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a b s t r a c t

The objective of this work was to develop a hydrogen storage module for onboard electrical power sources
suitable for use in micro-power systems and micro-electro-mechanical systems (MEMS). Hydrogen
storage materials were developed as thin-film inks to be compatible with an integrated manufactur-
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ing process. Important design aspects were (a) ready activation at sub-atmospheric hydrogen pressure
and room temperature and (b) durability, i.e. capable of hundreds of absorption/desorption cycles and
resistance to deactivation on exposure to air. Inks with palladium-treated intermetallic hydrogen stor-
age alloys were developed and are shown here to be compatible with a thin-film micro-fabrication
process. These hydrogen storage modules absorb hydrogen readily at atmospheric pressure, and the

tes re
aNi4.7Al0.3

hin-film

absorption/desorption ra

. Introduction

The objective of this work was to develop a hydrogen storage
odule for onboard electrical power sources and suitable for use

n micro-power systems and micro-electro-mechanical systems
MEMS). At Case Western Reserve University, researchers are now
eveloping a number of micro-power systems, including a micro-
abricated hydrogen–air PEM fuel cell system with integrated fuel
torage for autonomous operation [1]. Another development is
new type of low-pressure nickel–hydrogen battery which uses

ydrogen gas directly from hydrogen storage materials [2,3]. Both
f these and other micro-power systems need an effective and
urable hydrogen fuel source that operates under ambient con-
ition.

For micro-power systems, a critical factor related to the energy
apacity is the voluminal capacity of the hydrogen storage method.
ue to safety and mechanical strength limitations, the working
ressure and temperature of the hydrogen storage module should
e near ambient condition. In the micro-power systems, the hydro-
en source is integrated with the micro-power systems, so it should
e compatible with the working environments, such as the durabil-
ty on exposure to high humidity in the fuel cell environment. Also,
he hydrogen storage capacity and absorption/desorption kinetics
hould not be significantly affected by the micro-fabrication pro-
ess, which involves mixing the hydrogen storage alloy powder

∗ Corresponding author. Tel.: +1 330 972 2968; fax: +1 330 972 5141.
E-mail address: shan@uakron.edu (X. Shan).
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mained fast even after the ink was exposed to air for 47 weeks.
© 2010 Elsevier B.V. All rights reserved.

with polymer binders and baking in air to form thin-film ink. For
longer service life and lower cost, the hydrogen source should be
reusable. In order to provide high current, the hydrogen release rate
should be fast.

A basic property of the metal hydride is the pressure-
composition-isotherm (PCI). The PCI is the relationship between
the hydrogen pressure and hydrogen composition in the hydride
under constant temperature. Usually, the hydrogen composition
is expressed as the ratio between the number of hydrogen atoms
stored in the metal to the number of metal atoms H/M. On the PCI
curve, there is usually a hysteresis between the absorption pro-
cess and desorption process, and the desorption pressure is lower
than the absorption pressure for the same hydrogen composition.
Each process shows a plateau region, in which the hydrogen com-
position changes over a wide range while the hydrogen pressure
only changes slightly. The middle part of the plateau is defined as
the plateau pressure. The working pressure of the metal hydride is
near the plateau pressure.

Palladium is the first metal that was found to store hydrogen. For
palladium to absorb hydrogen, no activation is needed [4]. In our
work, palladium was used in the proto-type of the micro-fabricated
PEM fuel cell. However due to the low desorption pressure at room
temperature, which is 0.83 kPa [5], hydrogen in palladium could
not be released effectively at room temperature. Hydrogen stor-

age alloys with applicable working pressures and high storage
capacities were identified. However, a common characteristic of
the hydrogen storage alloys is that they need a form of activation
before they can absorb hydrogen to maximum capacity and reach
the maximum hydriding/de-hydriding rate. The activation involves

dx.doi.org/10.1016/j.jpowsour.2010.07.069
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shan@uakron.edu
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Fig. 1. Scheme of thin-film ink.

xposing the hydrogen storage alloy to high pressure and/or high
emperature, which are far beyond the mechanical limit for the

icro-power systems of interest. Also, when the activated mate-
ials are exposed to air, they soon lose the capability to absorb
ydrogen and need to be activated again. In order to use hydrogen
torage metals and alloys in the micro-power systems, a treatment
as needed to lower the activation pressure and temperature and

o keep the activity of the alloys.
By modifying the surface composition/structure of the hydro-

en storage alloys, the activation performance and absorp-
ion/desorption kinetics of hydrogen storage materials can be
mproved. The surface modification can be chemical treatment
6,7], coating with Pt group metals by electroless plating [8], or

echanical grinding the intermetallic alloys with catalysts to nano-
ize particles [9–11].

It was found that, mechanically grinding a small amount of pal-
adium or platinum with the hydrogen storage alloys was shown
o greatly increase the hydrogen storage performance and lower
he activation pressure to sub-atmosphere [12,13]. The resistance
o air exposure was also greatly increased [14]. The mechanism
f the increased performance and durability has been presented
13]. In this work, the performances of the palladium-treated alloys
nd thin-film inks made with the palladium-treated alloys were
eveloped and evaluated.

. Materials and methods

.1. Materials

The palladium used in this study had a surface area of 20 m2 g−1

nd was from Alfa Aesar Inc. The intermetallic alloys investigated
ere LaNi4.7Al0.3 and CaNi5, and were obtained from Ergenics

nc., Ringwood, NJ. To prepare the palladium-treated alloy, the as-
eceived alloy particles were mixed with palladium powder in the
eight ratio of 10:1 and ground with mortar and pestle in air for 25

o 30 min. Procedure on the preparation of the palladium-treated
ydrogen storage alloys was reported elsewhere [12,14].

The application of the hydrogen storage intermetallic alloys in
he micro-power system was in the form of thin-film ink composed
f a mixture of the palladium-treated alloy and polymer binders.
o prepare the ink, the solvent and the polymer binder were mixed
ogether first and a homogenizer was used to make a uniform solu-
ion. Hydrogen storage alloy was added to the solution and mixed
ogether with the solution into a uniform paste. The paste was
pplied on an alumina ceramic slide as a thin-film as shown in Fig. 1.
he size of the ceramic slide was 50 mm by 12.5 mm. The ink was
ried in air or oven to remove the solvent from the paste. After
rying, the thickness of the ink was about 0.2–0.5 mm. Two poly-
er binders were studied, and they are polyethylene oxide (PEO)

nd polyvinylidene fluoride (PVDF). For the ink made with PEO, it
ontained 0.5 wt.% binder, while for the ink made with PVDF, the
mount of binder was 2 wt.%.

The composition of the hydrogen gas was: H2 99.95%, O2 10 ppm,
2 400 ppm, H2O 32 ppm.
.2. Methods

The hydrogen absorption/desorption and the pressure-
omposition isotherm (PCI) tests were carried on a Sievert’s
Fig. 2. Absorption/desorption cycle test instrument.

apparatus at room temperature. Hydrogen absorption/desorption
cycle tests were performed with a modified Sievert’s apparatus,
which had four sample containers and each sample container
could be controlled independently. The cyclic test apparatus
was made with VCR® fittings and bellows valves from Swagelok
Company. The sample container for the cyclic test and the Sievert’s
apparatus were interchangeable. Fig. 2 shows the test instrument
for the cyclic test. The data collection and system control were
performed with LabVIEW®. The cycle tests were carried out at
room temperature, and the four samples were tested together.
The absorption/desorption schedule was 10 min absorption under
approximately 110 kPa hydrogen followed by 10 min desorption
in vacuum, and the cycle was repeated for as many as 5000 cycles.
During the absorption process, the pressure change was less than
5% of the initial applied pressure, so essentially the tests were
run under constant pressure. In order to examine performance of
the sample, the absorption/desorption properties of each sample
were measured individually after every 250 cycles. After every
1000 cycles, the sample container was transferred from the cycle
test station to the Sievert’s apparatus with the sample in vacuum
for the measurement of the PCI behavior, and then the samples
were taken out from the sample containers for structural integrity
examination. The total air exposure time during structural integrity
examination was between 24 and 72 h.

For the cycle test, the effect of humidification was examined.
Hydrogen was used in the as-received condition was tested, and
hydrogen with 75% relative humidity was also tested. To obtain 75%
relative humidity, the hydrogen gas flowed slowly through a 500 ml
gas wash bottle which contained 200 ml saturated NaCl solution
before entering the cycle test instrument [15].

The effects of cyclic exposure on the structural integrity of
ink modules and intermetallic particles were examined by scan-
ning electron microscopy (SEM) and X-ray diffraction (XRD). The
SEM analysis was performed on Philips XL-30, XRD analysis was
performed on a computer controlled Scintag XRD with DMSNT
software.

3. Results

The hydrogen storage performance of LaNi4.7Al0.3 and CaNi5
were improved by Pd-treatment composed of grinding with small

amount of palladium [12,14]. Freshly ground, un-treated CaNi5
could not be activated under atmospheric hydrogen pressure
in short time at room temperature. Freshly ground, un-treated
LaNi4.7Al0.3 could be activated under atmospheric pressure hydro-
gen at room temperature, but it lost the atmosphere pressure
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cycles, and then it increased with increasing cycle number until
2500 cycles. After 2500 cycles the absorption rate was essentially
constant.

The effects of cycle test on the hydrogen storage capacities
of the thin-film inks varied with the alloy used. Inks made with
ig. 3. First hydrogen absorption (charging) of thin-film inks with Pd-treated
aNi4.7Al0.3.

ctivation behavior in less than 100 h after being exposed to air [14].
fter grinding with palladium, these two alloys could absorb hydro-
en readily below atmospheric pressure even after being exposed
o air for more than 2 years, and both the hydrogen absorption
nd desorption rates were increased significantly compared to the
amples without the palladium-treatment [12,14].

After the micro-fabrication process and air exposure, the
nks were still active under atmospheric pressure at room tem-
erature, and kept the fast absorption/desorption rates. The
torage capacities were not significantly affected by the micro-
abrication process. Fig. 3 shows the first hydrogen absorption of
he palladium-treated LaNi4.7Al0.3 PEO and PVDF thin-film inks
nder 100.1 kPa hydrogen. For comparison, the first hydrogen
bsorption of the freshly prepared palladium-treated LaNi4.7Al0.3
owder sample and the absorption of the activated (after 5 absorp-
ion/desorption cycles under atmosphere hydrogen) freshly ground
aNi4.7Al0.3 sample without palladium-treatment are also shown
n Fig. 3. As their corresponding palladium-treated alloys, the inks
ould easily absorb hydrogen in the first absorption under atmo-
phere hydrogen. While the inks had faster absorption rates than
n-treated powders, the absorption rates of the inks were slower
han those of the corresponding palladium-treated powder sam-
les in the first absorption. The absorption half reaction times
or palladium-treated LaNi4.7Al0.3 PEO ink was 1.8 and 9.8 min for
alladium-treated LaNi4.7Al0.3 PVDF ink. Those compare to 0.4 min
or the palladium-treated LaNi4.7Al0.3 before the micro-fabrication
rocess and 12 min for the un-treated freshly ground LaNi4.7Al0.3.
ompared to powders, while the Pd-treatment was effective for

nks, the micro-fabrication process decreased the absorption rate
f palladium-treated LaNi4.7Al0.3.

Fig. 4 shows the first hydrogen absorption of the freshly pre-
ared palladium-treated CaNi5 PEO and PVDF thin-film inks under
9.0 kPa hydrogen. For CaNi5 inks in the first hydrogen absorption,
he absorption half reaction times were 5.3 min for the ink with
EO binder and 4.6 min for the ink with PVDF binder, and those
ompare to 1.7 min for the powder sample. The micro-fabrication
rocess slightly decreased the absorption rate of palladium-treated
aNi5 powder, and it also showed similar effect on the desorption
rocess of palladium-treated CaNi5.

Inks made from both palladium-treated LaNi4.7Al0.3 and CaNi5
lloys kept the atmosphere activation property after extended

ir exposure. The longest air exposure tested was 47 weeks on
alladium-treated LaNi4.7Al0.3 PEO ink. After this extended long-
ime air exposure, the ink could still absorb hydrogen readily in the
rst hydrogen absorption under atmosphere hydrogen. While the
Fig. 4. First hydrogen absorption (charging) of thin-film inks with Pd-treated CaNi5.

polymer binders and/or the ink preparation process caused some
degradation to the absorption rates of the palladium-treated pow-
ders, the inks made with the palladium-treated alloys still kept
the atmosphere activation property. Furthermore, the hydrogen
absorption rates of these inks were significantly better than the
alloys without palladium-treatment.

To examine durability, absorption/desorption cycle tests were
carried on fabricated storage modules to study the absorp-
tion/desorption properties as well as the structural integrity of the
ink modules. The effect of cycle tests on the absorption rates of
palladium-treated alloy inks was small in the un-humidified hydro-
gen. Fig. 5 shows the absorption behavior of the PEO ink prepared
with palladium-treated LaNi4.7Al0.3 as a function of cycle number
in the un-humidified hydrogen. During the first 2000 cycles, the
absorption rate increased with increasing the cycle number, and
then the absorption rate became nearly constant with increasing
the cycle number up to 5000 cycles. The half reaction time for
the first hydrogen absorption was 1.8 min, and after 5000 cycles
the absorption half reaction time was 1.1 min. Fig. 6 shows the
effect of cycle number on the absorption of palladium-treated CaNi5
PEO ink. The absorption rate decreased slightly in the first 1000
Fig. 5. Effect of absorption/desorption cycles on the absorption of Pd-treated
LaN4.7Al0.3, PEO ink.
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ig. 6. Effect of absorption/desorption cycles on the absorption of Pd-treated CaNi5
EO ink.

aNi4.7Al0.3 were more stable than the inks made with CaNi5. The
quilibrium H/M of the palladium-treated LaNi4.7Al0.3 PEO ink as a
unction of cycle number is shown in Fig. 7. The equilibrium H/M
ecreased from 0.71 to 0.60 after 5000 cycles, i.e. a decrease of 14%.
uring each 1000 cycles, the equilibrium hydrogen concentration
ept almost constant, and the air exposures after each 1000 cycles
aused a hydrogen equilibrium concentration decrease for the fol-
owing 1000 cycles. The cyclic stability of the palladium-treated
aNi4.7Al0.3 powder sample was also tested, and the storage capac-
ty changes with absorption/desorption cycle showed the same
endency as the ink sample as shown in Fig. 7. For the palladium-
reated CaNi5 PEO ink sample, the absorption equilibrium hydrogen
oncentration was 0.5 H/M after 5000 cycles. The freshly prepared
alladium-treated CaNi5 PEO ink absorbed 0.77 H/M hydrogen, so
he decrease of the equilibrium concentration was 0.27 H/M or 35%
f the original capacity. The decrease of CaNi5 PEO ink capacity was
bout twice that of the LaNi4.7Al0.3 PEO ink.

The capacity decrease of the alloys in the cycle test was indi-
ated by decrease of the width of the plateau region of the alloy.
he plateau slope and the plateau pressures of the alloy were basi-

ally not affected by the cycle test. Figs. 8 and 9 show the effects
f hydrogen absorption/desorption cycle test on the PCI behavior
f palladium-treated LaNi4.7Al0.3 and CaNi5 PEO inks, respectively.
or both samples, the maximum H/M in the tested pressure range

ig. 7. Effect of absorption/desorption cycles on the absorption equilibrium H/M of
d-treated LaNi4.7Al0.3 powder and PEO ink in un-humidified hydrogen.
Fig. 8. Effect of absorption/desorption cycles on PCI of Pd-treated LaNi4.7Al0.3, PEO
ink in un-humidified hydrogen.

decreased with increasing cycle number, and the effect of cycle
on the plateau pressures and plateau slopes were negligible. The
effects of cycle test on the PCI behavior of the palladium-treated
alloy powder samples were also tested, and the PCI behavior of the
alloys’ were the same as that of their corresponding inks. Those
results show that the effect of ink preparation processes and the
binders on the PCI of the alloys was small.

The amount of binder in the ink was low, i.e. 0.5–2 wt.% for both
LaNi4.7Al0.3 and CaNi5 alloys. The as-received ink surfaces were
quite smooth, and the inks kept their structural integrities during
the cycle test in un-humidified hydrogen for most of the test time.
No loose powder or blisters were found on the thin-film inks after
the tests. Before the cycle test, the particle size of LaNi4.7Al0.3 was
less than 15 �m, and after 5000 cycles, the particle size was about
2 �m, i.e. the particle size decreased about 8 times. For CaNi5 PEO
ink, the particle size of CaNi5 was about 50 �m before the test, and
after 5000 cycles, the particle size was about 5 �m, i.e. a decrease
of about 10 times.

Fig. 10 shows the absorption curve of palladium-treated
LaNi4.7Al0.3 PVDF ink tested under 75% relative humidity hydro-
gen, the equilibrium H/M of the ink as a function of cycle number is

shown in Fig. 11. With increasing the absorption/desorption cycle
number, both the equilibrium H/M and initial hydrogen absorp-
tion rate decreased. The decreased rate of equilibrium H/M was
linear with the cycle number. Unlike the test in the un-humidified

Fig. 9. Effect of absorption/desorption cycles on PCI of Pd-treated CaNi5, PEO ink in
un-humidified hydrogen.
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Fig. 10. Effect of absorption/desorption cycles on the absorption of Pd-treated
LaNi4.7Al0.3 PVDF ink in hydrogen with 75% relative humidity.
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ig. 11. Effect of absorption/desorption cycles on the absorption equilibrium H/M
f Pd-treated LaNi4.7Al0.3 and PVDF ink in hydrogen with 75% relative humidity.
ydrogen, the air exposure after each one thousand cycles had no
pparent effect on the equilibrium H/M in the following test period.

Water vapor in the hydrogen had significant effect on the PCI
ehaviors of the alloys in the cycle tests. Fig. 12 shows the PCI of the

ig. 12. Effect of absorption/desorption cycles on PCI of Pd-treated LaNi4.7Al0.3 PVDF
nk in hydrogen with 75% relative humidity.
urces 196 (2011) 827–834 831

palladium-treated LaNi4.7Al0.3 PVDF ink before cycle test and after
1000, 2000 and 3000 hydrogen absorption/desorption cycles in 75%
relative humidity hydrogen. With increasing cycle number, both
the slopes of the absorption and desorption plateaus increase, and
the widths of the plateau regions decreased, so the usable amount
of absorbed hydrogen decreased. The PCI of the palladium-treated
LaNi4.7Al0.3 powder sample as a function of cycle number under
the same humidity hydrogen, and the same PCIs as the ink sample
were obtained. By comparing the PCIs of the ink sample to the pow-
der sample tested under the same condition, the polymer binder
showed no effect on the cycle stability of LaNi4.7Al0.3 powder in
humidity hydrogen.

In general, the overall ink structural integrity was not sig-
nificantly affected by the cycle test with the presence of water
vapor. Fig. 13 shows the morphology changes of palladium-treated
LaNi4.7Al0.3 PVDF ink tested under 75% relative humidity hydrogen
with increasing the hydrogen absorption/desorption cycle num-
ber. After the first 1000 cycles, one piece of ink with the size of
several square mm peeled off from the ceramic slide at the cor-
ner of the ink. Other than that, the other part of the ink kept its
overall structural integrity. Before the test, the surface of the ink
was smooth and uniform, with increasing the cyclic number, the
roughness of the ink surface increased. With increasing the absorp-
tion/desorption cycles, the particle size decreased dramatically, and
after 3000 cycles, the particle size of LaNi4.7Al0.3 decreased from 15
to 20 �m to around 2 �m as shown in Fig. 13.

4. Discussion

The mechanism for increased performance and durability of
the palladium-treated alloys was determined [13]. Degradation of
performance for un-treated alloys is related to oxidation of the
alloy surface and enhanced performance is related to beneficial
effect of palladium. The beneficial effect of palladium in general
for hydrogen reactivity is related to enhanced hydrogen spillover
in the absorption process and reverse hydrogen spillover in the des-
orption process [16–20]. The deactivation of the hydrogen storage
alloys is related to the oxidation of the alloy surfaces, which greatly
reduces the hydrogen reactivity of the alloy’s surface [21–24].
Palladium is stable and well known for its capacity to dissociate
molecular hydrogen. When palladium particles are attached to the
alloys’ surfaces, molecular hydrogen can be dissociated into hydro-
gen atoms on palladium. The hydrogen atoms are spilt-over to the
alloy surface, diffuse through the oxide layer and react with the
alloy [13]. As long as palladium is in metallic state and attached to
the intermetallic particle surface, hydrogen spillover and reverse
hydrogen spillover can occur, and the alloys are active.

XPS analysis results indicate that after 5000 absorp-
tion/desorption cycles in un-humidified hydrogen, the binding
energy of Pd3d5/2 and Pd3d3/2 are 335.1 and 330.5 eV respectively,
which correspond to metallic palladium. No chemical changes
were observed for palladium. Fukada [25] showed that palladium
can keep its hydrogen absorption/desorption properties and has
no microscopic changes for more than 1000 cycles. These results
indicate that the catalytic effect of palladium should not be affected
by the cycle tests. Therefore, degradation of palladium-treated
LaNi4.7Al0.3 and CaNi5 were not caused by the deactivation of
palladium.

Intermetallic compounds are usually metastable phases and
have the tendency to break up metallurgically to form stable, not

easily reversed hydrides during the absorption/desorption cycle
test, a process called disproportionation [26]. Fig. 14 shows the
XRD results of the palladium-treated LaNi4.7Al0.3 PEO ink before
test and after 1000, 3000 and 5000 cycles in un-humidified hydro-
gen. Except that the peak intensity ratio between palladium and



832 X. Shan et al. / Journal of Power Sources 196 (2011) 827–834

F i4.7Al
c , (f) a

L
d
w
g
L
u
i
a

5
p
t
t
m
L

ig. 13. Effect of absorption/desorption cycles on the morphology of Pd-treated LaN
ycles, (c) after 2000 cycles, (d) after 3000 cycles, (e) before test, high magnification

aNi4.7Al0.3 increases slightly. The diffraction pattern of LaNi4.7Al0.3
oes not change with increasing cycle number. This is in agreement
ith Suzuki’s result [27] which showed that after 2000 hydro-

en absorption/desorption cycles, the X-ray diffraction pattern of
aNi4.7Al0.3 did not change. Therefore, the alloy’s phase structure is
nchanged during the cycle test, and the main reason for the capac-

ty decrease of LaNi4.7Al0.3 is not due to disproportionation of the
lloy.

The results showed that under un-humidified hydrogen, after
000 cycles, the equilibrium H/M decreased 14–20% for the

alladium-treated LaNi4.7Al0.3 powder and PEO ink samples, and
he decrease mainly happened when the samples were exposed
o air. Further, the air exposure after each 1000 cycles was the

ain reason for the capacity decrease of the palladium-treated
aNi4.7Al0.3 powder and ink. The air exposure leads to the oxidation
0.3 PVDF ink in hydrogen with 75% relative humidity: (a) before test, (b) after 1000
fter 3000 cycles, high magnification.

of the particle surface. The surface area increases with increasing
absorption/desorption cycles because of the decrepitation of the
alloy particles. This leads to an increase in the amount of oxides
formed during air exposure with increasing cycle number. The sur-
face oxidation has two effects. One is the decrease of the amount
of usable LaNi4.7Al0.3, and another is the deactivation of parts of
the powder particles. As the SEM results show, with increasing
absorption/desorption cycle number, alloy particles start to break
into smaller particles due to decrepitation. Some of the smaller
particles have no palladium particles attached to the surface, and

they are also separated from other particles or far away from the
particles that have palladium on the surfaces. During the air expo-
sure, these particles were deactivated by the air exposure. In the
absorption process, it is hard for hydrogen atoms formed on the pal-
ladium surface to diffuse to these particles, so these particles stop
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ig. 14. XRD of Pd-treated LaNi4.7Al0.3 PEO ink after cycles in un-humidified hydro-
en: (1) before test, (2) after 1000 cycles, (3) after 3000 cycles, (4) after 5000 cycles.

bsorbing hydrogen under atmospheric pressure hydrogen at room
emperature. The number of this type of isolated particles increases
ith increasing cycle numbers because of the decrease of the par-

icle size. This leads to the decrease of the amount of hydrogen
bsorbed.

Exposure to the water vapor decreases the storage capacity of
alladium-treated LaNi4.7Al0.3 during the cycle test under 75% rel-
tive humidity. Fig. 15 shows the XRD results of PVDF ink after
ested under hydrogen with 75% relative humidity. The degradation

echanism for LaNi4.7Al0.3 tested under un-humidified hydrogen
hould also account for the degradation of LaNi4.7Al0.3 tested under
umidified condition. It was reported that H2O can split on the
aNi4.7Al0.3 or palladium surface, and this results in surface oxi-
ation [28]. The water vapor reacts with the alloy and forms an
morphous phase on the surface [29]. Water vapor can also greatly
educe the reactivity of hydrogen dissociation on the LaNi4.7Al0.3

urface, and the effect of water vapor on the hydrogen reactivity
s even stronger than that of oxygen [21,30]. During cycle tests in
umidified hydrogen tests, the water vapor existed in the hydrogen
ll the time, as opposed to the tests in un-humidified hydrogen, in
hich exposure to humidity occurred only during integrity exam-

ig. 15. XRD of Pd-treated LaNi4.7Al0.3 PVDF ink after cycles in hydrogen with 75%
elative humidity: (a) before test, (b) after 2000 cycles, (c) after 3000 cycles.
Fig. 16. XRD of Pd-treated CaNi5 PEO ink after cycles in un-humidified hydrogen:
(1) before test, (2) after 1000 cycles, (3) after 3000 cycles, (4) after 5000 cycles.

ination break. This continuous exposure to moisture made the
attack of the water vapor much more severe.

For CaNi5, though oxidation-induced degradation likely con-
tributes to degraded performance, the degradation is mainly caused
by disproportion. Fig. 16 shows the X-ray diffraction pattern
of palladium-treated CaNi5 PEO ink before the cycle test and
after 1000, 3000 and 5000 absorption/desorption cycles in un-
humidified hydrogen. With increasing cycle number, the X-ray
diffraction pattern shows two effects. One effect is the increase of
the CaNi5 peaks width, and the other is the increase of the rel-
ative intensity of the palladium peak. By checking the count per
second (CPS) of the diffraction peaks, it is found that the relative
intensity change of palladium is mainly due to the decrease of
the CaNi5 diffraction peaks, and the CPSs of the palladium peaks
remain almost unchanged with increasing cycle number. The XRD
results of CaNi5 show that the structure of CaNi5 changed during
the cycle test, while palladium remained unchanged. The CaNi5 is
not a stable phase and disproportionation tends to occur during
absorption/desorption process [31]. The disproportionation prod-
ucts, such as Ni, form oxide on the surface during the air exposure,
and this leads the relative intensity decrease of the XRD diffraction
peaks of CaNi5.

5. Conclusion

(1) The palladium-treated intermetallic hydrogen storage alloys
are compatible with a thin-film micro-fabrication process. Dur-
ing the fabrication, the alloys are exposed to air, polymer
binders and solvents. The inks made with palladium-treated
alloys have good air exposure durability, while un-treated pow-
ders are inactive or lose activity. The thin-film inks made with
the palladium-treated alloys can absorb hydrogen readily at
atmospheric pressure. The absorption/desorption rates remain
fast even after the ink was exposed to air for more than 47
weeks.

(2) The effect of the absorption/desorption cycles on the absorption
rates of the palladium-treated alloys is small in pure hydro-

gen. Even after being exposed to air for up to 72 h during the
cycle test, the palladium-treated alloys can still absorb hydro-
gen readily under atmospheric hydrogen and maintain fast
hydrogen absorption rate.
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3) The effect of the absorption/desorption cycles on the hydro-
gen storage capacity of the palladium-treated alloys varies with
the alloys tested in pure hydrogen. The LaNi4.7Al0.3 has better
stability than CaNi5. For LaNi4.7Al0.3, the air exposure dur-
ing intermittent sample examination in the cycle test caused
the oxidation of small amount of isolated particles formed by
decrepitation, and this prevents hydrogen atoms formed on the
palladium from diffusing to these particles. This led to a minor
decrease of storage capacity of LaNi4.7Al0.3 after the air expo-
sure during the absorption/desorption cyclic test. The capacity
decrease of CaNi5 during the absorption/desorption cycle test
was greater than LaNi4.7Al0.3 and was mainly due to the dispro-
portionation of CaNi5.

4) The palladium-treated alloys and inks made with these alloys
can keep the sub-atmosphere hydrogen absorption perfor-
mance with the existence of high amount of water vapor in
the hydrogen gas, although the amount of water vapor in the
hydrogen gas increased the degradation of palladium-treated
LaNi4.7Al0.3. The main reason for the more degradation is the
oxidation of LaNi4.7Al0.3, which is accelerated by the existence
of water in the hydrogen gas.

5) The inks maintained overall structural integrity during the
hydrogen absorption/desorption cyclic tests. There was little
or no loss of adhesion of alloy particles.
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