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100–200◦C polymer fuel cells for use with NaAlH4
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Abstract

The complex hydride NaAlH4 is attracting much attention right now because of high hydrogen storage capacity and a practical desorption
temperature that can be brought down below 150◦C. However, this is still far from the working temperature of conventional perfluorosulfonic
acid based polymer fuel cells (e.g. Nafion cells). A hydrogen desorption temperature below 80◦C is mandatory if the excess heat of such a
fuel cell shall be used for hydrogen desorption from a NaAlH4 storage system. Our approach is to increase the working temperature of the
polymer fuel cell. The present paper reports our recent work on polymer fuel cells operating at temperatures up to 200◦C. The key component
to make this possible is an electrolyte membrane of polybenzimidazole (PBI) doped with phosphoric acid. Cells are operated at temperatures
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p to 200 C without any humidification. Continuous service for more than 6 months at 150C is demonstrated. The temperature and am
f the excess heat is more than enough to run a metal hydride tank based on NaAlH4.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Metal hydride systems for use at near ambient temperature
nd pressure generally suffer from a low gravimetric hydro-
en storage capacity. Hydride systems with much higher
apacities are known, but only with higher working tem-
eratures like MgH2 with 7.6 wt.% at 300◦C. The working

emperature of the metal hydride is an important issue. Not
nly must the hydride be heated to the working temperature,
ut a significant amount of heat (the desorption enthalpy)
ust also be supplied at this temperature. This heat can be
roduced by burning part of the stored hydrogen, but in case
f MgH2 at least 31% of the stored hydrogen will then be
asted just to provide heat for hydrogen desorption. When

uelling a fuel cell, a more effective way is to make use of the
eat that is always produced by the fuel cell along with the
lectricity. Therefore, the working temperature of the hydride
hould not be higher than the working temperature of the
uel cell. Conventional proton exchange membrane fuel cells
PEMFC) have a working temperature of about 80◦C, and
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consequently, a compatible metal hydride system must
an equilibrium pressure of at least 1 bar and sufficient
orption kinetics, at temperatures significantly below 80◦C.
During recent years several groups have reported reve
hydrogen storage capacities in the range of 3–5 wt.%
release temperatures in the range of 100–200◦C for NaAlH4
[1–3]. A further temperature reduction down below 80◦C
has not proven easy. Why not increase the temperature
PEMFC instead?

The electrolyte of a normal PEMFC is a perfluorina
sulfonic acid polymer membrane (e.g. Nafion), which is o
proton conductive with high water content. This is the rea
why the working temperature cannot easily be raised a
100◦C. For a high-temperature system, another memb
material is needed. In 1995, Wainright and co-workers[4]
proposed phosphoric acid doped polybenzimidazole (
as a high-temperature proton conductor, and our grou
followed that line[5,6]. Other high-temperature membra
under development have been reviewed recently[7]. The driv-
ing force for the development of high-temperature PEM
cells has to a large extend been to increased the tolera
carbon monoxide (over three orders of magnitude at 20◦C
[8]) and consequently the possibility of powering the
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. The repeating unit of the PBI, poly 2,2′-m-(phenylene)-5,5′-bibenz-
imidazole.

cell directly from a reformer/shift reactor without purification
[9]. However, in this paper the focus is on the possible inter-
play with complex hydrides like NaAlH4. The high operating
temperature offers an excellent opportunity for improving
the energy efficiency by using the excess heat for hydrogen
desorption.

2. Experimental

The PBI used in this work was poly-2,2′-m-(phenylene)-
5,5′-bibenzimidazole (seeFig. 1) obtained from Celanese or
later synthesized[10]. After casting to a thickness of about
50�m, the membrane was doped with phosphoric acid to a
level of 5–6 H3PO4 molecules per repeat unit of PBI. The cat-
alyst applied was platinum on carbon, about 0.5 mg/cm2 for
all electrodes. The experimental details are given elsewhere
[6,10].

3. Results

The ionic conductivity of acid doped PBI was measured
earlier [10] and the value is plotted as a function of tem-
perature and relative humidity inFig. 2. It can be seen that
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Fig. 3. Polarization curves and power curves for a single cell operated on
hydrogen and oxygen, both at atmospheric pressure. The active electrode
area was 10 cm2 with a platinum loading of 0.5 mg/cm2. No humidification
was applied[8].

depletion or drying out leads to a loss of conductivity unless
water is continuously supplied in a controlled amount with
the reactant gasses (water management). In contrast to
Nafion, PBI has a water drag number of zero or close to
zero[11,12]meaning that practically no water molecules are
transported with the proton. It is evident fromFig. 2, how-
ever, that the water content still affects the conductivity and
that a certain amount of water is desired in the membrane,
but this is easily maintained via diffusion of water produced
at the cathode as result of the overall process in the fuel cell.
As a result, PBI based fuel cells can run on dry gasses.

Fig. 3shows polarization curves at different temperatures
for a single cell with a PBI membrane. The cell was in all
cases operated without any humidification, i.e. on dry gasses.
A number of lifetime experiments are being carried out with
single cells at different temperatures. The results so far are
plotted inFig. 4. The cells were operated on hydrogen and
oxygen at a constant potential of 0.5 V. A three-cell stack
was constructed as described above with an active area of
100 cm2 on each electrode. Testing was performed at 200◦C
with hydrogen and oxygen at ambient pressure. The polariza-
tion and power behaviour is shown inFig. 5. During testing
a significant heat evolution was observed, especially at high
currents, and as the stack was constructed without cooling the
system had to be prevented from overheating by interruption
of the current. The lack of proper cooling made it difficult to
o d the
c nts

F
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he conductivity at 200C and only 5% relative humidity
imilar to that of Nafion at 80◦C and 90% relative humidit
ven at very low relative humidity ,the conductivity of dop
BI is still significant. In contrast, the conductivity of Nafi
epends on a very high relative humidity and that is the re
hy Nafion cannot easily be applied at higher tempera

han 80◦C. In Nafion, the proton conduction mechan
nvolves transport of several water molecules with
roton (the water drag). This implies that the membran
epleted in water on the anode side as the water mole
re "dragged" towards the cathode with the protons.

ig. 2. Conductivity of PBI doped with 5.6% phosphoric acid. Meas
ents for Nafion-117 are added for comparison[10].
btain reliable steady measurement at high currents an
urves inFig. 5 are interrupted at 110 A. However, curre

ig. 4. Lifetime tests at different temperatures. Cells of 5 cm2 tested at 0.5 V
ith hydrogen and oxygen at ambient pressure.
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Fig. 5. Polarization curves and power curves for a three-cell stack at 200◦C
operated on hydrogen and oxygen, both at atmospheric pressure. The active
area was 100 cm2 on each electrode and no humidification was applied.

of over 150 A (1.5 A/cm2) were measured accompanied by a
moderate temperature increase.

4. Discussion

At standard temperature and pressure hydrogen fuel cells
have a maximum electrical efficiency of 95% based on the
lower heating value or 83% based on the higher heating value.
However, the practical electrical efficiency depends on the
cell load and is only about 50% or less. The remaining 50%
or more is converted into heat. At 200◦C, only the lower
heating value of−244 kJ/mole H2 is relevant. Fifty percent
of that is−122 kJ/mole H2.

Hydrogen desorption from NaAlH4occurs in two steps.
Bogdanovic et al.[13] determined the desorption enthalpy
for NaAlH4/Na3AlH6–Al to 37 kJ/(mol H2) and for
Na3AlH6/NaH–Al to 47 kJ/(mol H2) from van’t Hoff lines.
The first step provides 1 mol of H2 and the next step only half a
mole H2 and the resulting weighted average is then 40 kJ/(mol
H2). This corresponds to 16% of the hydrogen fuel. A system
with a low temperature PEMFC operating at 50% electrical
efficiency will then only perform at 42% overall efficiency.
These figures represent the ideal thermodynamic case with
no losses on the heat transfer. In practice there will be sig-
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Fig. 6. An alanate/elevated temperature PEM fuel cell system schematically.
An oil loop is transferring heat from the fuel cell to the alanate tank. The
“cooler” could be a heat exchanger for optional further cooling.

respectively, at 150◦C [13]. This means that both steps can
be exploited with sufficient desorption pressures provided
the kinetics are fast enough. Several groups have performed
kinetic measurements. An example is the Arrhenius plots
of Sandrock et al.[3] for TiCl3 doped NaAlH4 desorbing
into an evacuated chamber. Reading the desorption rates at
150◦C gives 12 and 0.5 wt.%/h, respectively, for first and
second steps. General rate predictions based on specific
experiments are dangerous as kinetics depends on many
factors, like particle size, heat transfer, catalytic activity
and state of charge. However, the measurements show that
the first step at which most of the reversible hydrogen (up
to 3.7 wt.%) is released can be fast at 150◦C. Assuming a
constant rate of 12 wt.%/h 3.7 wt% can be discharged in less
than 20 min. The second and slower step of up to 1.9 wt.%
will then take about 4 h. These predictions are only meant to
give an idea of possible practical discharge times and further
improvements are expected.

Finally, PBI has been long known for many applications
including garments for firemen. It has a potential for cheap
manufacturing without the environmental problems related
with the use of fluorine (in contrast to the perfluorinated poly-
mers).

5. Conclusion
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ificant heat losses to the surroundings and the overal
ill be higher. A 200◦C fuel cell operating at 50% electric
fficiency will produce 122 kJ heat per mole H2 consumed
his is three times the amount required for desorbing 1
2, and even with significant heat losses enough hea
e available. Consequently, no hydrogen needs to be b

or providing the desorption heat and the overall efficienc
till 50% in contrast to 42% or lower for the low temperat
uel cell.

A possible system integrating a NaAlH4 tank with a HT–
EMFC is shown schematically inFig. 6. If the alanate i
perating at 150◦C and the fuel cell at 200◦C, a temperatur
ifference of 50◦C is available as a driving force for the h

ransfer. A cooler (or a heat exchanger) is added in th
oop to allow for further cooling when necessary.

The equilibrium desorption pressures for NaA4
first step) and Na3AlH6 (second step) are 60 and 3 b
The problem of temperature mismatch between con
ional Nafion based polymer fuel cells and the high capa
etal hydride systems like NaAlH4 can be overcom
ith the use of a high-temperature polymer, in this c
olybenzimidazole (PBI). It is shown that polymer fuel c
ased on PBI can be operated at temperatures up to 2◦C.
ong term experiments have shown a lifetime of more th
onths at 150◦C. In contrast to Nafion cells PBI cells ne
o humidification of the gases. This simplifies the opera
nd the construction of the peripheral system. Applica
f a fuel cell system able to release the excess hea

emperature higher than the desorption temperature o
etal hydride system allows for a significant improvem
f electrical efficiency as no fuel need to be used purely
ydrogen desorption. Finally, A simple system compris
n alanate tank and a 200◦C PEMFC heat integrated v
n oil loop is suggested. The plateau pressures for the
nd second plateaus of NaAlH4 are both well above ambie
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pressure at 150◦C, and thus high enough to power a fuel cell
directly.
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