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Chapter 7

Carbon Materials for Fuel Cells

Mariano M. Bruno and Federico A. Viva

Abstract Carbon materials are fundamental for the manufacturing of fuel cells.

Several fuel cell components are made entirely of carbon in a graphitic form.

In the present chapter, an overview of the different fuel cell carbon components

and the materials used in their preparation will be presented. Novel approaches

in the synthetic method, in order to impart desired properties, and in the

manufacturing of the components will be shown. Also, relevant results on the latest

research conducted will be discussed.

7.1 Introduction

Fuel cells (FC) are electrochemical devices that convert chemical energy directly

into electrical energy and are considered to be the best choice to replace batteries

for delivering power for a wide range of applications. The advances made in the

basic understanding of fuel cells as well as improvements in fuel cell technology

allow us to realize the benefits of switching to fuel cells as reliable power sources.

The main component of a Polymer Electrolyte Membrane Fuel Cell (PEMFC) is

the Membrane Electrode Assembly (MEA) [1, 2]. The MEA is formed by a polymer

membrane flanked by two electrodes. The membrane acts as the ionic conductor

between the two electrodes; the anode, where the fuel is oxidized, and the cathode,

where the oxidant is reduced. The electrodes are formed by a porous material

named Gas Diffusion Layer (GDL) with a thin layer of an electrocatalyst

denominated the Catalyst Layer (CL), The electrocatalyst, responsible of driving
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the electrochemical reactions that takes place at each electrode, is composed by

metal nanoparticles (3–5 nm) dispersed on carbon nanoparticles of bigger size

(20–40 nm). The GDL–CL combination is commonly referred as gas diffusion

electrode (GDE). In a single cell the MEA is placed between a pair of Current

Collector Plates (CCP) with channels machined on one of its faces that allows the

reactants to flow through the MEA surface. A FC stack is formed by intercalating

MEAs with plates machined on both faces (bipolar plates-BP) and contained

between two end plates. Figure 7.1 shows a schematic representation of a fuel

cell with its different components.

The voltage of a FC is given by [3]

E ¼ Erev � ηact � ηohm � ηmass�trsp

Where Erev is the reversible potential, which is the theoretical cell voltage at

open circuit conditions. The other three terms represent losses to the voltage known

as polarization (η). These are the activation polarization (ηact), resistance polariza-
tion (ηohmic) and mass transport or concentration polarization (ηmass trsp), each of

which predominates on a different zone of the polarization plot as shown in Fig. 7.2

and are a function of the current density ( j). Under experimental conditions, the

thermodynamic Erev is never observed due to irreversible losses such as parasitic

electrochemical processes, mixed potentials and even corrosion process [4]. Only

the experimental open circuit voltage (OCV) is observed under zero current flow,

indicated as Eo in the graph. Apart from the ohmic polarization, related with an

energy loss due to the internal resistance of the cell which plays a predominant role

on the central part of the plot, the other two polarizations can be divided into

contributions from the anode and the cathode. The activation polarization,

Fig. 7.1 Fuel cell stack

components
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dominant at low current densities, depends on both the chemical nature of the

reacting compound and the electrode composition in terms of chemical and physi-

cal nature. The mass transport polarization is related to the rate at which the

compounds reach the surface of the electrode, therefore it has a dominant contribu-

tion at high current densities.

In between the GDL and the membrane, i.e. where the CL lies, emerges a zone

denominated the triple phase boundary where the electrocatalyst, the ionic conduc-

tor (membrane) and the reactants (liquid or gases) meet. Figure 7.3 shows a

simplified representation of the triple phase boundary. In that zone takes place the

electrochemical processes that generate the FC voltage an electric current. On the

electrocatalyst surface the fuel is oxidized or the oxygen is reduced, the ionic

conductor (polymer membrane) allows the H+ to move from one electrode to the

other while the electrons leave or arrive the electrocatalyst through the carbon

based conductive material (carbon support, GDL, current collector plate). The

properties of the materials involved and the way in which the components are

arranged in the triple phase boundary plays a major role in the correct functioning

of the FC.

Carbon constitutes the most abundant element of the different FC components.

Setting aside the membrane, which is a polymer with a carbon backbone, all the

other components, i.e. the CL, GDL and current collector plates (bipolar plates) are

made almost entirely of graphitic carbon. The electrocatalyst support of the CL is

commonly carbon black in the form of fine powder. GDLs are thin porous layers

formed by carbon fibers interconnected as a web or fabric, while current collector

plates are carbon monoliths with low bulk porosity. As explained above each of

these components has a particular function within the fuel cell and in particular in

the triple phase boundary. The structure and properties of the carbon in each of the

different FC components will determine the whole performance of the cell.

Cost is a major factor for the implementation of fuel cells in the everyday use

[5, 6]. There is some variation in the cost percentages assigned to each component

Fig. 7.2 Polarization and power plots and the different polarization contributions
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[5, 7–9] which is related to the kind and size of system considered and to the

analysis model used [8, 10]. Figure 7.4 shows the different cost contribution for a

FC stack compiled from several sources [5, 9–11]. The bipolar plates and GDL

contributes together to 21 % of the stack cost making those components an

important factor in the final cost. Reducing the cost of the carbon based

components is as important as improving their individual properties.

Fig. 7.3 Schematic

representation of the triple

phase boundary in the MEA

Fig. 7.4 Cost distribution of a fuel cell stack
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7.2 Carbon as Catalyst Support

Carbonous materials have excellent properties as support for electrocatalysts in fuel

cells. Besides being an electronic conductor with low cost, they possess a good

corrosion resistance to acidic and basic environments and low density. In the last

decades, the syntheses of structured carbonous materials with controlled and

designed properties have taken major attention in the scientist community, where

their application can generate a technological advance on energy devices i.e.,

nowadays the production of carbon materials with tailored physical and chemical

properties can help to the developing of power sources devices.

Direct methanol fuel cell (DMFC) suffers some drawbacks which are currently

investigated in order to improve their performance and durability, and reducing

their cost. In this regard, several approaches are being used to overcome these

issues. Among those, can be mentioned [12]:

– Reducing Pt content by developing metallic alloy or Pt-free electrocatalysts.

– Reducing the electrocatalyst loading in fuel cell electrodes by decreasing parti-

cle size and avoiding their sintering.

– Increasing mass-transport at the fuel cell.

– Increasing the durability of the fuel cell components.

Porous carbons with tuneable properties have great potential to achieve the goals

listed above. An adequate pore size of the carbon support would provide high

catalytic dispersion and would enhance the mass transport, which implies a signifi-

cant cost diminution of the fuel cell by reducing the catalyst loading.

The pore size distribution in the carbon support is an important factor for a well

performance of the catalyst. Pores in the nanometric scale are classified by IUPAC in

three groups: the micropores are those with diameters lower than 2 nm, the mesopores

with diameters between 2 and 50 nm and the macropores with diameters larger than

50 nm. Each pores size offers different benefits, the micropores produce materials

with high surfaces area but could be inaccessible to liquid solutions or have slow

mass transport. A material with mesopores has a lower surface area but better

accessibility than those with micropores. Finally, materials with macropores show

the lowest surface area, but they are easily accessible to liquid fuel. For this reason,

the structured carbons, principally mesoporous carbon, have attracted considerable

attention due to their potential application in the catalyst area, where the challenging

is to favour the dispersion of catalyst and allow the accessibility of liquids that feed

the anode side of a DMFC. In the following sections a description of different carbons

support will be discussed stressing on the effect of the porous structure.

7.2.1 Carbon Blacks

Carbon blacks are produced by pyrolysis of hydrocarbons from petroleum

derivatives. Generally, the carbon blacks are composed of spherical nanoparticles

that have crystalline domains composed by stacked layers parallel to the surface.
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This order ensures some degree of graphitization for the materials. The particles are

found building aggregates in the form of chains or clusters forming meso and

macropores, as show in the Fig. 7.5.

Carbons black includes several types of carbons, such as acetylene black,

channel black, furnace black, lamp black. Commonly, their names are referred to

the process or the source material from which they are made. Among those, the

production of furnace black is the most important. Its production process consists in

feeding a furnace with natural gas and aromatics oils as feedstock, where is

vaporized and then pyrolyzed. Vulcan XC-72 (a furnace black from Cabot Corpo-

ration) is the most widely used catalyst support for low-temperature fuel cells due to

their low cost and high availability, being this material used as standard to compare

other types of carbons. Vulcan XC-72, formed by nanoparticles of 20–40 nm, has

an electrical conductivity of 4 S cm�1, a sulphur content of 0.05 %, and a negligible

oxygen content [13]. Within the textural properties Vulcan carbon has a superficial

area of 252 m2 g�1, with a total pore volume of 0.63 cm3 g�1 and a pore size

distribution around 15 nm [14].

Like most of the materials (GDL, membranes) used in DMFC, the application of

carbon black as catalyst support is a direct extrapolation of their use in hydrogen

fuel cell. However, the processes occurring in the anode side are more complex.

The carbonous support besides promoting a high dispersion of the catalyst (cata-

lytic area), should allows also the free entrance of the liquid alcohol to the catalyst

and avoid the occluding of the gas close to the catalytic zone. Nevertheless the pore

structure should not hinder the triple phase boundary formation.

Active sites on the carbon surface, which are unsaturated carbon atoms at the edges

planes, defects of the graphitic hexagonal crystallites and oxygen surface groups,

provides anchoring centres for catalyst particles favouring the nanoparticle dispersion

and inhibiting their sintering [15]. The proportion and nature of these active sites have

a strong effect on the preparation, morphology, particle size and catalytic activity of

supported catalysts. Fortunately, several authors have been devoted to study the effect

of carbon properties on the preparation, dispersion and catalytic activity of supported

nanoparticles [16–24]. Takasu et al. [21] analyzed the effect of the surface area of the

carbon support on the characteristics of PtRu nanoparticles which were prepared by

Fig. 7.5 Schematic representation of the structures of carbon black supports: crystalline domain,

primary carbon particle, agglomerate and aggregate [13] (Reprinted by permission of the

publisher)
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conventional impregnation method. Figure 7.6 a, b show the dependence of the

specific surface area of carbon blacks supports, with specific surface area in the

range of 29–800 m2 g�1, on the electrochemical surface area and the particle size of

Pt50Ru50, determined by COad stripping voltammetry and from HRSEMmicrographs

of the catalysts, respectively. It is important to remark that the increasing of superficial

area indicates that a larger portion of the pores is in the size range of micropores.

Carbon blacks as support lead to an increase of electrochemical surface area and

a decrease of the nanoparticle diameter of the catalyst when increasing the carbon

surface area, at equal synthesis conditions. However, the carbons with higher

micropores content did not show a positive effect on the methanol oxidation

reaction. Uchida et al. [25, 26] showed for Pt/C that the catalyst structure on the

carbon support has a strong effect on the performance of hydrogen fed fuel cells,

focusing their analysis in the performance of triple phase boundary. In order to get

the optimal microstructure of the catalyst layer they analyzed its components and

preparation, reporting that the colloids particle size distribution of the perfluoro-

sulfonate ionomer (Flemion®) in butyl acetate had a mean diameter ca. 43 nm. This

result suggested that the ionomer colloids could not penetrate into pores < 40 nm

and the Pt nanoparticles inside of these pores did not take part of the triple phase

boundary. Therefore, a diameter of 40 nm could be considered as the minimum

diameter of pore to take advantage of all the catalyst deposited.

A similar study was carried by Rao et al. [23] in Sibunit carbons. They analyzed

the pore effect on the performance of DMFC with carbon supports with a range of

surface areas from 6 to 415 m2 g�1. Figure 7.7 shows the observed specific activity

for methanol oxidation at an anode potential of 0.5 V as a function of the surface

area.

A downward trend of specific catalytic activity when carbon surface area is

increased is observed. This behaviour can be attributed to many factors, but the

authors emphasized that the particle size (indicated in the labels of Fig. 7.7) and

Fig. 7.6 The dependence of (a) the specific surface area, SPtRu, and (b) particle size, dPtRu, for

Pt50Ru50(30 mass%)/C catalysts on the specific surface area, Scarbon, of the carbon black

support: ● Mitsubishi, ~ Vulcan XC-72R, ♦ Ketjen EC [21] (Reprinted by permission of the

publisher)
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dispersion of catalyst were maintained almost constant. Moreover, the authors

reported a similar trend for catalyst utilisation versus surface area. This trend agrees

with those observed by Uchida et al. [26], indicating that the perfluorosulfonate

ionomer colloids do not penetrate into the carbon pores of small diameter. How-

ever, Rao et al. suggested that with pores size larger than 20 nm optimal results

were achieved.

As stated above, high surface area of a carbon support has a positive effect on the

dispersion of the catalyst. However, catalyst particles within small pores may not

contribute to the triple phase boundary. Therefore, microporous materials should be

discarded as catalyst support, while carbons with large mesopores would promote a

high electroactive area of the PtRu catalyst and would facilitate the mass transport.

7.2.2 Carbon Nanotubes and Nanofibers

The extraordinary mechanical, electronic and thermal properties of carbon nanofibers

(CNFs) and carbon nanotubes (CNTs) make them suitable in several fields of

materials technology, including supported catalysts for energy conversion. Graphite

nanofibers, carbon filaments and carbon nanotubes, are terms employed to refer to

nanofilamentous carbon. These materials can be classified into two categories: fibers

and tubes. A schematic representation of their structural features is shown in the

Fig. 7.8.

Although, the first report about the production of graphite nanofibers is older than

a century [27], the discovery, in 1991, of multi-wall carbon nanotubes (MWNT) by

Iijima [28], caused a renewed interest in this kind of carbons. There are several types

of carbon nanofibers which differ in the disposition of the graphene layers. In Fig. 7.8

are shown the ribbon-like graphite nanofiber, where the graphene layers are parallel

to the growth axis, the herringbone nanofibers having their layers stacked obliquely

Fig. 7.7 Specific activities

(A m-2) at 0.5V RHE plotted

versus surface area (SBET)

of carbon supports [23]

(Reprinted by permission of

the publisher)
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respect to the growth axis, and the carbon nanotubes composed by graphene layers

wrapped around a hollow cavity. Among them, carbon nanotubes have become one

of the most active materials under study [29]. The most suitable method to produce

them is by chemical vapor deposition. In this versatile process, a gas-phase rich of

hydrocarbons are catalytically decomposed at high temperatures.

Carbon nanotubes can be formed by one or several wrapped graphene layers,

accordingly they are classified as single-wall carbon nanotubes (SWCNT) or multi-

wall carbon nanotubes (MWCNT). Usually, the internal diameter of the tube varies

between 2 and 50 nm, the interlayer spacing is ca. 0.34 nm and the length ranges

from few microns to several millimeters. Pores in MWCNT can be mainly divided

into the inner hollow cavities of small diameter and pores (widely distributed,

20–40 nm) formed inside the aggregates of MWCNT. The surface area of

MWCNT varies from about 50 to 400 m2 g�1. The rolled up graphene layer forming

the nanotube has a sp2 hybridization, with structural defects that helps to anchor the

catalyst support. In order to increase anchoring sites, many authors suggest different

types of activation processes to promote superficial groups or structural defects

necessary to have a good fixation of the nanoparticles [17].

Most of the alternative carbons support proposed to replace carbon black still have

a lack of test analysis in a fuel cell. However, among those, the carbon nanofibers

were the most studied in DMFC. Drillet et al. [30] analyzed the performance of

SWCNTs, produced by the arc-discharge method, as catalyst support in the anode

side of fuel cell. They used hot air (300 �C) or concentrated nitric acid as activation

treatments to promote the catalyst anchoring. The performance of DMFC using

SWCNT as PtRu support was 10–15 % higher than those using Vulcan carbon.

Fig. 7.8 Structure of different types of carbon nanofibers and nanotubes: (a) graphitic platelets,

(b) graphitic herringbone and (c) multi-wall nanotube
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In the case of commercial MWCNTs as PtRu support, Jeng et al. [31] used this

kind of support previously activated by chemical treatment. Well dispersed PtRu

1:1 nanoparticles of 3.5–4 nm were obtained by a polyol synthesis method. The fuel

cell test showed a performance 50 % higher than that of a commercial PtRu on

Vulcan support (E-TEK). Similar results were found by Prabhuram et al. [32] for

PtRu on oxidized MWCNT, where well dispersed nanoparticles of 4 nm were

obtained by the NaBH4 method. The DMFC performance test of PtRu supported

on MWCNTs showed a power density ca. 35 % higher than that using the Vulcan

carbon support. Outstanding results were obtained by Tsuji et al. [33] with PtRu

nanoparticles supported on carbon nanofibers prepared by polyol method and tested

in a DMFC. They obtained a performance 200 % higher than standard PtRu on

Vulcan carbon from Johnson Matthey.

7.2.3 Structured Porous Carbon Materials

The syntheses of materials with tailored properties have been proposed to improve

the performance of the fuel cells [12, 34, 35] by increasing the dispersion of the metal,

decreasing the formation of agglomerates of catalyst nanoparticles, and raising the

diffusion of species from/to the electroactive area. Several synthesis routes produce a

carbon with tailored porous structure and composition by controlling the properties

of the carbon precursor. The fabrication method to obtain a porous material, in

general, can be enclosed in three steps:

CARBONIZATIONDRYINGSYNTHESIS

This sequence of steps offers numerous benefits to obtain a carbon material with

tuneable properties because is possible to introduce modifications, during the proce-

dure of fabrication, depending on the conditions used or the customized steps (one o

more) during the fabrication route. It is possibility to get desired characteristics of the

final product, such as:

• Controllable carbon composition.

• Controllable graphitization degree.

• Variable surface functionalities.

• Tailored pore size and surface area.

• Tuneable morphology.

• Moldability of monolithic precursors.

In the following sections the most known fabrication routes will be discussed,

including:

1. Modifying the drying conditions. The drying condition applied has a strong

effect on the final properties of the polymer gel:
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• Xerogels: the wet polymeric gel is dried under ambient pressure.

• Cryogels: the gel is frozen and then the solvent is removed by sublimation

under low pressure.

• Aerogels: The solvent occluded into the polymer is exchanged with liquid

CO2, which is then removed by using supercritical conditions.

2. Nanocasting-hard template: a rigid structured inorganic template is infiltrated by

a carbon precursor to synthesize carbons with uniform pore structure.

3. Mesoporous carbon by soft template: Carbons with mesostructures have been

synthesized by using amphiphilic block copolymer as direct template, self-

assembly surfactants or polyelectrolytes in the polymerization media of the

carbon precursor.

All the above mentioned routes introduce modifications during the synthesis and

drying stages. Once the dry structured polymer is obtained, the carbon material is

formed by carbonization. During this process the polymer precursor is converted

into carbonous materials by heating in an inert atmosphere up to final temperature

which is generally above 800 �C. Phenolic polymers are usually used as carbon

precursors due to their easy availability, low cost and simple synthesis. These

materials have a carbon yield around of 52 % wt at 1,000 �C. An activation process
can be performed, during or after carbonization stage, in order to increase the pore

volume and the number of superficial groups of carbon materials. However, the

activation process is more common in natural carbon precursors than for structured

materials.

7.2.3.1 Mesoporous Carbons by Sol-Gel Process: Aerogels,

Xerogels and Cryogels

Organics sol-gel refers to the product obtained by a hydrolysis-condensation

reaction mechanism. This mechanism is based on a route analogous to sol-gel

inorganic oxides. Sol-gel route involves the conversion of a colloidal suspension

of a solid in a liquid (sol stage) to a semi-rigid colloidal dispersion (gel stage). The

gel is composed by solid and liquid phases, which are independent of each other. If

the liquid phase is removed from the gel through a non-destructive manner, a highly

porous solid will be left with approximately the same shape and volume as the

original gel. The first carbon aerogel, obtained from the carbonization of an organic

gel, was produced by Pekala et al. [36] in 1989. The gel was synthesized by

polymerization of resorcinol (R) and formaldehyde (F) and dried using supercritical

conditions. Briefly, sol-gel reaction in a RF polycondensation occurs through the

formation of a gel composed by nanosized pores and polymeric particles highly

crosslinked. The polymerization begins with the addition of formaldehyde to the

benzene ring, generally activated by basic catalyzers (C). During the second stage,

successive condensation reactions produce a polymer highly interlinked. The for-

mation process is schematized in Fig. 7.9.
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Although the most common precursors are resorcinol and formaldehyde, the

synthesis of polymers by sol-gel method have been extent to others hydroxylated

benzene compounds (phenol, catechol, hydroquinone, cresols, phloroglucinol) and

aldehyde compounds (e.g. paraformaldehyde, acetaldehyde, furfural) [38]. More-

over, water (W) as solvent and Na2CO3 as catalyst have been replaced by other

compounds, opening the possibilities to a great variety of materials with different

properties [39]. The sol-gel method is a very versatile route and the properties of the

gel are strongly affected for the conditions used during its preparation e.g. pH, ratio

R/C, reactant concentration, curing time, solvent [37, 40–42]. Since the work by

Pekala the organic gels have been extensively studied, analyzing the synthesis route

in order to control and tailor the gel properties. In Table 7.1 are summarized some

synthesis conditions and the effect produced on the gel properties.

After obtaining the wet gel, it follows a solvent extraction process to dry it.

When a gel with low mechanical strength is dried by simple evaporation, capillary

forces created at the curved liquid–vapour interface can produce the shrinkage of the

pore structure. Therefore, a carbonwithout appreciable surface area (closed pores) is

obtained. For this reason, the drying method has a decisive effect in the structure of

material. There are several routes to dry the carbon precursor and each of them

produces different change in the properties of material.

Fig. 7.9 Formation of an organic gel [37] (Reprinted by permission of the publisher)
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If the wet gel is dried at ambient pressure by solvent evaporation as it was

describe above, the resulting organic gel is called xerogel. However, in order to

reduce the capillary forces which cause collapse of the structure, previously drying,

the water can be exchanged by solvents of lower surface tension (e.g. ethanol

acetone, etc). Some authors have subclassified these materials in xerogels and

ambigels, according to the last solvent evaporated. Ambigels are those materials

obtained from hexane or ciclohexane solvent evaporation.

A supercritical condition is other method to suppress the liquid–vapour interface

or reduce the capillary forces. This route, used commonly to produce inorganic

aerogels, was applied by Pekala et al. [36] to obtain organic aerogels, where the

water in the wet gel is exchanged by a solvent soluble in liquid CO2 (typically

acetone), which is removed using supercritical conditions. These materials are

called carbon aerogels.

One of the three best known drying methods is sublimation. The initial solvent in

the wet gel is exchanged by one with lower density change on freezing and larger

vapour pressure than water. After freezing, the solvent is removed by sublimation

under low pressure. The so obtained dried gel is called cryogel.

All these methods have advantages and disadvantages. Concerning to the gel

structure, supercritical drying is the best method to obtain an unaffected gel

Table 7.1 Effect of the synthesis conditions on the properties of resorcinol-formaldehyde carbon

gels [43]

Factor Effect

Decreasing reactant concentration (equiv-

alent to reducing R/F, R/W or R/C)

Smaller particles and pore sizes

Increases the surface area of xerogels

Decreases the elastic modulus of carbon aerogels

Acidic catalytic solutions Low concentrations: small, smooth, fractal aggregates

of particles with wide pore size distribution

High concentrations: no fractal aggregates very nar-

row pore size distribution

May reduce gelation time

Alkaline catalyst solution High concentrations: polymer gel (small polymer

particles interconnected with fibrous appearance,

high surface area, high mechanical strengths),

reduces gelation time

Low concentrations: colloidal gels (large particles

interconnected with narrow necks, low surface

areas, low mechanical strengths)

Increasing gel pH Increases surface area and pore volumes of carbon

aerogels

Insignificant effect on surface area of carbon xerogels

Increases the pore volume of carbon xerogels at high

density of reactants

Gelation time decreases

Gelation and curing period Required to improving the crosslinking of the poly-

mer particles

Temperature High temperatures causes a shrinkage of porosity
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structure, because no appreciable contraction affects the pore structure. However,

economical reasons reduce the possibility of this method to be applied at industrial

scale.

Few reports were found dealing with the fuel cell performance of PtRu supported

on this type of materials as anode in methanol oxidation. A mesoporous carbon

dried under ambient conditions was analyzed as anode support in DMFC by Du

et al. [44]. PtRu was deposited on a carbon with a pore size diameter ca. 11 nm. The

same power density of commercial catalyst in single DMFC test was reached using

only two third of noble metal used. Calderón et al. [45] synthesized PtRu catalysts

supported on carbon xerogels. The carbon supports have high surface area and a

pore size distribution centred to ca. 16 nm [46]. Well dispersed PtRu nanoparticles

of 3.5–4.6 nm were obtained. Although the catalyst formed showed a higher current

densities for the MOR than the commercial E-TEK catalyst, its power density in a

DMFC single cell test was poorer.

Following the analysis of carbon pore size effect on fuel cell performance,

Arbizzani et al. [47] reported DMFC tests for PtRu on mesoporous carbon cryogels.

They achieved the best results for the catalyst supported on mesoporous carbon

with pore size distribution around 20 nm in diameter. Again, the high surface area is

sacrificed to improve the access of the perfluorosulfonate ionomer through the

carbon support having bigger pores sizes.

It is important to remark the difference between the performance of catalyst

support obtained by using electrochemical cell and fuel cell test. Such a differences

were not only found for mesoporous carbons but also for commercial catalysts,

indicating that the processing conditions used to form a catalyst layer, such as ink

formulation, catalyst deposition method, pressing conditions, etc., have a strong

effect in the good performance of fuel cell. Unfortunately, to the best of our

knowledge, there is not experimental report analyzing the best conditions for

processing the anodic side of a DMFC with catalyst supported on mesoporous

carbon.

7.2.3.2 Mesoporous Carbon by Nanocasting

Although the replication method is one of the oldest ones in the human culture,

Knox et al. [48] were the first that proposed to synthesize mesoporous carbon by the

hard template method. In 1989 they reported the fabrication of porous carbon by

using amorphous silica gels as template. However, Ryoo et al. [49] broke new

ground for the fabrication of mesoporous carbons with ordered structures from

replication of mesostructured silica. After that, an explosive grow in the structured

carbons fabrication from replication method started. Ordered Mesoporous Carbon

(OMC) is usually synthesized by nanocasting method, which consists in the infil-

tration of an inorganic hard template, that was produced by a soft template method

(see section below), with the carbon precursor. The final material is obtained by

carbonization of the precursor and the removing of the template. A scheme of the

fabrication procedure of mesoporous carbon is shown in Fig. 7.10.
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OMCs have been synthesized using various templates, including porous zeolites,

and anodic alumina membranes, porous silica materials and silica nanoparticles

[51, 52], as well as different carbon precursor: phenolic resins, furfuryl alcohol,

mesophase pitch, sucrose, etc. In Table 7.2 are summarized the characteristic of

OMC reported in the literature.

A wide variety of carbon with different physical and morphological properties

(pore shapes, pore wall thickness, etc.) are reached depending on the template and the

carbon precursor used [58]. Moreover, desired properties of the material can be

introduced by carbon functionalization [59]. Therefore, a tunable carbon obtained

through replication method has a broad spectrum of possibilities that can be used to

suit the demand of any system. Among these materials, the structured carbon CMK-3

reported by Ryoo et al. [60] was the most studied as catalyst support in DMFC.

Nanocasting can be considered as the best method to obtain a narrow pore size

distribution. This is a very important feature because carbon supports with tunable

properties allow the modeling of the system, in order to optimize the processes of

methanol oxidation (adsorption and re-dissolution) and mass transport in fuel cells.

For anode in DMFC, Chai et al. [61] used ordered porous carbons with pore sizes

in the range of 10–1,000 nm as catalyst support, the material were synthesized using

colloidal silica crystalline templates and phenol-formaldehyde as a carbon precur-

sor. They reported a high dispersion of PtRu 1:1 nanoparticles of 2–3 nm on the

carbonous materials. Among the catalysts tested, mesoporous carbon with pore

size distribution centered on 25 nm showed the best performance in DMFC.

Qi et al. [62] also showed that a better performance in DMFC test is achieved by

using carbons with higher percentage of pores above 20 nm. Graphitic mesoporous

carbons with different surface area, used as PtRu support, were synthesized using

resorcinol and formaldehyde and particles of SiO2 as a template. A power density

24 % higher than that obtained with the commercial PtRu-Vulcan XC-72 was

achieved in a DMFC.

Fig. 7.10 Schematic representation of the synthesis procedures for mesoporous carbon

(CMK- · 3) from a mesostructured silica (SBA-15) template [50] (Reprinted by permission of

the publisher)
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OMC carbons obtained from replication of structured mesoporous silicas show a

narrow pore size distribution, but with mesopores smaller (< 15 nm) than those

obtained from colloidal replication. PtRu nanoparticles supported on ordered

mesoporous carbon CMK-3 were analyzed by Din et al. [63] Although a good

nanoparticle dispersion was obtained, the catalyst synthesized showed a worse

performance than nanoparticles supported on Vulcan XC-72 for methanol

oxidation.

Kim et al. [64] analyzed porous carbon by using colloidal silica particles as

templates. Carbon with micro, meso and macropores were obtained modifying the

initial pH of the carbon precursor solutions. This fabrication method produces

materials with narrow pore size distribution in a broad range of pore size. The

fuel cell test showed better DMFC performance for carbons with high meso-

macropore area with large pore than that with micropores. Again, this effect was

attributed to the fact that meso and macropores produce a favorable dispersion of

PtRu metal species and allow the access of perfluorosulfonate ionomer for the

formation of the triple phase boundary.

7.2.3.3 Mesoporous Carbon by Soft Template

A soft template route involves an organic compound, such as polymers or

surfactants, which is used as a direct mold in order to obtain a structured carbon

precursor. Then, the soft template is eliminated during the carbonization stage.

Nowadays, there are a large number of preparation methods reporting materials

with a wide variety of structures and pore size distributions. In general, these

methods are more versatile and cheaper than nanocasting ones. Moreover, the

Table 7.2 Mesoporous carbons (OMCs) generated by nanocasting

OMC Space group

Surface area

and pore size Precursor Template Space group Ref.

CMK-1

(SNU-U)

I41/a or lower ~1,500 m2g�1 Sucrose, phenol

resin

MCM-48 Ia3d [49]

~3 nm

CMK-2 Unknow cubic ~1,400 m2g�1 Sucrose SBA-1 Pm3n [53]

~3 nm

CMK-3 p6mm ~1,000 m2g�1 Sucrose SBA-15 p6mm [54]

CMK-3

analogue

p6mm ~3.8 nm Furfuryl alcohol,

phenol resin

HMS

SBA-3

MCM-41

CMK-4 Ia3d ~3 nm Acetylene MCM-48 Ia3d [55]

NCC-1 p6mm ~1,800 m2g�1 Furfuryl alcohol SBA-15 p6mm [56]

~5 nm

OMC (cubic) Ia3d ~710 m2g�1 Sucrose, Furfuryl

alcohol

KIT-6,

FDU-5

Ia3d [57]

~6–9 nm
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soft template route eliminates steps on the carbon fabrication, because avoids the

use of hard template and consequently the chemicals (HF or NaOH) to remove it.

The soft templates are organic compounds able to produce supramolecular

arrangements by self-aggregation. The most commonly used are block copolymers

and surfactant. The organic template self-assembles forming ordered structures

which, through phase separation (nanoscale) and structure stabilization, induce

the pore formation in the carbon precursor. Soft template pathways are very

dependent of the synthesis conditions (template, solvent, temperature ionic

strength, drying conditions, etc.), and this makes them less predictable than the

nanocast pathways [65]. The family of phenolic resins are the most used common

carbon precursors [66].

Bell et al. [67] were one of the pioneers in proposing the fabrication of

mesoporous carbon by using surfactants as template. This novel route produces

mesoporous carbon monolithic using directly cationic micelles as nanomolds in the

polymerization media. More recently, Fujikawa et al. showed a possible route to

control the morphology of the polymer and carbon nanostructures [68, 69].

All authors conclude that carbons with adjusted pore size distribution in the

entire range of the nanopores can be obtained, depending the synthesis conditions

and cationic surfactants used as templates. Despite this, it is an effective pathway to

obtain porous carbons, even though the pore formation mechanism is not well

understood. Hence, different mechanisms are used to explain its effect emerged,

such as liquid crystal templating mechanism, cooperative self-assembly, electro-

static interaction between cationic surfactant molecules and the anionic RF polymer

chain and micelles as nanoreactors to produce RF nanoparticles [51, 70]. In these

cases, the simple mold effect from the globular form and the RF polymerization

around it is insufficient to explain the structuring of the material by the template,

where spherical closed pores would be expected.

Earlier reports showed that with a low surfactant concentration, enough for

micelles formation but without reaching the liquid crystalline phase, a porous

material with open structure may be obtained [71]. The authors suggested that the

cationic micelles around polymeric clusters produce their stabilization and avoid

the collapse during the drying step.

Soft template method by using block copolymers was reported for first time by

Liang et al. [72] in 2004. After that, a significant progress on the fabrication of

carbon with a well ordered mesopores was achieved [32, 73–77]. Zhao and

coworkers performed a widespread study of soft template via the triblock poly

(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) based systems,

PEO-PPO-PEO [65, 78]. Several ordered pore structures corresponding to various

surfactant liquid crystal phases were synthesized by liquid crystal template path-

way, a schematized synthesis procedure is shown in the Fig. 7.11.

The procedure was divide in five steps: (1) the preparation of resol precursors,

(2) the mixed of carbon precursor with triblock copolymer and formation of ordered

structure by self-assembly of the block copolymer, (3) the thermopolymerization of

the carbon precursor around the template, (4) the removal of the template by

calcination, and (5) the carbonization of the carbon precursor.
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In general, carbons with narrower pore size distribution are obtained by using

block copolimers than the ones from cationic surfactant. However, in general their

pore sizes are smaller than 12 nm using commercial block copolymers. Deng

et al. [79] reported the synthesis of ordered mesoporous carbons with large

mesopores by using laboratory-made poly(ethylene oxide)-b-polystyrene (PEO-b-

PS) diblock copolymers as templates. Bruno et al. [71, 80, 81] show alternative

preparation method to form large mesopores. They found that polyelectrolytes also

act as mesopores former, reporting carbons with mesopores size from 8 to 60 nm

without ordered structure. Furthermore, these materials have a broader pore size

distribution than those obtained by using block copolymers.

As it was discussed above, the carbon with small mesopores used as support

produce high dispersion of the PtRu nanoparticles. However, in the fuel cell test

they can show a poorer performance than the catalysts supported on Vulcan.

Catalyst nanoparticles deposited in a tight pore might be unconnected to the

perfluorosulfonate ionomer and inaccessible to the methanol. However, other

factors affect the triple phase boundary and in consequence the performance of

the cell using small mesopores carbon supports. For example, the method of

catalyst layer formation, including ink formation and dispersion of the catalyst

Fig. 7.11 Scheme for the preparations of the ordered mesoporous polymer resins and carbon

frameworks [78] (Reprinted by permission of the publisher)
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over the anode side, is a key factor in order to increase the fraction of catalyst

contributing to the triple phase boundary region.

Viva et al. [82] synthesized PtRu 1:1 nanoparticles on mesoporous carbon and

Vulcan carbon by using an impregnation method. The mesoporous carbon, obtained

by using polyelectrolyte as structuring agent, had a surface are of 580 m2 g�1 and a

broad mesopores size distribution with a maximum centred at 20 nm. TEM images

show the formation of highly dispersed nanoparticles of ca. 4 nm. PtRu nanoparticles

exhibited a better methanol efficiency conversion when supported on mesoporous

carbon as compared to Vulcan, and also showed an improved fuel cell performance.

These results are in agreement with those showed by Chai et al. [61] where carbons

with the larger mesopores exhibit the best cell performance.

7.3 Gas Diffusion Layers

As it was described in the introduction one of the many components of the MEA is

the gas diffusion layer. The roles of the GDL are multiple and described below:

• Provides an even distribution of the reactants throughout the CL and the elimi-

nation of water and products (CO2) out of the cell.

• Provides a substrate for the catalyst, present in the form of a powder. Also avoids

deformation of the membrane-CL from the channels machined on the CCP.

• Provides the electrical connection between the CL and the CCP allowing

electrons flow to/from the load.

• Transfers the heat generated on the catalyst away from the MEA.

The tasks mentioned above demands a particular set of properties for the

compounds conforming the GDL: good mechanical properties, good porosity for

the inlet and outlet of the reactant and products, good electrical conductivity and

good thermal conductivity. The most widely used materials for GDLs is carbon in

the form of carbon fibers, which is commercially available in the form of paper or

fabric. It is worth to mention, even though they will not be discussed in this chapter,

that metal meshes and porous metal foils are also used as GDL [83].

7.3.1 Carbon Fibers

Carbon fibers (CF) are known since the late 1800s. Thomas Edison produced the

first carbon fibers from the pyrolyzation of bamboo and cotton fibers for the light

bulbs filament. The fibers sustained high temperatures although they lacked tensile

strength. The development of modern carbon fibers began in 1960 when Shindo

produced the first carbon fiber from the pyrolysis of polyacrylonitrile (PAN) [84,

85]. Other materials also used for CF fabrication are rayon, phenolic resins and

pitch. The CF properties like; high modulus, high tensile strength and low weight
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produced the widespread in the utilization of carbon fibers for a vast range of

applications. In particular CF based composites possess excellent mechanic

properties which are ideal for a wide range of applications particularly ones

where a light and strong material is needed such as in airplanes, cars, boats,

aerospace, sporting goods, etc.

The CF fabrication starts with the formation of PAN fibers by a spun process, from

a solution or suspension of acrylonitrile, a co-monomer such as methyl acrylate or

methyl methacrylate and a catalyst in a solvent like dymethylformamide. The most

common spinning processes to form the fiber are: dry spinning, where the fibers are

form in drying chamber while the solvent evaporates, and wet spinning where the

fibers are form in a coagulating bath. Another method used to spun fibers is

electrospinning which allows the formation of fibers a few nanometers in diameter

[86, 87]. In the electrospinning method a potential difference is applied between a

syringe needle and a surface where the fibers will be collected.

Once the fibers are formed they go through a stretching process where the polymer

chain aligns and orientates parallel to the fiber longitudinal axis. An elongation of

500–1,500 % occurs contributing to the high strength of the final CF. The fiber might

be subjected to a modification process previous to the pyrolysis which might include

resin coating, chemical impregnation and stretching with plasticizer. Modification of

the fibers affects the pyrolysis process by reducing the activation energy of cyclization

reactions, decreasing the stabilization energy, and also improving the orientation of

molecular chains in the fibers [88, 89]. The fibers are then subjected to the pyrolysis

processes which has different stages depending on the type of CF desired [89]. Fig-

ure 7.12 shows a schematic representation of the pyrolysis process and the types of

fiber obtained. The first stage is termed stabilization where the fibers are heated

between 180 �C and 300 �C in the presence of air for 30–120 min. The working

temperature depends on the manufacturer. In this stage there is a change from the

linear atomic bonding to a more thermally stable ladder bonding [90] (i.e., thermoset

material), by a reorganization of the bonding patter through the uptake of oxygen

molecules from the air [91]. The next stage is either carbonization or graphitization,

depending on the temperature, by heating the stabilized fibers in an inert atmosphere.

The temperature used will define the properties of the final fiber. Carbonization up to

1,300 �C will produce Type III CF, which presents low modulus and low tensile

strength. For temperatures of 1,500 �C Type II CF are obtained with high tensile

strength and mediummodulus. For temperature above 2,500 �C (graphitization) Type

I carbon fibers, with high modulus and low tensile strength, are obtained [90, 92].

7.3.2 Carbon Paper

Carbon paper (CP) preparation begins by chopping carbon fibers obtained between

1,000 �C and 1,400 �C. Typical fiber diameter is between 5 and 15 μm. The porosity

of the final product will depend on the length of the chopped fibers: short fibers will

render a small pore size. The chopped fibers are soaked in water and a binder,
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typically polyvinyl alcohol [93], followed by a drying step. The coated fibers are

impregnated with a resin and subjected to a pre-curing step at 150–175 �C [94]. A

number of resins can be used, being the phenolic resin the most common because of

its carbon structure, good adherence, and its low cost [94, 95]. The final properties

of the CF will depend on the amount of the phenolic resin used [95, 96]. The

material with the resin coating is molded into sheets by applying pressure and

several sheets can be piled and re-pressed for a thicker material. The sheets are then

cured in an oven at 150–200 �C for at least 2 h [96]. After curing, the carbonization

and graphitization steps take place. The temperatures and the heating rate are

different depending of the manufacturer, therefore modifying the CP final

characteristics. As an option, carbon black or graphite powder can be added to

the resin before impregnation of the CF improving the electrical conductivity

without the need of the carbonization and graphitization steps [95].

In 1970 Toray Inc. was awarded the license of Shindo’s patent [85] and started

production of CF in 1971. Nowadays Toray is the world largest producer of CF and

the Toray CP is one of the most referenced in the literature. Table 7.3 shows the

properties of Toray CP. Figure 7.13 shows SEM micrograph of Toray CP TGP-H-

060 where the morphology of the CP can be clearly observed.

7.3.3 Carbon Cloth

Carbon cloth (CC) is another kind of GDL used for PEM fuel cell application.

Typically carbon cloth is thicker than the average carbon paper but has the

important advantage of being flexible. Regarding the through plane electrical

PAN Fibers

Stabilization
in air

Graphitization
>7500 oC

Carbonization
>1000 oC

Stabilized
fibers

Carbonization
>1500 oC

Type I
Carbon Fibers

Type III
Carbon Fibers

Type II
Carbon Fibers

Fig. 7.12 Stages in the carbon fiber pyrolysis process from PAN fibers
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conductivity, in average the CC has higher values than CP with the exception of the

ones manufactured by Ballard [98] as shown in Table 7.4.

Fabrication of CC begins after the PAN fiber stabilization step. With the

stabilized fiber a spun yarn is formed. The yarn is put in a stretch-breaking machine,

of common use in the fabric industry, which produces a fiber tow of certain lengths

in a continuous way. The yarn is then homogenized with the use of different

machines and subsequently braided or directly weaved. Once the cloths are ready,

they are heated between 1,000 �C and 2,500 �C (carbonization or graphitization)

under an inert atmosphere. As for the CP, the final temperature and heating rate will

depend on the desired properties [99, 100].

Figure 7.14 shows SEM micrograph of Ballard carbon cloth while Table 7.4

shows the properties of some commercial CC.

Fig. 7.13 SEM images of Toray TGP-H-60 carbon paper at 200� (a) and 400� (b)

Table 7.4 Physical properties of different carbon cloth GDL [98]

Product name

Thickness

(mm)

Weight

(g/m2)

Bulk

density

(g/cm3)

Porosity

(%)

Tensile

strength

(MPa)

Through-plane

air permeability

(sec/100 cc)

Through-

plane

resistivity

(mΩ cm2)

1071HCB

Ballar

0.356 123 0.35 – – 1.3 7.7

2002HD

Ballar

0.229 96 0.42 – – 2.6 7.2

Elat

LT1400w

NuVant

0.454 250 0.8 31 – 10 2 (bulk)
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7.3.4 Carbon Felt

Carbon felt is another kind of CF arrange, generally used as thermal insulation in

inert and vacuum furnaces, and that has seen its use in the fuel cell area only in

microbial fuel cells (MFC) [101].

7.3.5 Diffusion Layer Coatings

In order to improve the properties of the aforementioned GDLs, they can be further

modified by different coatings. These are mainly: treatment with polytetrafluour-

ethylene (PTFE) and/or the deposition of a microporous layer (MPL) on the face at

which the catalyst will be added [102].

7.3.5.1 PTFE Treatment

PTFE treatment of the GDL is one method to control internally the water content.

Water management in PEM fuel cells is a key factor for the correct functioning of

the device. Water management refers to the control of the water content inside the

fuel cell. Low amounts of water within the boundaries of the MEA causes the

membrane to dry, consequently reducing the ion transport properties. On the other

hand, excessive amount of water particularly on the cathode side, known as cathode

flooding, hinders the reaction on the catalyst surface. Both high and low water

content may produce the shutdown of the cell. In direct alcohols fuel cells (DAFC),

the water management is a key factor because as the fuel is introduced as an

aqueous solution the amount of water inside the cell could be excessive.

Fig. 7.14 SEM images of Ballard carbon cloth at 200� (a) and 400� (b)
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The GDL is simply coated with a thin layer of PTFE which renders the material

hydrophobic. The coating procedure uses an aqueous suspension of PTFE with a

nonionic surfactant such as polyoxyethylene alkyl phenyl ether or polyoxyethylene

alkyl ether. The GDL material is soaked in the suspension or it is applied by

spraying, this step is repeated according to the desired PTFE coverage. The GDL

is then dried in air at temperatures below 200 �C and finally sintered at ca. 350 �C
for 30–45 min [103, 104]. GDL with different amounts of PTFE are available

ranging from 5% to 30 %where an increased content means higher hydrophobicity.

The hydrophobic surface expels the water coming to the anode or through the

membrane and prevents condensation of water coming in the gases stream

[105]. However, a higher amount of PTFE increases the contact resistance

[106]. Moreover, the sintering temperature has been seen to adversely affect the

conductivity [107]. Figure 7.15 shows the SEM micrograph of Toray TGP-H60

with 10 % of PTFE treatment and without treatment. The treated paper shows a

lighter image due to the decreased electrical conductivity.

Several authors have shown the fuel cell performance with varying PTFE

content [103, 106, 108, 109]. Figure 7.16 shows the polarizations curves of

DMFC with different contents of PTFE on the anode and cathode GDL respectively

[82]. An excess of PTFE has an adverse effect on the fuel cell polarization as

observed in both graphs. The better performance is attained with different PTFE

amounts at the anode and the cathode, indicating that an optimum amount has to be

chosen according to the particular material and application. This is related to the

fact that different amounts of water are present in the anode and the cathode. While

an aqueous solution is fed to the anode, water reaches the cathode mainly by

transport from the anode through the membrane, because dried O2 or air is typically

supply to the cathode.

Fig. 7.15 SEM images of Toray TGP-H60 10 wt% PTFE treated (a) and untreated (b)
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7.3.5.2 MPL Coverage

The coverage of the GDL by a carbon MPL is another common treatment in order to

modify the layer properties. The MPL consist of a thin layer of carbon black powder

with PTFE as binder, which is applied on one face of the GDL. Fabrication starts by

preparing a slurry of the carbon powder and PTFE in an alcohol solution, typically

isopropanol. The GDL is then coated with the mixture either by brushing, spraying,

screen printing or with a doctor-blade system. The material is then dried at ca.

80–120 �C for 1 h followed by another heating step at 280 �C, in order to remove

the PTFE dispersion agent, and finally sintered at 350 �C for 1 h.MPL thickness varies

from manufacturer to manufacturer but typically lay in the order of 5–10 nm. The

MPL coverage reduces the surface porosity of the plain CP or CC. Covering of the

GDL by the MPL renders pores in the order of 20–200 nm, when in comparison

without coverage the GDL pores range between 0.05 and 100 μm [110]. As the

catalyst is applied on the MPL side, the pore size reduction effect is quite important

because it prevents penetration of the catalyst particles deep into the GDL since the

support catalyst particle sizes are between 40 and 80 nm. Thus, the MPL keeps

the catalyst layer on the surface of the electrode improving the contact with the

membrane and avoiding clogging of the GDL. As PTFE is used for the MPL prepara-

tion, this is another option for watermanagement in theMEA. Figure 7.17 shows SEM

images corresponding to both sides of Ballard’s AVcarb 2240, a flexible carbon paper

with a MPL, recommended by Ballard for DMFC applications. The image clearly

shows the low porosity of the MPL covered face.

Wang et al. [111] presented a thorough study of MEAs for DMFC prepared with

different loadings of Vulcan XC-72 as MPL. Polarization and power plots were

obtained with 1.5 M methanol as fuel and humid air (50 % RH) as oxidant. The

results (Fig. 7.18) show that 1 mg cm�2 of carbon as MPL at the anode or the

cathode presents the highest power density when compared to 0.5 and 1.5 mg cm�2

Fig. 7.16 Effect of PTFE content on the anode and cathode backing layer in the performance of

DMFC [82] (Reprinted by permission of the publisher)
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Fig. 7.17 SEM images of both faces of Ballard AVCarb 2240. (a) MPL covered face. (b) Non

covered face

Fig. 7.18 Influence of different carbon loadings on DMFC performance at 35 �C and atmospheric

pressure. (a) Anode: without the microporous layer, cathode: 0.5 (MPL-1), 1.0 (MPL-2) and 1.5

mgcm�2 (MPL-3) Vulcan XC-72 carbon with 20 wt% Teflon; (b) anode: 0.5 (MPL-4), 1.0

(MPL-5) and 1.5 mg cm�2 (MPL-6) Vulcan XC-72 carbon with 20 wt% Teflon, cathode: without

the microporous layer; (c) anode and cathode with: 0.5 (MPL-8), 1.0 (MPL-9) and 1.5 mg cm�2

(MPL-10) Vulcan XC-72 carbon with 20 wt% Teflon [111] (Reprinted by permission of the

publisher)
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loadings. On a different MEA the same loading of 1 mg cm�2, both at the anode and

cathode, also presents the highest power density. The authors claim that an inter-

mediate loading of Vulcan gives the best electron conduction and mass transfer

while the lowest and highest loading had a diminished electron conduction and

mass transfer respectively.

7.3.6 Non Commercial GDLs

In the previous section, an overview of the most common commercially available

GDLs has been discussed. However, a great deal of research has been conducted on

further modifications of commercial GDL or the preparation, at laboratory scale, of

GDLs with particular properties. CP and CC processes produces material with low

control of the porosity. Mainly, the preparation of non commercial GDLs aims to

improve the porosity control in order to obtain a better diffusion of fuel and oxygen

and for water management.

Yang et al. [112] prepared GDL with carbon black and PTFE. The layers were

like a standalone MPL with high gas permeability. However, the cell performance

was half of the commercial materials although the authors stressed the low cost and

simplicity of preparation.

Carbon nanotubes (CNT) were used by several researchers to modify commer-

cial GDLs [113–116]. Wang et al. [116] grew CNTs directly over CC by microwave

plasma-enhanced chemical vapor deposition using CH4/H2/N2 as precursors for

DMFC. They deposited PtRu nanoparticles by a sputtering method, obtaining a

loading of 0.4 mg cm�2. The anode high performance was attributed to the high

conductivity and low interfacial resistance of CNT.

Gao et al. [117] went further and prepared GDL made entirely with CNT. They

mixed PAN CF, CNT and PTFE and sintered the mixture at 340 �C for 30 min. The

prepared GDL was compared against Toray TGP-H-60 and they observed better

electrical conductivity and mass transport properties by electrochemical impedance

spectroscopy (EIS). Polarization plot also exhibited a better performance as show in

Fig. 7.19.

Gerteisen et al. [118, 119] modified the GDL by drilling holes across it. The

holes having 80 μm in diameter were drilled with a laser along the channels of the

current plates. As the in-plane water saturation is higher than the through plane, it is

expected that holes through the GDL will help in the fast evacuation of water from

the GDL/membrane interface. The authors showed an improvement in the fuel cell

polarization. In a similar work, Mench and coworkers [120] drilled 300 μm holes on

GDL with MPL using also a laser. However, the holes were drilled in an array along

the whole GDL surface equally spaced in the XY direction. The authors observed a

lower performance compared to non-drilled material with low and very high

humidity. Figure 7.20 shows a schematic representation of the differences in liquid

water transport within a GDL with and without macro holes. Without water

transport channels (WTC) the O2 path through the GDL to the catalyst might be
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Fig. 7.19 Fuel cell performance comparison at 60 �C for a CNT GDL against a Toray GDL.

Anode operation conditions: 1.0 M methanol at 1 ml min�1. Cathode operation conditions:

ambient pressure air at 80 ml min�1 [117] (Reprinted by permission of the publisher)

Fig. 7.20 Schematic of the liquid water transport with and without water transport channel

(WTC) [119] (Reprinted by permission of the publisher)
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hindered by water moving in the opposite direction. On the other hand, with WTC

the water exits through the transport channels leaving a more open path for the O2

transport.

The aforementioned results were very promising in order to improve the fuel cell

performance. Working in a similar idea, Bruno et al. [81, 121] presented a novel

method to produce mesoporous carbon monolith, obtained by a soft template

method, with channels in the through plane direction of the materials using poly-

propylene fibers as a hard template. This simple method produces channels, 15 μm
in diameter, together with meso and micropores in a single carbonization step of the

resorcinol-formaldehyde resin used as precursor. Figure 7.21 shows SEM images of

a transversal cut of the monolith exhibiting the macroscopic capillaries and the

material surface showing the carbon particles forming the monolith. This material

was later used as GDL and support of a electrodeposited mesoporous Pt catalyst for

the anode in an H2 fed fuel cell [122]. The observed results showed a better

performance of the GDL/catalyst combination as compared to the commercial

GDLs and catalyst.

7.4 Current Collector Plates and Bipolar Plates

The final component of a fuel cell to be discussed in this chapter is the current

collector plates (CCP) or more commonly called the bipolar plates (BP) or flow

field plate (FFP). As observed in Fig. 7.1 the fuel cell stack is composed by a

number of BP, each of which will separate a pair of MEA and with two end plates

completing the stack. At either side of the BP, an arrange of channels provide the

flow paths for the fuel and oxygen. One of those faces is in contact with the anode of

one MEA and the other face with the cathode of the other MEA, hence, the name

bipolar plate. The end plates have channels only on one face, and the stack is

typically completed by two metal plates with a series of bolts that holds the stack

Fig. 7.21 SEM images of a mesoporous carbon monolith. (a) Transversal cut showing the through

plane channels. (b) Surface close up
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tight. The shape and size of the channel’s pattern will depend mainly on the

application and final size of the stack. The BPs are the major contributor of a fuel

cell stack in weight and volume, accounting for about 60–80 % of the total

weight [9].

The BP functions are:

• Distribute the fuel and oxidant uniformly across the GDL outer surface

• Conduct the electrical current from the MEA to the load

• Remove the heat from the MEA

• Remove the reactants in excess and products formed

• Provide the structural support for the MEAs and sustain the compression

• Prevent, along with the seals, reactants or products leaks

Some of these functions are similar to the ones of the GDL and although the main

component is also carbon material, the processes to obtain GDL and BP do differ.

Table 7.5 shows the target values of the BP properties set by the US department

of energy (DOE) and taken as the goal by researcher and manufacturers.

Carbon is also the main material used for BP. As in the case of GDLs, metals

were also used in the fabrication of BP perhaps with more extent than with the

GDL. Carbon as material for BP is used mainly as graphite block (electronic grade

graphite) or as a carbon–polymer composite, although some other forms have been

tested [124].

7.4.1 Synthetic Graphite

Graphite was the first material used as BP, still is the most used at lab scale, mainly

because it has an excellent corrosion resistance, high chemical stability and good

electrical conductivity.

To produce graphite blocks, a filler is mixed with pitch as binder. Coke is the

most used filler although natural graphite, carbon blacks and recycled graphite

particles are also used. The coke is usually obtained from petroleum or coal tar

pitches. The filler, particularly coke, is first pyrolyzed to release volatiles to avoid

the formation of crack or distortions in the final product. Regarding the binder,

petroleum and coal tar pitches are commonly used. These pitches are used due to

Table 7.5 DOE technical targets for bipolar plate [123]

Property Value

Flexural strengtha �25 MPa

Contact resistance (at 140 N cm�2) <20 mΩ cm2

In-plane electrical conductivity >100 S cm�1

Thermal conductivity >10 W (m K)�1

Gas permeability <2 � 10�6 cm3 cm�2 s�1 at 80 �C and 3 atm.

Corrosion resistance <1 μA cm�2

aUsing ASTM C651 – 11 Standard Test Method
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their high carbon content, ca. 60 % wt, and the fact that they produce a carbon

similar to the filler coke after it is carbonized. Other binders used are phenol and

epoxy resins. The binder is heated, in order to decrease the viscosity for allowing its

mixture with the filler. The filler-pitch mixture, often called carbon paste, is shaped

in blocks by extrusion, molding, or cold isostatic pressing (CIP). Controlling the

filler particle size and the filler-to-binder ratio will produce the desired material.

The carbon blocks are then carbonized at a temperature between 700 �C and

1,000 �C (often called calcination) and graphitized at temperatures above

2,500 �C. The material treated at high temperature is called polycrystalline graph-

ite or synthetic graphite. In order to produce graphite blocks, a two step liquid-

phase carbonization is involved, first during the filler coke preparation and then

during the carbonization of the binder pitch. The process of forming the graphite

block is key to determine the prefered orientation of the filler particles. Extrusion

gives flaky or needle like structure along the extrusion direction. By a molding

process, the particles are statistically aligned perpendicular to the compression

direction. While in CIP, the particles are randomly oriented producing high density

isotropic graphite blocks.

The most available graphite plate is made by POCO (Pure Oil Company), a

division of Entegris Inc. A variety of high-strength isotropic graphite is produced by

POCO where PyroCell is the most known product with very low porosity.

The main drawback of graphite as BP is that flow channels have to be machined

on, increasing the cost and the time in mass production. Moreover, a resin impreg-

nation step has to be added post machining of the plate to avoid gas permeation.

Such process also increases the cost of the plate. Another problem is the low

flexural strength and brittle nature, making the material prone to fracture and

forbidding the BPs to be thinner that 5 mm, hence increasing the stack size and

weight.

7.4.2 Carbon Composites

Composite is a term that refers to a material prepared by introducing a filler, typically

as powder, flakes or fibers, in a continuous matrix in order to obtain a material with

better mechanical and corrosion properties. Several composite materials have been

assessed as BP material for FC, including carbon–carbon composites, graphite/

polymer mixtures (thermoplastic based composites), carbon fiber/epoxy resin (ther-

mosetting based composites), and others conducting fillers with different polymers

[8, 125–129]. The most common composites employed are prepared with carbon or

graphite filler and a thermoplastic or thermosetting as matrix [130, 131]. The use of

the later implies that the plates can be fabricated by injection molding or by hot

pressing [126, 131]. The filler is the main responsible for the electrical conductivity of

the material, therefore loadings of carbon between 60 % and 90 % by volume are

commonly used. However, so high loadings tend to make the plates brittle and

therefore suffering similar problems as with synthetic graphite.
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The three most common composites used for BP are: carbon/carbon composite

(CCC), thermoplastic based composites (TpC) and thermosetting based composites

(TsC). The filler in all cases is carbon with a given degree of graphitization.

Increasing the graphitization degree increases the electrical conductivity of the

composite. However, carbon with low graphitization degree is less expensive,

reducing the plate cost. The graphite can be natural or synthetic, the former having

a higher graphitization degree but might include some impurities. On the other

hand, the synthetic graphite has a higher purity but with a lower degree of

graphitization. In all cases the filler is a mixture of graphite and carbon in order

to have good conductivity and low cost. The percolation model can give an idea of

the maximum conductivity with the lower amount of graphite.

In the CCC the filler is mixed with a resin, commonly phenolic resin, and

sintered in a carbonization or graphitization step similar to the fabrication of

synthetic graphite. The material obtained has a lower density, typically 20–40 %

than synthetic graphite. The CCC allows the use of molding or vacuum molding

processes. Lower plate thickness than synthetic graphite can be obtained.

In the TsC the filler is also inserted in a resin matrix, typically phenolic although

epoxy and vinyl ester are also used. However, there is not a carbonization step like

in the CCC. Due to the similarity in composition, CCC is sometimes confused with

TsC. Channel manufacturing in TsC is done by compression molding. Entegris Inc.

commercializes TsC BPs based on vinyl ester and phenolic resin.

In the TpC the filler is introduced in a more common plastic such as polypropyl-

ene. Even though the use of that kind of plastic reduces the production cost they

have a low working temperature (70–80 �C) and mechanical properties that limit

the range of applications. Other thermoplastic used as matrix are polyphenylene

sulfide (PPS), polyvinylidenefluoride (PVDF), polyarylene disulfide and liquid

crystalline polymer (LCP) [130, 132] which might increase the range of

applications. TpC allows the use of injection molding process, a very well known

industrial process, for channel fabrication. Typical conductivity values reported for

TpC materials are 100 S cm�1 for the in-plane direction and 20 S cm�1 for the

through-plane direction [130]. The British company Bac2 produces a TsC compos-

ite for BP using a proprietary conducting polymer that cures at room temperature

called Electrophen®.

7.5 Conclusions

Carbon compounds are present in almost all the fuel cell components as was

described along the chapter.

The catalyst carbon support plays an important role in the catalytic activity and

the fuel cell performance. Different carbon supports were reviewed, analyzing their

pore size distribution and fuel cell performance. An overview of the fabrication

routes used to synthesize them was included. The carbon porosity affects the

catalytic activity by modifying the catalyst dispersion, particle size distribution,
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alloying degree and mass transport. Several authors concluded that a better FC

performance could be achieved when the carbon pore size distribution is above

20 nm improving the contact between the PtRu catalyst, methanol, and perfluor-

sulfonate ionomer (triple phase boundary) in the anodic layer of a DMFC. These

experimental results show that the fabrication of materials with negligible

microporosity and mesoporosity larger than 20 nm is a challenge for the synthetic

chemist, being very few the materials showing such characteristics. Therefore, the

developing of new routes to fabricate carbon with the mentioned tailored structure

can be promising for improving the performance of fuel cells fed with methanol.

Likewise, these materials could also be considered for other systems that use

similar fuels like ethanol or formic acid (liquid fuels), although research with

such fuels has just began.

Similarly, research conducted on materials and fabrication methods for GDL and

bipolar plates aim to tune their properties in order to improve the fuel cell perfor-

mance. It is clear that the current trend is the integration of the MEA components in

order to improve the architecture of the triple phase boundary region and, conse-

quently, the mass and charge transport.
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