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Micro-proton exchange membrane fuel cells are considered to be the next generation power sources for
micro-scale power applications, but onboard hydrogen storage and generation with high energy density
at the small scale is still a technical barrier. This paper introduces a hydrogen generation method based on
an onboard hydride fuel and a byproduct water recovery mechanism for micro-hydrogen PEM fuel cells.
The water recovery is carried out by water diffusion from the more humid cathode side to the less humid
anode side through the proton exchange membrane. The micro-fuel cells based on this water recovery
method were constructed and tested. The results demonstrate that the relative humidity has a significant
affect on the fuel cell performance as well as the opening area on the cover layer, the type of hydrides,
and the thickness of the Nafion membrane also can affect the fuel cell performance. A 10 mm? prototype
water recovery micro-fuel cell has been built and tested, and the device has produced a maximum power
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density of 104 WL-! and a maximum energy density of 313 WhL-'.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane (PEM) hydrogen fuel cells have
received considerable attention over the past decade as a promis-
ing alternative to the traditional power generation technologies
due to their relatively high power densities, high energy densities,
environmental friendly byproducts, and rapid recharging [1-7].
However, on-board hydrogen storage and generation with high
energy density is still challenging for hydrogen fuel cells. Accord-
ing to the U.S. Department of Energy’s Freedom Car Program targets,
the gravimetric density of hydrogen should be at least 6 wt.%, and
the volumetric density should be at least 45kgm~3 by 2010. The
targets for 2015 are 9wt.% for gravimetric density and 81kgm—3
for volumetric density [8].

Hydrogen storage and generation methods have been widely
explored for decades including compressed hydrogen gas, lig-
uid hydrogen, adsorption on carbon nanotubes [9-11] and metal
organic frameworks (MOFs) [12], hydrogen reformation [13,14],
and metal and chemical hydrides [15,16]. However, the low energy
density, high pressure and low temperature requirements, plus
relatively high costs, make many storage methods unpractical
for micro-fuel cell applications. Among these methods, metal
and chemical hydrides have shown the potential for micro-scale
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hydrogen storage and generation because of the high theoreti-
cal hydrogen volumetric density, which is the more critical target
due to constraints on fuel storage space at small scales [17]. To
this end, several metal and chemical hydrides have been stud-
ied to build onboard hydrogen generators for micro-fuel cells.
For instance, a catalytic hydrolysis reaction of an alkaline sodium
borohydride (NaBH4) solution has been widely reported [18-27].
However, a diluted NaBH4 solution will reduce the overall fuel
energy density, which is not desired in micro-scale systems. In
2003, Kong et al. reported a reactor that utilized the hydroly-
sis reaction of hydrides and water vapor. A nickel mesh basket
was used to contain hydride powders and liquid water was added
to the bottom of the reaction vessel [28]. However, the vol-
ume of the nickel mesh basket is about 3% of the volume of
the whole device, which decreased the energy density of the
whole device. Recently, researchers have developed millimeter
scale hydrogen generators integrated with micro-PEM fuel cells
[29-31]. The hydrogen generation is based on the hydrolysis reac-
tion of hydrides, calcium hydride (CaH;) and lithium aluminum
hydride (LiAlH4), with water vapor. The hydride powders and lig-
uid water were loaded into separated microchambers and water
vapor delivery was controlled by a spiral microchannel [31], or
passive microvalves [29,30]. These integrated micro-power gener-
ators have about 200WhL-! energy density, but the liquid water
has to be carried onboard, which consumes additional space and
increases the overall volume and weight of the associated power
generator.
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Table 1
Hydrogen fuel cell reaction and theoretical energy densities of some hydrides if
water is not included as onboard fuel.

Theoretical energy density (WhL-1)
(when the fuel cell operates at 0.6 V)

Hydrolysis reactions

LiBH4 +4H,0 — H3BO3 +LiOH +4H, 2202
MgH, +2H,0 — Mg(OH), +2H, 2601
LiH+H,0 — LiOH + H, 1156
LiAlH4 +4H,0 — Al(OH); + LiOH +4H, 2516
CaH, +2H,0 — Ca(OH), +2H, 1947
Hydrogen fuel cell reaction

2H; +0; — 2H,0

In order to further increase the energy density of the integrated
micro-power generators, water should not be carried onboard, but
recovered from the cathode reaction of the hydrogen fuel cell and
the ambient moisture. The fuel cell reaction of a hydrogen PEM
fuel cell and some hydrolysis reactions are shown in Table 1. As
seen in the reaction formulas in Table 1, the numbers of moles of
water and hydrogen are the same for all the reactions. If all of the
byproduct water can be recycled to the hydride chamber to generate
hydrogen, the micro-fuel cell can maintain its performance without
additional water. This approach reduces the overall size and weight
of the system and increases the energy density.

Recovering and/or recycling water from the cathode reaction has
been used to dilute pure methanol in direct methanol fuel cells
[32-34], but onboard hydrogen generation by recycling byprod-
uct water has not been studied. In this work, a new method for
generating hydrogen onboard by recycling water from the cathode
reaction was studied. As depicted in Fig. 1, the micro-power gener-
ator comprises a hydride fuel chamber and a PEM fuel cell. Due to
the hygroscopic nature of hydride on the anode of the fuel cell and
the byproduct water on the cathode, a concentration gradient of
water vapor is established across the proton exchange membrane
(Nafion®). The water recovery is carried out by water diffusion from
the more humid cathode side to the less humid anode side. The
hydride in the fuel chamber utilizes the byproduct water generated
on the cathode to generate hydrogen without an external water sup-
ply. The purpose of this paper is to describe this onboard hydrogen
generation method by recycling water from the cathode reaction
for developing high energy density micro-power generators with
onboard fuels.

In this work, the proton exchange membrane fuel cells were
made of commercial Nafion 111 (25 pum thick) and 112 (50 pm
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Chiz0 1ow 4_-‘ Choo high
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Fig. 1. Schematic of the hydrogen generation and water transport mechanism in a
water recovery micro-PEM fuel cell. The water vapor concentration gradient was
created by the byproduct water on the cathode and the hygroscopic hydride on the
anode. The hydride in the fuel chamber utilizes the byproduct water generated on
the cathode of the fuel cell to generate hydrogen without an external water supply.
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Fig. 2. Schematic of the membrane electrode assembly (MEA) used in this work.
The MEA is comprised of a Nafion® proton exchange membrane, platinum black
in a nafion-based ink as the catalyst, and two stainless steel sheets as the support

structures and current collectors. The Nafion membrane was sandwiched between
two thin stainless steel sheets by adhesive bonding.

thick), and 25 pm thick stainless steel sheets were used as sup-
port structures and current collectors. CaH, and LiAlH4 were chosen
as model hydrides to perform the experimental work. First, the
water recovery micro-fuel cell (WRMFC) was tested at different
relative humidity at room temperature. The performance of the
WRMEFC - polarization curve, current density at 0.5V, and the
proton conductivity - was measured by a potentiostat. Then WRM-
FCs with different opening areas, different hydrides, and different
Nafion membranes were tested at three different relative humidi-
ties. Finally, 10mm3 WRMFCs were built and life time tests were
performed.

2. Experimental
2.1. Membrane electrode assembly

As shown in Fig. 2, the membrane electrode assembly (MEA) for
the hydrogen PEM fuel cell is comprised of a Nafion proton exchange
membrane, platinum black in a Nafion-based ink as the catalyst,
and two stainless steel sheets as support structures and current
collectors. The Nafion membrane was sandwiched between two
thin stainless steel plates by adhesive bonding [35]. Catalyst inks
were prepared by dispersing platinum black (HiSPEC 1000, Alfa
Aesar, Ward Hill, MA) with Nafion solution, Millipore water, and
isopropanol via sonication. Using the direct painting method, the
catalyst inks were painted onto the Nafion layer of the anode and
cathode to form the membrane electrode assembly. The resulting
catalyst loading was approximately 20 mg cm~2. In addition to the
membrane area, a small amount of catalyst ink was painted onto the
stainless steel current collectors to provide electrical connection.

2.2. Humidity controlled box

A humidity controlled box was made to test the device perfor-
mance at different relative humidities, as shown in the schematic
in Fig. 3. Both dry and humidified air are supplied from compressed
dry air cylinders and a water bubbler was used to humidify air in
one line. The relative humidity in the box was controlled by adjust-
ing the flow rates of dry air and humidified air, which are delivered
to the box through a Tee-connector. An SHT75 digital humidity and

Humidity
sensor

Humidity controlled box

Fig. 3. Schematic of a humidity controlled box. The relative humidity in the box
was controlled by adjusting the flow rates of dry air and humidified air, which are
delivered to the box through a T connector. The humidity inside the box is monitored
and recorded by an SHT75 digital humidity and temperature sensor.
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Fig. 4. Schematic of a testing package with an onboard hydride and a MEA. The
Teflon chamber was used to contain hydride fuels, the cover layer (50 wm stainless
steel sheet) with porous hydrophobic PTFE membrane was used to prevent hydride
powder from touching MEA directly, and the system was sealed by O-rings.

temperature sensor (Sensirion Inc., Switzerland) was used to mon-
itor and record the relative humidity and temperature inside the
box.

2.3. Fuel cell testing

The schematic of a testing package with an onboard hydride and
a MEA is shown in Fig. 4. This package was reused to construct the
prototype WRMFCs and perform the characterization. The Teflon
chamber was used to contain hydride fuels, the cover layer (50 pm
stainless steel sheet) with porous hydrophobic PTFE membrane (GE
Osmonics Labstore, Minnetonka, MN) was used to prevent hydride
powder from touching the MEA directly, and the system was sealed
by O-rings. Both CaH, and LiAlH4 were purchased from Aldrich
Chemical Company (St. Louis, MO). The hydrides were loaded into
the Teflon chamber inside a dry nitrogen glove box (Labconco,
Kansas City, Missouri), since the hydrides can react with the moist
air to generate hydrogen. The prototype WRMFC was tested using
a Solartron SI 1287 potentiostat (Solartron Analytical, Hampshire,
UK). All the tests were performed near room temperature (~22 °C).

3. Experimental results

Fig. 5 shows the polarization curves and power density plots
of two MEAs with Nafion 111 and 112. The hydrogen was supplied
from a compressed hydrogen cylinder and the oxygen was from the
ambient air. The MEA with Nafion 111 has an open cell potential
(the voltage output of the fuel cell in the zero current density limit)
of 0.98 V and a peak power density of 118 mW cm~2. The MEA with
Nafion 112 has an open cell potential of 1V and a peak power den-
sity of 109 mW cm~2. In this study, the MEA with Nafion 111 and
CaH; were chosen to perform subsequent tests with different rela-
tive humidity and opening areas. The performances of the WRMFC
with different Nafion membranes and different hydrides were also
compared. Fig. 6 shows a typical polarization curve of a WRMFC
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Fig. 5. Polarization curves and power density plots of two MEAs with Nafion 111

(25 wm) and 112 (50 wm). Hydrogen is supplied from a hydrogen tank, and oxygen
is from the ambient air.
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Fig. 6. A typical polarization curve of a WRMFC with Nafion 111 membrane, CaH,
fuel, and 4 mm diameter opening area at 45% relative humidity. A potentiostat was
used to control the output voltage of the fuel cell and to measure the resulting output
current density at each scanning voltage. The potentiostat sweeps from open cell
potential to short circuit, then sweeps back from short circuit to open cell potential
at a scanning rate of 10mVs-1.

with Nafion 111 membrane, CaH, fuel, and 4 mm diameter open-
ing area at 45% relative humidity. In this experiment, a potentiostat
was used to control the output voltage of the fuel cell, and measure
the resulting output current density. The potentiostat sweeps from
open cell potential to short circuit, then sweeps back from short cir-
cuit to open cell potential with a scanning rate of 10 mV s~!. Current
density is measured and recorded at each scanning point.

A WRMEFC with Nafion 111 membrane, CaH, fuel, and 4 mm
diameter opening area was tested in the humidity controlled box
at different relative humidities. The polarization curve and cur-
rent density at 0.5V of the WRMFC was measured by a Solartron
SI 1287 potentiostat. The proton conductivity of the WRMFC was
measured with an AC impedance measurement [36]. Fig. 7 shows
the polarization curves (the potentiostat sweeps from 0.1 V to open
cell potential) of this WRMFC at nine different humidity levels from
5% to 90%. The polarization curve at 5% relative humidity does
not appear to have reached a hydrogen mass transport limit, but
the others demonstrate clear mass transport limit. The maximum
current density due to the mass transport limit increased as the rel-
ative humidity is increased. From these polarization curves, we also
can see different performances of the WRMFC at different relative
humidity levels. Fig. 8 shows the change in proton conductivity and
the current density at 0.5V of this WRMFC with increasing relative
humidity.
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Fig. 7. The polarization curves (from 0.1V to open cell potential) of a WRMFC at
nine different humidity levels from 5% to 90%. The polarization curve at 5% relative
humidity does not have a hydrogen mass transport limit, but the others have clear
mass transport limit. The maximum current density due to the mass transport limit
increases as the relative humidity is increased.
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Fig. 8. Proton conductivity and the current density at 0.5V of a WRMFC at nine
different humidity levels from 5% to 90%. The proton conductivity and the current
density at 0.5V of this WRMFC increases as the relative humidity is increased. The
proton conductivity of the WRMFC decreases drastically as the relative humidity is
lower than 25%.

In order to control the hydrogen generation rate, control mech-
anisms have to be studied. As shown in Fig. 4, after the MEA has
been made and mounted to the package, the only parameter that
can be changed is the opening area on the cover layer. In this work,
three devices with three different opening areas, 1 mm diameter,
2 mm diameter, and 4 mm diameter, were tested at different relative
humidities. Fig. 9 shows the current densities at 0.5V of the WRM-
FCs with three different opening areas at three different humidity
levels. At 15% relative humidity, the device with 4 mm diameter
opening has current density between the other two devices. At 45%
and 90% relative humidity, the current density at 0.5V is higher for
the larger opening areas.

As demonstrated in our previous work [17], LiAlH4 also has a
more complete hydrolysis reaction with pure water. In this work,
a WRMFC with Nafion 111 membrane and 2 mm diameter opening
area was loaded with LiAIH4 powder and tested. The comparison
of current density at 0.5V with CaH, and LiAlHy4 fuels is shown in
Fig. 10. At 15% relative humidity, the current density with CaHj is
higher than that with LiAlH4, while the current density with LiAlH,4
is higher than that with CaH, at 45% and 90% relative humidity. The
WRMFC with Nafion 112 membrane, CaH, fuels, and 2 mm diameter
opening area was also tested. As shown in Fig. 11, the device with
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Fig. 9. The current densities at 0.5V of a WRMFC with three different opening areas
at three different humidities. At 15% relative humidity, the device with 4 mm diame-
ter opening has current density in between the other devices. At 45% and 90% relative
humidity, the current density at 0.5V is higher with bigger opening areas.
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Fig. 10. A comparison of current density at 0.5V of a WRMFC with CaH; and LiAlH,4
fuels. The devices with a 2 mm diameter opening area were tested at three different
humidities. At 15% relative humidity, the current density with CaH, is higher than
that with LiAlH4, while the current density with LiAlHy is higher than that with CaH,
at 45% and 90% relative humidity.
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Fig. 11. A comparison of current density at 0.5V of a WRMFC with Nafion 111 and
Nafion 112 membranes. The device has a2 mm diameter opening area and was tested
with CaH; fuels at three different humidities. The device with Nafion 112 shows
slightly lower current density at 0.5V than the device with Nafion 111.

Nafion 112 shows slightly lower current density at 0.5V than the
device with Nafion 111.

As mentioned above, this water recovery method paves the
way for achieving higher energy densities for micro-fuel cells. The
schematic of a 10mm?3 integrated device is shown in Fig. 12. It
consists of a hydrogen generator connected to a fuel cell. CaH,

| 4 .5mm |

Spacer—__
Cover layer—=""

Porous membrane

Fig. 12. Schematic of a 10 mm?® WRMFC. CaH, is loaded into the stainless steel cap
in a dry nitrogen glove box.
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Fig. 13. The current density of a 10mm? integrated devices with 0.2 mm? opening
areas on the cover layer at different relative humidity. The current density of this
WRMEFC is very sensitive to the relative humidity.

was loaded into the stainless steel cap in a dry nitrogen glove box
(Labconco, Kansas City, Missouri). Fig. 13 shows the current den-
sity of a 10 mm? devices with 0.2 mm? opening area on the cover
layer at different relative humidities. The current density of this
WRMEC is very sensitive to the relative humidity. As can be seen
from Fig. 13, the current density changes immediately when the
relative humidity changes. Fig. 14 shows the life time test results of
two 10 mm? devices with 0.2 mm?2 and 0.4 mm? opening areas on
the cover layer, respectively. The tests were performed at constant
50% relative humidity. Since both of the devices were operated in
the mass transport limit region, the current density is the high-
est at the beginning and gradually decreased to zero in several
hours. The maximum power density is 104WL-!, and the max-
imum energy density is 313WhL-'. The burst of current at the
beginning is because the hydrogen was generated and pressurized
inside the stainless steel cap during transferring the devices from
dry glove box to the humidity controlled box. After the accumu-
lated hydrogen was consumed by the fuel cell at relatively high
current, the current dropped to the hydrogen generation limit
region.
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Fig. 14. Life time test results of two 10 mm? integrated devices with 0.4 mm? and
0.2 mm? opening areas on the cover layer, respectively. The tests were performed at
constant 50% relative humidity. Since both of the devices were operated in the mass
transport limit region, the current density is highest at the beginning and gradually
decreased to zero in several hours. The maximum power density is 104 WL, and
the maximum energy density is 313WhL-1.

4. Discussion

The results show further evidence that WRMFCs can meet both
the energy and power density requirements for micro-power appli-
cations. As shown in Table 1, the theoretical volumetric energy
density of some hydride fuels without onboard water can be above
2000W hL-1, which is four times higher than the current lithium
ion batteries [37]. However, the performance of the MEA with pure
hydrogen is better than the WRMFC with hydride on the anode, as
shown in Figs. 5 and 7. This lower performance results from the
presence of a hygroscopic hydride on the anode dehydrating the
MEA and thereby decreasing the proton conductivity, especially at
low humidity. In addition, the water diffusion rate through the MEA
also limits the performance. These problems can be addressed by
utilizing self-hydration and thinner MEAs [38] in future designs.
A typical polarization curve of a WRMFC at 45% relative humid-
ity is shown in Fig. 6. The current starts from a low current level
of microampere and increases as the potentiostat sweeps from an
open cell potential to short circuit. The low current can cause hydro-
gen accumulation at the beginning because the WRMFC also can get
water from atmosphere to generate hydrogen. The accumulated
hydrogen extends the current region beyond the level of hydro-
gen transport limit in the polarization curve. After the accumulated
hydrogen is consumed, the current drops to the level of hydrogen
transport limit. When the potentiostat sweeps from short circuit to
open cell potential, there is no hydrogen accumulation at the begin-
ning and the current starts from the level of hydrogen transport
limit. As shown in Fig. 7, the performance of the WRMFC is strongly
affected by the relative humidity, because the byproduct water that
is recovered and converted to hydrogen via the hydrolysis reaction
is related to the relative humidity. The byproduct water can evap-
orate into the ambient air, while the water vapor in the ambient
air also can diffuse into the hydride chamber through the Nafion
membrane. Only after equilibrium is reached, can all of the byprod-
uct water be recovered, and no additional water from the ambient
diffuses into the hydride chamber. However, the relative humidity
strongly affects the equilibrium state and the water diffusion rate
through the Nafion as a function of the relative humidity.

As shown in Fig. 8, the proton conductivity of the WRMFC
decreases drastically when the relative humidity is lower than 25%.
Compared to the proton conductivity of Nafion 117 (175 pm thick)
at different relative humidities shown in literature [39], the MEA
in the water recovery device has lower proton conductivity. The
lower conductivity is due to the desiccating nature of the hygro-
scopic hydride directly on the anode of the MEA, which decreases
the proton conductivity by dehydrating the MEA. The current den-
sity at 0.5V shows a similar trend as the proton conductivity at low
humidity levels, because it is mainly determined by the low proton
conductivity. At 5% relative humidity, the polarization curve does
not have a mass transport limit, because the hydrogen generation
rate is higher than the maximum hydrogen consumption rate by the
fuel cell. As the relative humidity was higher than 15%, the hydro-
gen generation rate is linearly related to the relatively humidity and
produces a current density with a linear trend. However, the current
density curve starts to flatten out as the relative humidity is higher
than 65%. This behavior may be due to strong electroosmotic drag
at high current levels [40,41], which can pull water with protons
from the anode to the cathode. This opposite water transport slows
down water diffusion from the cathode to the anode.

Fig. 9 shows the performance of a water recovery device with
three different opening areas: 1,2,and 4 mm in diameter. The device
with the largest opening has a higher performance at high rela-
tive humidity, but a lower performance at low humidity. The larger
exposed area to the hydride causes lower proton conductivity at low
relative humidity, which dominates the fuel cell performance. How-
ever, the current density is not proportional to the opening area,
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which shows that the opening area is not the only factor affecting
water diffusion through the Nafion membrane. Other factors, such
as the area of the Nafion membrane, electroosmotic drag at high
current, and the distance between the Nafion and the hydride, also
play important roles.

Fig. 10 shows that the device with LiAlH4 has a higher perfor-
mance at high relative humidities, but a lower performance at lower
humidities, compared to the device with CaH,. This phenomenon
can be explained by the powder size of these two hydrides. LiAlH,4
has a much smaller powder size than CaH,, resulting in a larger
exposed area to water vapor. At low relative humidity, the larger
exposed surface area of the LiAIH4 powder causes lower proton con-
ductivity and dominates the performance of the fuel cell. At high
relative humidities, the larger exposed surface area of the LiAlH,4
powder results in a higher hydrogen generation rate and increases
the performance of the fuel cell. Fig. 11 shows that the device with
Nafion 111 has a slightly higher performance than the device with
Nafion 112. The hydrogen generation rate, corresponding to the
water diffusion rate through the MEA, increases with a thinner MEA.
However, the thickness of the catalyst layers also can affect water
diffusion. Since the catalyst layers are about 50 pwm thick and the
Nafion membrane is 25-50 pm thick, the catalyst layers could be
the dominant factors.

As shown in Figs. 13 and 14, the maximum energy density is
313WhL-! fora WRMFC with a 38% volumetric ratio of fuel cham-
ber to device. This energy density is higher than the energy density
of our previous devices with onboard water [29,31], but it is still
much lower than the theoretical energy density of 740 Wh L~ if the
fuel chamber were completely filled with CaH, fuels. In this work,
the fuel chamber was not completely filled with hydride because
volume expansion of the hydride reactant to hydrate product can
break the epoxy bonding holding the chamber to the MEA. In addi-
tion, some hydrogen may be lost due to the hydrogen crossover
through the MEA.

5. Conclusion

An onboard hydrogen generation method by recycling water
from the cathode reaction was introduced in this paper. Water-
recovery micro-fuel cells were constructed and tested. The results
show that this method can be used to build high energy density
power sources for micro-scale applications in the future. Although
the performance of the WRMFCs is affected strongly by the relative
humidity, about 1 mW power has been generated by an MEA with
12.6 mm? area at 25% relative humidity. The performance of water
recovery devices is mainly determined by the proton conductivity
of the MEA at low humidity and by the water diffusion rate through
the MEA at high humidity. In addition, an opposing electroosmotic
drag also can affect the water diffusion rate from the cathode to the
anode if the current density is high. The opening area on the cover
layer can also affect the performance of the water recovery devices,
and this phenomenon can be used to control the hydrogen gener-
ation rate by integrating feedback control mechanisms into these
devices to control the opening area. Two hydrides, CaH, and LiAlHy,
have been studied in the WRMFCs. A 10 mm?3 prototype WRMFC has
been built and tested. A maximum power density of 104 WL~ and
a maximum energy density of 313 WhL-! have been produced by
the WRMEFCs.
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