision matrix of the problem with the corresponding values
of the criteria for each material. It is worth noting that cost, density and flexural
strength are criteria considered by the United States Department of Energy within its
technical targets for BPs of PEMFC. The values associated with density, degradation
rate, solution absorption and thickness and surface changes are obtained from previous
experimental results whereas cost and flexural strength of the polymers are taken from
the manufacturers specification sheets [524]. Among all these criteria, only flexural
strength is a beneficial criterion while the others are cost criteria.

The rankings of the materials, obtained by means of the four MCDM techniques, for
the three cases under study are shown in Figure 4.2.10.

Table 4.2.2: Decision matrix of the material selection problem (C = Cost;
D = Density; SA = Solution Absorption; DR = Degradation Rate; FS =
Flexural Strength; TC = Thickness Change; SC = Surface Change).

Material Criteria
Economy Mass Durability Operability

C
(e·kg−1)

D
(kg·m−3)

SA
(24 h)

DR
(m.d.d.)

FS
(MPa)

TC SC

ABS 50.60 956 1.59 0.129 70.5 0.299 0.602
CPE 55.33 1223 0.47 0.172 79.5 38.743 30.179
CPE+ 55.33 1124 0.50 0.211 79.5 2.277 1.237
Nylon 74.65 1066 5.87 18.995 24.0 2.241 3.676
PC 74.65 1198 0.19 0.066 111.0 0.935 0.977
TPU 95A 81.32 1149 1.22 1.855 4.3 11.793 5.752
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Figure 4.2.10: Comparative material rankings for: a) Case 1: DMFCs
for stationary applications; b) Case 2: DMFCs for portable applications
(smartphones); c) Case 3: DMFCs on board of an unmanned aerial vehicles.

4.2.1.2.1 Case 1: DMFCs for stationary applications

The weights of the criteria estimated for this case by using the AHP technique are:
wC = 0.392, wD = 0.022, wSA = 0.022, wDR = 0.214, wFS = 0.070, wTC = 0.153,
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wSC = 0.126. Likewise, the corresponding values of λmax and CR are 7.41 and 0.050,
respectively. Therefore, the cost is the dominant criterion in this application with
39.2 % significance, followed by the degradation rate with 21.4 % significance and
finally by operative criteria that could jeopardize the lifespan of the device. Owing to
the stationary use of the posed DMFC, the relevance of the criteria associated with
mass factor is negligible, representing between both criteria, i.e., density and solution
absorption, less than 0.1 %. Similarly, since a stationary stack is not subjected to loads,
forces or movements, the only stress is that associated with the clamping of the BPs,
so the weight of the flexural strength is tiny.

The scores of the materials in each method and the associated rankings are summarized
in Table 4.2.3.

As shown in Figure 4.2.10a, there is a strong consensus among all the MCDM techniques
which conclude that ABS is the preferred material for use in stationary DMFCs. This
is arguably due to the fact that ABS works well in the criteria with the greatest impact
on the problem, see Table 4.2.3, as in terms of cost and dimensional stability it is the
best material and in relation to the degradation rate ranks the second. Despite the
unanimous selection of ABS, the order of the other polymers depends on the MCDM
method under consideration, as shown in Table 4.2.3 and Figure 4.2.10a, so that the
classification obtained by COPRAS and TOPSIS is the same, while AHP and SAW
provide identical rankings. It should be noted that, as opposed to the other methods,
the scores generated by TOPSIS for the first two materials, Table 4.2.3, i.e., ABS (CC∗

= 0.945) and CPE+ (CC∗ = 0.938), are quite close to each other.

Table 4.2.3: Scores and rankings of the MCDM methods for Case 1: DMFCs
for stationary applications.

Material AHP COPRAS SAW TOPSIS
MSI Rank QR Rank PI Rank CC∗ Rank

ABS 0.335 1 0.286 1 0.850 1 0.945 1
CPE 0.139 4 0.080 5 0.521 4 0.542 5
CPE+ 0.167 3 0.247 2 0.585 3 0.938 2
Nylon 0.069 5 0.061 6 0.344 5 0.439 6
PC 0.251 2 0.218 3 0.717 2 0.831 3
TPU 95A 0.040 6 0.108 4 0.294 6 0.705 4

4.2.1.2.2 Case 2: DMFCs for portable applications (smartphones)

The criteria weights obtained by applying the AHP method are: wC = 0.061, wD =
0.109, wSA = 0.033, wDR = 0.201, wFS = 0.020, wTC = 0.287, wSC = 0.287 and the
corresponding values of λmax and CR are 7.44 and 0.054, respectively. In this case,
the most decisive criteria are those relative to dimensional stability with a combined
significance higher than 55 %. This can be argued based on the stringent restrictions
inherent to small portable devices. Additionally, dimensional variations may lead to
leaks of the aqueous methanol solution that damage nearby electronic components and
may pose a safety risk. Since most portable devices are intended to be used over
a long period of time, the degradation rate, which is linked to the lifespan of the
material, is also a criterion to take into account. Unlike the stationary study case, in
this application the mass gains importance due to the portable nature of the device, so
that density has a significance of 10.9 %. Regarding the flexural strength, once again it
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is considered a negligible criterion because it is assumed that the portable devices are
properly protected. Finally, the weight of cost and solution absorption is also close to
zero because the influence of these criteria is negligible in small DMFCs, such as those
used in portable devices.

The scores of the polymers in each MCDM methods and the corresponding rankings
are summarized in Table 4.2.4.

As shown in Figure 4.2.10b, in this case, there is unanimous agreement on the three
most suitable materials for its use in DMFCs for portable devices, being from the best
to the worst: ABS, PC and CPE+. In this case, ABS is the best material in three out
of the four key criteria, see Table 4.2.4, specifically in density, thickness change and
surface change. Furthermore, it shows the second-best value in the remaining criteria,
degradation rate. Again, COPRAS and TOPSIS obtain the same ranking. In fact, as
in the previous case, TOPSIS technique generates quite similar scores for the first three
materials, ABS (CC∗ = 0.980), PC (CC∗ = 0.968) and CPE+ (CC∗ = 0.961).

Table 4.2.4: Scores and rankings of the MCDM methods for Case 2:
portable applications.

Material AHP COPRAS SAW TOPSIS
MSI Rank QR Rank PI Rank CC∗ Rank

ABS 0.347 1 0.334 1 0.865 1 0.980 1
CPE 0.071 5 0.032 6 0.255 4 0.342 6
CPE+ 0.142 3 0.237 3 0.417 3 0.961 3
Nylon 0.094 4 0.046 5 0.231 5 0.635 5
PC 0.293 2 0.275 2 0.652 2 0.968 2
TPU 95A 0.053 6 0.078 4 0.179 6 0.780 4

4.2.1.2.3 Case 3: DMFCs on board UAVs

In this last case, the weights of the criteria are: wC = 0.019, wD = 0.304, wSA =
0.228, wDR = 0.079, wFS = 0.046, wTC = 0.162, wSC = 0.162, with λmax and CR
associated values equal to 7.30 and 0.037, respectively. This means that mass is the
dominant factor, as expected devices intended to operate in aircraft, and in particular
in UAVs. Therefore, the density of the material and its absorption capacity, a high
value of solution absorption leads to a rise in stack mass with use, are the main criteria
with a combined significance of 53.2 %. Besides mass, dimensional stability was also
considered important by experts, arguably because it may affect the reliability of the
DMFC, leading to safety issues. Due to the typical military purpose of UAVs, cost and
degradation rate, which is related to an extra cost in case the material suffered a rapid
degradation, are insignificant. Furthermore, the experts considered that the flexural
strength also has a minute influence in this case.

The scores obtained by the MCDM methods for each material and the corresponding
rankings are summarized in Table 4.2.5.

According to Figure 4.2.10c and Table 4.2.5, a priori, there does not seem to be a
preferred candidate. In this sense, although ABS exhibits again the best performance
in three out of the four key criteria, in this case, it only ranks first in AHP. On the
contrary, PC that shows the best value in the remaining main criteria is, however, the
preferred material for the COPRAS and SAW methods. For its part, TOPSIS considers
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that the CPE+ is the best material. In addition, AHP and TOPSIS determine that PC
is the second-best material. Since there is no consensus between the techniques used,
it is appropriate to develop a new and unique ranking based on the results obtained
in order to make a decision. Assuming all MCDM techniques are equally relevant,
one option is to generate a new ranking in which the scores are obtained by adding
the positions of each polymer in the previous rankings, so that the material with the
lower new score is the preferred material. Under this approach, PC would be the most
suitable material with a score of 6 points because it is the first classified in SAW and
COPRAS (one point in each one) and the second in the other two methods. Followed
by CPE+ and ABS with 9 points each one.

Table 4.2.5: Scores and rankings of the MCDM methods for Case 3: DMFC
on board of an UAVs.

Material AHP COPRAS SAW TOPSIS
MSI Rank QR Rank PI Rank CC∗ Rank

ABS 0.309 1 0.218 3 0.744 2 0.843 3
CPE 0.091 5 0.071 5 0.415 4 0.492 5
CPE+ 0.147 3 0.244 2 0.520 3 0.923 1
Nylon 0.108 4 0.068 6 0.351 5 0.474 6
PC 0.274 2 0.276 1 0.760 1 0.920 2
TPU 95A 0.071 6 0.123 4 0.326 6 0.769 4

Figure 4.2.10 reveals that Nylon, CPE and TPU 95A are the last ranked materials
in the three cases. As the decision matrix shows, Table 4.2.2, CPE has significant
drawbacks relative to dimensional stability and density. Likewise, Nylon experiences
an excessive solution absorption and degradation rate, probably related to each other,
as well as a poor dimensional stability. Regarding TPU 95A, its high cost, poor di-
mensional stability and reduced flexural strength hamper its chances of being selected.
Additionally, as can be seen in Tables 4.2.3, 4.2.4 and 4.2.5, the scores attributed by
the MCDM techniques to these materials are far from those of the first three ranked.

4.2.2 Coated materials

Once it has been verified that ABS and PC are the best materials for different appli-
cations, it is essential to ensure that these materials conduct electricity in order to be
used as plates in DMFCs. This section analyzes the results of the ABS and PC samples
coated with Au by sputtering.

4.2.2.1 Characterization of coated materials

4.2.2.1.1 Water contact angle

Figure 4.2.11 shows the results of the wettability measurements. As can be seen in
Figure 4.2.11a, in general an increase of the sputtering time, and therefore the Au
deposited mass, in turn causes an increase in the contact angle, both in ABS and PC.
In this way, the wettability of the samples decreases with the sputtering time, thereby
resulting in an easier removal of the water generated at the cathode. Similarly, in the
range of sputtering times studied, ABS always presents a greater contact angle than
those of the corresponding PC samples. This can be clearly seen in Figure 4.2.11b,
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where the contact angles of the samples after 60 s are plotted, and comparing the real
images of the droplets onto the samples shown in Figures 4.2.11c and 4.2.11d. Thus,
Au sputtering ABS samples exhibit lower affinity for water than PC.

ABS-Uncoated
72.67 °

ABS-30
77.19 °

ABS-60
85.33 °

ABS-90
88.61 °

ABS-120
91.15 °

PC-Uncoated
66.65 °

PC-30
66.78 °

PC-60
72.04 °

PC-90
76.59 °

PC-120
82.78 °

a)

c)

d)

b)

Figure 4.2.11: Wettability measurements of the Au coated ABS and PC
samples. a) Progress of the contact angle of the different samples over the
first 5 min; b) Contact angle of the samples after 60 s of testing; c) Contact
angles of the ABS samples after 60 s of testing; d) Contact angles of the
PC samples after 60 s of testing.

This behavior with the sputtering time is probably related to the modification of the
interaction between the surface and the droplet due to changes in the surface nanos-
tructure and in its roughness. In this sense, because of the nature of the Au sputtering
deposition technique, it is possible that a better nanostructure is achieved with a higher
roughness, thereby leading to a lower affinity for water.

Even so, as can be seen in Figure 4.2.11b, the variation rate of the angles over deposition
time is practically linear and the same for both, the ABS and the PC, with a variation
rate around 0.14 - 0.16 ◦·s−1. This means that for the sputtering times assessed, the
polymeric substrate plays a fundamental role in wettability.
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It should be also underlined that, as can be seen in Figure 4.2.11a, all samples show a
reduction in the contact angle over time of the experiment. This could be associated
with the progressive absorption of the droplet inside the samples due to the water
absorption of the polymer by itself and the matrix structure resulting from the fused
deposition modeling (FDM) process. However, the angle reduction rate is not the same
in all samples. In this way, all PC samples show a similar change rate, 0.88 ◦·min−1, 0.87
◦·min−1, 0.64 ◦·min−1, 0.97 ◦·min−1 and 0.92 ◦·min−1 for PC-Uncoated, PC-30, PC-60,
PC-90 and PC-120, respectively. On the contrary, ABS samples present a reduction
of the change rate when sputtering time increases, so that the corresponding rates
are 0.88 ◦·min−1, 0.80 ◦·min−1, 0.70 ◦·min−1, 0.68 ◦·min−1 and 0.66 ◦·min−1 for ABS-
Uncoated, ABS-30, ABS60, ABS-90 and ABS-120, respectively. Therefore, it seems
that, in the case of ABS, an increase of the sputtering time leads to a lower absorption
rate, maybe due to the enhancement of the impermeability of the basis polymer along
with the correction of manufacturing faults and the improvement of the nanostructure.
Nevertheless, these effects are not so clear in PC samples.

In addition, as shown in Figures 4.2.11c and 4.2.11d, the software developed to detect
the edge of the droplets and to match such edge to a circle, determining finally the
contact angle, works properly.

4.2.2.1.2 SEM characterization

SEM microphotographs at three different magnifications of ABS and PC samples coated
by sputtering over 60 s on each side are shown in Figure 4.2.12. The sputtering leads
to the formation of a continuous Au layer onto both materials. However, as can be
seen at all magnifications, the layer onto ABS exhibits a higher roughness than the
PC sample, both at micro- and nano-scale. At low magnifications (x20000), the ABS
layer undergoes greater plane changes and seems to present a roughened profile in each
plane compared to PC. Likewise, at high magnifications (x100000), ABS shows granular
structures which leads to a roughness nanostructure of the Au layer, while in the PC
sample it is possible to appreciate only a smooth plane. It should be noted that the
cracks that can be seen at x50000 and x100000 magnifications in both materials are
likely caused by heat concentration during the microscopy.

The results are in good agreement with the previous wettability measurements since
a higher roughness at nano-scale level may produce a lower wettability and therefore
higher contact angles, as in the case of ABS.

4.3 Electrodes for DMFCs and IGFCs

The objective pursued by this section is to analyze the characteristics of the two sets
of prepared electrodes, A - IGFC and B - DMFC. In this sense, the functionality of the
developed electrochemical cell, the deposition method and the test bench designed are
studied by means of the electrode set A - IGFC. For this, the roughness factor (RF)
results are compared with those previously reported in the literature. Afterwards, the
influence of 3 parameters related to the electrode preparation procedure on the rough-
ness factor and the electrochemical active surface area (ECSA) is analyzed by means of
the electrode set B - DMFC. In this way, it is intended to optimize the deposition pro-
cess for the synthesis of electrodes for the ORR in DMFCs. The parameters considered
in this research are: the concentration of sulfuric acid in the electrolyte, the stirring of
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e)

b)

d)

f)

Figure 4.2.12: SEM microphotographs of ABS-60 and PC-60 samples
coated with Au by sputtering. a) ABS-60 at x20000; b) PC-60 at x20000;
c) ABS-60 at x50000; d) PC-60 at x50000; e) ABS-60 at x100000; f) PC-60
at x100000.

the electrolyte during the deposition process and the length of the deposition pulse in
the base pulse.

4.3.1 Electrode set A - IGFC

As previously indicated in Section 3.3, to test the designed electrochemical cell, the
procedure and the equipment, 4 electrodes are prepared following the procedure de-
scribed in the literature for the synthesis of anodes for implantable glucose fuel cells
(IGFCs). However, two modifications are introduced in the procedure, on the one hand,
the H2SO4 concentration is reduced from 0.5 M to 0.1 M in order not to exceed the
maximum current limit of the potentiostat-galvanostat during the deposition process.
Additionally, intense stirring is applied instead of including long waiting times between
pulses, up to 1000 s. Thus, during the synthesis process of these four electrodes, the
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electrolyte is stirred by means of a magnetic stirrer rotating at 300 rpm.

a)

c)

b)

d)

Figure 4.3.1: Cyclic voltammetries of electrode set A - IGFC recorded in
0.5 M H2SO4 at 2 mV·s−1. Set A - IGFC are prepared by a) Electrode
1: 10 pulses; b) Electrode 2: 40 pulses; c) Electrode 3: 100 pulses; d)
Electrode 4: 200 pulses in 0.1 M H2SO4 + 20 mM H2PtCl6 + 20 mM
CuSO4. Blue shaded area represents the hydrogen adsorption region used
for the estimation of the roughness factor, RF.

Figure 4.3.1 shows the voltammograms of the prepared electrodes recorded in 0.5 M
H2SO4 at 2 mV·s−1 for the RF determination. All voltammograms clearly exhibit the
two peaks associated with hydrogen adsorption/desorption in Pt, as well as a well-
formed double layer. As for RF presented numerically in Figure 4.3.1, it increases
with the number of pulses, as expected according to the literature. Similarly, the
capacitance also increases with increasing roughness of the electrodes, as evidenced by
the higher current density of the double layer. The corresponding capacitance values
are 6.5 mF·cm−2, 12.3 mF·cm−2, 48.5 mF·cm−2 y 138.8 mF·cm−2 for Electrodes 1,
2, 3 and 4, respectively. In addition, it can be verified that the negative turning
potential must be lower as RF increases to retain all the information of the hydrogen
adsorption/desorption region. In the case of Electrode 4, it is decided to reduce the
positive turning potential in the cyclic voltammetries to reduce the possible degradation
suffered by the catalytic layer when the Pt is successive oxidated and reduced at high
potentials. A similar procedure will be followed with the electrode set B-DMFC.

As can be seen in Figure 4.3.2, the results obtained with these four electrodes are similar,
despite the changes introduced in the procedure, to those previously reported in the
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Figure 4.3.2: Number of deposition pulses versus the resulting roughness
factor obtained by integration of hydrogen adsorption. Black points rep-
resent the results obtained by Kerzenmacher’s Group using a flat support
and a H2SO2 concentration of 0.5 M in the deposition solution [472]. Blue
points are the results obtained with electrode set A - IGFC.

literature when a flat support is used. However, these outcomes are notably different
from those achieved when carbon nanofiber-based supports are used. Therefore, it
seems that the initial roughness of the Toray support is not fully leveraged with the
deposition procedure used since the results are remarkably close to those obtained with
flat supports. Nevertheless, as will be seen with electrode set B-DMFC, it is possible
that the reduction in the H2SO2 concentration has played an important role in the RF
reduction compared to that reported in the literature. Even so, both the roughness
factor and the capacitance of the double layer of the prepared electrodes seem to have
an exponential trend with the number of pulses, while the trends previously presented
by other works are rather linear or asymptotic to a constant RF value. Therefore, it
would be of interest to continue investigating in this regard in future works, preparing
electrodes with a larger number of pulses.

Despite the good results achieved with the proposed methodology, the catalyst distri-
bution is clearly inhomogeneous as can be seen in Figure 4.3.3, especially in the case of
Electrodes 2, 3 and 4. Figure 4.3.4 shows in detail two regions of Electrode 3, one with
a deposit and the other without a catalyst deposit. As can be seen in Figure 4.3.3, the
catalyst distribution across the electrodes appears to follow a defined pattern with a
straight region in which the noble metal loading is low and the presence of two lobes
that concentrate most of the catalyst. After preparing several electrodes, modifying
the experimental set up to discern which is the main cause of this non-homogeneity, it
is concluded that it is caused by the stirring method and the stainless steel rod used on
which the supports rest during the deposition process. In this way, the magnetic field
causes a deviation of the electrons at the contact surface between the substrate and
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a)

c)

b)

d)

Figure 4.3.3: Photographs of the electrode set A - IGFC. a) Electrode 1: 10
pulses; b) Electrode 2: 40 pulses; c) Electrode 3: 100 pulses; d) Electrode
4: 200 pulses.

the stainless steel rod towards the sides of the axis of rotation of the magnetic stirrer
giving rise to the vertical region with a shortage of noble metal, which is found to be
aligned with the axis of rotation of the magnetic stirrer. Therefore, in the preparation
process of electrode set B-DMFC, magnetic stirring is replaced by mechanical stirring,
thus avoiding the problem of inhomogeneities.

a) b)

Figure 4.3.4: Distribution of the catalyst in two regions of Electrode 3. a)
Region with deposit; b) Region without deposit. Images obtained by an
optical microscope at x100.

By preparing and testing the electrode set A - IGFC, the functionality of the deposition
method as well as the prepared set-up is checked. Prepared high-roughness factor
electrodes, such as Electrode 4, make sense for use in IGFCs, however, they cannot be
used in DMFCs due to the high Pt load and its associated high cost. In fact, Electrode
4 has a catalyst loading higher than 11 mg·cm−2, which is unfeasible in DMFCs where
a reduction of the catalyst loading is pursued to make the technology more affordable
and commercially competitive.
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4.3.2 Electrode set B - DMFC

Since good results have been obtained with electrode set A-IGFC, it is intended to
apply a similar procedure for the preparation of cathodes for DMFCs. Nonetheless, the
catalyst loading must be significantly reduced but trying to preserve a high RF, so that
a high ECSA is ensured. With this objective, 3 parameters, which can significantly
affect the deposition process, are studied: H2SO4 concentration, electrolyte stirring
and duration of the deposition pulse. Furthermore, the presence of a certain amount
of residual Cu could promote the use of these electrodes as cathode in DMFCs, due to
its potential tolerance against methanol.

Figure 4.3.5 presents the evolution of the charge during the preparation process for
all the electrodes of the set B-DMFC. It can be seen how all the electrodes made
under stirred conditions present a higher charge than the equivalent electrodes prepared
without stirring, thereby reflecting the important role played by mass transport from
and to the support in the process. Similarly, the higher the H2SO4 concentration, the
higher the final total charge achieved. This phenomenon may be associated with the
shift of the onset potentials of the different reduction processes to higher values as the
pH decreases, so that the current densities are higher at lower pH. In fact, as the pH
decreases due to the addition of H2SO4, the hydrogen evolution also shows a higher
current density at the same potential. Figure 4.3.5 also evidences how the charge during
the oxidation processes shows a less asymptotic behavior as the relationship between
the length of the deposition pulse and the redissolution one increases. This could lead
to the presence of a higher proportion of Cu in the electrodes when higher lengths
for deposition pulses are applied since the length of the oxidation pulse would be not
enough to completely remove the Cu previously deposited. In the case of cathodes for
DMFCs, this matter does not necessarily have to be a disadvantage considering that
the presence of Cu could increase the useful life of the catalyst and improve its tolerance
to methanol.

In the case of electrode set B - DMFC, the negative turning potential is taken for all
the electrodes at -0.2 V vs Ag/AgCl due to the small RF values of these electrodes in
comparison with some of those in set A - IGFC. Figure 4.3.6 shows a voltammogram
of an electrode prepared using the same pulse deposition technique with a RF close
to 75 obtained at 20 mV·s−1 in 0.5 M H2SO4 with a negative turning potential of
-0.25 mV·s−1. By means of such a voltammogram it can be verified how going down
to -0.2 V vs Ag/AgCl is enough to retain the information on the hydrogen adsorption
region. In fact, at lower potentials the evolution of hydrogen begins, which should not
be considered in RF and ECSA analyses. Likewise, it can be clearly seen how 3 waves
appear in the hydrogen adsorption region, the one with the highest potential being
associated with the Cu presence by correspondence with voltammograms reported in
the literature.

Figure 4.3.7 shows the voltammograms of Electrodes 5 to 10, set B - DMFC, those
prepared with 0.1 M H2SO4. In all cases the voltammograms are recorded in a solution
0.5 M H2SO4 at 20 mV·s−1. As can be seen, the introduction of an intense stirring leads
to higher RF than when no stirring is included in the deposition process. This could be
related to a limitation of the deposition due to the transport of ions towards the support
and is in line with the lower charge obtained when there is no stirring over the deposition
process, see Figure 4.3.5. Additionally, it is found that under stirred conditions, the
roughness factor increases with the increase of the deposition pulse length, on the
contrary, a reverse behavior appears in the case without stirring. This behavior of
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Figure 4.3.5: Charge profiles of the different electrodes of set B - DMFC
over the preparation procedure. The first number in the legend is the
concentration of H2SO4 in the electrolite during the deposition procedure,
the second one is the length of the deposition pulse in the base pulse and
the third element in the legend indicates whether the electrolyte is agitated
or not.

Figure 4.3.6: Voltammogram example recorded at 20 mV·s−1 in 0.5 M
H2SO4 with -0.25 V vs Ag/AgCl as negative turning potential of an elec-
trode with a RF value on 75.
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Figure 4.3.7: Cyclic voltammetries recorded in 0.5 M H2SO4 at 20 mV·s−1

of the electrodes of set B - DMFC prepared with 0.1 M H2SO4. As indicated
in the upper part of the figure, the electrodes in the right column are
prepared without stirring while the electrolyte of those in the left column
is stirred during the deposition procedure. In the same way, to improve the
comprehensibility of the figure, the deposition pulse length in the base pulse
is displayed on the left side. a) Electrode 5; b) Electrode 6; c) Electrode 7;
d) Electrode 8; e) Electrode 9; f) Electrode 10.

the electrodes prepared without stirring and with 0.1 M H2SO4 could be associated to
transport limitations. Thus, for short deposition pulses, the transport limitation is less
than when longer pulses are used, since the charge to be deposited is lower and the
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redissolution pulse allows effective ion transport. However, by increasing the deposition
pulse length, the transport limitation during the deposition process is greater. Similarly,
in the Cu oxidation process now also appears a transport limitation because the loading
of Cu deposited is higher. This gives rise to smooth microstructure, thereby reducing
the RF. In contrast, when stirring is applied over the course of the deposition process,
there is better transport during both reduction and oxidation, resulting in more porous
structures as the deposition pulse length increases. This can also be seen in Figure 4.3.5
by comparing the slopes of the deposition pulses between the stirred and non-stirred
cases. The slope is always higher when there is stirring, leading to higher charges due
to the lower transport limitations.

Similarly, Figure 4.3.8 shows the voltammograms of Electrodes 11 to 16, set B - DMFC,
those prepared using an electrolyte with 0.5 M H2SO4. In the same way as in the
previous case, all voltammograms are recorded in a solution 0.5 M H2SO4 at 20 mV·s−1.
As also happened in the previous case, RFs are higher when including stirring in the
preparation process. However, unlike the previous case, RFs of the electrodes prepared
without stirring are practically the same regardless of the deposition pulse length. This
could be due to the fact that by reducing the pH with a higher H2SO4 concentration in
the electrodes preparation process, the hydrogen evolution is more intense at the same
potential during the reduction of the metallic ions. This would facilitate the transport of
ions and at the same time lead the generation of a more porous structure. This would
make the transport not as limiting as in the previous case, especially when longer
deposition pulses are applied. As in the case of the electrodes prepared with 0.1 M
H2SO4, when the electrolyte is stirred, the RF of the electrodes increases with increasing
length of the deposition pulse. Similarly, it should be noted that RFs obtained with a
deposition electrolyte containing 0.5 M H2SO4 are generally higher than those obtained
with a 0.1 M H2SO4 electrolyte. This would be associated both with the shift of the
onset potentials of the different reduction processes to higher values generating higher
current densities along the deposition pulses and with a greater hydrogen evolution
caused by the higher acid concentration that gives rise to greater porosity.

To easily compare the electrode results in terms of RF, catalyst mass, and ECSA, these
three factors are presented as a function of deposition pulse length in Figure 4.3.9.
Regarding the masses, Figure 4.3.9b, it can be seen how a higher H2SO4 concentration
in the deposition electrolyte gives rise to higher masses of catalyst, both with and
without stirring, probably due to the higher deposit current densities due to shift of the
reduction onset potentials with the pH and the greater intensity of hydrogen evolution.
In fact, for deposition pulse lengths of 4.5 s and 9 s, the mass of the electrodes obtained
with 0.1 M H2SO4 and stirring are practically identical to those obtained with 0.5 M
H2SO4 and without stirring. However, RF of the former is notably higher than that
of the latter, and therefore their ECSA is also higher, as can be seen in Figure 4.3.9c.
Despite obtaining higher RFs using a deposition electrolyte containing 0.5 M H2SO4,
the electrodes that make the best use of the deposited Pt are those that use electrolytes
with a lower concentration of sulfuric acid. In particular, the electrodes prepared with
a deposition electrolyte containing 0.1 M H2SO4 and without stirring achieve a higher
ECSA values than the rest. Unlike what happens with the H2SO4 concentration and
stirring, it is difficult to draw conclusions based on the deposition pulse length applied.
Figure 4.3.9c reveals that when the electrodes are prepared under an intense stirring,
the achieved ECSAs are practically independent of the deposition pulse length. This
implies that in the case of including stirring, the improvement in RF for the same
H2SO4 concentration would be directly related to an increase in the mass of catalyst in
the electrode. However, it is more difficult to draw conclusions from electrodes prepared
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Figure 4.3.8: Cyclic voltammetries recorded in 0.5 M H2SO4 at 20 mV·s−1

of the electrodes of set B - DMFC prepared with 0.5 M H2SO4. As indicated
in the upper part of the figure, the electrodes in the right column are
prepared without stirring while the electrolyte of those in the left column
is stirred during the deposition procedure. In the same way, to improve
the comprehensibility of the figure, the deposition pulse length in the base
pulse is displayed on the left side. a) Electrode 11; b) Electrode 12; c)
Electrode 13; d) Electrode 14; e) Electrode 15; f) Electrode 16.

without stirring, probably due to the transport associated phenomena.

Therefore, it is found that the H2SO4 concentration in the deposition electrolyte and
the stirring have a notable influence on maximising the use of deposited Pt. In this way,



4.4. DMFC SINGLE CELL EXPERIMENTS 213

the electrodes present a higher ECSA when no stirring is applied over the preparation
process and the lower the H2SO4 concentration used in the deposition electrolyte, which
could be translated as lower current densities or overpotentials over deposition.

a)

b)

c)

Figure 4.3.9: Influence of the deposition pulse length, H2SO4 concentration
and stirring on the RFs, masses and ECSAs of electrode set B - DMFC. a)
Influence on the RF; b) Influence on the mass; c) Influence on the ECSA.

4.4 DMFC single cell experiments

This section aims to study the performance in DMFCs of the different hybrid mem-
branes jointly developed by the ENAP and SGEG groups of the CSIC and to compare
the results between them and with those of pure sSEBS and Nafion R© 112. The complete
physicochemical characterization of the pure sSEBS and hybrid membranes carried out
by the members of the ENAP and SGEG groups can be found in the following refer-
ences [475,525]. This characterization includes a morphological study of the membranes
by means of atomic force microscopy (AFM), an assessment of their thermal stability
using thermogravimetric analysis (TGA) and a microstructural analysis via X-ray pho-
toelectron spectroscopy (XPS) and dynamic mechanical analysis (DMA). Likewise, the
liquid uptake (methanol and water), the ion exchange capacity (IEC) and the dimen-
sional stability of the membranes are also contained in the indicated references.

The main findings obtained through these experiments are summarized below in order
to put the results obtained by means of the afterwards single cell electrochemical tests
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into context. Concentration profiles obtained via XPS demonstrate that the unifor-
mity of the inorganic infiltrated components through the thickness of the membranes
enhances with the infiltration time, achieving an entirely homogeneous profile for mem-
branes infiltrated over 40 min. Additionally, the morphological study by AFM points
out that the inorganic network grows only filling the hydrophilic regions of the starting
polymer matrix, which could limit the methanol molecules diffusion. The incorporation
of the inorganic elements inside the polymer structure causes an increase in the stiffness
of the organic-inorganic membranes with the infiltration time in relation to pure sSEBS
membranes. Thus, the addition of the inorganic elements solves the mechanical and
dimensional problems of the original pure polymer membrane. Besides the mechanical
properties enhancement, the rise of the infiltration time also conducts to a higher ther-
mal stability and improves the water retention ability in comparison with pure sSEBS.
Regarding the unacceptable liquid uptake and the dimensional variations of the sSEBS
membranes, both are reduced when the infiltration time increases. However, this is also
associated with a decrease in the ion exchange capacity of the infiltrated membranes.

4.4.1 Electrochemical single cell experiments

The single cell electrochemical characterization of the MEAs includes polarization curve
tests and the determination of through-plane conductivity and limiting crossover cur-
rent density. In this respect, all tests are performed with the same cell and electrodes
(new for each MEA) and under the same experimental conditions, thus the possible
variations of the results between the MEAs are solely attributable to the membrane
used in each case.

4.4.1.1 Crossover determination

Figure 4.4.1 shows the current density generated at the Pt/C electrode (the cathode of
the fuel cell in its normal operation) by the oxidation of methanol that crosses the MEA
versus the applied potential between the electrodes. There, the maximum of each curve
depicts the limiting crossover current density of the corresponding MEA (jlim,cross).

Reducing the crossing of methanol through the membrane improves methanol utiliza-
tion and overall cell performance by increasing the cathode potential [526]. In that
regard, the pure sSEBS polymer presents lower methanol permeability than commer-
cial Nafion R© 112, as reflected in the slight reduction of its limiting current density, see
Figure 4.4.1. In addition, it can be conclude that the methanol barrier effect improves
over infiltration time, thereby obtaining the lowest value of jlim,cross, 73.84 mA·cm−2

for the hybrid membrane infiltrated over the longest time, 40 min. This value is sig-
nificantly lower than the jlim,cross of pure sSEBS, 106.77 mA·cm−2, and Nafion R© 112,
115.98 mA·cm−2, specifically a 30.8 % and 36.3 % lower, respectively. Hybrid mem-
branes with infiltration times longer than 40 min times are not tested because it was
found that such longer infiltration times led to the appearance of a sol-gel coating onto
the surface of the membrane, causing a deterioration of their performances [475]. These
limiting crossover current densities are representative values of the methanol crossover
of the corresponding DMFCs at open circuit voltages but somewhat lower, since in this
experiment the direction of the electro-osmotic drag is the opposite of that occurs in
the normal use of the fuel cell [505].

The sequence of limiting crossover current density values recorded for the different
membranes is consistent with the results of methanol and water uptake tests, in which
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Figure 4.4.1: Limiting methanol crossover current densities corresponding
to MEAs assembled with different membranes.

the uptake also decreases over infiltration time. Equally, it is in agreement with the
morphology provided by Atomic Force Microscopy (AFM), where it was concluded that
the inorganic elements filling preferentially the hydrophilic regions, thereby hindering
the methanol diffusion and therefore reducing the crossover. The comparison of the
jlim,cross and the XPS profiles also provides an interesting conclusions as it seems that
a deep infiltration of the inorganic elements inside the membrane, i.e., with a high
and homogeneous concentrations through the membrane thickness, gives rise to lower
methanol crossover. Indeed, the homogeneous concentration of infiltrated components
in the 40 min infiltrated membrane is associated with its lower limiting current density.
Probably, the reduction of limiting current density with longer infiltration times is
caused by a stronger methanol barrier effect induced by a larger inorganic network
inside the ionic domains [527].

4.4.1.2 Through-plane conductivity

The through-plane proton conductivity of the membranes assembled in the MEAs,
tested in the single cell, is estimated from the Nyquist diagrams obtained by EIS ex-
periments. For the sake of comparison, all experiments are performed setting the same
experimental conditions, so that 1 M CH3OH solution at 3 ml·min−1 is supplied to the
anode while the cathode is fed with pure N2 at 100 ml·min−1 previously humidified at
68 ◦C. In the same way, the cell temperature is set at 60 ◦C. Under these circumstances,
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pure sSEBS and hybrid membranes display comparable proton conductivity values, on
(2.0 ± 0.5)·10−2 S·cm−1. On the one hand, this suggests that the percolation through
the hydrophilic domains is preserved although the liquid uptake and the ionic exchange
capacity decrease over infiltration. Additionally, it also implies that the strong hydro-
gen bonds created between the inorganic infiltrated species in the polymeric matrix
and SO3H groups arising from the sulfonation reaction promote the H+ movement by
means of Grotthuss mechanism.

4.4.1.3 Polarization curves

The general membrane performance in DMFC is evaluated by means of the polarization
curve of the corresponding MEA obtained in a single cell with an active area of 3.8
cm2. The anode of the cell is continuously fed with 1 M CH3OH aqueous solution while
pure humidified oxygen is supplied to the cathode. The experiment is conducted at 60
◦C. Figure 4.4.2 shows the result of the experiment in terms of polarization and power
density curves of bare sSEBS polymer, organic-inorganic membranes with different
infiltration degree and Nafion R© 112 as reference material.

Figure 4.4.2: Polarization and power density curves of pure sSEBS, infil-
trated sSEBS membranes and Nafion R© 112.

Regarding the polarization curves and as can be seen in Figure 4.4.2, the OCV of all
infiltrated membranes is higher than that of the pure polymer. In addition, the OCV
values of hybrid membranes present an upward trend over the infiltration time. Taking
the specific voltage values, the OCV of pure sSEBS is 539 mV while for infiltrated
membranes over 5 min, 20 min and 40 min, it is 592 mV, 575 mV and 608 mV,
respectively, thereby representing a rise of 9.8 %, 6.7 % and 12.8 % compared to the
OCV of the pure polymer. If all the polarization curves obtained for each MEA are
taken into account, the OCV average value of each MEA is 541.0 mV and 545.6 mV,
568.3 mV, 564.6 mV and 581.9 V for Nafion R© 112, sSEBS, 5 min, 20 min and 40
min, respectively. This increase in OCV of the hybrid membranes is likely related to a
better methanol barrier effect, which is exacerbated with longer infiltration times when
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higher concentration and more homogeneous distribution of the inorganic components
are obtained across the membrane. In fact, the lower the methanol flow through the
membrane at OCV is, the higher the cathode potential due to a lower mixed potential
and thus the higher the OCV. These results are in good agreement with the jlim,cross

values obtained in the limiting crossover current density experiments. Additionally, the
membranes infiltrated over longer times exhibit superior performances at low current
densities, range in which the crossover is a key factor.

Similarly, the maximum power density of the MEAs also increases with membranes
infiltration time, so that the yield of the infiltrated membrane over 40 min surpasses
the rest, displaying a maximum power density of 22.2 mW·cm−2 and a maximum cur-
rent density of 166.7 mA·cm−2. Following the same experimental procedure, MEA with
Nafion R© 112 achieves a maximum power density of 18.0 mW·cm−2 and a maximum cur-
rent density of 138.4 mA·cm−2, while for sSEBS these values are 16.1 mW·cm−2 and
135.3 mA·cm−2, respectively. These results indicate that the infiltrated membranes
exhibit an enhanced performance in single cell test as against pure sSEBS polymer,
particularly membrane infiltrated over 40 min presents an improvement in maximum
power density and maximum current density of 37.9 % and 23.2 % in relation to per-
formance of pure sSEBS. These outcomes may be explained by virtue of the larger
methanol barrier effect of the hybrid membranes over infiltration time that reduces the
crossover through the membrane, thereby leading to higher cathode potential, their
right retention of water and enough proton conductivity along with improved dimen-
sional and mechanical stabilities.
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Chapter 5

Conclusions and future work

The proposed doctoral dissertation addresses different aspects of the design of DMFC
stacks, Figure 5.0.1, in order to give a response to some of the issues that currently
hinder the wide commercialization of this technology. Throughout this Chapter, the
conclusions achieved for each of these aspects will be presented successively, along with
their corresponding future work relevant to each aspect.

In the first place, the focus has been put on the role that construction parameters play
in the design and optimization of DMFC stacks. Although this field of study had been
approached tangentially before, the optimization of all the constructive parameters had
never been carried out simultaneously with the purpose of enhancing power density,
specific power and methanol consumption. As a result of this first part, it is concluded
that it is possible to pose the design and optimization problem of a DMFC stack even
in the early stages of design. For this, a parameterization of the whole stack is required
so that multitude of designs can be studied during the optimization process. Subse-
quently, a computer-aided automated system has been developed to solve such
optimization problem within a reasonable period of time for a conceptual or prelimi-
nary design stage, Figure 5.0.1. In this way, preliminary DMFC stack designs can be
quickly procured in which the power density, the specific power and the fuel consump-
tion are optimized. In this sense, the stack design parameterization along with a quick
optimization problem resolution and the ability to adjust the objetive function weights
in the design function (mass, volume and fuel consumption) give great versatility to
the developed tool. Similarly, the option to customize the input values required by the
tool as well as the restrictions imposed on the designs, related with different knowledge
areas, allow the decision maker to carry out concurrent design strategies. Therefore,
the proposed and developed tool is capable of optimizing the constructive parameters
of a stack quickly in early design stages, providing great freedom to the decision maker
to impose restrictions and input parameters. Despite the tool capabilities, the design
and optimization problem posed is not simple, mainly due to the difficulty of identify-
ing which solutions are viable and which are not according to the constraints. A clear
proof of this is that the random generation of 1600 potential configurations does not
give rise to any viable configuration, thereby illustrating the difficulty of the problem.
Even so, the implementation of the diffusion genetic algorithm as an optimization tool
overcomes the discontinuity problems in the space of solutions, achieving adequate con-
vergence and repeatability. In fact, with more than 700 generations and a population
of 40 x 40, a repeatability higher than 70 % is achieved with a mutation percentage
between 2 % and 6 %. This means that for a particular design problem with predefined
weights in the design function, the optimum design may be achieved on average with 2
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- 3 runs of the proposed computer-aided automated system. This, expressed in terms
of computation time, represents only a few minutes, depending on the computer used,
making this system a powerful tool for the conceptual and preliminary design stages of
DMFCs. In fact, this opens up the opportunity of analyzing multiple design problems
in a short period of time, changing the design function weights, the input parameters
or the constraints.

Pt electrodes 
prepared by pulse 
electrodeposition

Polymers for BPs
and metallic

coatings

Preliminary design
and optimization

tool

New inorganic
infiltrated sSEBS 

membranes

Investigated
design approaches

Figure 5.0.1: The different design approaches investigated in this doc-
toral dissertation. BP: bipolar plate; sSEBS: sulfonated styrene-ethylene-
butylene-styrene.

By means of the developed tool, it has been possible to evaluate the influence of the
constructive parameters on characteristics such as power density, specific power or fuel
consumption, highlighting that the constructive parameters have a great significance
on these stack properties. In this sense, it should be noted that the optimal designs on
the Pareto frontier of the proposed study case may suffer variations in power density,
specific power and methanol consumption of 10.75 %, 18.53 % and 6.58 %, respectively.
These figures, in addition to underline the notable significance of the constructive pa-
rameters on the characteristics of optimal designs, also emphasize the importance of
properly selecting the weights of the objective functions (mass, volume and fuel con-
sumption functions) within the design function.

In relation to the proposed computer-aided automated design system, Figure 5.0.2
shows schematically the future improvements to be undertaken in order to enhance
the versatility of the tool, allowing the decision-maker to make more reliable decisions
in the early stages of the design. A potential improvement consists in implementing
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Figure 5.0.2: Future works on the proposed computer-aided automated
design system. BP: bipolar plate.

as an option the use of bipolar plates (BPs) with parallel flow pattern. This type of
solution could be interesting in the design of low power DMFCs. In them the areas of
the electrodes are small, and therefore the fluid dynamic disadvantage of this design
with respect to the serpentine one is not so notable. Analogously, the study of BPs
manufactured by stamping, with the corresponding mass reduction, will add great
value to the tool, being able to compare them with BPs manufactured by machining.
However, in this case, the economic dimension of the solutions should also be evaluated.
This highlights a meaningful aspect, the possibility of including economic features in
the design and optimization process, either as a new constraint or as a new objective
function within the design function. In this way, it would be possible to determine
when it is profitable to carry out each type of manufacturing process. Regarding the
proposed parameterization, having observed the great influence that the design voltage
presents in the optimization process, this parameter will be incorporated in the future
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natively within the design vector. Nevertheless, including this new parameter will not
be easy since given a polarization curve, the limits of the maximum and minimum
number of cells change depending on the design voltage.Therefore, it will be necessary
to generate a logic to include the design voltage as a parameter to be optimized in the
developed system. Another improvement that will provide great value from the point
of view of the power plant design is the integration in the optimization scheme of the
auxiliary equipment required by the fuel cell, such as the methanol tank, pumps, fans,
heat exchangers, etc. This will make it possible from the early stages of the design to
establish relationships between different subsystems so that finally the power plant is
optimized as a whole and not the subsystems separately, achieving better designs.

Among the parameters included in the design vector, it has been found that mate-
rials, especially those of bipolar plates and end plates, have a great influence on the
power density and the specific power of the stack. On this basis, another aspect of
DMFC stack design that has been addressed in this doctoral dissertation is the study
of different thermoplastic polymers as potential supports for BPs, Figure 5.0.1.
Ideally, the use of polymers as BPs would increase the specific power of the DMFCs.
Thus, among the 7 polymers analyzed, the preferred ones have been identified for their
use in DMFCs with three different applications: stationary applications, portable de-
vices (smartphones) and on board of an unmanned aerial vehicle (UAVs). To this end,
four multi-criteria decision-making (MCDM) techniques have been employed in order
to make a reliable selection. But these techniques require as input information data
adequately describing the performance of the materials under study in a DMFC en-
vironment. To this end, the materials have been subjected to long-term experiments
under conditions that reproduce those expected in a DMFC. In the framework of these
experiments, it is worth highlighting the ability of 3D printing to produce samples with
homogeneous and reproducible properties, especially in the case of PC. Maybe this
technique could be used in the future for the economic production of low power DMFC
stacks with small runs or for the production of spare parts on site.

The results of the tests carried out lead to the conclusion that ABS, CPE+ and PC
are the best materials, among the thermoplastic polymers studied, for applications in
DMFC. On the contrary, CPE, Nylon, PLA and TPU 95 show a remarkably inferior
behavior, either due to their higher degradation rate or their dimensional instability.
Particularly, the aforementioned long-term tests confirm an excessive degradation of
Nylon and especially of PLA. However, only with the results of the long-term exper-
iments it is not possible to identify which is the most appropriate material for the
different applications since the selection of the best material is a problem that involves
multiple criteria. None of the materials presents the best performance for all criteria.
To make reliable decisions, 4 MCDM techniques (AHP, COPRAS, TOPSIS, COPRAS
and SAW) have been applied to determine the proper thermoplastic material for the
three applications under study. In this context, TOPSIS and COPRAS achieve simi-
lar or even equal rankings for the studied DMFC applications. Nonetheless, a reliable
decision cannot be made based on TOPSIS technique since it obtains almost the same
scores between the first-ranked polymers, thus underlining the need to embrace more
than one technique. In consideration of the rankings procured by the four MCDM
techniques, it can be deduced that ABS is the most suitable thermoplastic polymer
for stationary applications and portable devices, while PC is the preferred material for
DMFCs on board of an UAVs. Consequently, ABS and PC appear as two encourag-
ing thermoplastic polymers for use in DMFCs. Likewise, it is concluded that the use
of different MCDM techniques, along with the experimental determination of several
physical factors, makes possible a reliable selection of the most appropriated material
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for each DMFC application under study.

The main problem at this point is that neither ABS nor PC are electrically conductive
materials. Hence, it is necessary to provide them with this characteristic so that they
can be used in bipolar or monopolar plates. In this case, two strategies have been
followed to provide these materials with electrical conductivity: electroless Ni coating
based on the hydrophobic interaction and Au sputtering coating. The electroless Ni
coating has proven to be very short-lived, delaminating and peeling easily when it is
immersed in a solution that simulates the conditions in a DMFC. On the contrary, Au
deposits have better adhesion properties. Based on these results, the effort was only
directed to the study of ABS and PC samples coated with Au by sputtering.

Long-term 
coating stability

Through-plane 
conductivity of 

Au coated 
samples

Viability of the new 
BPs

Conductivity and 
thickness of 

coatings with 
deposition time

Service life of the 
plates

Expected results

In-plane 
conductivity of 

Au coated 
samples

Thickness of the 
coatings

Future Works: thermoplastic polymers for BPs and 
metallic coatings

Figure 5.0.3: Future works on ABS and PC coated plates by Au sputtering.
BP: bipolar plate.

According to the contact angle experiments carried out on the ABS and PC samples
coated with Au, as the Au deposition time increases, the wettability of the samples
decreases. In addition, ABS consistently achieves higher contact angles than corre-
sponding PC samples with the same deposition time. It follows that ABS coated with
Au by sputtering presents a better removal of water from its surface than coated PC
samples, an essential characteristic to ensure correct operation of the cathode in DM-
FCs. In fact, for the longest deposition time studied (120 s), ABS can be considered
hydrophobic, since it has a contact angle greater than 90 ◦. This lower wettability of
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the coated ABS samples may be associated with a greater microestructural roughness
of the Au deposit.

However, this characterization is not enough to ensure that coated ABS exhibits better
overall performance than coated PC for use in DMFCs. In this sense, in order to make
a reliable decision, it is an essential requirement to know the conductivity of the Au
coating on both base materials. Therefore, one of the future works, as shown in Figure
5.0.3, will be to evaluate the electrical in-plane conductivity of the Au deposits for the
different deposition times and the different base materials. Such in-plane conductivity
will be measured by the widely known four-point probe method. Ensuring the in-
plane conductivity makes it possible to use these new plates both in single cell and in
passive methanol fuel cells in which the electrical conductivity usually occurs along the
plane. Conversely, in order to propose the efficient use of these Au coated polymers as
BPs plates in DMFC stacks, it is also necessary to ensure the through-plane electrical
conductivity, between both sides of the BPs. Thus, as indicated in Figure 5.0.3, one
of the next steps is also to determine the through-plane conductivity of the ABS and
PC coated samples following the Wang’s method. This method consists of placing
the sample to be measured between two gas diffusion layers and, in turn, sandwiching
the assembly between two copper plates. Using a hydraulic press, different pressures
are applied and the resistance between the copper plates is measured. In this way, the
through-plane resistance curves can be determined as a function of the pressure applied
for the different samples, i.e., ABS and PC samples coated at different sputtering times.
This experiment, besides studying the viability of this new plates for use as BPs in
stacks, will provide insight on the optimal pressure to apply in the assembly of the
possible DMFC stack. With the in-plane and through-plane conductivities, together
with the wettability results, the best base material and sputtering time could be selected
for plate manufacturing. Likewise, through these experiments, the potential of these
new plates for use as BPs in DMFC stacks will be identified. It should be taken into
account that the transport of electrons between both sides of a plate of thermoplastic
material coated with Au is only possible through the edge of the BP. Thus, in principle,
large plates could lead to high ohmic losses. On the contrary, this type of plates could
be ideal in passive methanol fuel cells or in small active DMFC stacks.

Other future work of keen interest in the field of Au coated polymers, as reflected by
Figure 5.0.3, will consist of determining the coating thicknesses and assessing their
long-term durability through experiments similar to those carried out with polymeric
materials. In such way, the service life of the coated plates could be evaluated.

Another of the essential elements in a fuel cell are the electrodes, Figure 5.0.1, which
significantly influence the cost and the design of the stack, leading to more compact
designs by improving its performance. In this doctoral dissertation, Pt electrodes with
a similar loading to that of commercial electrodes have been developed with the aim
of being used as cathodes in DMFCs. The technique used in the preparation of such
electrodes is based on the successive deposition of Pt and Cu and the subsequent
redissolution of Cu. In this way, porous structures can be generated giving rise to
higher catalytic surface areas for a constant loading, thereby optimizing the Pt use. This
technique derives from a technique previously used for the preparation of electrodes for
abiotically catalyzed implantable glucose fuel cells, although in that case the objective
was only to achieve high roughness factors regardless of the Pt loading.

Once the feasibility of the deposition technique was verified, three deposition process
parameters were studied with the aim of optimizing the electrode preparation in terms
of electrochemical surface area (ECSA). Such deposition process parameters have been:
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concentration of H2SO4, stirring and length of the deposition time. Based on the
results obtained from the analysis of the voltammograms carried out in sulfuric acid,
it is possible to conclude that its concentration in the deposition electrolyte and the
stirring have a notable influence on maximising the use of deposited Pt. In this way, for
the same pulse scheme a higher concentration of sulfuric acid and/or the incorporation
of an active stirring lead to higher roughness factors, but this also results in higher
catalyst loadings. In terms of ECSA or use of deposited Pt, those electrodes prepared
without stirring and in a deposition solution with lower H2SO4 concentration achieve
higher ECSAs than the others. The role of the transport seems to be essential to control
the ECSA of the resulting electrodos. Despite the promising results obtained, further
investigation is required in this field. In this regard, Figure 5.0.4 outlines the main steps
to be followed in the future for the development of Pt electrodes prepared by the pulse
electrodeposition technique involving the deposition of Pt and Cu and the subsequent
Cu dissolution. One of the most immediate works will be the morphological study of the
catalytic layers as well as the determination of its composition to identify the proportion
of residual Cu in the electrodes. In this way, it would be possible to study the influence
of the deposition procedure parameters on the Cu loading in the electrodes. A scanning
electron microscope equipped with an energy-dispersive X-ray sensor will be used to
study the morphology and the Cu content of the samples. Other key aspect will be the
relation between the determined ECSA and the O2 reduction performance, which will
be assessed by electrochemical experiments such as cyclic voltammetries or polarization
curves. Additionally, based on the results obtained, it seems to be a slight tendency
according to which the ECSA increases by reducing the length of the deposition pulse
when the electrolyte contains 0.1 M H2SO4 and is not stirred. For this reason, it will
be interesting to prepare electrodes with shorter deposition lengths while maintaining
the length of the redissolution pulse and subsequently determine their ECSA in order
to confirm or reject this trend. Likewise, other deposition process parameters could
be considered and investigated such as the electrolite temperature over the electrode
preparation process. Due to the promising results achieved, it would also be interesting
to apply the exposed technique for the preparation of PtRu electrodes in order to be
used as anodes in DMFCs. The underlying idea is similar, to be able to generate porous
catalytic layers by maximizing the use of Pt and Ru, so that the same performance can
be achieved with less catalyst loading or better performances can be obtained with the
same noble metal loading.

The last aspect of the design of DMFC stacks that has been addressed in this doctoral
dissertation is the study of new infiltrated hybrid membranes with an organic base
of sulfonated styrene-ethylene-butylene-styrenes (sSEBS) and using 40 SiO2 - 40 P2O5

- 20 ZrO2 as inorganic filler, Figure 5.0.1. The study of new membranes aims to reduce
both the methanol crossover and the cost of these components while achieving a perfor-
mance in terms of power density similar to that of Nafion R©. The membranes studied
include all these characteristics. On the one hand, the base polymer, SEBS, is a low
cost raw material but its Achilles heel is its low mechanical and dimensional stabilities.
For these reasons, the base material is infiltrated with an inorganic compound in order
to improve stability while reducing crossover. The electrochemical experiments car-
ried out with these new hybrid membranes successfully confirm the methanol crossover
reduction with respect to the results obtained with pure sSEBS. The methanol per-
meability of the analyzed hybrid membranes decreases for longer infiltration times, as
reflected by the reduction in the limiting methanol crossover current density. Special
mention requires the 40 min infiltrated membrane which presents a value 1.45 times
lower than that of sSEBS. The homogeneous chemical profile throughout the 40 min
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Figure 5.0.4: Future works on electrodes prepared by pulse electrodeposi-
tion. ECSA: Electrochemical Surface Area; RF: Roughness Factor.

membrane, along with the methanol barrier effect achieved by means of the inorganic
filler, led to its significative methanol crossover reduction. Likewise, it should be noted
that all the hybrid membranes showed lower crossover current densities than that ob-
tained with commercial Nafion R© 112 membrane. Regarding the proton conductivity,
the infiltrated membranes achieved acceptable values above 0.01 S·cm−1, while po-
larization curve tests in single cells emphasized the potential use of these new hybrid
membranes in DMFCs. In this sense, the membrane infiltrated for 40 min also obtained
the best performance in terms of open circuit voltage (OCV) and maximum power den-
sity. Thus, the OCV of this membrane was a 12.8 % higher than that obtained by pure
sSEBS, which is in accordance with the lower methanol crossover discussed previously.
Additionally, the maximum power density of the membrane infiltrated for 40 min was a
37.9 % greater than that of the pure polymer. Therefore, the outstanding performance
of these new hybrid infiltrated membranes with respect to methanol permeability and



227

electrochemical behavior, in combination with the affordable materials and preparation
costs, make them an excellent choice for use in DMFCs.
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Figure 5.0.5: Future works on inorganic infiltrated sSEBS membranes.

Despite the outstanding behavior of the hybrid membranes studied in this doctoral
dissertation, in particular the one infiltrated for 40 min, they can be studied more in
depth in order to optimize the performance of the cells in which they could be as-
sembled. From that perspective, Figure 5.0.5 delineates the next steps to enhance the
obtained results. One of the most interesting future works is related with the opti-
mization of the membrane thickness. A reduction in thickness would probably lead to
lower ohmic losses but at the same time to a higher methanol crossover. On the con-
trary, thicker membranes would cause an increase of the ohmic losses and a reduction
of the crossover. Therefore, it would be appropriate to strike a balance between these
two phenomena in order to obtain better results or to choose the correct membrane
according to the application of the DMFC. Linked with this aspect is also the optimiza-
tion of the operating parameters, especially the methanol concentration of the solution
supplied to the anode. The underlying idea in this case is to study how concentration
affects membrane performance since concentration can directly influence the crossover.
In this way, it could be possible to obtain a mathematical model to determine the
crossover through the hybrid membranes, which would open up the possibility of using
the developed design tool to analyze DMFC designs including these membranes. In
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addition, it would be also critical to identify the useful life of these membranes under
real operation by means of long-term experiments, thereby determining their authentic
potential to be used in DMFCs.

This doctoral dissertation has covered four fundamental aspects of the design of DM-
FCs which largely make up the chain of components and procedures required for the
development of a stack. Therefore, once the future works previously described in this
Chapter have been completed, the final future work towards which direct the focus will
be the integration of all the insights exposed in order to develop a DMFC stack. Such a
stack would ideally have infiltrated sSEBS hybrid membranes, electrodes prepared by
pulse electrodeposition and Au-coated polymeric bipolar plates, while the optimization
of the constructive parameters would be carried out with the proposed computer-aided
automated design system. The main objectives in the conceptualization of said stack
would be to enhance the power density and reduce the cost so that it could be an
economical alternative to the current commercial DMFCs.
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tolerant M–N–C catalysts for oxygen reduction reactions in acidic media and
their application in direct methanol fuel cells. Catalysts, 8:650, 2018.

[195] L. Osmieri, R. Escudero-Cid, A.H.A.M. Videla, P. Ocón, and S. Specchia. Perfor-
mance of a Fe-NC catalyst for the oxygen reduction reaction in direct methanol
fuel cell: Cathode formulation optimization and short-term durability. Appl Catal
B-Environ, 201:253–65, 2017.

[196] A.A. Serov, M. Min, G. Chai, S. Han, S.J. Seo, Y. Park, H. Kim, and C. Kwak.
Electroreduction of oxygen over iron macrocyclic catalysts for DMFC applica-
tions. J Appl Electrochem, 39:1509–16, 2009.

[197] N.A. Karim and S.K. Kamarudin. Novel heat-treated cobalt
phthalocyanine/carbon-tungsten oxide nanowires (CoPc/C-W18O49) cath-
ode catalyst for direct methanol fuel cell. J Electroanal Chem, 803:19–29,
2017.



BIBLIOGRAPHY 243

[198] B. Piela, T.S. Olson, P. Atanassov, and P. Zelenay. Highly methanol-tolerant
non-precious metal cathode catalysts for direct methanol fuel cell. Electrochimica
Acta, 55:7615–21, 2010.

[199] J.S. Zheng, X.S. Zhang, P. Li, J. Zhu, X.G. Zhou, and W.K. Yuan. Effect of
carbon nanofiber microstructure on oxygen reduction activity of supported pal-
ladium electrocatalyst. Electrochem Commun, 9:895–900, 2007.

[200] S. Chen, Q. Huang, W. Yang, H. Zou, H. Mai, and J. Wang. PtCoN supported on
TiN-modified carbon nanotubes (PtCoN/TiN–CNT) as efficient oxygen reduction
reaction catalysts in acidic medium. Int J Hydrogen Energy, 43:14337–46, 2018.

[201] S. Chakraborty and C.R. Raj. Electrocatalytic performance of carbon nanotube-
supported palladium particles in the oxidation of formic acid and the reduction
of oxygen. Carbon, 48:3242–9, 2010.

[202] J.C. Calderón, V. Celorrio, M.J. Nieto-Monge, D.J. Fermı́n, J.I. Pardo, R. Mo-
liner, and M.J. Lázaro. Palladium–nickel materials as cathode electrocatalysts
for alkaline fuel cells. Int J Hydrogen Energy, 41:22538–46, 2016.

[203] C. Lo Vecchio, C. Alegre, D. Sebastián, A. Stassi, A.S. Aricò, and V. Baglio.
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[477] A. Navarro, C. del Ŕıo, and J.L. Acosta. Kinetic study of the sulfonation of
hydrogenated styrene butadiene block copolymer (HSBS). Microstructural and
electrical characterization. J Membr Sci, 300:79–87, 2007.
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