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bstract

The effect of operating parameters (cell temperature, humidifiers temperature, gases flows and pressures) on the performance of a 25 cm2

urface area fuel cell is performed. After optimization, a homemade MEA fitted with electrodes prepared via the colloidal route leads to achieve
eproducibly maximum power densities higher than 1.2 W cm−2 with a total catalyst loading of 0.7 mgPt cm−2 (corresponding to 1.7 kW g−1

Pt ).
his electrical performance is higher to that obtained with a commercial MEA provided by fuel cell store (total platinum loading of 1.2 mg cm−2

nd power density close to 1 W cm−2, corresponding to 0.75 kW g−1
Pt ). Based on this experience, two different homemade MEAs are tested under

ptimal operating conditions and compared to the commercial one. The final goal is to decrease significantly the platinum loading preserving
t least equivalent PEMFC electrical performance. The method of catalyst deposition by plasma sputtering is used to further decrease the total
atalyst loading down to 0.45 mg cm−2. Very interesting performances (close to 0.7 W cm−2) were obtained with this low-platinum loading MEA
Pt

corresponding to 1.6 kW g−1
Pt ). However, it was shown that the decrease of the platinum loading in the cathode from 0.35 to 0.1 mg cm−2 affects

he kinetics of oxygen reduction (exchange current density j0 and Tafel slope b) and the resistance of the cell R, and hence the cell electrical
erformance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Over the past two decades, fuel cell technologies were exten-
ively studied because they represent one of the most promising
ays of energy production for transportation (propulsion and/or

uxiliary power units) [1,2], nomad devices (mobile phones,
omputer, emergency) [3,4] or stationary systems [5,6]. Indeed,
uel cells convert directly and continuously the fuel (hydro-
en) chemical energy into electric power, heat and water [7,8],

ithout limitations due to the Carnot theorem and polluting

volutions.
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E-mail address: serguei.martemianov@univ-poitiers.fr (S. Martemianov).

d

e
a
g
e
p

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.05.019
EMFC; Electrical performance

PEMFC (proton exchange membrane fuel cells) using
olid polymer membranes and working at low temperatures
≤100 ◦C) are the subject of priority research in many coun-
ries. These studies are focused on the development of fuel cells
nd stacks with acceptable electrical performances for practi-
al applications, price and lifetime. One of the challenges in its
ommercialization is the optimization of MEA electrical per-
ormance by adjusting the operating conditions, which can help
o reduce the platinum loading in the electrodes and further to
ecrease the total cost of the fuel cells.

The electrical performance of fuel cells is known to be influ-
nced by different operating conditions such as cell temperature,

node and cathode pressure and humidification of the reactant
ases. Wang et al. [9] studied experimentally the effects of differ-
nt operating parameters on the performance of PEMFC using
ure hydrogen on the anode side and air on the cathode side.

mailto:serguei.martemianov@univ-poitiers.fr
dx.doi.org/10.1016/j.jpowsour.2007.05.019


614 A.J.-J. Kadjo et al. / Journal of Powe

Nomenclature

b Tafel slope (mV decade−1)
Ecell cell voltage (V)
Eideal ideal cell voltage (V)
Er reversible cell voltage (V)
fH2,c flow of consumed hydrogen (mL mn−1)
fH2,t total flow of hydrogen (mL mn−1)
F Faraday constant (96,490 C mol−1)
�Gr free Gibbs energy for the reaction of combus-

tion of hydrogen in oxygen (−237 kJ mol−1 under
standard conditions for the formation of liquid
water)

�Hr enthalpy of the reaction of combustion of hydro-
gen in oxygen (−286 kJ mol−1 under standard
conditions for the formation of liquid water)

j current density (mA cm−2)
j0 exchange current density (mA cm−2)
n number of electrons
Pa anode backpressure (bar)
Pc cathode backpressure (bar)
PH2 hydrogen partial pressure (bar)
PH2O water partial pressure (bar)
PO2 oxygen partial pressure (bar)
P0 reference pressure (1 bar)
R perfect gas constant (8.31433 J K−1 mol−1)
S active surface area of the MEA (25 cm2)
Rcell total cell resistance (� cm2)
Tcell cell working temperature (◦C)
Thuma temperature of the anode humidifier (◦C)
Thumc temperature of the cathode humidifier (◦C)
Vm molar volume of hydrogen (L mol−1)

Greek letters
ηE potential efficiency
ηf faradaic efficiency
η reversible efficiency
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νH2 hydrogen stoichiometric factor

reng et al. [10] have investigated analytically and experimen-
ally the performance of PEMFC. Their model has focused on
he cathode compartment of PEMFC. Hwang and Hwang [11]
rovided a parametric study of a double-cell stack of PEMFC.
uyn and Kim [12] studied experimentally the effect of exter-
al humidity on fuel cell performance. Mugikura and Asano
13] have compared the performance of several types of fuel
ells. Kazim et al. [14] investigated the influence of cathode
perating conditions on the performance of PEMFC using a
athematical model. This non-exhaustive list of works dealing
ith the influence on the operating conditions indicates the great

mportance of this aspect for optimizing the PEMFCs perfo-

mance.

One of the major targets for PEMFC large-scale develop-
ent is their high cost. The platinum-based catalysts represent
non-negligible part of the total cost of the fuel cell. Typically,

i
m
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EMFC electrodes are loaded with 0.3–0.5 mg cm−2 leading
o electrical performances in the range of 0.7–0.8 W cm−2 (i.e.
lose to 1 kW g−1 of Pt), which represents a platinum cost close
o 45$ kW−1 (considering a cost of 45$ g−1 of platinum). There-
ore, the development of researches leading in the same time to
he increase of the electrical performances of PEMFCs and to
he decrease the platinum loading of MEA (membrane elec-
rode assembly) is of great interest. In this paper, two ways have
een run to reach this objective: the optimization of the oper-
ting parameters (temperature, humidification of reactants and
ressure) and the improvement of MEAs fabrication technology,
otably the electrodes preparation by either colloidal or plasma
puttering route. The optimization of the operating parameters
ed to a systematic investigation of the parameters that affect
he PEMFC performance and further to a better understanding
f the effects of these parameters. The development of physical
ethods for the fabrication of low platinum loading electrodes,

s for example plasma sputtering methods, well controlled by
he industry in the field of microelectronics, could give great
cientific and industrial benefits.

. Experimental

.1.1. Fuel cell test station

Experimental studies of fuel cell performances need appro-
riated apparatus. In the present study fuel cell test station
FCTS) manufactured by Fuel Cell Technologies, Inc. is used.
he overview of the test station is shown on Fig. 1a. This test
tation allows controlling the cell temperature, humidification
emperatures, backpressures and mass flow rates on both the
node and the cathode sides. A principle schema of the FCTS
s shown in Fig. 1b. Fuel cell temperatures and humidification
emperatures are controlled by a microprocessor-based tem-
erature/process controller CN76122 T/C. Reactant gases are
umidified by passing through external water tanks. Regulation
f the water temperature in the humidifiers allows controlling
as humidification. Two backpressure regulators at the outlets of
he fuel cell are used to control the operating pressure. The sta-
ion includes also a computer-based control and data acquisition
ystem based on LabviewTM software. The computer system is
onnected to mass flow controllers, which are located before the
umidifier. The mass flow rate is set and read through the soft-
are. Polarization curves are recorded at constant mass flow

ates of reactant gases in the inlet of the cell. The polariza-
ion curves are obtained by controlling the HP6050 Electronic
oad, which measures the cell output voltage and current. In this
tudy, pure hydrogen and oxygen are used as fuel and oxidant,
espectively.

.1.2. Assembling of fuel cells
Assembling of cells is a delicate procedure, which has a very
mportant influence on the cell performance. Fig. 2 shows the

ain elements of a single PEMFC and its overview before and
fter assembling.
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Fig. 1. (a) Photograph of the fuel cell test station an

Special attention has been paid for the correct assembling
f fuel cells, in particular, for the choice of the bolts torque
hat clamp the fuel cell together. The importance of this factor
as been discussed by Lee et al. [15]. A correct choice of the
olts torque (8 Nm) allows obtaining well reproducible results
or each type of MEA used in our experiments as it was showed
n previous works [16,17]. The experiments have been carried
ut with a single PEM fuel cell (surface area of 5 cm × 5 cm).

Four different types of MEA have been tested. As a refer-
nce, we used a commercial MEA purchased at Fuel Cell Store
US) composed with a Nafion® 112 membrane, anode and cath-
de with platinum loadings of 0.2 and 1 mg cm−2, respectively
MEA 2). Gas diffusion layer based on carbon cloth was used
n the commercial MEA. Three homemade types of MEA were
lso tested; the methods of their fabrication are described below.

.1.3. MEA fabrication

The 25 cm2 surface area MEAs are prepared by hot pressing

he homemade electrodes at 130 ◦C for 90 s under a pressure
f 35 kg cm−2, on a pre-treated Nafion® 112 membrane. MEA
type is composed of symmetric electrodes (0.35 mgPt cm−2,
Pt 40 wt.%/C), MEA 2 type is composed of a 0.1 mgPt cm−2 a

ig. 2. (a) Schematic representation, of the single fuel cell assembling: (1) MEA, (2) ga
f the disassembled 25 cm2 surface area single fuel cell. (c) Photograph of the assem
chematic representation of experimental apparatus.

puttered platinum anode and a 0.35 mgPt cm−2 chemical cath-
de and MEA 3 type is composed of a 0.35 mgPt cm−2 chemical
node and a 0.1 mgPt cm−2 sputtered platinum cathode.

.1.4. Synthesis of Pt/C catalysts by colloidal route and
lectrode preparation

Colloidal precursors are synthesized according to the pro-
edure described by Bönnemann et al. [18], but slightly
odified. All experiments are carried out under argon,

sing anhydrous salts and dry solvents. Reducing agent
+(CnH2n+1)4[BEt3H]− is prepared by mixing stoichiomet-

ic amounts of tetraalkylamonium bromide [N+(CnH2n+1)4Br−]
nd potassium triethylborohydride [K(BEt3H)] in tetrahydro-
uran (THF). While added to this solution, the metallic salts
PtCl2 from Alfa Aesar) are reduced according to the following
eaction:

tCl2 + 2N+(CnH2n+1)4[BEt3H]−→ Pt[N+(CnH2n+1)4
Cl−]2 + 2BEt3 + H2 (1)

The colloidal precursors are dispersed onto a high specific
rea carbon substrate (Vulcan XC72). The carbon supported

skets, (3) bipolar plates, (4) current collectors and (5) end plates. (b) Photograph
bled 25 cm2 surface area single fuel cell.
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etal powder is obtained after thermal treatment of the precur-
or at 300 ◦C under air for 1 h. The platinum particles are found
o have a mean diameter close to 2.7 nm which is in agreement
ith previous results [19,20].
Homemade electrodes are prepared from ink composed of

Nafion® solution (5 wt.% from Aldrich), the desired amount
f catalytic powder and water as solvent, brushed on a carbon
iffusion layer (DL). DL is homemade using a carbon cloth
rom Electrochem Inc. on which was brushed ink made of Vul-
an XC72 carbon powder and PTFE dissolved in isopropanol.
he gas diffusion electrodes are loaded with 3.5 mg cm−2 of a
ixture of carbon powder and 30 wt.% PTFE. The metal load-

ng of chemical electrodes is close to 0.35 mgPt cm−2, with a Pt
0 wt.%/C catalyst and a 40 wt.% Nafion®/platinum ratios.

.1.5. Platinum plasma sputtering

Platinum is deposited by plasma sputtering on the same DL
han above. The low-pressure plasma set-up is described in
ig. 3. More details are given in previous works [21,22]. To
roceed the sputtering, the platinum target faced the DL in a
acuum reactor. −300 V negatively biased target is sputtered
y energetic argon ions of inductive plasma created by using
n external planar antenna (also known as TCP antenna). This
xcitation antenna is powered by a 13.56 MHz RF generator
oupled to a tunable matching box. All electrodes were prepared
ith the same Ar working pressure (0.5 Pa), target–substrate dis-

ance (5.5 cm) and input power (200 W). The sputtering time is
djusted to obtain a Pt loading of 0.1 mg cm−2. Plasma elec-
rodes display the following characteristics—C: 3.5 mg cm−2;
TFE: 1 mg cm−2; Nafion®: 0.3 mg cm−2; Pt: 0.1 mg cm−2.
revious scanning electron microscopy analysis showed that
ach carbon particles are covered by Pt nano-clusters forming a
elatively dense clustering film on the DL surface.

. Results analysis
The effect of different operating parameters on the fuel cell
ehavior is studied from several series of measurements: cell
emperature, humidification temperature of gases and back-
ressure of reactants. Inside each series of measurements, the

Fig. 3. Schematic of the plasma sputtering reactor.
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ecorded E(j) cell voltage versus current density curves are
reated using the method developed by Ticianelli et al. [23]
nd Hirano et al. [24] to draw some kinetic data. The following
quations were used:

= E0 − b log j − Rcellj (2)

0 = Er + b log j0 (3)

here j is the current density at the potential E, Er the reversible
otential of the cell, j0 and b the exchange current density and
afel slope for orr, respectively, and Rcell is the total resistance
ausing the linear variation in the cell potential versus current
ensity (j). The electric data up to the end of the linear region
f the E(j) curves were analyzed, for which the square of the
orrelation coefficient r2 was always taken higher than 0.995.

This treatment was possible assuming that mass transport lim-
tations and activation overpotentials at the hydrogen electrode
re negligible, and accepting that the reactants act as ideal gases
their activity equals their partial pressure) and that the activity
f water is 1. Then, the open circuit voltage can be expressed as
ollows:

r = −�Gr(T )

2F
+ RT

2F
ln

(
PH2 (PO2 )1/2

PH2O

1

(P0)1/2

)
(4)

here �Gr(T) is the free Gibbs energy, R the perfect gas constant
8.31433 J (K mol)−1), T the cell temperature, F the Faraday
onstant (96,490 C mol−1) and P0 is the reference pressure
atmospheric pressure).

Each experiment was repeated three times in order to verify
he repeatability of the measurements. The statistical calcula-
ions lead to standard deviations on the current density, which
ary with the cell current density from 5 to 40 mA cm−2, i.e. a
aximum relative uncertainty lower than 5% (2 s).
The cell efficiency with respect to hydrogen consumption

as calculated under optimized experimental conditions for the
ifferent tested MEAs at a cell voltage of 0.65 V. First the stoi-
hiometric factor νH2 was estimated as follows:

H2 = total flow of hydrogen

consumed flow of hydrogen
= fH2,t

fH2,c
(5)

herefH2,c andfH2,t are the hydrogen consumed and total flows,
espectively:

H2,c = SVm

nF
j (6)

ith S the active surface area of the MEA and Vm the molar
olume of hydrogen. Then the cell efficiency can be expressed
s follows:

cell = ηrηfηE
1

νH2

(7)

nFEr E(j) 1

cell = −�Hr Er

ηf
νH2

(8)

cell = − nF

�Hr
E(j)ηf

1

νH2

(9)
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Table 1
Electrode kinetic parameters for oxygen reduction drawn from E(j) curves of
Fig. 4

Tcell (◦C) E0 (V) Er (V) b (V decade−1) Rcell (� cm2) j0 (×107 A cm−2)

40 0.767 1.229 0.065 0.199 0.73
50 0.769 1.221 0.066 0.183 1.32
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here ηr is the reversible efficiency, ηf the faradaic one, ηE
he potential one [25] and �Hr is the enthalpy of the reaction
f hydrogen combustion in oxygen. In Eq. (7), the expression
�Hr/nF is comparable to an ideal cell voltage, which should

orrespond to the production of electricity without heat evolu-
ion. The cell efficiency can then be expressed as follows:

cell = E(j)

Eideal

1

νH2

ηf (10)

n this equation, Eideal can take two different values depending on
he formation of either gaseous or liquid water. Under the pres-
ure and temperature operating conditions used in the present
ork, the formation of liquid water can be assumed. Then, the
alue of Eideal should take a value corresponding to the superior
alorific power, i.e. 286 × 103/2 × 96490 = 1.48 V, assuming
hat the value of �Hr is constant over the cell temperature
ange used in this work. A faradaic efficiency ηf = (nexp/nth) = 1
s also assumed, i.e. that the reduction reaction of oxygen is
omplete, occurring via a four-electron process to form water
no production of hydrogen peroxide).

. Result and discussion

.1. Optimization of operating parameters on a commercial
EA

The first series of measurements concerns the influence of
he fuel cell temperature on the electrical performances under
umidified inlet gases conditions. Fig. 4 shows polarization
urves cell temperatures in the range from 40 to 80 ◦C. In all
ases the humidification temperatures are 5 ◦C lower than that
f the cell. Anode and cathode backpressures are set to 2 bar. An

ncrease in the fuel cell voltage for a given current density with
he temperature is viewed in this figure, particularly in the high
urrent densities region. In other words, the performance of the
uel cell is improved with increasing the cell operating tempera-

ig. 4. Cell voltage Ecell vs. current density j obtained with a homemade MEA
anode and cathode loadings: 0.35 mgPt cm−2, membrane Nafion® 112) for dif-
erent operating temperatures. The gases are humidified by passing through
ottles containing water maintained at a temperature 5 ◦C lower than the cell tem-
erature. 0.6 LH2 min−1, 0.4 LO2 min−1 and Pa = Pc = 2 bar. (�) Tcell = 40 ◦C;
♦) Tcell = 50 ◦C; (�) Tcell = 60 ◦C; (�) Tcell = 70 ◦C; (�) Tcell = 80 ◦C.
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0 0.768 1.214 0.068 0.165 2.58
0 0.765 1.206 0.070 0.146 5.17
0 0.765 1.198 0.072 0.133 9.67

ure under humidified gases conditions. Table 1 gives the values
f E0, b, Rcell and j0. Although no significant effect is visible
n the kinetic region of the polarization curves (i.e. in the low
urrent density region), the improvement of the fuel cell perfor-
ance has to be related with the increase of the oxygen kinetics

increase of the Tafel slope from 0.65 to 0.72 mV decade−1 and
f j0 by one order of magnitude with the increase of the temper-
ture from 40 to 80 ◦C). In addition, the decrease of the overall
esistance of the system (from 0.20 to 0.13 � cm2) has likely a
ore pronounced effect in the high current density region, due

o both higher ion conductivity in the Nafion® membrane and
ower mass transport resistance for higher temperatures.

The effects of humidification of inlet gases on the fuel
ell performance are studied in a second and third series of
xperiments (Fig. 5a and b). In these experiments the cell tem-
erature is kept at 80 ◦C and backpressures are set to 2.5 bar;
node and cathode flow rates are set to 0.5 LH2 min−1 and
.35 LO2 min−1, respectively. In Fig. 5a, which illustrates the
ffect of anode humidification (Thuma), the cathode humidifier
emperature remaining constant (Thumc = 40 ◦C), one can see an
ncrease in the cell voltage with the increase of the anode humid-
fication at a given current density. Moreover, the slope of the
inear part of the polarization curve (which is mainly related
o the resistive limitation of the cell) is influenced by Thuma.
his again indicates that the increase of anode humidification

eads to the decrease of the electrical resistance of the mem-
rane, and hence to the enhancement of the cell performance.
his is confirmed by the calculation of E0, b, Rcell and j0 as
iven in Table 2. It appears than the values of E0, b and j0 do not
hange significantly, whereas the resistance R decreases with the
ncrease of Thuma. This indicates that the water transport through
he membrane does not balance the evaporation of water by
emperature and hydrogen flow. This leads to the drying of the

embrane in the anode side and to the limitation in proton con-
uctivity. Fig. 5b shows the influence of the cathode humidifier
emperature, Thumc; in these experiments the anode humidifier
emperature is kept constant (Thuma = 75 ◦C) and the other oper-
ting parameters are the same as in the previous experiments.
he performance of the fuel cell decreases with the increase of

he cathode humidifier temperature. The same effect was pointed
ut by Wang et al. [9]. These authors attributed this phenomenon
o the decrease of the effective porosity of the gas diffusion lay-
rs by the flooding of the electrode and further to the decrease

f the reactant concentration in the catalytic layer. The calcu-
ation of E0, b, Rcell and j0 (Table 2) indicates that conversely
o that is observed at the cathode side, the increase of oxygen
umidification seems to enhance the kinetics of oxygen reduc-
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Fig. 5. Cell voltage Ecell and power density P vs. current density j
curves recorded at 80 ◦C (anode and cathode loadings: 0.35 mgPt cm−2,
membrane Nafion® 112): a) for different anode humidifier tempera-
tures Thuma with a cathode humidifier temperature, Thumc, set to 40 ◦C.
0.5 LH2 min−1, 0.35 LO2 min−1 and Pa = Pc = 2.5 bar. (�, ♦) Thuma = 70 ◦C; (�,
�) Thuma = 75 ◦C; (�, �) Thuma = 80 ◦C; (b) for different cathode humidifier
t ◦
0
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t
T
l
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m

Fig. 6. Cell voltage Ecell and power density P vs. current density j curves
recorded at 80 ◦C for different operating pressures on the anode and cath-
o
P

f
I
i
i
o
g
b
A
s
T
t
d
s
t
p
o
p
i
e
n
p

T
E

T

7
7
8

T

4
5
7

emperatures, Thumc with an anode humidifier temperature, Thuma, set to 75 C.
.5 LH2 min−1, 0.35 LO2 min−1 and Pa = Pc = 2.5 bar. (�, ♦) Thumc = 40 ◦C; (�,
) Thumc = 50 ◦C; (�, �) Thumc = 70 ◦C.

ion (the value of b and j0 tends to increase with the increase of
humc), but in the same time the resistance increases too. This

atter effect is in agreement with the flooding of the electrode,
otably in the high current density region where the formation

f water at the cathode is important, which leads to increase the
lectrode flooding and to decrease the accessibility of oxygen to
he catalyst sites. As a consequence, the cell voltage decreases

ore drastically with the current density.

i
l

F

able 2
lectrode kinetic parameters for oxygen reduction drawn from E(j) curves of Fig. 5a

huma (◦C) E0 (V) Er (V) b (V

0 0.864 1.203 0.049
5 0.865 1.203 0.050
0 0.861 1.203 0.051

humc (◦C) E0 (V) Er (V) b (V

0 0.877 1.203 0.058
0 0.876 1.203 0.060
0 0.862 1.203 0.064
de sides. Thumc = 40 ◦C, Thuma = 75 ◦C, 0.5 LH2 min−1, 0.35 LO2 min−1. (�,�)

a = Pc = 1 bar; (�, �) Pa = Pc = 2 bar; (�, ♦) Pa = Pc = 2.5 bar.

At last, the effect of fuel cell pressure on PEM fuel cell per-
ormance is studied in a fourth series of experiments (Fig. 6).
n these experiments the operating pressures in the anode and
n the cathode sides of fuel cell are equilibrated and are var-
ed in the range from 1 to 2.5 bar. The operating temperature
f the cell is fixed at 80 ◦C. Humidified hydrogen and oxy-
en are used (Thuma = 75 ◦C; Thumc = 40 ◦C). The increase of the
ack-pressure of the inlet gases enhances the cell performance.
ccording to result presented in Table 3, the increase of the pres-

ure seems to have a significant effect only on the cell resistance.
he improvement of the cell performance due to the increase of

he operating pressures can be explained by the increase of the
iffusivity of the reactant gases, or to the decrease of the pres-
ure drop between the inlet and the outlet of the cell (due to
he reactants consumption) with the increase of the operating
ressure. Amirinejad et al. [26] observed that the pressurization
f the cathode side involves more important effect on the cell
erformance than pressurization of the anode side. However,
n our experiments, the drilling of the MEA has occurred sev-
ral times when pressures in the anode and cathode sides were
ot equilibrated. Therefore, we did not succeed to optimize the
ressure differential between the anode and the cathode for the

mprovement of fuel cell performance, because of the lifetime
imitation.

Although optimization of the operating parameters of PEM-
Cs has been extensively discussed in numerous papers

and b

decade−1) Rcell (� cm2) j0 (×107 A cm−2)

0.184 1.26
0.169 1.81
0.159 1.95

decade−1) Rcell (� cm2) j0 (×106 A cm−2)

0.185 2.37
0.204 3.41
0.207 4.65
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Table 3
Electrode kinetic parameters for oxygen reduction drawn from E(j) curves of
Fig. 6

P
reactants
(bar)

E0 (V) Er (V) b (V decade−1) Rcell (� cm2) j0 (×107 A cm−2)

1 0.874 1.182 0.043 0.216 0.64
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Fig. 7. Comparison of the fuel cell performance obtained with different MEAs.
(�, ♦) MEA 1: homemade electrode via the colloidal route before assem-
bling procedure optimization; (�, �) MEA 1 bis: homemade electrode via
the colloidal route after assembling procedure optimization; anode and cathode
loadings: 0.35 mgPt cm−2; (�, �) MEA 2: commercial MEA after assembling
p
0
T

F
j
o
s
t
t
t
i
o

4

t
t
c
a

−2

T
O

M

P
P
C
T
T
T
P
P
P

0.895 1.198 0.046 0.203 2.83
.5 0.866 1.203 0.048 0.164 1.29

9–12,27–29], it still remains an open question. If some points
eem clear enough, as for example the increase of the cell perfor-
ance with the increase of the cell temperature, the influence of

ome other parameters is not completely identified. For exam-
le, in agreement with Wang et al. [9] we showed that the
erformance of a fuel cell decreases with the increase of the
athode humidifier temperature, in contrary to that was pro-
osed by Amirinejad et al. [26]. A lot of results concerning
erformances of single PEMFC can be found in the literature,
ut operating conditions are often very different [30–32 and
eferences therein]. Then, standardization of fuel cell experi-
ents in order to facilitate the comparison between laboratories

s very important. But, this is not the goal of this paper. However,
he best performances presented by some authors were extracted
rom some recently published papers [9,26,30,31] in order to
ake some comparisons with our results. Table 4 summarizes

he best operating conditions proposed by these authors and
elated maximum power density. Usually the most successful
ests are provided at cell temperatures around 80◦. Fig. 7 shows
he reproducible and stable cell performance achieved with our
omemade MEA after optimization of the operating parame-
ers and fuel cell assembly procedure, i.e. high cell temperature
85 ◦C), low Thumc (35 ◦C), high Thuma (80 ◦C) and high reactant
ressures (Pa = Pc = 3 bar). The electrical performance exceeds
W cm−2, which is the performance level generally required
s a target for mobile applications of PEMFC technologies. The
ontrol of the parameters to reach such a result allowed us work-
ng on the optimization of new technology of MEA fabrication,

n particular with respect to the decrease of platinum loading
n the electrodes. This aspect is another key point for the large-
cale development of PEMFC technology. Some of the obtained
esults are presented in the next paragraph.

k
t
a
0

able 4
perating conditions used by different authors to obtained the best fuel cell performa

embrane Wang et al. [3], Nafion®

115 (125 �m)
Williams et
Nafion® (25–5

latinum loading (mg cm−2) 0.4 0.56–0.57
t loading anode (mg cm−2) 0.4 0.56–0.57a

ell surface area (cm2) 7.2 × 7.2 5

cell (◦C) 70 70

huma (◦C) 70 70

humc (◦C) 70 70

a (bar) 3 1

c (bar) 3 1

max (W cm−2) 0.74 0.45

a PtRu anode.
rocedure optimization; anode loading: 0.2 mgPt cm−2, and cathode loading:
.35 mgPt cm−2. Fuel cell operating conditions: Tcell = 85 ◦C, Thumc = 35 ◦C,

huma = 80 ◦C, 0.6 LH2 min−1, 0.4 LO2 min−1 and Pc = 3 bar.

Lifetime is another target for PEM fuel cell applications.
ig. 8 presents the voltage Ecell versus time recorded at
= 0.96 A cm−2 (for which the stability is also showed), under
ptimized operating conditions. The cell displays a very good
tability in electrical performance for more than hundred hours,
he cell voltage remaining constant (0.7 V). It has to be noted
hat this result was obtained thanks to some improvements of
he assembling technology [16,17]. First tests realized without
mprovement led to a lifetime of a few hours. The principal cause
f this short lifetime was the drilling of MEAs.

.2. Effect of MEA fabrication

Fuel cells are non-linear systems. Then, extrapolation of
he results obtained at a given scale of operating conditions
o another one is a delicate problem. For this reason fuel
ell experiments realized with different MEAs were compared
t the optimal operating conditions previously determined,

eeping into account 1 W cm as one of the important
argets. The operating conditions retained for this study
re: Tcell = 85 ◦C, Thuma = 80 ◦C, Thumc = 35 ◦C, 0.6 LH2 min−1,
.4 LO2 min−1 and Pa = Pc = 3 bar. Some information concern-

nce

al. [21],
0 �m)

Amirinejad et al. [18],
Nafion® 117 (175 �m)

Wee et al. [22], Nafion®

112 (50 �m)

0.4 0.1
0.4 0.1
5 –

80 80
80 80
80 80
2 2.6
2 2.7
0.22 0.71
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Fig. 8. Voltage and current density curves vs. time, recorded in a 25 cm2 single
fuel cell at a fixed current density of 0.96 A cm−2. Fuel cell operating conditions:
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Fig. 9. Voltage and Power density curves vs. current density for two home-
made MEAs with different catalysts loading in the anode and cathode.
(�, �) Anode prepared by plasma sputtering and cathode prepared via
the colloidal route; platinum loadings are 0.1 and 0.35 mgPt cm−2, respec-
tively; (�, �) anode prepared via the colloidal route and cathode prepared
b
F
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o
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[
M
i
M
M
(
h
p
p
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w
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l
a
effect on the cell performance in comparison with the decrease
of platinum loading in the anode. Second, although the total
platinum loading is about three times lower than that in the com-
mercial FCS assembly, the maximum achieved power density is

Table 5
Kinetics data obtained drawn from Figs. 7 and 8 with different homemade MEAs

Assembly E0 (V) Er (V) b (V decade−1) Rcell (� cm2) j0 (×107 A cm−2)

MEA 1 bis 0.836 1.203 0.060 0.125 7.29
MEA 2 0.885 1.203 0.051 0.192 5.43
MEA 3 0.867 1.203 0.054 0.239 7.81
MEA 4 0.873 1.203 0.025 0.321 5.22 × 10−7

MEA 1 (anode and cathode: 0.35 mgPt cm−2, Nafion® 112), MEA 2 (com-
mercial MEA from FCS, anode 0.2 mgPt cm−2, cathode 1.0 mgPt cm−2),

−2 −2 ®
cell = 85 ◦C, Thumc = 35 ◦C, Thuma = 80 ◦C, 0.6 LH2 min−1, 0.4 LO2 min−1 and

c = 3 bar.

ng optimization of fuel cell assembling can be found elsewhere
16,17].

First, the benefic effect of the cell assembling procedure
16,17] is confirmed in Fig. 7 with MEA 1 and MEA 1 bis.
he catalysts used in these assemblies are synthesized via the
olloidal method [18–20]. The electrodes (platinum loading of
.35 mgPt cm−2 in both electrodes) are pressed against a Nafion®

12 membrane. The MEA 1 was tested before the development
f the procedure of cell assembling [16,17], whereas optimized
ell assembling procedure was used before testing MEAs 1 bis
nd 2. The commercial MEA 2 was provided by fuel cell store
platinum loadings of 0.2 and 1 mgPt cm−2 in the anode and
athode, respectively; Nafion® 112). The correct assembling of
uel cell allows reaching considerable improvement (approxi-
ately 60%) for the maximum fuel cell performance, which

ncreases from 0.5 W cm−2 to almost 1.3 W cm−2. Second, the
omemade MEA allows, in spite of the lowest platinum load-
ng (0.7 mgPt cm−2 against 1.2 mgPt cm−2 for the commercial

EA), to obtain a maximum higher power density (approx-
mately 30%) than that obtained with the commercial MEA
1.0 W cm−2). The cell efficiency at 0.65 V has increased from
1% (MEA 1) to 21% (MEA 1 bis) with the optimization of
orking parameters, and from 17.5% to 21% between the FCS
EA 2 and homemade MEA 1 bis. The kinetics parameters are

iven in Table 5. The exchange current density is higher with
he commercial MEA than with the homemade one, which can
ather be related to the lower platinum loading in electrodes
han to the lower activity of the catalyst as indicates by the
igher Tafel slope obtained with the homemade MEA. How-
ver, the more important contribution in the enhancement of the
ell performance is certainly the decrease of the MEA resis-
ance (0.19 and 0.12 � cm2, for the commercial and homemade

EAs, respectively), i.e. to the enhancement in the reactant dif-
usion and/or in the electrode/membrane resistance interfaces.

herefore, the homemade MEA displays higher electrode kinet-

cs, which is related to the catalyst activity and lower resistance
hich is related to the MEA fabrication technology (structure

M
a
1
0

y plasma sputtering; loadings are 0.35 and 0.1 mgPt cm−2, respectively.
uel cell operating conditions: Tcell = 85 ◦C, Thumc = 35 ◦C, Thuma = 80 ◦C,
.6 LH2 min−1, 0.4 LO2 min−1, Pa = Pc = 3 bar.

f the gas diffusion layer and active layer, membrane/electrode
nterface and Nafion® 112 pretreatment).

Platinum deposition using plasma sputtering technique
21–33] can be a good alternative to prepare low-platinum

EAs. Two MEAs are prepared with different catalyst load-
ngs (anode 0.1 mgPt cm−2 and cathode 0.35 mgPt cm−2 in

EA 3; anode 0.35 mgPt cm−2 and cathode 0.1 mgPt cm−2 in
EA 4). In these MEAs, the low platinum loading electrodes

0.1 mgPt cm−2) are prepared by plasma sputtering, whereas the
igher-loading electrode (0.35 mgPt cm−2) are chemically pre-
ared via the colloidal route. Fig. 9 shows the polarization and
ower density curves obtained with both MEAs. Two important
emarks can be drawn from these curves. The first one is that the
orst cell performance is achieved when the low-platinum load-

ng electrode is used as cathode. The maximum achieved power
ensity is 0.45 W cm−2 against 0.7 W cm−2 when the platinum
oading in the cathode is of 0.35 mgPt cm−2. The decrease of cat-
lyst loading in the cathode has much more important negative
EA 3 (cathode 0.35 mgPt cm , anode 0.1 mgPt cm , Nafion 112)
nd MEA 4 (anode 0.35 mgPt cm−2, cathode 0.1 mgPt cm−2, Nafion®

12). Cell operating conditions: Tcell = 85 ◦C, Thuma = 80 ◦C, Thumc = 35 ◦C,
.6 LH2 min−1, 0.4 LO2 min−1 and Pa = Pc = 3 bar.
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nly 30% lower, which confirms that the plasma-assisted catalyst
abrication is a convenient alternative to chemical synthesis for
uel cell electrode fabrication, in terms of cell performance, cost
nd industrial control of the technic (which is used in large scale
n the field of thin film fabrication for microelectonic devices
pplication).

But, the first remark indicates clearly that the oxygen reduc-
ion reaction at the cathode is the limiting step. Results of the

odelisation derived from the method of Ticianelli et al. [23]
nd Hirano et al. [24] are given in Table 5. First, the values of
afel slope and the exchange current density obtained with the
EA 3 (cathode loaded with 0.35 mgPt cm−2) is of the same

rder than that obtained with MEA 1 bis and 2, which indi-
ates that the decrease of the platinum loading in the anode
oes not affect the kinetics. But, comparing MEA 3 and 4, the
afel slope decreases with the decrease of the cathode platinum

oading, from 0.054 down to 0.025 mV decade−1. This can be
elated to the decrease of the intrinsic activity of the catalyst, i.e.
xygen reduction kinetics. The kinetics limitation is confirmed
y the values of the exchange current density j0 which under-
oes a drastic decrease when the platinum loading in the cathode
s decreased from 0.35 to 0.1 mgPt cm−2 (j0 = 7.38 × 10−7 and
.2 × 10−14 A cm−2, respectively). Previous study at platinum
articles dispersed in a polyaniline film pointed out the kinetics
imitation of highly dispersed platinum particles on the elec-
rocatalytic reduction of dioxygen [33]. This fact involves a
ecrease in the fuel cell efficiency from 14% and 9% for the
EA 3 and 4 respectively. But, these values of the cell effi-

iency are lower than that obtained with MEA 1 bis and MEA
, which also indicates a limitation in the hydrogen oxidation
ue to lower platinum loading. Moreover, one can see that MEAs
ith sputtered electrodes display higher resistance and that sput-

ered cathode leads to higher resistance limitation than sputtered
node, 0.32 and 0.24 � cm2, respectively. The increase of the
ell resistance can likely be related to the decrease of the den-
ity of platinum active sites in this thin catalyst layer, which is
ore drastic for oxygen reduction reaction than for hydrogen

xidation reaction.
Moreover, it was shown that structure of the deposition of

latinum by plasma sputtering on porous carbon diffusion layer
eads to nanoparticles with a mean apparent size close to 3.0 nm,
hich agglomerate in clusters of 8–10 nm even for low platinum

oading [34]. For metal loadings higher than 20 �gPt cm−2, a thin
latinum film surrounding carbon particles is formed. This plat-
num thin film, which is formed on the top surface of the carbon
L, may have a more important role on the activity of oxygen

eduction, which is known to be structure dependent, than on
ydrogen oxidation. Then, plasma sputtering conditions have
o be ameliorated to improve the platinum deposition and elec-
roactivity towards hydrogen oxidation and oxygen reduction, as
ell as the formulation of the electrode (weight ratios of Pt/C,
t/Nafion, etc.). Moreover, for oxygen reduction, more studies
ave to be done to determine the minimum platinum loading con-

enient for reaching an acceptable cell performance of at least
W cm−2. However, the structure of the deposition by plasma

puttering and the low platinum loading in the electrodes has
ertainly an important effect on durability. In the time scale of
r Sources 172 (2007) 613–622 621

he experiments (1 day), the assemblies with low platinum load-
ng based-electrodes (prepared via the plasma sputtering route)
isplayed good stability, but further long-term duration tests (as
or chemically prepared electrodes) have to be made. The pre-
iminary results presented in this paper are very encouraging for
he development of low-platinum loading electrode fabricated
y plasma sputtering.

. Conclusion

Optimization of operating parameters in fuel cell experiments
nd the technology of fuel cell assembly made possible to reach
eproducible electrical performance higher than 1 W cm−2 with
omemade MEAs. Based on this experience, three different
omemade MEAs were tested under optimal operating condi-
ions, with as final goal a significant decreasing of the platinum
oading for at least equivalent PEMFC electrical performance.
he MEA fabricated with electrode prepared via the colloidal

oute made possible to obtain maximum power density higher
han 1.2 W cm−2 with total catalyst loading of 0.7 mgPt cm−2

orresponding to 1.7 W mg−1
Pt , which is more than two times

igher than that is obtained with a commercial MEA from FCS
0.9 W cm−2 with total platinum loading of 1.2 mgPt cm−2, cor-
esponding to 0.75 W mg−1

Pt ). The method of catalyst deposition
y plasma sputtering was also used to further decreasing of
he total catalyst load down to 0.45 mgPt cm−2. Very interest-
ng performances (close to 0.7 W cm−2) were obtained with this
ow-platinum loading MEA. This performance corresponds in
erm of platinum utilization efficiency close to 1.6 W mg−1

Pt ,
hich is two times higher than that obtained with commer-

ial MEA. But, considering that plasma sputtering is a clean
nd well-controlled process by microelectronic manufacturers,
t could be a good way for fuel cell electrodes or/and MEAs fab-
ication. Moreover, the powerful method of plasma sputtering
et foresee the possibility of optimization of the platinum depo-
ition (structure of the platinum thin film, particle size, depth
rofile, etc.) to improve cell performance.
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