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a b s t r a c t

In order to prove the feasibility of using porous carbon foam material in a polymer electrolyte membrane
fuel cell (PEMFC), a single PEMFC is constructed with a piece of 80PPI (pores per linear inch) Reticulated
Vitreous Carbon (RVC) foam at a thickness of 3.5 mm employed in the cathode flow-field. The cell perfor-
mance of such design is compared with that of a conventional fuel cell with serpentine channel design
in the cathode and anode flow-fields. Experimental results show that the RVC foam fuel cell not only
produces comparative power density to, but also offers interesting benefits over the conventional fuel
cell. A 250 h long term test conducted on a RVC foam fuel cell shows that the durability and performance
stability of the material is deemed to be acceptable. Furthermore, a parametric study is conducted on
single RVC foam fuel cells. Effect of geometrical and material parameters of the RVC foam such as PPI
and thickness and operating conditions such as pressure, temperature, and stoichiometric ratio of the
athode flow-field reactant gases on the cell performance is experimentally investigated in detail. The single cell with the
80PPI RVC foam exhibits the best performance, especially if the thinnest foam (3.5 mm) is used. The cell
performance improves with increasing the operating gauge pressure from 0 kPa to 80 kPa and the operat-
ing temperature from 40 ◦C to 60 ◦C, but deteriorates as it further increases to 80 ◦C. The cell performance
improves as the stoichiometric ratio of air increases from 1.5 to 4.5; however, the improvement becomes
marginal when it is raised above 3.0. On the other hand, changing the stoichiometric ratio of hydrogen
does not have a significant impact on the cell performance.
. Introduction

The environmental consequences of fossil fuel use for the
ropulsion of vehicles and in production of electricity have become
ne of the major concerns which have greatly influenced the
evelopment of fuel cells. Fuel cells are electrochemical energy
onversion devices that convert chemical energy stored in the
eactants into electrical energy with high efficiency. They pro-
uce potentially useful heat and pure water as the only major
yproducts. Amongst the existing fuel cell technologies, the poly-
er electrolyte membrane fuel cell (PEMFC) has been most actively

nd widely researched owing to many beneficial features includ-
ng low temperature operation, fast start-up, high power density,

ystem robustness, potential of compactness, lightweight, and low
missions [1]. Therefore, the majority of motor manufacturers
nd energy companies are enthusiastically pursuing the PEMFC
esearch and development for the commercialization of PEMFC.
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However, the wide-spread commercialization of PEMFC has been
hindered because of existing technical barriers such as catalyst CO
poisoning; air, thermal, and water management; cell durability and
reliability; and fuel cell material manufacturing and system operat-
ing costs [2]. One of the biggest challenges to the commercialization
of PEMFC is still the cost reduction of the fuel cell components
which is mainly attributed to the use of expensive materials such
as precious metal catalysts, Nafion® electrolyte membrane, and
graphite plates [3].

Conventional PEMFC technology uses machined channel design
in the gas flow-field of the bipolar/end plate which is consid-
ered as one of the most significant and expensive components
accounting for as much as 60% of the total cell cost and respon-
sible for more than 80% of the total cell weight [3,4]. Flow-field
channels are generally machined on PocoTM graphite plates which
exhibit good performance with strong resistance to corrosion in
the fuel cell environment; however, they are brittle, expensive,
bulky, and difficult to machine channels on [1]. PEMFC performance

is largely determined by electrical conductivity of the flow-field
plate and mass transport in the flow-field channels because water
flooding and concentration distribution are the most significant
phenomena controlled by the flow-field channel configuration [3].
It was theoretically and experimentally proven by many research

ghts reserved.
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Nomenclature

Ae effective surface area of distribution of the reactant
gas in the in-plane direction, m2

A cross-sectional area, m2

D effective pore diameter, m
F Faraday’s constant, C mol−1

I current, A
k gas permeability of the medium, m2

L distance from the inlet (point a) to the outlet (point
b) of the medium, m

l length (equivalent to the RVC foam thickness), m
pb − pa pressure drop between the inlet (point a) and the

outlet (point b) across the medium, Pa
�pca differential capillary pressure, Pa
ptotal total pressure, Pa
Q total discharge, m3 s−1

R gas constant, J mol1 K−1

Re electrical resistance, �
T temperature, K

Greek letters
� resistivity of the material, � m
� dynamic viscosity of the reactant gas, Pa s
� surface tension of liquid water, N m−1

� contact angle of liquid water with the pore surface,◦

of spreading

Subscripts and superscripts
FC-A RVC foam fuel cell design
FC-B conventional fuel cell design
GDL gas diffusion layer
MPL micro-porous layer
PEMFC polymer electrolyte membrane fuel cell
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PPI pores per linear inch
RVC Reticulate Vitreous Carbon

roups [3,5–8] that good water management and high fuel con-
umption rate can be attained by carefully controlling the channel
as permeability, which is defined as a measure of the ability of
he medium to transfer liquid/gas through it. Decreasing gas per-

eability increases gas flow resistance in the flow-field channels
nd makes the transport of the reactant gas toward the reaction
nterface undergo forced convection mechanism in addition to con-
entration diffusion mechanism [9]. However, gas permeability in
he channel design cannot go below 10−8 m2 because machining
ery thin cross-section channels on graphite plates to achieve such
ow gas permeability is a very expensive and difficult process [9].

oreover, producing channels narrower than 0.5 mm is practically
mpossible, especially if low production cost is to be maintained
5,6].

Many research groups [3,5–7,9–11] have shown that using
orous material in the flow-field provides many alluring benefits
ver the conventional flow-field channel design including capa-
ility of reducing gas permeability, higher uniformity of mass
ransport and local current density, and enhanced heat and water

anagement with better two-phase flow distribution as a result
f intensified capillary action in the porous structure. So far,
orous metal foam is commonly used as an alternative that has

trong potential to replace the conventional flow-field channel
esign [3,9–12]. However, because of the corrosive operating fuel
ell environment, catalyst poisoning due to metal corrosion and
educed electrical conductivity due to oxide layers forming on
he surface are the main issues associated with the metal/alloys
r Sources 195 (2010) 2291–2300

systems [13–15]. As an alternative to the metal foam, carbon
foam exhibits advantageous characteristics such as high corrosion-
resistance, good thermal conductivity, and low electrical resistivity
[7,16]. Using porous carbon foam serving as a gas distributor in
the cathode was previously suggested by Senn and Poulikakos
[7], and a concept of foam fuel cell based on open cell vitreous
carbon foam serving as a gas distribution layer was described
over 30 years ago [17]; however, very little work has been pub-
lished on the subject since. Therefore, the current study focuses
on exploring a new fuel cell design concept: Reticulated Vitre-
ous Carbon (RVC) foam was employed as an alternative to the
traditional machined channel design in the cathode flow-field of
a single PEMFC. As an experimental control, a conventional fuel
cell with serpentine channel design employed in the anode and
cathode flow-fields was developed and its experimental result
was compared with that of the RVC foam fuel cell to verify
the feasibility of using the RVC foam in the cathode flow-field.
Furthermore, performance of the foam fuel cell is investigated
in detail.

Performance of a PEMFC is greatly affected by several factors
including operating conditions, mass transport phenomena, elec-
trochemical reaction kinetics, and geometry and morphology of the
fuel cell components [18]. Therefore, having a good understand-
ing of the impact of operating variables on the cell potential is
strongly required in order to maximize the cell efficiency. For a
standard PEMFC, the typical operating conditions studied include
cell temperature, operating pressure, humidity and stoichiomet-
ric ratio of the reactant gases; these operating variables can be
controlled during the operation. However, other parameters such
as geometrical and material parameters of the fuel cell compo-
nents including gas permeability of the flow-field and its design,
morphology of the gas diffusion electrode, catalyst loading, and
different electrolyte membrane thickness and its type cannot be
modified during the fuel cell operation [19]. It is therefore critical to
understand the impact of those parameters (either intrinsic to the
cell construction or selected during the operation) on the cell per-
formance. Amongst the intrinsic parameters, the flow-field design
and shape is one of the most studied; therefore, understanding how
the flow-field design influences the performance is of great interest
to both researchers and fuel cell manufacturers. Many theoretical
and experimental works focusing on understanding the interaction
between the flow-field design and the cell performance have been
published [9,19–25].

Several research groups have proposed and developed many
novel fuel cell design concepts in which porous foam material
is employed in the flow-field of a PEMFC [3,5,7,9–11]. However,
parametric studies on such novel fuel cell designs have not been
carried out in great detail, and their experimental data are not eas-
ily available in the open literature. The parametric study, which
describes behavior of the fuel cell operation under various oper-
ating conditions and geometrical and material parameters of the
fuel cell components, provides very important information to
fuel cell developers for optimizing fuel cell design and operation.
Optimization of operating conditions and geometrical and mate-
rial parameters of the porous material can also lead to a better
understanding of the impact of those on the cell performance.
Therefore, the present paper also focuses on a parametric study
in which the overall performance of the RVC foam fuel cell is
experimentally investigated as a function of various operating con-
ditions and material parameters of the RVC foam. Polarization
curves, which express the characteristics of the fuel cell opera-

tion, are employed as the principal indicator to show the effect
of the RVC foam parameters and the operating conditions on the
performance of the RVC foam fuel cell to determine the opti-
mum operating conditions and parameters for a successful PEMFC
operation.
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fiber paper coated with a MPL offers many attractive benefits in the
operation of a PEMFC and it has been studied elsewhere [27–29].
Silicon rubber gasket at a thickness of 0.25 mm was employed to
seal the fuel cell.
Fig. 1. Open pore structure of the RVC f

. Experimental/materials and methods

A set of commercially available RVC foam was purchased from
nergy Research and Generation (ERG), Inc. in USA. Fig. 1 shows
mages of open pore structure of the RVC foam at various PPI
evels. RVC foam is glass-like carbon with many open pores,
nd it combines the properties of glass with those of industrial
arbons. Unlike other carbon-based materials such as graphite coat-
ng and carbon fiber, RVC foam is typically isotropic in nature;
herefore, permeability is independent of flow direction: in-plane
ermeability equals through-plane permeability [16]. Advanta-
eous material properties of the RVC foam include exceptional
nertness over a wide temperature range, high electrical conduc-
ivity, good mechanical strength, uniform transport area, and low
ffective bulk thermal conductivity. More detailed properties of the
VC foam can be found on the supplier website [26].

For the feasibility test of the present RVC foam fuel cell design, a
iece of 80PPI RVC foam at a thickness of 3.5 mm was employed

n the cathode flow-field because it was the thinnest thickness
vailable to minimize internal ohmic resistance within the cell.
n a hydrogen-air fuel cell, cathode is regarded as the dominant
omponent that significantly influences the fuel cell performance;
herefore, the RVC foam was employed only in the cathode to
mprove water management for preventing flooding effect while
nsuring hydration of the Nafion® membrane and to increase fuel
tilization efficiency for uniformity of mass transport and local cur-
ent density. Experiments for both the RVC foam fuel cell (FC-A)
nd the conventional fuel cell (FC-B) were performed under the
perating conditions illustrated in Table 1.

The present parametric study consists of two main parts. In the
rst part, effect of the intrinsic material parameters of the RVC

oam on the cell performance was investigated. The first intrinsic
arameter studied was the effect of PPI of the RVC foam on the cell
erformance. Eight single RVC foam fuel cells were constructed at
our different levels of PPI (45, 60, 80, and 100PPI) for the RVC foam
mployed in the cathode flow-field and operated under the oper-
ting conditions illustrated in Table 1. Thickness of the RVC foam
or the first four fuel cells was 3.5 mm and that of the last four fuel

ells was 5.0 mm. The effect of thickness of the RVC foam on the cell
erformance was explored as the second intrinsic parameter. Three
ingle RVC foam fuel cells were constructed at three different levels
f thickness (3.5, 5.0, and 7.4 mm) for the 80PPI RVC foam employed

able 1
tandard operating conditions (load set for the minimum flow is at 5.3 A).

Parameter Value

Reactant gases (anode/cathode) H2/air
Operating gauge pressure (anode/cathode) 35 kPa/35 kPa
Operating temperature (anode/cathode) 60 ◦C/60 ◦C
Relative humidity (anode/cathode) 100%/100%
Stoichiometric ratio (H2/air) 1.4/3.0
Flow rate (H2) 0.8 cm3 s-1 + Load based flow
Flow rate (air) 1.0 cm3 s-1 + Load based flow
t various pore sizes (45, 60, and 80PPI).

in the cathode flow-field and operated under the operating condi-
tions illustrated in Table 1. In the second part, a single RVC foam
fuel cell constructed with a piece of 80PPI RVC foam at a thickness
of 5.0 mm was used to investigate the effect of operating conditions
including operating gauge pressure (0, 35, and 80 kPa), operating
temperature (40, 60, and 80 ◦C), and stoichiometric ratio of the reac-
tant gases (1.5, 3.0, and 4.5 for Air; 1.4 and 2.5 for H2). During the
analysis, only the operating condition investigated was varied, and
all other parameters remained constant as defined in Table 1. Sim-
plified descriptions of the experiments performed are summarized
in Table 2. Each experiment was repeated five times, producing five
polarization curves, to verify the reproducibility of the measure-
ments. Each polarization curve represents an average of the five
polarization curves taken, and each data point of the polarization
curve is an average of ten experimental measurements that were
collected at intervals of 30 s. Therefore, a steady-state of the cell
operation was achieved when an experimental measurement was
taken at a certain current density.

A piece of RVC foam completely fits into the inner hole of
the graphite foam-platform designed to support the RVC foam
(Fig. 2). A thin layer of carbon fiber paper (SGL 10BB by SGL Carbon
Group, USA) coated with a micro-porous layer (MPL) at a thickness
of 0.22 mm was inserted between the RVC foam and the foam-
platform to control the depth of the RVC foam in order to minimize
interfacial contact resistance due to irregular and uneven surface
of the RVC foam. The same type of carbon fiber paper coated with
a MPL was employed as a gas diffusion layer (GDL) and placed on
both sides of the Nafion® membrane. Employment of the carbon
Fig. 2. RVC foam placed in the cathode graphite foam-platform.
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Table 2
Detail of the experiments performed.

Type of test RVC foam parameters Operating conditions

PPI effect (1) PPI: 45, 60, 80, and 100 Operating gauge pressure: 35 kPa
Thickness: 3.5 mm Other operating conditions: as illustrated in Table 1

PPI effect (2) PPI: 45, 60, 80, and 100 Operating gauge pressure: 35 kPa
Thickness: 5.0 mm Other operating conditions: as illustrated in Table 1

PPI effect (3) PPI: 45, 60, 80, and 100 Operating gauge pressure: 0 kPa
Thickness: 5.0 mm Other operating conditions: as illustrated in Table 1

Thickness effect PPI: 80 Operating conditions: as illustrated in Table 1
Thickness: 3.5, 5.0, and 7.4 mm

Pressure effect PPI: 80 Operating gauge pressures: 0, 35, and 80 kPa
Thickness: 5.0 mm Other operating conditions as illustrated in Table 1

Temperature effect PPI: 80 Operating temperatures: 40, 60, and 80 ◦C
Thickness: 5.0 mm Other operating conditions: as illustrated in Table 1

Cathode flow rate effect (1) PPI: 80 Cathode stoichiometric ratios: 1.5, 3.0, and 4.5
Thickness: 5.0 mm Operating gauge pressure: 35 kPa

Other operating conditions: as illustrated in Table 1

Cathode flow rate effect (2) PPI: 80 Cathode stoichiometric ratios: 1.5, 3.0, and 4.5
Thickness: 5.0 mm Operating gauge pressure: 0 kPa

Other operating conditions: as illustrated in Table 1

Anode flow rate effect (1) PPI: 80 Various anode stoichiometric ratios: 1.4 and 2.5
Thickness: 5.0 mm Operating gauge pressure: 35 kPa

Other operating conditions: as illustrated in Table 1

Anode flow rate effect (2) PPI: 80
Thickness: 5.0 mm

Fig. 3. Serpentine channel design of the anode flow-field.

Fig. 4. RVC foam fuel
Anode stoichiometric ratios: 1.4 and 2.5
Operating gauge pressure: 0 kPa
Other operating conditions: as illustrated in Table 1

Conventional serpentine channel design with two parallel ser-
pentine channels was employed in the anode flow-field (Fig. 3).
When the conventional fuel cell (FC-B) was developed, the graphite
foam-platform in the cathode was simply replaced with a serpen-
tine flow-field graphite plate which has the channel dimensions
identical to that of the anode flow-field graphite plate. The poly-
mer electrolyte membrane was the Nafion® 112 catalyst coated
membrane manufactured by Ion Power, Inc. in USA. The electro-
chemical active area of the membrane was 25 cm2. The membrane
had a nominal thickness of 25 �m, and the catalyst loading was
0.3 mg cm−2 of carbon-supported platinum on both the anode and
cathode sides. Based on the RVC foam fuel cell schematic presented
in Fig. 4, a well defined standard procedure was developed and
implemented for the RVC foam fuel cell assembly. Using the foam
fuel cell assembly method described above, a single RVC foam fuel
cell (FC-A) for the feasibility test, a single traditional fuel cell (FC-B)
for the comparison analysis, and several single RVC foam fuel cells
for the parametric study were constructed and tested individually.
Fuel cell experiments were carried out at the Queen’s-RMC Fuel
Cell Research Centre using the Fuel Cell Automated Test Station G-
60 manufactured by Hydrogenics Test Systems. The fuel cell test
station is equipped with an electronic load box, a data acquisition
system, back-pressure regulators, and temperature controllers for

cell schematic.
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10–60 �V h−1 under laboratory conditions. As time proceeds, the
ig. 5. Polarization and power density curves of the RVC foam fuel cell and the
onventional fuel cell (operating gauge pressure: 35 kPa/35 kPa, operating temper-
ture: 60 ◦C/60 ◦C, relative humidity: 100%/100%, stoichiometric ratio: 1.4/3.0 for
node/cathode).

he end plates, the humidifiers, and the inlet gas streams. Flow rate
f the reactant gases (H2 and air) is controlled by the mass flow con-
rollers, and relative humidity of the inlet gas streams is controlled
y the humidifiers using the direct steam injection technique with
ltered deionized water. Cell voltage, current, power, flow rate of
2 and air, inlet dew point gas temperature, inlet and outlet gas

emperature, and pressure of the anode and cathode streams were
ecorded at predetermined intervals using the data acquisition soft-
are.

. Results and discussion

.1. Feasibility test

The polarization curves presented in Fig. 5 compare the perfor-
ance of the RVC foam fuel cell (FC-A) and that of the conventional

uel cell (FC-B). Due to the polarization losses including activation at
ow current densities, ohmic at intermediate current densities, and
oncentration at high current densities, the voltage in the polariza-
ion curve decreases as the load increases. It was first verified with
uel cell designs developed by other research groups [27,30,19,22]
hat the conventional fuel cell (FC-B) used in the current study
roduces comparable performance to their fuel cells, especially at

ow current densities, under the similar operating conditions illus-
rated in Table 1; however, it should be noted that the fuel cell
ssembly methods and the material of the fuel cell components
ncluding Nafion® membrane with different platinum loadings and
DL used by those research groups are slightly different from the
nes used in the current study. Therefore the present conventional
uel cell (FC-B) is applicable to be used for the comparison analysis
ith the RVC foam fuel cell (FC-A). Under the same test proto-

ols and operating conditions illustrated in Table 1, the RVC foam
uel cell produces comparative power density to the conventional
uel cell. At low current densities lower than 200 mA cm−2, there
s no significant difference in performance because the equivalent
afion® 112 with the same catalyst loadings was employed for both

uel cells, FC-A and FC-B. At intermediate current densities (about
00 mA cm−2), the conventional fuel cell performs slightly better
han the RVC foam fuel cell does. This outcome is mainly attributed
o higher interfacial contact resistance existing in the RVC foam
uel cell and better electrical conductivity of the machined graphite

late than that of the RVC foam. At high current densities (about
100 mA cm−2), the conventional fuel cell (FC-B) experiences an
brupt drop in the curve, signifying that the concentration over-
otential has taken place. The mass transport-limited region of the
r Sources 195 (2010) 2291–2300 2295

RVC foam fuel cell is extended longer than that of the conventional
fuel cell. One can suppose that the sharp drop in the tail of the
polarization curve of the conventional fuel cell (FC-B) might have
been observed earlier than that of the RVC foam fuel cell (FC-A)
because FC-B has performed slightly better at intermediate current
densities, producing a larger amount of product liquid water that
can cause the concentration over-potential at high current densi-
ties. However, the difference in performance between the two fuel
cells at intermediate current densities is not big enough to create
a significant difference in the quantity of product liquid water. The
water production rate of the two fuel cell designs can be obtained
using Eq. (1) [31].

nwater = I

2F
(1)

where, nwater is the liquid water production rate (mol s−1), I is
the current (A), and F is the Faraday’s constant (C mol−1). At a
cell voltage of 0.4 V, the RVC foam fuel cell and the conven-
tional fuel cell produce a current density of 972.40 mA cm−2 and
1058.40 mA cm−2, respectively. The water production rate of the
RVC foam fuel cell at this voltage is 2.27 mg s−1, and that of the
conventional fuel cell is 2.47 mg s−1. Difference in magnitude of the
water production rate is 0.20 mg s−1; hence, it is rather negligible.
This performance improvement of the RVC foam fuel cell at high
current densities is most likely attributed to the presence of the
RVC foam because the RVC foam is the only difference between the
two fuel cell designs. Furthermore, isotropic characteristic of the
RVC foam in terms of mass transfer facilitates both in-plane and
through-plane mass transfer and extends the effective area in the
GDL covered by the bulk flow through the porous medium, thereby
enhancing overall reactant access to the active sites of the catalyst
layer. Therefore, employment of the RVC foam in the cathode flow-
field can promote efficient oxidant delivery and facilitate enhanced
mass transport of the reactant gas and liquid water removal at high
current densities for robust and stable operation by means of pos-
sessing improved self water management system within the porous
structure of the RVC foam. In addition, the vertical fuel cell orienta-
tion in which hydrogen and air flow vertically provides enhanced
water management because gravity plays a significant role to facil-
itate more efficient drainage of byproduct liquid water. Further
enhancement in water management can be achieved by varying
geometry of the RVC foam (i.e. elongated rectangular shape) or
introducing baffle design into the RVC foam. This aspect is currently
under investigation and will be presented in the future.

3.2. Stability test

A 250 h long term test was conducted on a single RVC foam fuel
cell constructed with a piece of 80PPI RVC foam at a thickness of
5.0 mm to assess the stability of the present proposed design. The
operating conditions of the test are outlined in Table 1, and the
current density was maintained at 600 mA cm−2 at which the fuel
cell produced a cell voltage of 0.5 V. It was experimentally proven
that the RVC foam fuel cell is capable of maintaining its cell perfor-
mance due to the strong corrosion-resistance characteristic of the
RVC foam. It is generally known that degradation of the Nafion®

membrane is caused by several factors such as contamination of
electrocatalyst or membrane, severe operating conditions, improp-
erly chosen material parameters, and poor dimensional stability
[32]. The observed voltage degradation rates in PEMFCs that were
reported by several research groups [32–35] are in the range of
voltage decreases slightly from 0.52 V to 0.50 V after 250 h at a volt-
age degradation rate of 0.8 �V h−1. However, this voltage drop is
almost negligible and it is probably caused by the degradation of
the Nafion® membrane.
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whether it is hydrophobic or hydrophilic. However, visual obser-
vation of water droplets in the pore network of the RVC foam
showed a behavior to be in between hydrophobic and hydrophilic
(contact angle close to 90◦) [37,38]. From the results presented in
ig. 6. Four single RVC foam (3.5 mm) fuel cells at various PPI levels (45, 60, 80,
nd 100PPI) tested to establish the effect of PPI on the cell performance (oper-
ting gauge pressure: 35 kPa/35 kPa, operating temperature: 60 ◦C/60 ◦C, relative
umidity: 100%/100%, stoichiometric ratio: 1.4/3.0 for anode/cathode).

.3. Effect of PPI of the RVC foam on the cell performance

Four single RVC foam fuel cells were constructed at various PPI
evels (45, 60, 80, and 100PPI) while keeping the RVC foam thick-
ess constant at 3.5 mm. Experiments were conducted on the cells
nder the operating conditions outlined in Table 1. The polariza-
ion curves in Fig. 6 show that the cell performance improved with
n increase of PPI from 45 to 80. As the pore size of the RVC foam
ecomes smaller at higher PPI, mass transport resistance grows
tronger within the porous structure, facilitating uniform distribu-
ion of the reactant gas in the RVC foam over the entire electrode
urface. This phenomenon can be explained by Darcy’s law stated
n Eq. (2):

= −kAe(pb − pa)
�L

(2)

here, Q is the total discharge (m3 s−1); k is the permeability of the
VC foam (m2); Ae is the effective surface area of distribution of the
eactant gas in the in-plane direction (m2); L is the distance from the
nlet (point a) to the outlet (point b) of the RVC foam (m); pb − pa is
he pressure drop between the inlet (point a) and the outlet (point
) across the RVC foam; and � is the dynamic viscosity of the reac-
ant gas (Pa s). It is assumed that Q, pb − pa, L, and � are kept constant
hroughout the experiments; therefore, as k decreases at higher PPI,
e increases. As the gas permeability decreases at higher PPI, the
eactant gas penetrates deeper into the gas diffusion electrode to
he catalyst layer, increasing the reactant residence time for bet-
er electrochemical reaction. Furthermore, with an increase of PPI,
orced convection mass transport mechanism is enhanced in addi-
ion to concentration diffusion mass transport mechanism in the
VC foam. Yan et al. [18] claimed that the forced convection mass
ransport mechanism facilitates cross-flow through the GDL, mak-
ng the oxygen transport rate faster and providing a larger amount
f oxygen to keep up the demands required by the electrochemi-
al reaction, even at high current densities. Moreover, strong shear
orce induced by the forced convection mass transport mechanism
fficiently removes excessive product liquid water entrapped in
he pores of the RVC foam, hence mitigating water flooding effect
nd increasing mass transport rate of the reactant gas and prod-
ct water to and from the catalyst layer. The trend stated above
hat decreasing the gas permeability of the porous medium (higher

PI) would result in higher cell performance was already shown by
everal research groups through their experimental measurements
nd numerical simulations [3,5–7,9,11].

Electrical conductivity of the RVC foam has a significant impact
n the cell performance. It increases as the pore size of the RVC
r Sources 195 (2010) 2291–2300

foam decreases, thereby improving current collection capabil-
ity because the effective area of the RVC foam in contact with
the membrane-electrode-assembly (MEA) and the graphite foam-
platform is extended. Electrical contact resistance of the RVC foam
is determined by the RVC foam parameters such as PPI and thick-
ness and the compression pressure on the cell; it increases as the
pore size of the RVC foam increases because electrons have to
travel through the solid matrix of the RVC foam. As shown in Fig. 6,
slope of the curve at intermediate current densities decreases as PPI
increases from 45 to 80, signifying that the RVC foam at higher PPI
provides higher electrical conductivity. Electrical resistances at a
current density of 500 mA cm−2 for the 80PPI, 60PPI, and 45PPI RVC
foam fuel cells are −0.41 � cm2, −0.58 � cm2, and −0.72 � cm2,
respectively–there is a linear relationship between PPI (from 45 to
80) and electrical resistance as shown in Fig. 7. This tells us that
the poor performance of the 45PPI RVC foam fuel cell is mainly
attributed to higher ohmic resistance existing in the 45PPI RVC
foam than that in the 80PPI RVC foam.

It is interesting to notice in Fig. 6 that the cell performance at
100PPI is worse than those at 80PPI and 60PPI, but better than that
at 45PPI. As shown in Fig. 7, as PPI further increases to 100, the
linear relationship no longer exists and slope of the polarization
curve becomes much steeper. This is probably because the pores
in the 100PPI RVC foam are too small that although the reactant
gas can diffuse into the active sites with enhanced convective force
through the RVC foam, product liquid water, which is retained in the
smaller pore network within the RVC foam and GDL, cannot effec-
tively get removed because capillary force, which is defined as the
ability of the RVC foam to draw liquid water into the pore network,
might be stronger than water evaporation and shear force exerted
by the gas flow. Pressure required to overcome capillary force to
blow out liquid water entrapped in the pores and to facilitate a
gas flow through the pores can be explained by the Young-Laplace
equation [36] presented in Eq. (3):

�pca = 4� cos �D−1 (3)

where, �pca is the differential capillary pressure (Pa); � is the sur-
face tension of liquid water (N m−1); � is the contact angle of liquid
water with the pore surface (◦ of spreading); and D is the effective
pore diameter (m). Although the RVC foam tends to repel water,
one cannot say that it is completely hydrophobic. Since the RVC
foam is not a flat surface, it is difficult to evaluate the true behavior,
Fig. 7. Slope of the linear section (intermediate current density) of the polarization
curve at each PPI (45, 60, 80, and 100).
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Fig. 8. Four single RVC foam (5.0 mm) fuel cells at various PPI levels (45, 60, 80, and
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Experiments were conducted on a single RVC foam fuel cell built
00PPI) tested to explore the effect of PPI on the cell performance (operating gauge
ressure: (a) 35 kPa/35 kPa and (b) 0 kPa/0 kPa, operating temperature: 60 ◦C/60 ◦C,
elative humidity: 100%/100%, stoichiometric ratio: 1.4/3.0 for anode/cathode).

igs. 6 and 7, the 100PPI RVC foam fuel cell, in spite of the fact that it
rovides higher electrical conductivity, experiences stronger mass
ransport resistance than the other RVC foam fuel cells do at inter-

ediate and high current densities. The negative effect caused by
igher mass transport resistance prevails over the positive effect
f enhanced convective force for diffusion of the reactant gas and
igher electrical conductivity of the 100PPI RVC foam. It is noted by
enn and Poulikakos [7] that care must be taken as to its permeabil-
ty to avoid unreasonably high mass transport resistance, which is
aused at excessively high PPI and has also been observed in the
urrent study.

To further understand the effect of increasing PPI of the RVC
oam, four new RVC foam fuel cells were constructed and the RVC
oam thickness was changed from 3.5 mm to 5.0 mm. Fig. 8 presents
he polarization curves obtained from the RVC foam fuel cells oper-
ting at the operating gauge pressure of 35 kPa and 0 kPa for (a) and
b), respectively. Similar to the results obtained previously from
he old RVC foam fuel cells, the new RVC foam fuel cells showed
he analogous trend–the cell performance improves from 45PPI to
0PPI, but starts to deteriorate as PPI further increases to 100. It is

nteresting to notice that the 45PPI performs better than the 100PPI
oes when the RVC foam thickness is 5.0 mm, as opposed to the pre-
ious results (Fig. 6) in which the 100PPI performs better than the
5PPI does when the RVC foam thickness is 3.5 mm. As the RVC
oam thickness increases, more pores in the 100PPI RVC foam are
logged with liquid water held by stronger capillary force, making

t even more difficult for the reactant gas to diffuse through the
ores to the active sites. Moreover, the difference in performance
etween the 100PPI and the 45PPI grows bigger as the operating
auge pressure changes from 35 kPa to 0 kPa. At higher operating
r Sources 195 (2010) 2291–2300 2297

pressure, a greater number of molecules of the reactant gas, given
by n in the ideal gas law presented in Eq. (4), participate in the elec-
trochemical reaction at the active sites, resulting in higher current
density and improved cell performance:

ptotalV = nRT (4)

where, ptotal is the total pressure (Pa); V is the volume (m3); n is the
number of moles (mol); R is the gas constant (J mol−1 K−1); and T is
the temperature (◦C.

There are three key parameters of the RVC foam that each can
contribute to the results depicted in Figs. 6–8: porosity, perme-
ability, and effective electrical conductivity. High gas permeability
and porosity of the RVC foam (low PPI) would result in the ease of
reactant flow and avoid excessive pressure drop in the flow-field;
however, this would create low effective electrical conductivity
which further results in increased ohmic loss across the electri-
cal path from the current collector to the reaction sites. Low gas
permeability and porosity (high PPI) would result in reduced effec-
tive area for distribution of the reactant gas in the in-plane direction
and high mass transport limitation due to water flooding effect and
reduced effective diffusivity. Therefore, it appears that there is an
optimal porosity level to achieve the best cell performance as noted
by other researchers [5,6,15].

3.4. Effect of thickness on the cell performance

In order to investigate the effect of the RVC foam thickness on the
cell performance, three single 80PPI RVC foam fuel cells at various
thicknesses of the RVC foam (3.5, 5.0, and 7.4 mm) were constructed
and tested under the operating conditions illustrated in Table 1.
Resistance to flow of electrons in the RVC foam depends on the
RVC foam thickness according to Eq. (5):

Re = l�A−1 (5)

where, Re is the electrical resistance (�); l is the length (equivalent
to the RVC foam thickness) (m); A is the cross sectional area (m2);
and � is the resistivity of the material (� m). The RVC foam fuel
cell at a thickness of 3.5 mm exhibits the best cell performance, fol-
lowed by 5.0 mm and 7.4 mm. At low current densities less than
100 mA cm−2, there is no significant difference in performance
because the equivalent Nafion® 112 membrane with the same cat-
alyst loadings was employed for the fuel cells. At intermediate
and high current densities, as the RVC foam thickness increases,
slope of the curve becomes steeper, signifying that stronger ohmic
over-potential is induced. Ohmic resistances at a current density
of 400 mA cm−2 for the 3.5 mm and 7.4 mm RVC foam fuel cells
are −0.45 � cm2 and −0.73 � cm2, respectively. This indicates that
through-plane electrical resistance is higher for the 7.4 mm RVC
foam fuel cell, resulting from longer electron pathway through the
RVC foam to the active sites for electrochemical reaction. Further-
more, increasing the RVC foam thickness, which is equivalent to
increasing diameter of a pipe on a fluid flow system, facilitates gas
bypassing effect, which hinders effective access of the reactant gas
to the active sites of the catalyst layer, reducing fuel utilization effi-
ciency [39,40]. Further improvement by employing thinner RVC
foam with increased electrical conductivity can probably reduce
internal ohmic resistance and shift the polarization curve upward
for better fuel cell performance.

3.5. Effect of operating pressure on the cell performance
with a piece of 80PPI RVC foam at a thickness of 5.0 mm under
various operating gauge pressures (0, 35, and 80 kPa) to establish
the effect of operating pressure on the cell performance. It was
experimentally proven that the cell performance improves as the
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Fig. 10. Effect of the stoichiometric ratio of air in the cathode on the cell performance
ig. 9. Effect of the operating temperature on the cell performance (operating gauge
ressure: 35 kPa/35 kPa, operating temperature: 40, 60, and 80 ◦C, relative humidity:
00%/100%, stoichiometric ratio: 1.4/3.0 for anode/cathode).

perating gauge pressure increases. At higher operating pressure,
greater number of molecules of the reactant gases are introduced

or electrochemical reaction at the active sites according to the ideal
as law presented in Eq. (4). The cell operating at 0 kPa and 80 kPa
roduces a current density of 415 mA cm−2 and 502 mA cm−2 at
.6 V, respectively and 754 mA cm−2 and 910 mA cm−2 at 0.4 V,
espectively. The rate of increase in the cell performance at higher
perating pressure is steady as the load increases. In addition, oper-
ting the cell at higher pressure provides better stability in the cell
oltage at high current densities. This states that the operational
tability increases as the operating pressure increases. Further-
ore, it should be noted that the RVC foam fuel cell is capable

f producing a decent amount of power even at very low oper-
ting pressure–one of the advantages that the foam fuel cell design
ossesses.

.6. Effect of operating temperature on the cell performance

Experiments were conducted on a single RVC foam fuel cell con-
tructed with a piece of 80PPI RVC foam at a thickness of 5.0 mm to
nvestigate the effect of operating temperature on the cell perfor-

ance. The operating temperature was varied from 40 ◦C to 80 ◦C
t intervals of 20 ◦C. It was ensured that the reactant gases were
ully humidified at 100% relative humidity by keeping the humidi-
cation temperature equal to the inlet gas temperature; therefore,
emperature change is the main effect determining the cell per-
ormance. Fig. 9 shows that the cell performance slightly improves
s the operating temperature increases from 40 ◦C to 60 ◦C; how-
ver, as it further increases to 80 ◦C, the cell performance declines
t higher current densities. Operating a PEMFC at high tempera-
ure improves ionic conductivity of hydrogen protons through the
afion® membrane, increases limiting current density, and brings

ast catalytic activity and high capacity for water removal by evapo-
ation [21,25,41]. However, Nafion® membrane dehydration in the
node may occur at excessively high temperature, which would
eteriorate the cell performance at high current densities. Further-
ore, it should be noted that the RVC foam fuel cell is capable

f generating a decent amount of power even at low operating
emperature–one of the advantages that the foam fuel cell design
ossesses.
.7. Effect of air flow rate on the cell performance

Experiments were performed on a single RVC foam fuel cell con-
tructed with a piece of 80PPI RVC foam at a thickness of 5.0 mm
o establish the effect of stoichiometric ratio of air in the cath-
(operating gauge pressure: (a) 35 kPa/35 kPa and (b) 0 kPa/0 kPa, operating temper-
ature: 60 ◦C/60 ◦C, relative humidity: 100%/100%, stoichiometric ratio: 1.4/1.5, 3.0,
and 4.5 for anode/cathode).

ode on the cell performance. Stoichiometric ratio is the molar ratio
between actual flow rate and theoretical flow rate of a reactant gas
according to the reaction stoichiometry. The stoichiometric ratio of
air in the cathode was varied from 1.5 to 4.5 at intervals of 1.5, but
keeping that of hydrogen in the anode constant at 1.4. The effect of
stoichiometric ratio of air on the cell performance is illustrated in
Fig. 10. Operating gauge pressures of the inlet gas streams are set at
35 kPa and 0 kPa in (a) and (b), respectively. There is no significant
difference in performance at various stoichiometric ratios of air at
low current densities because sufficient amount of oxygen is pro-
vided for the electrochemical reaction and the oxygen consumption
rate is low at high operating voltages. However, at medium and
high current densities, as the stoichiometric ratio of air increases,
not only the cell performance improves, but also the operational
stability increases. A sudden drop in the slope of the polarization
curve for the cell operating at the air stoichiometric ratio of 1.5 indi-
cates that flooding effect might have taken place within the pore
network of the RVC foam in the cathode side. At higher stoichio-
metric ratio, a larger amount of air is fed to the fuel cell, increasing
oxygen concentration and reaction rate. Furthermore, high air flow
rate helps remove product liquid water quickly and prevent from
water flooding effect, thereby providing even distribution of local
current density and reactant gas over the electrode.

It is interesting to note that the cell performance improvement
from 1.5 to 3.0 is more pronounced than that from 3.0 to 4.5.
For instance, at a current density of 500 mA cm−2, the cell voltage

increases from 0.51 V to 0.57 V and 0.57 V to 0.59 V as the cath-
ode stoichiometric ratio changes from 1.5 to 3.0 and 3.0 to 4.5,
respectively. Beyond the value of 3.0, the gain in the cell perfor-
mance is almost negligible compared to the gain in the region
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ig. 11. Effect of the stoichiometric ratio of hydrogen in the anode on the cell perfor-
ance (operating gauge pressure: (a) 35 kPa/35 kPa and (b) 0 kPa/0 kPa, operating

emperature: 60 ◦C/60 ◦C, relative humidity: 100%/100%, stoichiometric ratio: 1.4
nd 2.5/3.0 for anode/cathode).

elow the value of 3.0. Therefore, it is not necessary to operate the
VC foam fuel cell at excessively high stoichiometric ratio of air
o obtain the optimum PEMFC performance. Yan et al. [18] proved
hrough experimental measurements that the cathode flow rate
ignificantly influences the cell performance at high current den-
ities because providing a large amount of oxygen to the active
ites will enhance the electrochemical reaction and help remove
iquid water; however, the rate of increase in the cell performance

eakens as the cathode flow rate increases.

.8. Effect of hydrogen flow rate on the cell performance

Experiments were performed on a single RVC foam fuel cell built
ith a piece of 80PPI RVC foam at a thickness of 5.0 mm to establish

he effect of stoichiometric ratio of hydrogen in the anode on the cell
erformance. The stoichiometric ratio of hydrogen was varied from
.4 to 2.5 while the stoichiometric ratio of air in the cathode was
ept constant at 3.0. As shown in Fig. 11, for both cases at different
perating gauge pressures, 35 kPa in (a) and 0 kPa in (b), varying
he stoichiometric ratio of hydrogen gas does not have a significant
mpact on the cell performance when the inlet gas streams are fully
umidified at 100% relative humidity. This is probably because the
eaction rate of hydrogen oxidation is relatively fast and it is not a
ate determining step.

.9. Conclusions and recommendations
In the current study, a reproducible method for assembling a fuel
ell using the Reticulated Vitreous Carbon (RVC) foam as a cath-
de flow-field has been described. A current density in excess of
000 mA cm−2 was obtained using the assembled RVC foam fuel

[

[
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cell. Although the RVC foam fuel cell does not produce notably
higher power density than the conventional fuel cell does, elim-
ination of the highly expensive process of machining thin channels
on graphite plates and reduction of cell weight and complexity
have been achieved by employing the RVC foam in the cathode
flow-field.

Furthermore, it has been proven through a parametric study that
geometrical and material parameters of the RVC foam such as pores
per linear inch (PPI) and thickness and operating conditions such
as pressure, temperature, and stoichiometric ratio of the reactant
gases significantly determine the performance of the RVC foam fuel
cell, which highlights the importance of having a good understand-
ing of the impact of those variables on the cell potential to reduce
the polarizations.

Finally, it should be noted that the PEMFC made using the RVC
foam on the cathode appears to possess an acceptable level of
performance even when the operating pressure is kept close to
atmospheric pressure and the operating temperature is relatively
low compared to the typical operating conditions for the conven-
tional fuel cell and that flooding appears to be controlled even when
the humidity level of the incoming gases is kept very high at 100%
relative humidity. This should result in a PEMFC that would be of
great interest to various fuel cell manufacturers.
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