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a b s t r a c t

A high temperature PEM fuel cell stack with a total active area 150 cm2 has been studied. The PEM
technology is based on a polybenzimidazole (PBI) membrane. Cast from a PBI polymer synthesised in
our lab, the performance of a three-cell stack was analysed in static and dynamic modes. In static mode,
operating at high constant oxygen flow rate (QO2 > 1105 ml O2/ min) produces a small decrease on the
stack performance. High constant oxygen stoichiometry (�O2 > 3) does not produce a decrease on the
performance of the stack. There are not differences between operating at constant flow rate of oxygen and
constant stoichiometry of oxygen in the stack performance. The effect of operating at high temperature
with a pressurization system and operating at higher temperatures are beneficial since the performance
ynamic response
egradation

of the fuel cell is enhanced. A large shut-down stage produces important performance losses due to the
loss of catalyst activity and the loss of membrane conductivity. After 150 h of operation at 0.2 A cm−2,
it is observed a very high voltage drop. The phosphoric acid leached from the stack was also evaluated
and did not exceed 2% (w/w). This fact suggests that the main degradation mechanism of a fuel cell stack
based on polybenzimidazole is not the electrolyte loss. In dynamic test mode, it was observed a rapid
response of power and current output even at the lower step-time (10 s). In the static mode at 125 ◦C and
1 atm, the stack reached a power density peak of 0.29 W cm−2 (43.5 W) at 1 V.
. Introduction

Renewable energy sources and technologies based on hydro-
en as an energy carrier, are considered an excellent alternative for
enerating clean and efficient energy.

From the different types of fuel cells that exist, the most inter-
sting both for stationary and portable applications are polymer
lectrolyte membrane fuel cells (PEMFCs) due to its high efficiency
nd zero emission of pollutants [1].

The advantages of polymer electrolyte membrane fuel cells
hen operating at high temperature (above 100 ◦C and up to

00 ◦C) are: (i) increase kinetics for cathode and anode reactions,
ii) greater tolerance of catalyst to impurities and (iii) possibility of
sing waste heat generated [2]. One of the most promising mem-
ranes is polybenzimidazole (PBI) doped with phosphoric acid.
hus, high temperature PEMFC using polybenzimidazole (PBI) dop-

ng phosphoric acid membranes as proton conducting electrolyte
re available to work at high temperatures and low humidity envi-
onment [3–6].

∗ Corresponding author. Tel.: +34 926 29 53 00x6707; fax: +34 926 29 52 56.
E-mail address: Justo.Lobato@uclm.es (J. Lobato).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.11.137
© 2010 Elsevier B.V. All rights reserved.

Stability and performance of the high temperature PEMFC are
significantly affected by operating conditions such as temperature,
flow rates and pressure. In order to achieve a better performance
and reach an integration of these systems in power generation
applications, several parameters in a fuel cell must be optimized.

The most significant advances in this field reached by this work-
ing group have been: (i) development of membranes based on
polybenzimidazole (PBI) doped with phosphoric acid [2,7,8], (ii)
study of the catalyst ink, optimization of the amount of catalyst
and the amount of ionomer in the catalytic layer [9–11] and its
subsequent impregnation with the electrolyte to facilitate proton
transport and (iii) optimization of the amount of active carbon and
Teflon, both on microporous and gas diffusion layers [12,13].

The next step was focused on the assembly and operation of
a high temperature PEM stack which is shown in this work. Fuel
cell stack development is a key technology for the fuel cell com-
mercialization. Characteristics of the fuel cell stack performance
are different from combustion engine and batteries. For an opti-
mal design of the high temperature fuel cell system is required

to gain experience previously at a lower scale (pilot plant). Thus,
it was studied the influence of temperature and reaction stoi-
chiometry (flow rate of reactants) on the overall performance.
Also a durability–stability test was performed on the stack. The
durability–stability test was carried out at constant and variable

dx.doi.org/10.1016/j.jpowsour.2010.11.137
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Justo.Lobato@uclm.es
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urrent using air as comburent in order to simulate a real engine
peration. During these experiments the losses of electrolyte con-
ained in both cathode and anode were analysed due to that the
oss of electrolyte seems to be one of the main mechanisms of
egradation of the PEM fuel cell based on PBI [14]. The electro-
hemical characterization was performed using cyclic voltammetry
easurements for the overall system and for each cell.

. Experimental

On top of a gas diffusion layer (Toray Graphite Paper, TGPH-120,
50 �m thick, 10% wet-proofing, BASF Fuel Cell, Inc.), a microporous

ayer (MPL) was deposited by N2-spraying, consisting of 2 mg cm−2

ulcan XC-72R Carbon Black (Cabot Corp.) and 10% PTFE (TeflonTM

mulsion Solution, Electrochem Inc.). Then, a catalyst layer was also
eposited by N2-spraying, composed of Pt/C catalyst (40% Pt on
ulcan XC-72R Carbon Black, ETEK-Inc.), PBI ionomer (1.24 wt.%
BI in N,N-dimethylacetamide, DMAc) and DMAc as solvent. In all
ases, the platinum loading on both electrodes was 0.4 mg Pt cm−2,
C/PBI weight ratio of 20 was used, electrode area was 50 cm2,

nd both carbon on microporous layer and platinum on catalyst
ayer loadings were controlled by the electrode weight increase.
nce deposited all the layers, the electrodes were dried at 190 ◦C

or 2 h. Afterwards, the electrodes were wetted with a solution of
% H3PO4, and left to absorb the acid for 1 day.

For the preparation of the MEA (membrane-electrode assem-
ly), a PBI membrane was taken out from a 75 wt.% phosphoric acid
ath. Doping level acquired by the membrane was 6.6 molecules
f acid per polymer repeating unit. The superficial acid onto the
embrane was thoroughly wiped off with filter paper, and sub-

equently, it was used to prepare the MEA. The doped membrane
as sandwiched between two electrodes, hot-pressing the whole

ystem at 130 ◦C and 100 kg cm−2 for 15 min. Once the three MEAs
ere ready, they were inserted into the stack.

Cell hardware consisted of two bipolar (Quintech, Germnay)
nd two monopolar plates made of graphite (Sofacel, Spain), into
hich it was machined channels with four step serpentine channels

eometry. Thus, 3 MEAs of 50 cm2 each were assembled. Within
he monopolar graphite plates, heating rods were fitted in order to
eat the fuel cell up. During the measurements, the fuel cell was fed
ith pure hydrogen and oxygen or air, at different flows and stoi-

hiometries, at atmospheric pressure and with backpressure up to
atm. Temperature was controlled with the aid of a temperature
ontroller (CAL 3300, Cal Controls Ltd., UK) [8,15].

The polarisation curves were carried out as follows: firstly, the
uel cell was kept at constant temperature (125 ◦C) for 24 h, mon-
toring the cell voltage at a constant current density of 0.2 A cm−2.
nce fuel cell voltage was stable, cyclic voltammetries (CV) were
arried out in order to characterize the stack, for this purpose was
sed a Power StationTM (Electrochem Inc., EE.UU). The CV was made
t different oxygen flow rates and different oxygen and hydrogen
toichiometries at 125 ◦C. The performance was also measured at
ifferent cathode and anode back-pressures with constant fuel and
omburent flow rates. The effect of temperature and the use of air
s comburent were also evaluated. In order to know the durability
nd stability of the high temperature PEM fuel cell stack based on
BI, we operated at constant current (0.2 A cm−2) over 185 h. Dur-
ng the stability test, every day the acid leach on both cathode and
node was measured and a series of dynamic loads were performed
or developing response of the stack performance.

. Results and discussion
.1. Operation variables study

Fig. 1 shows performance results of the 150 cm2 stack cell at
ifferent oxygen flow rates and 1500 ml min−1 of hydrogen flow
Fig. 1. Stack performance at different oxygen flow rates. H2 = 1500 ml min−1;
T = 125 ◦C; P = 1 atm.

rate. It is observed that the cell performance increased significantly
from 554 ml min−1 to 1105 ml min−1 O2 due to that at high currents,
reagent requirements are much higher, according to Faraday’s Law,
than at low currents. Therefore, the stack performance drops at
current density near 0.6 A cm−2 for an O2 flow rate of 554 ml min−1,
due to the absence of reagent available to carry out the reaction.

Values of O2 flow rate higher than 1105 ml min−1 seem not
increase the performance and even a decrease on the stack per-
formance was observed. This could be due to that the excessive
unreacted comburent could generate water vapour and phosphoric
acid drags. Hence, the excessive comburent could cause membrane
dehydration with the consequent ohmic drop at intermediate cur-
rent densities. This ohmic drop is not observed when was increased
the O2 flow rate. It could be said that the different performances of
the stack at high O2 flow rates could be due to the experimental
error.

Different tests were conducted at different pressures in both
anode and cathode. The obtained results are shown in Fig. 2. The
tests were carried out at constant reagent flow rates. Fig. 2a shows
the effect of fixed O2 back-pressure at 0.93, 1.43 and 1.93 atm and
Fig. 2b shows the effect of fixed H2 back-pressure at 0.93, 1.43 and
1.93 atm.

A higher back-pressure allows improved stack performance
since the reactions are accelerated at both cathode and anode of
the cell due to a partial pressure increase of the reactant gases. A
higher voltage can be reached at a higher pressure, based on Nernst
equation [16]. In Fig. 2, it can be seen that the open circuit voltage
(OCV) and the limiting current density increase when the back-
pressure increases. Moreover, it is also found that a back-pressure
increment on the cathode (Fig. 2a) would cause a higher stack per-
formance increase than on the anode (Fig. 2b). This is because such
a pressure drop across the membrane results in a barrier for back
diffusion, which takes place to keep the membrane hydrated [16].

Further information about the effect of the back-pressure can
be found in Table 1, which shows how much the total power of
the stack increase, when back-pressure was applied in cathode and
anode. It is observed that the net power is higher when the pressure
was increase 1 atm and it is only worthy increase the cathode which
is the limiting electrode. On the one hand, as it was mentioned
above, higher back-pressure lead to higher power out put. On the
other hand, it was not observed a saturated point or negative effects

beyond maximum operation back-pressure (1.93 atm) even small
leaks were detected in the system at higher pressures. This is the
reason why was not operated at higher back-pressure.
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ig. 2. Stack performance at different pressures. (a) Pressure effect on cathode and
b) pressure effect on anode. T = 125 ◦C; H2 = 1500 ml min−1; O2 = 1105 ml min−1.

The operation mode which provides a constant flow of reagents,
oes not allow to use them efficiently, since the combustion rate

s not proportional to the reactive flow rate supplied, i.e., at low
urrent densities a large excess of reagents is not consumed, result-
ng in excessive expenditure of reagents involved. Operating at
onstant stoichiometry (different reagents flow rate for different
urrent densities) means to perform with a constant reagent excess
nd a better use of reactive can be achieved.

In order to minimize the use of reagents a series of test at
ifferent stoichiometries were made. Fig. 3 shows the stack per-
ormance at different oxygen stoichiometries (�O2 ) and constant
ow rate of hydrogen. From Fig. 3, it can be observed that using
stoichiometric amount of oxygen, which means �O2 = 1, major
erformance losses in the stack were obtained. At this stoichiome-
ry, the flow of comburent placed on the stack is insufficient for
ery small current densities, about 0.15 A cm−2, this means the

xistence of many active sites on the catalyst that are not being
upplied with oxygen, due to the lack of this reagent in the system.
or the stoichiometry of 1.5, lower performance losses than for the
ase of stoichiometry of 1 were obtained but still remain a loss of

able 1
tack power increased, power consumed and total power increased when back-
ressure is applied.

�P (atm) �Wstack (W) �Wconsumed (W)a �Wtotal (W)

Anode 0.5 +1.95 −1.09 +0.86
1 +3.9 −1.85 +2.05

Cathode 0.5 +3.6 −0.8 +2.8
1 +7.35 −1.36 +5.99

a Power consumed to reach the backpressure in the stack by the device.
Fig. 3. Stack performance at different oxygen stoichometries. H2 = 1500 ml min−1;
T = 125 ◦C; P = 1 atm.

performance compared to the rest of higher stoichiometries tested
(�O2 = 2; �O2 = 3; �O2 = 4).

For the higher oxygen stoichiometries tested, the influence of
the stoichiometry of the comburent has less influence compared
to previously studied cases (�O2 = 1 and �O2 = 1.5). The difference
between the maximum power peaks obtained for stoichiometries
of 2, 3 and 4 represents an error of 4.3%, this could be due to
experimental error. If the performance of the cell remains con-
stant, it implies that the anode hydrogen is being completely
consumed, while the cathode fuel is in excess [17]. Therefore, the
use of a stoichiometry higher than two (�O2 = 2) does not produce
enhancement of the fuel cell stack performance. Nevertheless, a
�O2 = 3 was decided to use in the following experiments.

Once finished the test at constant oxygen stoichiometry, a two-
week shut-down stage was performed in order to know how the
effect in the fuel cell stack performance is. There was a significant
performance loss in the stack as it is shown in Fig. 4. Fig. 4a shows
the single cell performance before the two-weeks shut-down and
Fig. 4b shows the single cell performance after the two-weeks shut-
down. Each cell has been labelled from 1 to 3. The cell 1 was the
inlet of the reagents and in the cell 3 the outlet. All the cells have
the same inlet flow because there is a collector that distributes the
reagents through each cell.

If Fig. 4a and b are compared, there are wide differences in
the behaviour of the cell. In the case of the single cell 1, it
can be observed that after the shut-down stage it was the cell
that performed worse and there is a very sharp drop in perfor-
mance reaching very low current densities. This behaviour can be
explained only after serious damage occurred in the MEA during
the shut-down stage, and this might be due to the deactivation of
the catalyst or possible losses of the mechanical properties of the
membrane due to a fracture of it [18,19].

The behaviour shown by cells 2 and 3 also differ markedly before
and after the shut-down stage, both cells have high losses due to the
deactivation of the catalyst and enhancement of the ohmic resis-
tance after the stop. Also mass transfer problems appear at smaller
currents densities. Therefore, the contribution of each of the losses
leads to reduce the performance of each single cell and hence the
global performance of the stack is reduced.

If the maximum peak powers, normalized to the Pt load in each
cell of the stack (cell 1 = 0.64 W mg Pt−1; cell 2 = 0.76 W mg Pt−1;

cell 3 = 0.73 W mg Pt−1), and the results obtained by our group
in a single cell with the same electrodes and dimensions [20]
(0.64 W mg Pt−1) are compared, it can be observed that the peak
powers were similar. Thus, the performance of the cells of the stack
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Table 2
Tafel slopes of the single cells operating at different operation conditions.

Cell b (mV dec−1)

Before shut-down After shut-down

O2 O2 Air Air
T = 125 ◦C T = 125 ◦C T = 125 ◦C T = 150 ◦C

the excess of unreacted fuel that could produce more dehydra-
tion process at the anode, since the anode works strictly at dry
conditions [9]. This process leads to a conductivity loss of the
electrolyte that worsens the proton conduction mechanism from
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ig. 4. Single cell performance (a) before and (b) after two-weeks shut-down. �O2 =
; H2 = 1500 ml min−1; T = 125 ◦C; P = 1 atm.

s similar when they are running in single cell test with the same
ize, but if they are compared with the peak power (1 W mg Pt−1) of
5 cm2 single cell with electrodes of the same composition [9], the
ield is poorer when scaling-up. This could be due to mass trans-
er limitations in the larger electrodes. Thus, the peak power in the
cm2 single cell was reached at 1.5 A cm−2 whereas the cells of

he stack reached their maximum powers at 0.85 A cm−2 approxi-
ately.
The performance of a PEM fuel cell stack in the region where the

ctivation losses govern can be represented by the Tafel equation
Eq. (1)):

= Erev + b log i0 − b log i (1)

here E, Erev, b, i0 and i are the electrode potential, reversible
otential, Tafel slope, exchange current density and current den-
ity, respectively. Table 2 shows the Tafel slopes before and after the
hut-down stage. As shown in Table 1, Tafel slopes increased after
he stop of the stack at a constant temperature of 125 ◦C, higher
afel slopes mean a decrease in the activity of the catalyst, which
s attributed to its degradation during the two-weeks shut-down
tage.

After the shut-down stage, the Tafel slope of cell 1 is twice higher

han before shut-down stage. Nevertheless, the Tafel slope of cell

is not so high to explain the poor performance obtained after
he shut-down. This indicates that the loss of the catalyst activ-
ty is not the only cause of the degradation. For the other single
ells, the Tafel slopes increase less than in the case of the cell 1.
1 66.9 126.1 130.2 110.6
2 88.2 102.4 108.3 85.4
3 64.3 89.3 98 77.7

According to Banham et al. [21], when Tafel slope changes from
60 to 120 mV dec−1 results on migration (ohmic) limitations in the
porous catalytic layer which could explain our results.

The Tafel values before shut-down (shown in Table 2) of the
different cells of the stack are very similar to those obtained in
single cells (70.2 mV dec−1) assembled by our group [9] with the
same electrode composition but different size (5 cm2). These values
indicate that the electrochemical characteristics of our electrodes
are similar independently of the size of the electrodes.

Although it has been reflected in the analysis of polarisation
curves a power and a performance loss, it was decided to con-
tinue the completion of other experiments under these conditions,
since the polarisation curves were repeated in each MEA and repro-
ducibility was obtained therein (Table 2).

Moreover, the influence of hydrogen stoichiometry on the stack
performance was evaluated. Fig. 5 shows the fuel cell stack perfor-
mance at different hydrogen stoichiometries and a constant oxygen
stoichiometry (�O2 = 3).

From Fig. 5, it can be seen that an adequate supply of fuel to
the stack is very important for the proper operation of the sys-
tem. The two lower hydrogen stoichiometries (�H2 = 1.2 and �H2 =
1.5) shown mass transfer problems at small current densities,
about 0.06 A cm−2 and 0.21 A cm−2, respectively, which means
that the supplied fuel flow is not sufficient for current densi-
ties greater than those mentioned, with the consequent loss of
performance in the fuel cell stack. It is also noted significant differ-
ences comparing the stoichiometries (�H2 = 2.2 and �H2 = 2). For
a stoichiometry of �H2 = 2.2 there is a higher ohmic drop than
for a stoichiometry of �H2 = 2. This ohmic loss could be due to
0.550.500.450.400.350.300.250.200.150.100.050.00

Current density (A cm-2)

Fig. 5. Stack performance at different hydrogen stoichiometries. �O2 = 3; T = 125 ◦C;
P = 1 atm.
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ig. 6. Effect of replacing oxygen by air as comburent. �O2 = �O2, air = 3; �H2 = 2;
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he anode to the cathode, with the consequent loss of perfor-
ance.
The effect of replacing oxygen by air was also studied. The fact

or this change lies in the lower operating costs required for the
tack. By providing atmospheric air instead of pure oxygen, the
perating system is expected to be suitable for all applications (sta-
ionary and portable) with this type of technology [22]. Fig. 6 shows
he polarisation curves of the stack running with oxygen and air
nder the same operation conditions. From Fig. 6, it can be seen a
ecrease in stack performance when using air as comburent. This
act is reflected in the Nernst’s equation where the actual poten-
ial of the fuel cell decreases due to the O2 partial pressure drop.
n addition, the O2 transport to the active sites of the catalyst finds
igher diffusional resistance due to the presence of other gases that
lock the approach of O2 to these active sites; therefore, part of the
omburent does not react. The contribution of these resistances in
he transport of oxygen to the catalyst active sites along with a
ecrease in the oxygen partial pressure as it is consumed in the
tack, results in an increase of the concentration overpotentials by
he fuel cell system [23].

In Table 2, it is also shown the Tafel slopes for both air and pure
2 after the shut-down stage. It can be observed that the Tafel

lopes are similar in both cases, which means that the reaction
echanism is almost independent on the O2 concentration [24].
The last operation variable studied in this work was the effect of

emperature. Increasing the cell performance is helpful to enhance
lectrochemical reaction rate and ionic transport in high tempera-
ure PEM, and accordingly the cell performance [9,17,25,26]. Fig. 7
hows the fuel cell stack performance at two different temperatures
sing air and hydrogen as reactive reagents.

It can be observed, in Fig. 7, an enhancement of the fuel cell
tack performance when the temperature is increased from 125 ◦C
o 150 ◦C as mentioned above. An increase on the operating temper-
ture provides higher performance in the stack, in terms of voltage
nd current density. This is due to the improvement that occurs
n the kinetic processes, mass transfer and the conductivity of the
lectrolyte [27,28] of each cell which provides an enhancement of
he overall system performance. Thus, a temperature increase of 6%
eads to an improvement of the stack voltage of 10% at 0.05 A cm−2,
0% at 0.2 A cm−2 and 41% at 0.25 A cm−2.
It is well known that in a high temperature PEMFC, the control-
ing electrode is the cathode (very slow reaction rate) [22,29,30].
n increase of temperature provides a higher oxygen reduction
eaction rate; this means a marked improvement in the region of
Current density (A cm )

Fig. 7. Effect of temperature on fuel cell stack performance. �O2 = �O2, air = 3; �H2 =
2; P = 1 atm.

the polarisation curve dominated by activation losses. Also, in the
ohmic region of the polarisation curve, it can be observed a decrease
of the electrolyte resistance with temperature increase and also in
the region of the polarisation curve where govern the concentra-
tion losses, it is observed an improvement in the stack performance.
The mass transport problems are due to the limiting in the transport
of reactant gases through the porous structure of the gas diffusion
layer and the catalyst layer [31], due to the increase of temperature,
mass transport is enhanced, increasing the limit current density of
the fuel cell [16] and decreasing the mass transport problems.

As mentioned above, to operate at high temperature increases
the activity of the catalyst. Table 2 also shows the different Tafel
slopes for each cell, operating at a temperature of 125 ◦C and 150 ◦C
using air as comburent. At a temperature of 150 ◦C, Tafel slopes
were lower than those obtained at 125 ◦C, suggesting an increase
in catalyst activity at higher temperatures. These results confirm
that experimentally, the Tafel slope corresponding to the oxygen
reduction reaction was found to increase with temperature in the
low current density region [32,33].

3.2. Durability and stability test

Once all the above operation conditions were studied, a durabil-
ity test was performed. The results obtained from a 185 h life test of
the 3 cell stack operated with air, at 150 ◦C and a constant current
density of 0.2 A cm−2 are shown in Fig. 8. Each 20 h approximately,
the test was stopped and different measurements with dynamic
load were carried out and also the leached acid in both cathode
and anode were measured. These results are shown below.

Fig. 8 shows the variation of the stack voltage during the dura-
bility test. It can be observed a slight potential reduction of the stack
in the first period of the test (24 h). Similar results were obtained
by Zhang et al. in their preliminary study of their 6-cell PEMFC
stack [34]. This may be due to a restoration of adequate humid-
ity conditions in the system. When the system is stopped there
is not reagent gas flux to drag the water vapour generated in the
reaction, therefore, this water helps to improve the proton conduc-
tion mechanism of the electrolyte and thus the stack performance
results in a higher potential in the early hours of the test and when
the dynamic test were carried out [2] (shown in Fig. 8 with star

symbol). Several researchers had reported long time life test of PBI
based high temperature PEMFC [3,35–38] but not in stacks. Under
a fixed loading current for a long time fuel cell test, two regions
were observed in the output voltage versus testing time. The first



F.J. Pinar et al. / Journal of Power Sources 196 (2011) 4306–4313 4311

2001751501251007550250
0.600

0.615

0.630

0.645

0.660

0.675

0.690

0.705

0.720

0.735

S
ta

ck
 v

ol
ta

ge
 (

V
)

F
�

i
a
“
t
d
a
d
m
o
o
t
a
s
a
t
b
t
d
0
s

e
a
m
P
r
a
c
o

s
[
e
a
e
b
s
T
a

s
m
o
t
p

2001751501251007550250
0

5

10

15

20

25

30

35

(b)

H
3P

O
4 

le
ac

he
d 

(m
g)

Time (h)

 Anode
 Cathode

2001751501251007550250
0

5

10

15

20

25

30

35

40

45

50

55

97.0

97.5

98.0

98.5

99.0

99.5

100.0

(a)

Total H
3 P

O
4  leached (%

)To
ta

l H
3P

O
4 

le
ac

he
d 

(m
g)

Time (h)

Fig. 9. Phosphoric acid leached from fuel cell stack during durability test at a con-
stant current of 0.2 A cm−2. (a) Total amount of H3PO4 leached; (b) amounts of H3PO4
Time (h)

ig. 8. Stability of fuel cell stack at a constant current of 0.2 A cm−2. �O2, air = 3;
H2 = 2; T = 150 ◦C; P = 1 atm.

nitial testing period was the “activation region”, in which cell volt-
ge increased with operating time. Following this region was the
loss region”, in which the cell voltage decreased with operating
ime. In the present work, the “activation region” did not appear
ue to that the stack was pre-activated during 24 h at 125 ◦C with
current density of 0.2 A cm−2 to carry out the experiments above
escribed. The activation stage is a protocol that this group always
akes before any measurement in order to ensure the stabilisation

f the fuel cell performance [2,7–12,15]. As it is shown in Fig. 8, the
verall effect of supply a constant load for long time causes poten-
ial losses. These results are comparable to those obtained by Wang
nd Chu [39]. These researchers demonstrated the operability of a
ingle fuel cell at 150 ◦C for 200 h operation test using hydrogen
nd oxygen at 0.5 V of constant voltage. Also, it can be observed
wo different slopes where the voltage decreases. The first slope
egan at 28 h of operation and finished at 150 h approximately and
he value of it was 0.27 �V s−1, the second slope, where the voltage
ecreases dramatically, was from 150 h to 182 h and its value was
.67 �V s−1. The second slope was 2.5 times higher than the first
lope.

Is have been proposed different degradation mechanisms to
xplain the voltage loss in a PEMFC. LaConti et al. [40] proposed
mechanism where the oxygen molecules permeate through the
embrane from the cathode side and are reduced at the anode

t catalyst to form hydrogen peroxide. H2O2 formation in oxygen
eduction on Pt/C catalyst is greatly enhanced in the anode, where
tomic hydrogen is adsorbed on Pt. The presence of H2O2 has been
onfirmed in the exhaust gas and directly in the membrane during
peration of PEMFCs [19].

Other degradation mechanisms are the loss of catalyst active
urface area by dissolution, due to the presence of phosphoric acid
41], the sintering of the catalyst [42], thermal stress in differ-
nt parts of the stack, thermal degradation of the carbon support
nd corrosion of the carbon support due to the presence of the
lectrolyte [43]. The carbon corrosion produces electrical isolation
etween the catalytic particles and the carbon of the support, this
upport ensures the electrical contact between the bipolar plates.
he electrical insulation decreases the electrochemical surface area
vailable and produces a performance loss in the fuel cell [44,45].

Although these degradative events occur in the fuel cell, it is

peculated that the phosphoric acid loss of the polybenzimidazole
embrane is one of the main degradation mechanisms in this type

f fuel cells [14]. Thus, in order to complete the durability study of
he fuel cell stack at constant current density, the amount of phos-
horic acid leached was measured. Fig. 9a shows the total amount of
leached from the cathode and the anode.

acid leached from the cell as milligrams and percentage and Fig. 9b
shows the amount of acid leached from the cathode and the anode
with time.

In Fig. 9a, it can be observed on the course of the operation time,
a decrease in the slope and thus a decrease of the amount of phos-
phoric acid collected. One of the possible reasons of the higher acid
leached at the beginning of the test is because during the manufac-
ture of the MEA, where high pressure is applied, a certain amount
of acid is distributed from the membrane to the gas diffusion layer
(GDL) and remains in this layer where it is easier to be dragged
by the reactant gases [14]. This phenomenon, together with the
phosphoric acid which is used to impregnate the electrodes can be
assumed to be the first quantities of electrolyte collected. More-
over, it can be seen that the amount of acid collected at the end
of the test does not exceed 2% (w/w) of the total initial acid that
contained the fuel cell stack.

It is difficult to associate the voltage drop of the fuel cell stack
with electrolyte loss [14]. Different authors remain that the disso-
lution of Pt [46], Pt agglomeration [47] and corrosion of the carbon
support [48,49] are the mechanisms that limit nowadays the oper-
ability of such technologies.

From Fig. 9b it can be observed that the acid leached from cath-
ode is three times higher than the acid leached from the anode.

This is because the water vapour generated in the reaction on the
cathode side drags part of the phosphoric acid.
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ig. 10. Dynamic load response (a) after 40 h of operation; (b) after 68 h of operatio
f) after 185 h of operation. �O2, air = 3; �H2 = 2; T = 150 ◦C; P = 1 atm.

.3. Dynamic load test

As it has been said above, during the durability test, a dynamic
oad test was carried out at different times. The stoichiometry of
he anode was �H2 = 2 and for the cathode was �O2 , air = 3. These
ynamic load tests were conducted every 20 h, approximately. In
his test, the fuel cell stack was subjected to different load regimes;
his is to simulate the conditions in which this device would operate
n transport applications. In order to simulate the acceleration, dif-
erent step-constant current were applied and then different power
enerated. Each step is fixed with a current of 4, 6, 8 and 10 A for
0 s during three cycles and next three cycles the procedure was
epeated for 10 s for a better understanding of the power gener-
tion of the stack. Changing the step-time allows to compare the
ffect of constant loading time on power generation. Fig. 10 shows
he fuel cell stack response at different step-constant current loads

ycles and at different times of operation.

It can be observed in Fig. 10a that for both step-times of 60 s and
0 s the current output response immediate. However, the gen-
ration of power output (for step-times of 60 s) is not observed
igh enough in the first cycle, but in the next two cycles it is
Time (s)

after 96 h of operation; (d) after 124 h of operation; (e) after 152 h of operation and

observed a higher power output. Similar results were obtained
by Weng et al. [50] on their 200 W PEM stack (not based on PBI)
which concluded that higher current output generates the lower
voltage and then apparently the power output is uncertain. It was
observed that the total power output is similar for both step-times
studied but it was obtained that the power output was moving
onward for a step-time of 10 s. The same results were obtained
for 68, 96, 124 and 152 h of operation (Fig. 10b–e). The results
obtained in Fig 10f for an operation time of 185 h were something
different. The current responds immediately but the higher cur-
rent step range was not achieved and remains at 7 A. The power
output also decreased and at the higher current range turns in
lower values than at low current ranges. These results are due to
that the fuel cell stack was seriously damaged as it was observed
in Fig. 8, for 185 h of operation a great voltage decrease was
reached.
4. Conclusions

From the study of the influence of stoichiometry of the reagent
the values of �O2 = 2 and �H2 = 2 were the optimum under our
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peration conditions. Moreover, for a better reagent utilization is
ecommended work at constant stoichiometry.

The back-pressure study showed an improvement of the stack
erformance being this more beneficial in the case of the cathode.
s it was expected, an increase of temperature has a positive effect
n the stack performance. Thus, an increase of 30% of the stack volt-
ge at 0.2 A cm−2 was achieved when the temperature increased
rom 125 ◦C to 150 ◦C.

From the durability test it can be drawn that the stack suffered
progressive degradation till the 5th day. From this day, the degra-
ation rate increased dramatically. The measurements of the acid

eached showed that the acid losses were higher in the cathode
han in the anode and the total acid loss was only a 2% on weight
f the initial amount in the system (electrodes and membranes).
hus, the main degradation of the stack is not only due to the lack
f electrolyte.

During the dynamic load analysis the stack gave an immediate
esponse on the current and power output, only when the step-time
s the shortest the power out-put was moved onward in time.

Finally, taking into account that the MEAs used in this work have
een develop in our lab, with membranes and electrodes optimized
rom previous works [2,7–12,14], it has been demonstrated the fea-
ibility of our MEAs in a stack. Although, further work is carrying
ut in order to improve these results, which are the first.
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