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In order to evaluate the performance of Proton Exchange Membrane Fuel Cell (PEMFC) with an active area
of 25 cm2, several variables were studied (flow pattern, flow rate, degradation in the Pt–Ru/C catalyst).
Polarization curves revealed that the electrochemical reaction on both sides of the fuel cell is under
the effect of mass transfer and the values of the cell voltage, current density, and power density were
inversely proportional with the increase of the hydrogen and oxygen flow rates for both flow patterns
(counter current and cocurrent) and clear corrosion phenomenon was observed on the surface of the
Pt–Ru/C catalyst before and after exposure to the hydrogen and oxygen. On the other hand and in order
to increase the performance of Nafion membrane, SiO2 particles were introduced to the Nafion polymeric
matrix using sol–gel method to form composites. The surface morphology of the Nafion–SiO2 composite
membrane was investigated and compared with the existing commercial Nafion membrane. It was found
that water uptake of the Nafion- silica composite membrane as a function of temperature is higher than
that of the existing commercial Nafion membrane.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In a typical PEM fuel cells, the membrane is sandwiched be-
tween two catalyzed electrodes to transport the protons, support
the anode and cathode catalyst layers, and more importantly, sep-
arate the oxidizing (air) and reducing (hydrogen) environments on
the cathode and anode sides, respectively. Therefore, the require-
ments for an excellent membrane are manifold and stringent,
including high protonic conductivity, gas permeability, thermal
and chemical stability, and so on. The most commonly used and
promising membranes for PEM fuel cells are perfluorosulfonic acid
(PFSA) membranes such as Nafion� (DupontTM). To prevent
mechanical failure of the membrane, the Membrane Electrode
Assembly (MEA) and flow field structure must be carefully de-
signed to avoid local drying of the membrane, especially at the
reactant inlet area. The membranes developed so far can be classi-
fied into three groups: (1) modified Nafion membranes, which are
swelled with nonvolatile solvents or incorporate hydrophilic oxi-
des and solid inorganic proton conductors; (2) alternative sulfo-
nated polymers and their composite membranes, such as SPSF,
SPEEK, PBI, and PVDF; and (3) acid–base polymer membranes, such
as phosphoric acid-doped Nafion�–PBI composite membranes.
With respect to the chemical and electrochemical degradation of
the membrane, developing membranes that are chemically stable
against peroxy radicals has drawn particular attention, Wu et al.
[1].

Sridhar et al. [2], mentioned that low humidification greatly
enhances membrane degradation during operation as well as un-
der OCV. This behavior seems peculiar, because gas permeation
through a Nafion membrane decreases with decreasing gas humid-
ification. Basu [3], showed that Nafion membranes thickness
ranges between (25 and 250 lm). Buchi [4], emphasized that cor-
rosion of carbon supports may cause the electrical isolation and
aggregation of platinum nanoparticles, causing a decrease in the
ECA in the catalyst layers. Zhang [5], mentioned that the Gas Diffu-
sion Layer (GDL) together with flow fields and current collectors,
are designed to achieve high performance from the operation of
the PEM fuel cell. Basu et al. [6], showed that Pt/Ru(40%:20% by
wt.)/C and Pt-black could be used as a catalyst to prepare anode
and cathode and carbon paper is used as substrate for the catalyst
powder. Chul et al. [7], showed that Ti-felt with different structural
properties (porosity and fiber diameter) and PTFE content were
prepared for use as GDLs of the oxygen electrode, and the relation
between the properties of the GDL and the fuel cell performance
was examined for both fuel cell and electrolysis operation modes.

Hongtan and Andrew [8] showed that the difference in local
electrical resistance under the land and channel is large enough
to be a major cause for the observed local current density
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Fig. 1. PEM fuel cell setup.
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differences. Kap-Seung et al. [9], studied the geometrical character-
ization of the serpentine flow-field in order to enhance the perfor-
mance of PEMFC in relation to pressure drop, discharge of
condensed water, maximization of cell voltage, and uniformity of
current density over the entire surface area. Luis et al. [10], studied
the influence of the relative entry positions of hydrogen and oxy-
gen on the distribution of gases. Santarelli and Torchio [11] studied
the effect of six operating conditions on the performance of single
PEMFC: cell temperature; anode flow temperature in saturation
and dry conditions; cathode flow temperature in saturation and
dry conditions; and the reactants pressure while Hsieh et al. [12]
studied the effect of cell temperature, gas humidification, cell oper-
ating pressure and reactant gas flow rate with interdigitated flow
fields. On the other hand Miaomiao et al. [13], studied the water
uptake and swelling ratio, thermal and chemical stability, mechan-
ical properties, proton conductivity. Jin et al. [14] studied the
polarization curves of a single PEMFC having a Nafion membrane
fed with H2/O2 with relative humidity (RH) of 35%, 70% and 100%
at cell temperatures ranging from 65 �C to 120 �C at back pressure
of 0 atm and 1 atm, respectively. Afshari and Jazayeri [15] devel-
oped a fully numerical model of two dimensional, non-isothermal,
electrochemical–transport to investigate simultaneous water, heat
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Fig. 2. PEMFC performance (operating con
transport phenomena and their effects on PEM cell performance.
Tian et al. [16] studied the carbon loading, PTFE content and spe-
cies, sintering time, temperature and pore formers.

It is worth to mention that the current work is considered novel
in comparison with the revised literature in terms of the studied
parameters which play a vital role in the performance of the PEM
fuel. In other words the work is based on studying the functionality
of Nafion membrane and the corrosion behavior of the Pt–Ru/C cat-
alyst due to hydrogen and oxygen as a function of the flow rates (5,
10 and 15 ml/min) and its directions (i.e. Counter and Cocurrent) in
serpentine flow field at constant temperature (80 �C) in addition to
studying the surface morphology and water uptake of the casted
[Nafion, Nafion–SiO2 composite ] in comparison with the commer-
cial membranes at various temperatures (i.e. 20, 35, 50, 65, 80 �C).

2. Experimental

2.1. Materials

The catalysts used to prepare the electrodes (cathode and an-
ode) were Pt–Ru (40%, 20% by wt.)/C. Carbon black and carbon pa-
per were used as a substrate for the mentioned catalyst. Nafion
solution was used as a binder. Hydrogen with purity of 99.999%
was used as a fuel. Air was supplied to the fuel cell as source of
oxygen. Nafion dispersion was used to cast the proton exchange
membrane in addition to commercial Nafion membranes. Sulphu-
ric acid was used for activating both casted and commercial mem-
branes. Isopropanol was used as diluent. Silicon dioxide was used
to improve the water uptake of the casted Nafion membrane.

2.2. Membrane preparation

The Nafion [perfluorosulfonic acid]–SiO2 membrane was casted
from Nafion dispersion containing 4% wt. Nafion ionomer using
sol–gel method, Alvarez et al. [17]. The isopropanol and Nafion dis-
persion were mixed in a 1:3 volume ratio, and then 1 mg of SiO2

was added to selected samples. These samples were kept in an
oven for 7 h at 100 �C until all solvent was evaporated and the
polymeric ionomer forms a solid polymer membrane known as
Nafion–SiO2 composite membrane. Then the formulated mem-
brane film was treated for 1 h in 1 M H2SO4 at 80 �C. Finally, it
was rinsed in boiling distilled water for 1 h. The thickness of the re-
sulted membrane was 103.2 lm.

2.3. Preparation of anode and cathode

Electrode of PEMFC should be porous to enable hydrogen and
oxygen from air to diffuse through the anode and cathode active
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Fig. 3. PEMFC performance (operating conditions: counter current flow, 80 �C).
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Fig. 4. PEMFC performance (operating conditions: cocurrent flow, 80 �C).
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Fig. 5. PEMFC performance (operating conditions: cocurrent flow, 80 �C).
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zone (Gas Diffusion Layer GDL) respectively. The anode and
cathode were prepared by dispersing carbon black mixed with
iso-propanol on the surface of 5 � 5 cm carbon paper, then left on-
side the oven at 100 �C for 30 min in order to evaporate the iso-
propanol. Slurry of Pt–Ru (40%–20% by wt.)/C, Nafion ionomer,
PTFE, iso-propanol was spread over the carbon black layer in the
form of continuous wet film using a brush, it was then dried in
an oven for 30 min at 150 �C. Nafion ionomer acted as a binder
while PTFE with pores at the cathode provided a network to expel
water in order to minimize the occurrence of flooding.
2.4. PEM fuel cell experiments

PEM fuel cell tests were performed with a single cell of 25 cm2

in area with serpentine flow fields. The MEA was fitted between
two graphite unipolar plates with serpentine flow channels
1 � 1 mm for hydrogen and air flow. The cell was clamped between
two gold plated plates using a set of retaining bolts positioned
around the periphery of the cell. Electrical heaters with a control
system were attached to each gold plated plate in order to heat
the cell to the desired temperature. Hydrogen and air were fed
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Fig. 6. PEMFC performance for counter and cocurrent flow at 80 �C.
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Fig. 7. PEMFC performance for counter and cocurrent flow at 80 �C.

Table 1
Chemical analysis of the gas diffusion layer and the catalyst layer before and after
exposure to H2 at the anode.

Elements GDL + catalyst
(before exposure
to H2) (%)

GDL + catalyst
(after exposure to H2) (%)

C 73.18 78.55
Ru 7.65 5.16
Pt 19.18 16.29
C 71.05 78.23
Ru 7.96 6.65
Pt 20.99 15.12

Table 2
Chemical analysis of the gas diffusion layer and the catalyst layer before and after
exposure to air at the cathode.

Elements GDL + catalyst (before exposure GDL + catalyst (after exposure
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from two cylinders connected to the PEM fuel cell setup. Two flow
meters with manual regulators were used to fix the flow at the de-
sired value. Fig. 1 represents PEM fuel cell setup based on the
above explanation.
to air) (%) to air) (%)

C 73.18 78.53
Ru 7.65 6.99
Pt 19.18 14.48
C 71.05 77.29
Ru 7.96 6.48
Pt 20.99 16.23
2.5. PEM water uptake experiments

In order to investigate the water uptake of the Nafion–SiO2

composite membrane in comparison with the commercial mem-
brane, the following procedure was conducted:
(A) Keeping the various Nafion membranes (with SiO2, without
SiO2, commercial) in the furnace for 8 h prior to each exper-
iment at 100 �C to ensure its complete dryness from water
molecules.

(B) Measuring the weight of the membrane before immersing in
water.

(C) Immersing the membrane in a beaker containing distilled
water at different temperatures (20, 35, 50, 65, 80) �C for
8 h for each temperature.

(D) Measuring the weight of the membrane after immersing in
water (removing excess surface water), then the following
relation was applied to calculate water content, Alvarez
et al. [17]:



Fig. 8. Topography of catalyst layer before exposure to hydrogen and air.

Fig. 9. Topography of catalyst layer after exposure to hydrogen gas. Obvious
degradation in the layer was noticed.

Fig. 10. Topography of catalyst layer after exposure to hydrogen gas. Obvious
degradation in the layer was noticed.

Fig. 11. Topography of catalyst layer after exposure to air. Obvious degradation in
the layer was noticed.
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Water Content ð%Þ ¼ ððGw � GdÞ=GdÞ � 100
Fig. 12. Topography of catalyst layer after exposure to air. Obvious degradation in
the layer was noticed.
(E) Plotting Water Content (%) vs. Temp. in (�C).

3. Results and discussion

3.1. Investigating the effect of flow pattern and the flow rate of
hydrogen and oxygen on the performance of PEMFC

In order to identify the parameters that have direct influence on
PEMFC performance, two flow patterns were selected (counter
current and cocurrent) and various flow rates of hydrogen and
air were investigated (5, 10, 15 ml/min) at 80 �C as shown in
Figs. 2–7. The figures revealed that the cocurrent flow mode
showed that the distribution of the current and power density de-
creases along the cell with increasing the flow rate. This decrease is
mainly the derivative of the increase in the hydration of the mem-
brane from the inlet to the outlet. This suggests at this cell voltage,
the mass transport (mainly oxygen concentration) is the limiting
step in the performance of the cell. As oxygen depletes across the
cell, the current density decreases, while in the counter-flow con-
figuration, the distribution of the current and power density along
the cell followed the same trend of cocurrent flow but with higher
values because of the combined effect of hydration of the mem-
brane and the concentration of oxygen which was less in compar-
ison with the cocurrent flow. On the other hand a sudden drop in
the voltage indicates zero concentration of hydrogen on the cata-
lyst surface. The current corresponding to this point of zero con-
centration of H2 is called limiting current. A fuel cell cannot
produce more than the limiting current because no reactants exist
at the catalyst surface beyond this point on the V–I curve. In other
words diffusion of ions have a great influence on the mass trans-
port rate of reactants, Wang and Liu [18], Dietmar et al. [19] and
Sreenivasulu et al. [20].
3.2. Investigating the degradation in the catalyst and GDL

SEM and EDX analysis for the Gas Diffusion Layer (GDL) and the
catalyst layer (i.e. Pt–Ru/C) revealed an obvious degradation in the
elements of the layers before and after exposure to hydrogen
(anodic side of PEMFC) and oxygen (cathodic side of PEMFC) as



(a) Produced membrane in situ 
before adding SiO2

(b) EC-NM-115 Nafion membrane 

(c) EC-NM-117 Nafion membrane 

Fig. 13. SEM images of different membranes.
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shown in Tables 1 and 2 and Figs. 8–12 due to the corrosion phe-
nomenon as a direct result of the electrochemical reaction between
the catalyst layer in the anodic side and the hydrogen gas as well as
the electrochemical reaction between the catalyst layer in the
cathodic side and the water molecules formed due to the electro-
chemical reaction between H2 and air, Park et al. [21]. It is obvious
from Figs. 8–12, that the corrosion is affected by the flow of hydro-
gen and air. This emphasize the facts obtained from Figs. 2–7
which indicated that the electrochemical reaction is under the ef-
fect of mass transfer or concentration polarization following Eq.
(1), Fontana and Greene [22], Uhlig [23], Revie [24], Bard and
Faulkner [25] :

g ¼ �b logð1� i=iLÞ ð1Þ

where g is the overpotential, b is Tafel constant = 2.3 RT// n�F. On
the other hand iL is the limiting diffusion current = nFkCb, k is the-
mass transfer coefficient and Cb is the bulk concentration.

The galvanic coupling among dissimilar metals can be treated
by application of mixed potential theory. Therefore, in the case of
Pt–Ru (40%: 20% by wt.)/C three metals are connected to each other
forming a galvanic active combination. The response of this combi-
nation to the corrosive environment (i.e. Hydrogen and Oxygen)
differs from the behavior of these metals when they are not con-
nected to each other, because each metal has its own exchange
current density (io) and Equilibrium Potential (Eeq) and as a result
the corrosion current (icorr) will deviate in its position towards
the coupling potential (Ecoupling) rather than the corrosion potential
of the metal when it is alone. As a result of this assumption the
metals in the combination might show an increase in the current
to less negative values and other might show a decrease in the cur-
rent to less positive values. In other words, the behavior of these
metals in the given environment might respond in different man-
ners so the more negative (active) metal in the combination might
corrode sacrificially and get depleted to protect the other metals of
less negativity (i.e. more noble). This act is also affected with the
surface area of each metal in the couple as an important variable.
In our case Ru% is less than Pt% and C% and as a result there will
be a difference in the area ratio of cathodic elements in the combi-
nation to anodic elements in same combination (Ac/Aa), raising the
act of the sacrificial depletion of the most active metal in the com-
bination to protect the other elements by generating tiny currents
(negative and positive) so that the summation of the galvanic ano-
dic currents generated by the three metals will be gathered by the
most active metal in the combination while the summation of the
galvanic cathodic currents will be gathered by the most noble met-
als in the combination. As a result galvanic corrosion will occur
encouraging the formation of pitting corrosion as shown in the
mentioned figures.
3.3. Characterizing and investigating the performance of the Nafion–
SiO2 composite membrane

The produced proton exchange membrane ‘‘Perfluorosulfonic
acid membrane’’ (i.e. NAFION�) in situ by the mentioned method
in the experimental section was transparent and with homoge-
neous phase distributions as compared to membranes which were
commercially purchased. Fig. 13 shows scanning electron
microscope (SEM) images for three different Nafion membranes
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Fig. 14. SEM images of the produced membranes in situ with and without SiO2.
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prepared and purchased, demonstrating no phase separation. The
SEM images shown in Fig. 13 shows that the Nafion morphology
is reasonably consists a semi-crystalline regions within a continu-
ous network. The semi-crystalline regions are hydrophobicregions
made up of main chain tetrafluoroethylene segments; while the
continuous network is hydrophilic regions consist of sulfonate
groups Mauritz and Moore [26]. However, the spheres that are
shown in Fig. 13 SEM images is supporting the model of Gierke
et al. [27], known as the cluster-network model, which assumes
that the sulfonate groups form into spherical clusters that
resemble inverted micelles. The morphology have appeared in
the three membranes, demonstrating morphological compatibility
in the casted membrane. The SiO2 particles have been impregnated
in the membrane to form a Nafion–SiO2 composite membrane as
shown in Fig. 14. It is obvious from SEM images that the un-
agglomerated SiO2 crystals (i.e. white particles) were uniformly
distributed on the surface. The performance and hydrophilicity of
the fabricated composite membrane have been investigated and
compared to that for the commercial membrane (EC-N-115) at dif-
ferent temperatures. However, as it is shown in Fig. 15, the water
uptake in the composite membrane is higher and better than that
for the commercial membrane at different temperatures (i.e. 20,
35, 65, 80 �C) due to the existence of SiO2 and because of the hygro-
scopic nature of metal oxides (SiO2). The composite membrane
water uptake depends on membrane hydration, however, the in-
creased hydration improves membrane proton conductivity and
fuel cell performance. Moreover, temperature and water content
strongly affect Nafion’s viscoelastic response, which are of direct
importance for operating PEMFC. Accordingly, it is expected that
the composite membrane has higher performance than the com-
mercial Nafion membranes.
4. Conclusion

The results revealed that type of flow pattern (counter or cocur-
rent), flow rate (i.e. hydrogen and oxygen on both sides of the fuel
cell (anode and cathode) play an important role in the performance
of the FC. Polarization curves showed that the electrochemical
reaction on both sides of the fuel cell is under the effect of mass
transfer. Therefore the highest Open Circuit Potential (OCP) and
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highest power density was recorded for counter current rather
than cocurrent flow pattern at the same flow rates of hydrogen
and air. On the other hand the polarization curves revealed that
the values of the cell voltage, current density, and power density
were inversely proportional with the increase of the hydrogen
and air flow rates for both flow patterns (counter current and
cocurrent) due to the increase in the rate of membrane dehydra-
tion as well as decreasing the rate of ion transfer. The lowest values
of cell voltage, current density and power density in the polariza-
tion curves of counter-current flow were recorded when the flow
rate of hydrogen was less than the flow rate of air. SEM images
for the topography of the electrode surfaces and EDX analysis of
the elements of the catalyst layer and Gas Diffusion Layer (GDL)
before and after exposure to hydrogen and air gases showed an
obvious degradation in the elements of the catalyst layer due to
the galvanic corrosion phenomenon as a direct result of the elec-
trochemical reaction among Pt–Ru (40%: 20% by wt.)/C which
forms the catalyst layer in the anodic side and the hydrogen gas
as well as the electrochemical reaction between the catalyst layer
in the cathodic side and the water molecules formed due to the
electrochemical reaction between H2 and air. As a result of this
assumption the metals in the combination might show an increase
in the current to less negative values and other might show a de-
crease in the current to less positive values. In other words, the
behavior of these metals in the given environment might respond
in different manners so the more negative (active) metal in the
combination might corrode sacrificially and get depleted to protect
the other metals of less negativity (i.e. more noble). This act is also
affected with the area of each metal in the couple as an important
variable. As a result of the galvanic corrosion pits were formed in
the catalyst layer. On the other hand the research team found that
modified Nafion composite membrane containing SiO2 produced in
situ is better than the commercial membrane without SiO2 in com-
bating dehydration because the water uptake of the modified
membrane is greater than the commercial membrane.
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