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a b s t r a c t

The operation of proton exchange membrane (PEMFC) and direct methanol fuel cells (DMFC) is connected
with the flow of different gaseous and liquid components in the cell’s membrane-electrode assembly
(MEA). The structural and wetting properties of different components of the MEA influence the rate and
direction of these flows and hence the fuel cell’s efficiency.

For a better understanding of the mechanism of all processes influencing the fuel cell efficiency, for
a mathematical modelling of these processes, and for a possibility of their optimization, a detailed
tructural properties
etting properties

orous fuel cell components
orosimetry
ydrophobizing effect

knowledge of the geometrical structure and wetting properties of all MEA components is necessary.
This review describes the results of such investigations performed mainly by using the method of

standard contact porosimetry (MSCP). This method gives the possibility to receive information on mul-
ticomponent porous and powdered materials hitherto not accessible, viz. their wetting and swelling
properties, pore corrugation, and also isotherms of capillary pressure and bond energy. Measurements
nversion of ionogenic groups of MEA components by this method can be performed under exactly the same conditions (temperature,
compression degree, contact with water, etc.) as those existing in real fuel cells.

© 2010 Elsevier B.V. All rights reserved.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5430
2. Methods for investigation of porous materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5430

2.1. Methods for investigation of structural properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5430
2.2. Methods for investigation of wetting properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5430
2.3. The method of standard contact porosimetry (MSCP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5431

2.3.1. Principles of the method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5431
2.3.2. Possibilities of MSCP for the investigation of porous structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5431
2.3.3. Investigation of wetting and sorption properties of porous materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5431

3. Components of fuel cell electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5432
3.1. The catalytic layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5432

3.1.1. The porous structure of the catalytic layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5432
3.1.2. The wetting and sorption properties of the catalytic layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5432

3.2. Catalysts used in fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5434
3.2.1. Platinum catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5434
3.2.2. Platinum–PTFE composits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5434
3.2.3. Platinum catalysts deposited on carbon nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5434
3.2.4. Electron-conducting polymers as catalyst support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5436
3.2.5. Catalysts for solid oxide fuel cells (SOFC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5436

3.3. The gas-diffusion layer (GDL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5437
4. Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5438
4.1. Capillary membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2. Homogeneous ion-exchange membranes . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3. Heterogeneous ion-exchange membranes . . . . . . . . . . . . . . . . . . . . . . . . .
4.4. Composite membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author.
E-mail addresses: yuvolf40@mail.ru (Yu.M. Volfkovich), vbag@mail.ru (V.S. Bagotsky).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.03.002
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5438
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5438
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5439
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5439

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yuvolf40@mail.ru
mailto:vbag@mail.ru
dx.doi.org/10.1016/j.jpowsour.2010.03.002


5430 Yu.M. Volfkovich et al. / Journal of Power Sources 195 (2010) 5429–5441

4.5. Pore corrugation in membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5439
4.6. Influence of compression and temperature on the porous structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5439
4.7. Isotherms of capillary pressure and water desorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5439

5. The membrane-electrode assemblies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5440
6. Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5441

. . . . . .

1

g
b
c
r
w
t
p
i
p
h
A
s
f
r
f
t
w

i
o
d
t
o

i
(
r

S

t
t
S

i
c
t

2

2

o
d
i
e
fi
t
t

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

The operation of a fuel cell involves the flow of different
aseous and liquid components in the membrane-electrode assem-
ly (MEA). Reactants must be supplied from the outside to the
atalytic layer with a rate depending on the cell’s discharge cur-
ent and the reaction products must be removed from this layer
ith an analogous rate. In low temperature fuel cells operating at

emperatures below approx. 120 ◦C (PEMFC and DMFC) in which
olymer ion conducting membranes are used as electrolyte, water

s present in gaseous state as well as in liquid state. A part of the
ores in these fuel cells mainly formed by metallic catalyst particles
ave hydrophilic properties and are easily wetted by liquid water.
nother part of the pores formed by carbonaceous particles and by
ome additives having hydrophobic properties remain dry during
uel cell operation and thus can be used for the transport of gaseous
eagents. The operational reliability and durability of this type of
uel cells depend on a proper water management connected with
he choice of predetermined flow directions for vapor and liquid
ater in the MEA pore network [1,2].

For a better understanding of the mechanism of all processes
nfluencing the fuel cell efficiency, for mathematical modelling
f these processes, and for a possibility of their optimization, a
etailed knowledge of the geometrical structure and of the wet-
ing (hydrophobic–hydrophilic) properties of the all components
f the MEA is necessary.

The geometric structure of porous materials can be character-
zed by porograms, viz. the integral pore size distribution function
PSDF) describing the distribution of pore volume vs. pore radii V,
, or the differential PSDF (dV/dr), r.

Using the equation:

pore = 2

∫ r

0

(
1
r

)(
dV

dr

)
dr, (1.1)

hese functions allow calculating another important parameter of
he porous structure – the distribution function of the pore’s surface
vs. pore radii S, r.

The purpose of this review is to analyze in more detail the exist-
ng information on structural and wetting properties of the porous
omponents of fuel cell and on attempts to correlate these proper-
ies with the efficiency of fuel cell operation.

. Methods for investigation of porous materials

.1. Methods for investigation of structural properties

The best-known method for investigating the porous structure
f different materials is the method of mercury porosimetry MMP
escribed in Ref. [3]. This method is based on intrusion of mercury
nto samples of the porous material under high pressure. When an
xternal pressure P is applied, all pores with radii r > rmin become
lled with mercury. The value of rmin corresponds to the condi-
ion that the mercury capillary pressure pc in the pore is equal to
he applied pressure P. The capillary pressure is determined by the
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5441

thermodynamic Laplace equation:

pc = 2�
cos �

rmin
, (2.1)

where � is the excess surface energy or “surface tension” (for mer-
cury � = 4.67 �J cm−2), � is the wetting angle of liquid mercury with
the given material. Therefore, measuring the dependence of the
mercury volume VHg introduced into the sample under the applied
pressure P the integral distribution function, of pore volumes Vpore

vs. capillary pressure (or when the value of � is known, vs. pore
radii) is found. This method provides the widest range of measur-
able pore radii (from 2 nm to 105 nm). The accuracy of this method
is very high. For these reasons it is widely used for the investigation
of the geometric structure of different porous materials. Devices for
automated measurements by MMP with a direct recording of the
results are available on the market.

At the same time this method has some serious drawbacks. It
requires the application of high pressures (up to thousands bar).
This can lead to deformation or even destruction of the samples and,
thus, to distortion of porograms. For this reason MMP cannot be
applied to investigate soft and frail materials. Also this method can-
not be applied for investigation of metals that are amalgamated by
mercury. These drawbacks of MMP prevent the use of this method
for most components of fuel cells, such as:

(1) membranes, parts which are made of porous carbonaceous
materials, and gas-diffusion layers which would be deformed
under high pressure; or

(2) catalytic layers with metal catalysts (platinum a.o.) which
would be partially amalgamated by mercury.

Several other methods for investigating the structure of porous
materials are also known. Each of these methods has its own advan-
tages and limitations. Small angle X-ray scattering [4] can be used
only for pore radii from 2 to 50 nm and often leads to ambigu-
ous results. Electronic spectroscopy is associated with difficulties
in pretreatment of the samples and interpretation of the results.
Centrifugal porosimetry [5], displacement of wetting liquids from
the pore volume by gas pressure [6], and optical methods are prac-
tically useless for pore sizes below 103 nm. The method of capillary
condensation [7] can be used only in the pore size range from 1 to
50 nm. Other methods that were used for the investigation of the
porous structure of different materials are: hydraulic permeability
[8,9], electron microscopy [10,11] atomic force microscopy [12].

2.2. Methods for investigation of wetting properties

The degree of hydrophobic properties for materials with a
smooth surface can be characterized by the wetting angle of a water
drop placed on this surface. However, this method cannot be used
in porous materials for two reasons: (1) the surface roughness of
these materials leads to a distortion of the wetting angle and (2) it

reflects only the wetting properties of the external surface of the
sample, but not those of inside pores.

In 1921 Washburn [13] proposed a method for determining the
internal wetting angle of water in porous media. This method is
based on measuring the rate of water rise in a suspended sample of
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he porous material. It is not applicable for partially hydrophobic
aterials.

.3. The method of standard contact porosimetry (MSCP)

Because of the shortcomings and limited possibilities of other
ethods for investigating the porous structure of fuel cell compo-

ents, a new method for porosimetric measurements was devel-
ped in the 1980s at the A.N. Frumkin Institute of Electrochemistry
f the Russian Academy of Sciences It is called the Method of Stan-
ard Contact Porosimetry (MSCP). This method was described in
efs. [14–17] and discussed more in detail in Refs. [18,19].

.3.1. Principles of the method
The method is based on the laws of capillary equilibrium. If two

or more) porous bodies partially filled with a wetting liquid are in
apillary equilibrium, the values of the liquid’s capillary pressure
c in these bodies are equal. In this method the amount of a wet-
ing liquid in the test sample (Vt) is measured. Simultaneously the
mount of the same wetting liquid is measured in a standard spec-
men of known porous structure (Vs). The liquids in both porous
amples are kept in contact. After some time a thermodynamic
quilibrium is established. The measurements are performed for
ifferent overall amounts of the liquid V0 = Vs + Vt. During the exper-

ment this overall amount is changed by gradual evaporation of the
iquid.

These measurements allow to establish the distribution of pore
olume vs. pore size of the test sample by comparing with the
nown PSDF of the standard sample. Fig. 1 shows how this can be
one graphically for the case when wetting of both samples by the

iquid is ideal (� = 0◦, cos � = 1), curve 1 On the left side of this figure
epresents the experimental dependence of the volume Vs in the
tandard sample on the volume Vt in the test sample for different
alues of V0. On the right side, the integral pore size distribution
urves (pore volume as a function of log r) are shown. Curve 2 is
he known PSDF curve for the standard sample. For a certain total
olume of liquid Vo

′, the volumes of liquid in both bodies Vs
′ and

t
′ are represented by the coordinates of point C. This point corre-

ponds to point D on curve 2 and to a certain value r’ of the minimal
adius of filled pores. In the case of capillary equilibrium (under the
ssumption made), the minimal radius of filled pores in the test
ample will be the same. As in this sample the volume of liquid is

epresented by point B (the line is drawn at an angle of 45◦), point
corresponds to a point on the pore size distribution curve for the

est sample. Thus, changing the value of the total volume Vo of the
iquid, the overall distribution curve 3 for the test sample can be
etermined.

ig. 1. Example for determining pore size distribution curves by MSCP: (1) depen-
ence of Vs on Vt , (2) pore size distribution curve for the standard sample, and (3)
ore size distribution curve for the test sample (From ref. [19]).
r Sources 195 (2010) 5429–5441 5431

Mostly octane or decane is used as measuring liquid for these
measurements, because they wet most solid materials almost ide-
ally. Details of the experimental procedures for MSCP are described
in Refs. [18,19].

2.3.2. Possibilities of MSCP for the investigation of porous
structures

MSCP has several substantial advantages over mercury
porosimetry and other porosimetric methods:

(a) Pore size range. This method with appropriate standard samples
can be used for measurements of pore sizes in the range from
1 to 3 × 105 nm.

b) The accuracy of this method depends primarily on the accu-
racy of measuring the structure of the standard samples by
MMP, which is about 1% of the total pore volume. The error
(nonreproducibility) of MSCP is less than 1%.

(c) Capability to investigate all kinds of materials. One of the main
advantages of MSCP is the possibility for investigation of mate-
rials with a low mechanical strength, of frail materials and even
of powders.

d) Possibility to measure samples at fixed levels of compression and/or
temperature, i.e. under conditions in which they are commonly
used in different devices.

(e) Possibility to use for measurements the same liquid as that, used
in real devices (i.e. leading to the same swelling degree of the
sample).

(f) Possibility of repeated measurements on the same sample. As
MSCP is a nondestructive method and measurements do not
change or otherwise influence the sample’s structure, this
structure can be measured repeatedly at different conditions
(e.g. in the case of battery electrodes at different discharge
stages).

(g) Possibility of measuring structures with corrugated pores. As
shown in Refs. [19] MSCP gives the possibility to measure the
true pore size function, which is not influenced by pore corru-
gation. It is possible to measure the statistical distribution of the
volume of the trapped (blocked) pores Vtr vs. both their radii rtr

and the radii of the blocking pores (necks) rb. For this purpose
it is necessary to measure the porograms in two modes: (a) by
filling of the pores with liquid, and (b) by evaporating the liquid
starting from different degrees of filling.

One of the main drawbacks of MSCP is the long time required
for performing measurements. Recently an Automated Standard
Porometer described in Refs. [20–22] was developed by Porotech
Ltd., Canada which substantially simplifies and accelerates the
measurements.

2.3.3. Investigation of wetting and sorption properties of porous
materials

One of the most pronounced advantages of MSCP is the pos-
sibility to investigate the wetting (hydrophilic/hydrophobic or
liophilic/liophobic) properties of porous materials. In Refs. [15,19]
it was shown that using different working liquids it is possible to
measure the wetting angle of liquids with porous materials. Primar-
ily, MSCP measures the distribution of pore volume vs. the capillary
pressure pc, i.e. vs. the parameter r* = r/(cos �) (henceforth we call
this parameter effective pore radius). For partially hydrophobic

materials (for which � > 0 the porosimetric curves measured with
water are shifted towards higher values of r* in respect to the curves
measured with octane which wets most materials almost ideally
(� = 0◦). The value of this shift for a certain value of pore volume
Vn and of the corresponding pore radius rn allows to determine the
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etting angle of water for pores with the radius in:

os � = rn

r∗ . (2.2)

For porous materials the wetting angles �(r) for pores of different
ize can be different. In this case an average value of the wetting
ngle �* can be calculated and used.

The capillary pressure can also be represented by the thermo-
ynamic Kelvin equation:

c ==
(

RT

VM

)
ln

(
ps

po

)
= A

VM
, (2.3)

here VM is the liquid’s molar volume, A is the free binding energy
iquid-sample, ps and po are the values of the liquid’s vapor pressure
n the pore and, respectively, with a plane meniscus. Therefore,

easurements of porosimetric curves by MSCP allow to establish
ot only the dependence of the amount of liquid in the sample on
he capillary pressure pc (isotherm of capillary pressure), but also
n the values of parameter ps/po (sorption or desorption) isotherm)
nd of parameter A (energy isotherm).

For multicomponent porous materials with mixed wettability
hat are widely used in applied electrochemistry (e.g. fuel cell elec-
rodes containing platinum particles on carbonaceous supports
long with different additives) it is possible to investigate sepa-
ately the structure (pore volume distribution vs. pore size) for
ydrophilic and hydrophobic (liophilic and liophobic) pores and
o evaluate some important parameters such as the dependence
f the fraction of the pore surface occupied by the hydrophobic
liophobic) components on the pore size.

All these advantages and capabilities of MSCP are widely used
or investigating different components of fuel cells and processes
ccurring in fuel cells during their operation.

. Components of fuel cell electrodes

.1. The catalytic layer

The catalytic layers of PEM fuel cell electrodes have a complex
tructure which includes platinum particles deposited on carbona-
eous supports, hydrophobic materials (PTFE) and an ionomer
mainly hydrated perfluorosulfonic acid introduced into the layer
s a Nafion solution). The hydrophobic additive forms canals for the
upply of the reacting gases (hydrogen and oxygen) to the catalyst’s
urface and for evacuation of the reaction product (water vapor)
rom the surface. The ionomer provides ionic conductivity within
he catalytic layer. Hydrophilic canals (mainly in the carbonaceous
upport) enable an even distribution of liquid water throughout
he catalytic layer. The volume ratio of carbonaceous material and
onomer in the catalytic layers must be chosen so as to attain suf-
cient high values both for electronic and ionic conductivities. The
tructural and wetting properties of the carbonaceous support par-
icles influence to a great extent the properties of the catalytic layer
nd thus the efficiency of the fuel cell. A detailed study of these
spects began only recently.

.1.1. The porous structure of the catalytic layer
In Ref. [23] the method of standard contact porosimetry (MSCP)

as used for investigating an E-TEK catalytic layer with 40% Pt on
arbon black of the Vulcan XC-72 type and 5% ionomer (from a
afion solution in ethanol). This investigation was not systematic
nough and did not include other types of catalyst supports.
In Ref. [24] a detailed investigation of the porous structure of
en different carbonaceous support materials was described as well
s the modification of this structure during different preparation
tages of the catalytic layer, viz. the addition of the Nafion ionomer
nd the deposition of the platinum catalyst. The use of ten carbona-
Fig. 2. Integral curves of pore volume distribution vs. pore size V, log r for samples
of Sibunit 20P without (1) and with (2) addition of the Nafion ionomer. (From ref.
[24]).

ceous materials with different properties and different values of the
specific surface area made it possible to investigate the influence
of the support’s pore structure on the deposition of the ionomer.

It was shown that the pore volume of these materials is
formed both by intragranular (primary) mesopores with radii
below 103 nm (mainly in the range between 0.3 and 50 nm) and
by intergranular (secondary) pores with radii larger than 103 nm.

Upon addition of the ionomer the total pore volume increases
due to the formation of an additional intergranular porous struc-
ture. At the same time, the intragranular porosity of the granules
decreases. This can be explained by the ionomer blocking the inlets
of mesopores without entering into them (“gluing” the pores). This
blocking diminishes the internal surface area of mesopores. For
different samples of carbonaceous materials different degrees of
blocking were observed. Fig. 2 shows integral porosimetric curves
for a sample of a Siberian carbon black Sibunit 20P. Curve 1 is for
the pure material and curve 2 for the same material after adding
17% of the Nafion ionomer. It can be seen that after addition of the
ionomer the volume of pores with radii lower than 103 nm sub-
stantially decreases. Similar porosimetric curves were recorded for
other carbon black samples, viz. for Vulcan XC-72 carbon black, a
material most often used in fuel cells as catalyst support. In the
case of another (nanofibrous type) carbonaceous material KVU-1
the volume decrease after adding the ionomer is not so distinctly
pronounced as for Sibunit 20P and other carbon blacks. No correla-
tion between the degree of blocking and the porous structure could
be found. For this reason it was assumed that the degree of block-
ing depends on the surface properties of the carbonaceous material
(nature and amount of surface groups).

3.1.2. The wetting and sorption properties of the catalytic layer
In Ref. [24] results of wetting properties investigations for the

same carbonaceous materials as those used in Ref. [24] were
reported. These properties were measured prior and after intro-
ducing the Nafion ionomer. It was found that hydrophobicity
increased for most of the investigated materials after introducing
the ionomer. Fig. 3 shows for Vulcan XC-72 the dependence of the
wetting angle � on the pore radius r prior and after introducing
the Nafion ionomer. It can be seen that this dependence for the
pure material curve (1) is very complex (probably due to the pres-
ence of different surface groups in pores of different size). After

addition of the ionomer the wetting angle increases indicating a
hydrophobizing influence of the additive. An analogous increase of
hydrophobicity is also observed for some other carbon blacks. Thus
in these materials the ionomer not only provide proton-conducting
paths in the catalytic layer, but also acts as a hydrophobizing agent.
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ig. 3. Dependence of wetting angle � on effective pore radius r* for Vulcan XC-72
1) prior and (2) after introduction of the Nafion ionomer. (From ref. [25]).

The hydrophobizing influence of the ionomer can be explained
y an orientation of the sulfogroups located on the external surface
f the adsorbed ionomer in the direction away from the surface
f the carbonaceous material, and the fluorine-containing groups
–CF2–CF2–) pointing outwards (Fig. 4).

For some other carbonaceous materials the ionomer on the con-
rary increases the hydrophilic properties. Thus, measurements on
VU-I show that the addition of the ionomer leads to a decrease
f the wetting angle. This indicates that on these materials the sul-
ogroups of the adsorbed ionomer particles have an orientation in
he direction opposite than mentioned above (Fig. 5). It seems that
he orientation of the sulfogroups of adsorbed ionomer particles
epends on the surface properties of the carbonaceous material.
he orientation of the sulfogroups is connected with their adhe-
ion energy to the carbon surface that is influenced by the surface
roperties. Thus, the surface properties of these materials influence
oth the degree of pore blocking and the wetting properties of the
atalytic layers. A detailed knowledge of this influence is important
or optimization of the properties of catalytic layers. It was shown
n Ref. [25] that the nature and amount of surface groups on car-
onaceous materials depend on the preparation process of these

aterials.
It seems that such an orientation inversion of ionogenic groups

ith respect to the polymer chain, which was observed in Ref. [24],
s characteristic not only of the investigated system. An analogous

ig. 4. Schematic of Nafion ionomer particles on carbonaceous materials of the
ulcan XC-72 type. (From ref. [25]).
Fig. 5. Schematic of Nafion ionomer particles on carbonaceous materials of the KVU-
I type (From ref. [25]).

phenomenon was observed in Ref. [26] for quite different ionogenic
groups in phenolsulfocationite membranes of the Polycon-type.
This indicates the possibility that such inversions are quite com-
mon for ion-exchange resins. This fact is of great importance for the
physical chemistry of ionites. This phenomenon can be regarded as
a particular case of templating effects described in Refs. [27,28], i.e.
of an influence of the support’s structure on the properties of very
thin deposited layers. When making such a comparison, it must be
taken into account that such an inversion of the ionogenic groups
occurs only in the surface layer of the ionomer with a thickness of
about 1 nm.

Table 1 shows the main integral parameters of the porous
structure and wetting properties at different preparation stages of
catalytic layers containing the carbonaceous materials Sibunit 20P
and KVU-I.

Fig. 6 shows energy isotherms (dependence of water content
on the binding energy V, log A) calculated according to Eq. (2.3) for
samples at different production stages of the catalytic layer. These
isotherms characterize the interaction of water with the compos-
ite material. The isotherms were measured in a range including six
orders of magnitude of A. With increasing values of A the nature of
this interaction changes: from simple filling of smaller and smaller
macropores, to capillary condensation of vapor in mesopores, then,

in micropores, to a hydration of ionogenic groups and to adsorp-
tion. Thus, these isotherms describe in more detail the interaction
of water with the catalytic layer components than other kinds of
isotherms.

Fig. 6. Integral distribution curves of water content vs. the binding energy of water
(V, log A) for the samples: (1) Sibunit 20P, (2) Sibunit 20P + 17% Nafion, (3) Sibunit
20P + 30% Pt, (4) Sibunit 20P + 30% Pt + 17% Nafion (From ref. [25]).
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Table 1
Main structural and wetting parameters of catalytic layers with carbon blacks Sibunit 20 P and KVU-I at different preparation stages.

Samples Sibunit 20P Sibunit 20P + 17% Nafion Sibunit 20P +30% Pt Sibunit 20P +17% +30% Pt Nafion KVU-I KVU-I +17% Nafion

� (cm3 cm−3) 0.63 0.75 0.77 0.71 0.59 0.74
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and properties of Pt and Pt/Ru deposits on them were investi-
gated by MCSP. The SWCNTs were synthesized by an electric arc
method. According to Raman spectroscopy data they had a nar-
row size distribution (average diameter about 1.5 nm). Because of
their high intrinsic hydrophobic properties they were treated with
S (m g ) 228 332 324
Smea (m2 g−1) 132 99 101
�phi (cm3 cm−3) 0.47 0.65 0.74
Sphi/S 0.2 0.09 0.21

.2. Catalysts used in fuel cells

.2.1. Platinum catalysts
In Ref. [29] the structure of platinized platinum (Pt/Pt) and plat-

num black (Adam’s platinum) was investigated. The results are
hown in Fig. 7. The samples of platinum black were compressed
nder the pressure of 150 MPa. Measurements of Pt/Pt are con-
ected with difficulties since the deposited Pt layers are very thin
nd the amount of working liquid in the pores of these layers is too
mall to be measured by analytical balances. In order to circum-
ent this difficulty, platinum was deposited on a platinum mesh
nd a stack of several discs of this mesh was used for measure-
ents. It was found that in these Pt/Pt samples about 50% of the

ore volume is accounted for by micropores having radii r < 1 nm.
he radii of most of the remaining pores were not higher than 3 nm.
his circumstance is very important since the size of such micro-
ores is comparable with the thickness d of the electrical double

ayer and also with the size of many molecules and ions, especially
rganic. Both these factors influence adsorption and kinetic prop-
rties of the deposits, particularly their intrinsic catalytic activity.
uch phenomena were described in Ref. [30].

.2.2. Platinum–PTFE composits
In order to facilitate the transport of reacting gases to the sites

n the catalyst’s surface certain amounts of hydrophobizing agents,
uch as PTFE, are added into the catalytic layers of fuel cells.
omposits of platinum and PTFE particles are a particular case of
ulticomponent porous systems with mixed wettability. Accord-

ng to [19], for a bicomponent system containing a hydrophilic
omponent with a water wetting angle �1 and a hydrophobic com-
onent with a wetting angle �2 the average wetting angle can be
ound as:

cos �)av = (1 − �)cos �1 + �(cos �2) > 0, (3.1)

here � is the fraction of the pore surface occupied by the
ydrophobic component. In order to obtain information on the
tructural and wetting properties of such systems it is necessary

o perform porosimetric measurements with some liquids having
ifferent wetting angles with PTFE. In Ref. [31] such measurements
ere described, in which heptane (�PTFE = 24◦), toluol (49◦), ace-

ophenone (73◦), furfurol (80◦), water (108◦), and others were used
s working liquids. Fig. 8 shows differential distribution functions

ig. 7. Integral programs for (1,1’) platinized platinum and for (2,2’) platinum black
1,2) before and (1’,2’) after electrochemical sintering (From ref. [30]).
282 95 60
73 47 38

0.63 0.56 0.76
0.60 0.60 0.75

of the pore volume in terms of pore radii (r) and �-values, ∂2V/∂�
∂log r for a layer containing 16% PTFE, calculated from the measured
porograms. It can be seen that this function has three maxima-two
for hydrophilic and one for hydrophobic pores. From these results
it can be concluded that the investigated sample contains only two
types of pores – completely hydrophilic, located between platinum
particles, and completely hydrophobic, located between PTFE par-
ticles. No pores with mixed wettability were recorded. No functions
of such kind could be found in the literature.

In Refs. [32,33] a macrokinetic theory was described that allows
the calculation of polarization curves for hydrophobized electrodes.
The main experimental parameter in equations used in this theory
is the specific area Ss of the surface dividing two porous aggregates
– that of platinum particles and that of PTFE particles. In Ref. [34] a
method for measuring this parameter was described. For electrodes
containing 4 wt% platinum the value of Ss = 3 × 104 cm2 cm−3 was
found. Using this value of Ss and some other structural parameters
measured by MSCP, the polarization curves for oxygen reduction
in 30% KOH solution were calculated. The calculated curves were
in satisfactory accordance with the experimental ones. Differen-
tial pore size distribution curves of PTFE agglomerates showed
that their diameter varies between 0.1 and several tens of �m, the
maximal volume being connected with the range between 0.1 and
0.3 �m (the main range for non-agglomerated particles of the used
PTFE suspension is between 0.05 and 0.5 �m).

3.2.3. Platinum catalysts deposited on carbon nanotubes
During the last decade many investigations [35–43] revealed an

increased catalytic activity of platinum deposited on carbon nan-
otubes CNT for the reactions of methanol oxidation and oxygen
reduction.

In Refs. [44,45] the porous structure and wetting properties
of single walled carbon nanotubes (SWCNTs) and the structure
Fig. 8. Differential pore volume distribution vs. pore radii r and vs. hydrophobicity
factor � for a platinum electrode containing 16% PTFE (From ref. [18]).
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ig. 9. Integral programs measured with octane (1,3) and water (2,3) for SWCNT
1,2) and SWCNTf (3,4) (From ref. [46]).

mixture of sulfuric and nitric acids in order to give them some
egree of hydrophilicity (this procedure leads to the formation of
ydroxyl and carbonyl surface groups). Fig. 9 shows integral curves
f pore volume distribution vs. effective pore radii r*, measured
ith octane (1,3) and water (2,4) for the native (1,2) and (3,4) for

he treated (functionalized samples denoted as SWCNTf).
In Table 2 the overall and the hydrophilic pore surface areas of

he SWCNTs are listed, as well as the true surface area of the Pt/Ru
atalyst found by measuring the amount of electric charges needed
or oxidation of adsorbed carbon monoxide. The catalyst’s specific
urface area was found by referring the true surface area to the
mount of deposited metals. For comparison data for Vulcan XC-72
arbon black are also shown.

From the data in this table it can be seen that the overall surface
rea of the treated SWCNTf measured with octane is substantially
ower than that of the native sample mainly as a result of a decline
f the micropore volume. It can be assumed that the surface groups
nside the treated SWCNTf block the access of octane into the
anotubes. BET measurements confirm the blocking effect. Fur-
hermore, the surface groups can link adjacent tubes which form
ggregates and block parts of the external surface. The hydrophilic
urface area of SWCNTf measured with water is higher than the
verall surface area of the native SWCNT, measured with octane.
his can be explained by swelling of the nanotubes in water.

Measurements of the catalyst’s specific surface area on different
upports show that for very small deposit amounts (4–5 �g cm−2)
n SWCNTf high values (250–350 m2 g−1) of this specific area can
e reached. On original SWCNT and on Vulcan XC-72 carbon black
hese values are much lower. With increasing deposition time the
rystallite size increases and the specific area decreases. For a
0 �g cm−2 deposit on SWCNTf the specific surface remains 2–3
imes higher than for other supports. At higher deposit amounts
70–80 �g cm−2) this difference is no longer observed.

In Refs. [44,45] it was found that the specific catalytic activity of
eposited platinum catalysts (referred to a unit of the working sur-
ace) does not depend on the nature and properties of the support.
ut it must be noted that on SWCNTf with 5–10 �g cm−2 of plat-

num deposits it is possible to achieve values of the working surface
p to 300 m2 g−1 and thus very high overall current densities.

In Ref. [17] the investigation of a step-by-step platinum deposi-
ion on a porous titanium support was described. It was shown

hat during this process the main maximum on the differential
orograms shifts towards lower-sized pores. This is due to plat-

num deposition on the surface of large pores leading to a gradual
iminishing of their size. Ta
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ig. 10. Integral programs for electrochemically (1,3) and chemically (2,4) synthe-
ized polyaniline measured with water (1,2) and decane (3,4) (From ref. [54]).

.2.4. Electron-conducting polymers as catalyst support
Some recent publications [46–49] describe the use of electron-

onducting polymers (mainly polyaniline) as catalyst supports for
he oxidation reactions of methanol, formaldehyde, and formic
cid, and mentioned the prospects of using these materials in fuel
ells. The porous structure of these polymers influences the dis-
ribution of the platinum deposits and hence their properties and
atalytic activity.

In Refs. [50–53] the structure of polyaniline (PAni) and polypara-
henylene was investigated. Fig. 10 shows integral porograms for
lectrochemically and chemically synthesized PAni measured with
ater and with decane. It can be seen that in water the porosity is
uch higher than in decane. This increase is due to swelling of the
aterial with the formation of a large amount of new small pores
ith radii from one to several tens of nm. The degree of swelling of

Ani depends on the nature of the counter-ions (i.e. the nature of
he emeraldine salts). According to the swelling degree the emeral-
ine salts can be classified in two groups. The first group includes

norganic salts (with the anions BF4
−, PO4

−, Cl−, HSO4
−. HCOO−)

hich are hydrophilic and have a high swelling degree. The second
roup includes non-swelling hydrophobic salts with CH3C6H4SO3

−

nd CF3COO− anions. The porograms of the hydrophilic salts show
sharp volume increase in a narrow range of pore sizes of about
00 nm. The PAni salt structure depends to a great extent on the
oping degree. Doping the emeraldine base with chloride ions

ncreases the pore volume from 1.0 to 1.7 cm3g−1 and the specific
urface area from 310 to 520 m2 g−1. It was also shown that the
tructure of the eneraldine base prepared from different precur-
ors (emeraldine chloride, sulfate, and phosphate) differs. This can
e regarded as some sort of “memory effect”.

Table 3 shows for emeraldine salts the values of the specific
ore volumes �, of the pore surface area S, and of the average
adii Rf of single PAni fibrils. From this table it can be seen that
or hydrophilic PAni salts the specific surface area is very high –
rom 400 to 600 m2 g−1. It is situated mainly in the range of micro-

nd mesopores. These values are of the same order of magnitude
s for carbonaceous catalyst supports (see Section 3.1.1).

Summarizing all these results it can be said that the lability of
he PAni structure and the presence of nanosized pores (from 1
o 100 nm) favor the formation of nanosized platinum particles,

able 3
tructural parameters of emeraldine salts.

Cl− HSO4
− H2PO4

−

S (m2 g−1) 590 515 490
� (cm3 cm−3) 0.05 0.45 0.55
Rf (nm) 2.10 2.45 2.50
Fig. 11. Integral programs for: (1) an initial SOFC anode, (2) the same anode after
removing all nickel particles; curve (3) was calculated by subtracting the volumes
in curve (1) from those in curve (2) (From ref. [55]).

prevent their aggregation and preserve a high surface area of this
catalyst. However structures with such a high lability are probably
prone to changes and to degradation processes under the influence
of external factors.

3.2.5. Catalysts for solid oxide fuel cells (SOFC)
The anodes of solid oxide fuel cells are commonly prepared from

a cermet material containing highly dispersed nickel powder and a
solid electrolyte ceramic material – mostly yttrium stabilized zir-
conium (YSZ) that provides sufficient ionic conductivity within the
electrode [1,2]. In order to enable transport of the reacting gases
to the nickel catalyst’s surface sites the anodes contain a system of
interconnected pores. The electrochemical reaction of fuel oxida-
tion proceeds at the three-phase boundary Ss between Ni and YSZ
pores, and the gas phase. For hydrophilic gas-diffusion electrodes
in cells with liquid electrolytes this interphase can be determined
from differential porosimetric curves dV/dr, r using an equation
of the type of Eq. (1.1). For SOFC anodes this method cannot be
used since both the catalyst and the electrolyte are solid phases.
In Ref. [54] a variety of MSCP was used for measuring the value of
Ss.

Fig. 11 shows porograms and Fig. 12 shows micrographs for an
anode with nickel catalyst and an electrolyte ZrO2 + 8% Y2O3. Fig. 13
gives a schematic presentation of the anode’s structure. At first the
initial sample was investigated, then from this sample nickel parti-
cles and aggregates of such particles were removed by dissolving in
concentrated nitric acid and after a thorough washing and drying
the samples were investigated once again. The curve 1 in Fig. 11 is
a porogram for the initial sample and curve 2 was measured after
the mentioned procedure. In the range r < r2 curve 2 shows new
pores with volume �1 that could not be seen in curve 1, due to
dissolution of small Ni particles formerly embedded in electrolyte
aggregates (position 1 in Fig. 13). These pores do not contact with
the gas. Thus, their surface area is not included in Ss. The volumes
�2 in curve 3 were calculated by subtracting the volumes in curve 2

from those in curve 1. In the range of small pores these volumes are
negative, they correspond to pores inside Ni aggregates (position
2 in Fig. 13). These pores do not contact with the electrolyte and
therefore are also not included in the value of Ss. The pores which
form the surface area Ss have radii r > rmin where rmin is the radius

BF4
− HCOO− CH3C6H4SO3

− CF3COO−

470 430 0 0
0.60 0.40 0.06 0
2.70 2.90
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ig. 12. (a) Micrograph of the initial anode; bright: electrolyte particles, grey: nickel
gglomerates, black: pores; (b) micrograph of the same sample after removing nickel
From ref. [55]).

t the minimum of curve 3. The value of Ss can be found from the
orogram curve 3 by an expression analogous to Eq. (1.1). The val-
es of Ss for the investigated samples were in the range from 0.98
o 1.24 m2 cm−3.

In Fig. 12(a) a micrograph for this anode is shown. The white
pots represent the electrolyte, the grey ones – nickel particles, and
he black ones – the pores. Fig. 12(b) is a micrograph of this anode
fter removing nickel from the sample. From the micrographs the
umber N of contacts on the three-phase boundary was evaluated.
or different samples (fresh prepared, aged, etc.) this value varied
rom 1.5 × 106 to 3.4 × 1010. This value was always proportional to

hat of Ss and to that of the hydrogen oxidation current density.
hus it can be stated that Ss is the electrochemically active specific
urface area. From the curve 2 in Fig. 11 the surface area SNi of all
ickel particles was found. This value is much higher than that of Ss.

Fig. 13. Schematic representation of the anode structure (From ref. [55]).
Fig. 14. Integral distribution curves V, log r* measured with octane (curves 1, 1’) and
with water (curves 2,2’) for the pure Toray carbonaceous paper and (curves 1,2,) and
for the paper containing 27 w% PTFE (1’,2’) (From ref. [58]).

It follows from these data that the value of SNi has no influence on
the anode performance. The values of Ss can be used for evaluating
the kinetics of hydrogen oxidation.

3.3. The gas-diffusion layer (GDL)

The porous structure and balance of wetting properties of the
pores influence transport processes in GDLs and as a consequence
the efficiency of fuel cells. A comprehensive review on gas-diffusion
layers for PEMFCs was recently published by Cindrella et al. [55].
This review discusses in details the role of the GDL structure and
wetting properties on gas and liquid transport processes within the
layer. However up to now, due to lack of appropriate methods, these
properties of GDLs were not investigated in detail and only few
publications devoted to a quantitative assessment of parameters
of these properties can be found in the literature.

In 2006 Gurau et al. [56] investigated the average values of the
internal wetting angles for different GDL samples by combining the
Washburn method mentioned in part 2 (involving water as test liq-
uid) with measurements involving other liquids (hexane, toluene,
acetone, methanol, etc.).

Investigations by MSCP of GDLs on the base of carbonaceous
Toray paper were described in Refs. [57,58]. Fig. 14 shows integral
distribution curves V, log r* measured with octane and water for the
pure carbonaceous paper and for the paper containing 27 wt% PTFE.
The curves measured with octane show that the paper in its ini-
tial state had a highly monodisperse porous structure mainly with
pore radii from 10 to 30 �m and with an overall porosity of about
75%. After treatment with a PTFE suspension a certain decrease
in the overall porosity can be observed. Due to the poorer wet-
tability of carbon with water a shift of curves 2 to higher r* values

could be expected. It can be seen that this is the case only for the
paper containing PTFE. For the pure paper a well-pronounced vol-
ume increase in the region of smallest pores (r < 0.6 �m) can be
observed. This is due to a swelling influence of water on the fibers
in the region of small pores (with high surface area). In the presence

Table 4
Porosity of Toray paper with different amounts of PTFE.

Porosity, cm3 cm−3 cPTFE (wt%)

0 18 27

� 0.75 0.70 0.69
�hi 0.42 0.29 0.27
�pho 0.33 0.41 0.42
� 2.3 1.6
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f PTFE the sorption of water and the swelling degree are obviously
ecreased.

Table 4 shows the porosities (pore volume per unit of sample
olume) for hydrophilic pores �phi, hydrophobic pores �pho, and
he overall porosity � = �phi + �pho for Toray paper with two values
f PTFE concentrations cPTFE. In Ref. [58] the notion of hydropho-
izing efficiency � was introduced which represents the ratio of
ydrophobic pores (in volume percents) to the PTFE concentration
in volume percents or, as carbon and PTFE have similar density
alues, in weight percents). This parameter is of importance since
igh values of the PTFE concentration can lead to an increase of
he GDL’s ohmic resistance. From the table it can be seen that the
TFE concentration does not significantly influence the volumes of
oth hydrophilic and hydrophobic pores. At the same time, at the
igher concentration the hydrophobizing efficiency significantly
eclines. This is probably due to the fact that at higher concentra-
ion PTFE particles are deposited mainly at the surface of previously
eposited particles, not on the carbon surface and thus do not sub-
tantially increase the hydrophobic properties.

An investigation of water wetting angles for Toray paper con-
aining 27% of two different hydrophobizing agents: suspensions of
-4D (–CF2–CF2–)n and of FEP 121A (–CF2–CF(CF3)–CF2–)n showed
hat the average value of the wetting angle �* was 65◦ for F-4D and
8◦ for FEP121A. For samples containing FEP121A the efficiency
as � = 3.4, i.e. significantly higher than that for samples contain-

ng F-4D. Thus FEP121A containing highly hydrophobic CF3 groups
as a much stronger hydrophobizing influence on the GDL than
-4D.

. Membranes

Different types of membranes: porous inorganic capillary
embranes soaked with electrolyte solutions or polymeric ion-

xchange membranes are one of the most important components
f fuel cells [1,2]. Membranes are also used in other fields of applied
lectrochemistry such as electrolysis and electrodialysis.

MSCP is extremely well suited for investigations of membrane
tructures since it is possible not only to use the same working
iquid as in real fuel cells (resulting in the same swelling degree), but
lso the same compression degree as that used in fuel cell stacks.

.1. Capillary membranes

The structure of chrysotile asbestos, which is widely used as

eparator in different electrochemical devices (alkaline fuel cells,
lectrolysers, etc.), was studied in Ref. [19]. As working liquids
ctane, water, and a solution of 7 M KOH were used. For alkaline
or other electrolyte) solutions the method of changing the overall
mount of liquid in the samples by its evaporation cannot be used,

ig. 15. Differential porograms for asbestos measured with different working liq-
ids: (1) octane, (2) water and (3) solution of 7 M KOH (From ref. [19]).
Fig. 16. Integral porograms for membranes: MF-4SK (1), Nafion 112 (2), Nafion 115
(3), and Nafion 117 (4) (From ref. [60]).

since during water evaporation or condensation the solution con-
centration changes. A modified method was developed in which
the amount of liquid in the porous bodies is changed by capillary
soaking or drying. In the first case the dried test sample is brought
into contact with several standard samples, filled with different
amounts of liquid. In the second case the completely filled test sam-
ple is contacted with dried standard samples. In Fig. 15 differential
porograms obtained by this method are shown. In octane (curve
1) there is practically no swelling of asbestos and the porogram
is characteristic for its native porous structure. In water (curve 2)
swelling is due to an increase of the volume of macropores with
radii in the range from 1 × 103 to 4.5 × 104 nm. In the alkaline solu-
tion (curve 3) there is a further volume increase in the range of the
largest pores. It must be noted that the formation of large pores
in alkaline solutions can have serious consequences, viz. a mixing
of reacting gases in the case of insufficient amount of liquid in the
MEA.

4.2. Homogeneous ion-exchange membranes

Ion-exchange membranes most widely used in fuel cells of the
PEMFC and DMFC type are perfluorosulfonic acid (PFSA) mem-
branes of the Nafion® type. Several versions of such membranes
are known. The structure of the membranes Nafion 112, Nafion
115, Nafion117 (DuPont, USA) and the Russian-made version MF-
4SK was investigated in Ref. [59] using water as working liquid.
From the integral porograms shown in Fig. 16 it can be seen that the
main part of pore volume is connected with micro- and mesopores
with radii r < 10 nm (henceforth, this range is called nanostruc-
ture). In this range there is no substantial difference between the
curves for different versions of the membrane. It can be assumed
that this nanostructure depends mainly on the chemical nature of
the membrane. In the range of larger pores with r > 500 nm the
curves diverge. It seems that these large pores are formed due to
technological factors, leading to a certain degree of surface rough-
ness. This assumption is corroborated by optical investigations.
Measurements with octane and with water showed that these sur-
face pores of the membranes are hydrophobic. This can be only
explained by a model, according to which the sulfogroups on the
membrane surface have an orientation vs. the inside of the mem-
brane. This agrees with the results of wetting angle measurements

for water drops in the presence of water vapor, reported in Ref. [60]
and also with the phenomenon of ionogenic group’s orientation
inversion with respect to the polymer chain, described in Section
3.1.1.
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ig. 17. Differential porogramms for the heterogeneous membrane MK-40. DVB
ontent: (1) 2%, (2) 4%, (3) 8% (From ref. [63]).

In Ref. [61] it was shown that any changes in the preparation
ethod have an influence on the porous structure, for example

n increase in the ion-exchange capacity of membranes MF-4SK
rom 0.71 to 1.02 mg-equiv. g−1 leads to an almost twofold porosity
ncrease in water.

The swelling of MF-4SK membranes in different liquids was
tudied in Ref. [61]. It was shown that the nature of the liquid has a
ignificant influence on the porous structure of the swollen mem-
rane. The overall volume of the nanostructure pores in ethanol

s almost twice as high as in water. This observation is of impor-
ance with respect to direct ethanol fuel cells. The swelling of
on-exchange membranes depends on the nature of the counter-
ons. In membranes MF-4SK the substitution of protons by Na+ ions
owers the porosity for about 30%. The membranes pore volume
ignificantly decreases upon transition from inorganic to organic
ounter-anions.

.3. Heterogeneous ion-exchange membranes

Heterogeneous membranes contain other components in addi-
ion to the ionite. The heterogeneous cationite membrane MK-40
hich is prepared by co-polymerization of styrene and divinyl-

enzene (DVB) was investigated in Ref. [62]. As binding agents
n these membranes polyethylene particles are used. On the dif-
erential porograms shown in Fig. 17 two maxima can be seen,
ne in the range of micro- and mesopores with radii from 1 nm
p to about 100 nm, the other in the range of macropores with
adii 300–3000 nm. The pores of the first type are formed as a
esult of swelling of the ionite phase and the pores of the second
ype are formed by the inert polyethylene particles. The mesopores
re probably formed between fragments of polyethylene and DVB.
hus, from the ratio of the sum of micro- and mesopore volumes
o the overall pore volume the homogeneity degree of membranes
an be evaluated.

.4. Composite membranes

Polymeric fibrous composites are a new type of ion-exchange
embranes. A combination of materials with a fibrous structure

nd those with ion-exchange properties allows to manufacture

ew membranes with a broad range of predetermined proper-
ies. The structural and wetting properties of such a composite

embrane “Polycon” were investigated in Ref. [26]. This mem-
rane is produced by casting a phenolsulfocationite monomer on a
brous PAni matrix and a subsequent pressure application, dur-
r Sources 195 (2010) 5429–5441 5439

ing which exothermic heat is developed. In a swollen state the
structure of this membrane is a combination of the fibrous matrix
structure and the structure of the swollen ionite. The matrix con-
tains hydrophilic micropores, mesopores with mixed wettability,
and a small amount of hydrophobic meso- and macropores. It was
found that for samples of this material produced under different
conditions the surface area of the ionite pores varies from 70 to
480 m2 g−1. This, again, can be explained by a different orientation
of the ionogenic groups with respect to the polymer chain.

In Ref. [63], the structure of a membrane used for phosphoric
acid fuel cells (PAFC) was investigated. This membrane was pre-
pared by pressing and sintering silicium carbide and PFTE powders.
Hydrophilic pores account for about 90% of the overall pore vol-
ume. The size of these pores varies from 0.1 to 80 �m; the main
pore volume being connected with pores of size 10–50 �m.

4.5. Pore corrugation in membranes

In Section 2 of this review it was mentioned that MSCP allows
to investigate pore corrugations. In Ref. [64] such investigations
were described for the homogenous membrane MA-100 and also
for self-made heterogeneous membranes with carboxylic groups
which were prepared by co-polymerization of methacrylic acid and
DVB in a polyethylene solution acting as a binding agent. For these
investigations the integral pore size distribution was measured by
MSCP for the dry membranes during octane desorption and for the
swollen membranes during water adsorption and desorption. For
the homogenous membranes a considerable (up to ninefold) vol-
ume increase in the nanostructure range was observed in water. In
the macrostructure range there was practically no volume change
in comparison with the dry membrane.

The most important result of these measurements is the coin-
cidence of the adsorption and desorption curves for the swollen
homogeneous membranes in the nanostructure range and a slight
hysteresis in the macrostructure range. For the heterogeneous
membrane, also, a complete coincidence of the curves in the
nanostructure range was observed, whereas the hysteresis in the
macropore range substantially increased. It follows from these
results that the nanostructure pores that are formed during
swelling are not corrugated whereas the macropores show a high
degree of corrugation. Taking into account that pore corrugation
leads to a decrease of the ionic conductivity this result can be
regarded as one of the possible explanations for the high conduc-
tivity of the homogenous Nafion membranes.

4.6. Influence of compression and temperature on the porous
structure

In fuel cell batteries the membranes are compressed during
compression of the whole fuel cell stack. In Ref. [64] the influence of
the applied pressure on the pore structure was investigated. With
increasing pressure the volume of large pores decreases. The small-
est pore size, for which this decrease can be observed, decreases
with increasing pressure, i.e. small pores are less prone to defor-
mation by pressure.

In Ref. [59] the influence of temperature on the porous struc-
ture of Nafion 117 membranes was investigated. It was shown that
a temperature increase from room temperature (20 ◦C) to the work-
ing temperature of PEMFCs (80◦C) leads to a reduced porosity in the
range of pores larger than 10 nm.
4.7. Isotherms of capillary pressure and water desorption

In Ref. [59] measurements of capillary pressure isotherms for
different types of Nafion membranes were described. Fig. 18 repre-
sents such isotherms for Nafion 117 at temperatures of 20 and 80 ◦C.
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Fig. 18. Isotherms of capillary pressure for the Nafion 117 membrane at tempera-
tures: (1) 20 ◦C, (2) 80 ◦C (From ref. [60]).
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be low as a result of gas transportation limitations in the second
of these layers. Incompatibility of the membrane and the catalytic
ig. 19. Isotherms of water desorption for the Nafion 117 membrane at tempera-
ures: (1) 20 ◦C, (2) 80 ◦C (From ref. [60]).

theoretical analysis of processes of water management in PEMFCs
eported in Ref. [65] shows that capillary pressure isotherms are of
reat importance for optimization of these processes. In particu-
ar, high values of pc prevent an excessive drying of the membrane
ear the anode at high current densities and thus improve fuel cell’s
ischarge possibilities.

Fig. 19 shows isotherms of water desorption, i.e. the depen-
ence of water content V on the values of ps/po calculated according
o Eq. (2.3) for Nafion 117 membranes at temperatures of 20
nd 80 ◦C. These isotherms are of importance since, depending
n mass-transport processes, the relative humidity in the gas
hambers adjacent to the membranes can vary substantially. The
orresponding changes in the membrane’s water content influence
he conductivity of the membrane and, hence, the fuel cell per-
ormance. From the figure it can be seen that a lowering of the

s/po value from 1.0 to 0.8 at 80 ◦C leads to a 20% decrease of the
embrane’s water content, that can substantially lower the per-

ormance of PEMFCs.
r Sources 195 (2010) 5429–5441

5. The membrane-electrode assemblies

In Ref. [66] the influence of flooding conditions of individual fuel
cell components on efficiency and main electrical and operational
parameters of fuel cells was analyzed. The membrane-electrode
assemblies (MEAs) consist of several porous components (GDLs,
catalytic layers of both electrodes and the membrane). All these
components are soaked with liquids. In the case of PEMFCs and
DMFCs these liquids are water or aqueous methanol solutions. For
PAFCs, alkaline fuel cells, and MCFCs these liquids are phosphoric
acid or alkaline solutions. or, respectively, carbonate melts. Each of
the porous components has its own structural, wetting, and other
properties.

As shown above, MSCP allows measuring for each porous com-
ponent j the isotherm of capillary pressures:

�j = f (pc), (5.1)

where �j is the volume of liquid in this component (flooding
degree).

The overall volume of the liquid in the MEA V = �� depends on
the initial volume Vo and, in the case of water and aqueous solu-
tions, on the external conditions of water removal. In the MEA all
porous components are in close contact and, thus, the liquid in all
of them is in a state of thermodynamic capillary equilibrium. This
implies that the values of the capillary pressure pc

j are equalized
in all porous components. The common value of pc

j corresponds
according to Eq. (5.1) to the values of �j in the individual com-
ponents. Therefore, these values depend on the overall flooding
degree V:

pc = f (V) (5.2)

During discharge of the fuel cell (current flow) the voltage losses
due to each component 	j depend on its flooding degree:

	j = f (vj). (5.3)

For instance, lowering of the membrane’s flooding degree (“dry-
ing of the membrane”) leads to a decrease in its conductivity and,
thus, to an increase of ohmic voltage losses. An increase in the flood-
ing degree of the catalytic layers hampers access of the reacting
gases to the catalyst and, thus, increases losses due to concentration
polarization.

One of the parameters that describe the electrochemical effi-
ciency of a fuel cell is the cell’s operational voltage U at a given
discharge current density. This voltage can be represented as:

U = U0 −
∑

	j, (5.4)

where U0 is the open-circuit voltage. Taking into account Eqs.
(5.1)–(5.3) we have:

U = U0 −
∑

	j = U0 −
∑

f (�j) = U0 − F(V). (5.5)

This “flooding equation” describes the dependence of the fuel
cell voltage on the cell’s overall flooding degree.

A very important problem in the design of fuel cells is that of
the compatibility of the different porous MEA components. For
instance, when the wetting and/or structural properties of the
anode and cathode catalytic layers substantially differ there exists
a possibility that one of these layers has a very low and the other
layer a very high flooding degree. In this case even if the intrin-
sic catalytic activity of the layers is very high, the cell voltage will
layers exists also when in the flooding range (the overall value V of
the liquid) where the polarization of the catalytic layers is minimal
the flooding degree of the membrane is low. In this case not only
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he ohmic losses in the membrane increase, but a mixing of the
eacting gases (oxygen and hydrogen) through dry pores is possi-
le leading to a detonation danger. One of the functions of GDLs
r special additional porous buffering layers is to minimize possi-
le changes of the flooding degree of other thin components. For
his reason the thickness of GDLs is often higher than that of other
ayers.

In Ref. [67] a graphical method was described that allows the
ssessment of the flooding degree changes of different MEA com-
onents during changes of the overall value V.

. Conclusion

It follows from the above, that the distribution of the liquid’s
olumes among the MEA’s porous components is of prime impor-
ance for the fuel cell’s electrical and operational parameters. For

odelling processes in fuel cells and for optimizing these processes
detailed knowledge of the structural and wetting properties of all
orous MEA components is necessary. As a result of structure opti-
ization it is possible not only to improve the electrical parameters

cell voltage at a given discharge current), but also to improve the
tability of these parameters under conditions of changing flood-
ng degrees (as a result of frequent changes of discharge current,
emperature and/or conditions of water removal).

Bipolar plates are an essential component of most types of fuel
ells; they divide adjacent cells in a fuel cell stack. Problems con-
ected with these plates are discussed in a great number of papers
nd reviews. One of the most important requirements for bipolar
lates is a complete absence of gas permeability, i.e. the complete
bsence of interconnected through-pores, penetrating the plates.
he wettability of the plate’s channels is of importance for fuel
ell performance since accumulation of liquid water in them can
amper the gas supply to the GDLs. However, in the literature
o detailed investigations on the wettability of bipolar plates can
e found. For these reasons bipolar plates are not covered in this
eview.
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