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The effect of an electroless-deposited Co—P/Ni foam catalyst on H, generation kinetics in ammonia borane
(NH3BHj3) solution and the cyclic behaviour (durability) of the catalyst are investigated. The electroless-
deposited Co-P is composed of an inner flat layer and outer layer that consists of an aggregate of spherical
particles. The H, generation rate/projected area of the Co-P/Ni foam catalyst is much higher than that of
a Co-P/Cu sheet catalyst. The activation energy (E,) for the hydrolysis of NH3;BH3 using the Co-P/Ni foam
catalyst is calculated to be 48 k] mol~!. After the first cycle, the H, generation rate decreases dramatically,
i.e., by 16%, due to a decrease in surface area caused by the partial separation of spherical Co-P particles.
Between the first and sixth cycles, the H, generation rate decreases gradually (by 14%) on account of
a decrease in the number of P atoms that create active metallic Co sites on catalytic surface. After six
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Durability of hydrogen generation for polymer electrolyte membrane fuel cells.
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1. Introduction

Hydrogen has immense potential as a clean energy source
for electric devices and vehicles because its chemical energy can
be easily converted to electric energy by polymer electrolyte
membrane fuel cells (PEMFCs). To ensure that PEMFCs function
successfully using hydrogen, it is important to develop a conve-
nient and safe H, storage and production system. In the past 10
years, on-board H, production methods for vehicles, for example,
the hydrolysis of chemical hydrides such as NaBHg4, LiBH,4, NaH,
NaAlH4 and NH3BH3, have received much attention [1-22]. Specif-
ically,ammonia borane (NH3BH3 ) can be dissolved stably in neutral
water at room temperature. It can also produce a large amount of
H, (8.96 wt.% Hs, stoichiometrically) via hydrolysis, according to:

NH3BH3 4+ 2H,0 — NH4*" 4+ B0, ™ +3H, (1)

To employ H, as a direct fuel supply for PEMFCs a suitable
catalyst is needed to accelerate the hydrolysis of NH3BH3. From
previous efforts, various catalysts with excellent catalytic perfor-
mance have been developed [6-17]. These include not only noble
metal based catalysts such as Pt, M/y-Al,03 (Ru, Rh, Pd, Pt and Au),
PtM/C (M =1Ir, Ru, Co, Cu, Sn, Au, and Ni), Ru/C, Ru/alumina, and
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Rh(0) nanoclusters [6-11], but also non-noble metal based cata-
lysts [12-17] such as Ni and Co/vy-Al,03, Ni and Co nanoparticles,
Cu/Cu;0, Poly(N-vinyl-2-pyrrolidone) (PVP) stabilized Ni, Ni-SiO,
and Fe-Ni alloys. Unfortunately, most of the aforementioned cata-
lysts, except for the magnetic Fe-Ni alloy catalyst [17], are difficult
to use repeatedly in solution because they are in a powdery form or
are supported weakly on a substrate. The development of catalysts
with high durability is thus important for practical use.

Liu and Li [3] reported that increase in the volume of hydrogen
causes a powerful shock on the catalyst support when a high H,
generation rate is required. To solve this problem, some researchers
[18-21] used porous Ni foam with a three-dimensional network
structure as a substrate to absorb the shock. Catalytic materials
such as Co/Ni powder, Co-B and Co-W-B were supported on the
commercial Ni foam and it was found that the catalysts/Ni foam
exhibited high durability. Moreover, the system yielded a high
rate of hydrogen generation per projected area because Ni foam
allows a large loading of catalytic material. We have reported that
a Co-P catalyst electroless deposited on Cu sheet exhibits an excel-
lent catalytic efficiency for hydrogen generation from an alkaline
NaBH, solution [22]. Nevertheless, the H, generation kinetics and
the durability of a Co-P catalyst electroless deposited on Ni foam in
NH3BH3 solution have still to be elucidated. Present work involves
an investigation of the effects of the Co-P/Ni foam catalyst on the
H, generation kinetics of the hydrolysis of NH3BH3, together with
the cyclic behaviour of the catalyst.
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Fig. 1. Surface morphologies of (a) electroless-deposited Co-P on smooth Cu sheet and of (b) electroless-deposited Co-P on Ni foam with three-dimensional network

structure.
2. Experimental
2.1. Preparation of catalysts

A Co-P/Ni foam catalyst was fabricated by electroless-
deposition. The deposition was conducted on commercial Ni foam
with a projected surface area of 1 x 1 cm?. The Ni foam has a three-
dimensional open structure that is 1.6 mm thick and has pores of
0.1-0.5mm in size. A smooth sheet of Cu (thickness: ~18 m) was
used as a point of comparison with Ni foam as the substrate mate-
rial. The Ni foam was catalyzed in a SnCl, (1gL~1)+HCI (1mlL-1)
solution for 3 minat 25 °C and accelerated inaPdCl, (0.1 gL-1) + HCI
(1 mlL-")solution for 1 min at 25 °C before undergoing electroless-
deposition [22]. Electroless-deposition was performed for 3 min
in a Co-P bath (0.1 M CoCl,-6H,0, 0.6 M NH,CH,COOH and 0.8 M
NaH,PO,-H,0) at pH 12.5 and 60 °C. These conditions were shown
to be optimum for the fast generation of H, from the hydrolysis of
NaBH,4 [22].

2.2. Characterization

The surface morphologies and compositions of the Co-P/Ni foam
catalysts were analyzed by means of scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS). The structure and
crystallinity of the catalysts were analyzed by X-ray diffraction
(XRD). The electron bonding structures of the Co and P in the cat-
alytic surface (~20A) of the Co—P/Ni foam catalyst were analyzed
by X-ray photoelectron spectroscopy (XPS).

2.3. Determination of H, generation kinetics

To investigate the effects of the catalysts on the H, generation
kinetics in NH3BH3 solution, H, generation tests were performed in
30 ml of 2 wt.% NH3BH3 (pH 9.0) solution at 30 °C in air. The volume
of H, gas was measured by a water-displacement method using a
buret. The reactor was immersed in a water bath to stabilize the
temperature with no stirring in the reactor. The cycling test was
conducted 15 times under the same conditions; each cycle con-
sisted of immersion in the NH3BH3 solution for 1 h, rinsing for 10's
with deionized water, and drying for more than 5 h in a desiccator.

3. Results and discussion
3.1. Surface morphology and H, generation kinetics

Electroless-deposition of Co-P was conducted on a projected
area of 1 cm? for both the Cu sheet and the Ni foam for 3 minat 65 °C
in a Co-P bath. The weight of the Co-P deposit was 1.0 mgcm2
on the Cu sheet and 5.1 mgcm~2 on the Ni foam. This indicates

that Ni foam has a larger reactive surface area than a smooth Cu
sheet. Fig. 1(a) shows the surface morphology of Co-P electroless
deposited on a smooth Cu sheet, and Fig. 1(b) presents that of Co-P
electroless deposited on the three-dimensional Ni foam. The Co-P
deposited on a substrate is composed of both an outer layer of
aggregated spherical Co-P particles and an inner flat layer that is
1 pm thick, as discussed previously [22]. From the EDS analysis, it is
found that the Co-P deposited on Ni foam is composed of 8.4 wt.% P
while Co-P deposited on a Cu sheet contains 8.9 wt.% P, indicating
that the chemical compositions of the two different types of Co-P
catalysts have little difference. The XRD patterns given in Fig. 2,
have small broad peaks from Co (1 00)and Co (00 2), which confirm
that nanocrystalline Co particles are precipitated in the amorphous
Co-P structure, a phenomenon that was observed in TEM bright
field images in a previous study [22]. The average size of the Co
(002) particles in both the Co-P/Cu sheet catalyst and the Co-P/Ni
foam catalyst was calculated using Scherrer’s Formula and found to
be 5.2 and 9.8 nm, respectively. The difference in average size of the
Co particles between the two catalysts suggests that the catalytic
activities (Hy generation rate/catalyst weight) of the two catalysts
may also be different. In our previous study [22], it was reported
that the Co-P catalysts with smaller crystalline Co particles exhib-
ited a higher catalytic activity in alkaline NaBH,4 solution. Thus, we
expect the Co-P/Cu sheet catalyst with smaller Co nanoparticles
to provide a higher rate of H, generation (per catalyst weight) in
NH3BH3 solution.

To study the H, generation kinetics of both catalysts in NH3BH3
solution, a Hy generation test was performed in 2 wt.% NH3BH3
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Fig. 2. XRD patterns of Co-P catalyst on (a) smooth Cu sheet and (b) Ni foam.
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Fig. 3. Effects of Co-P/Cu sheet and Co-P/Ni foam catalysts on H, generation kinet-
ics/projected catalyst area in 2 wt.% NH3BH3 solution at 30°C.

at 30°C; the results are presented in Fig. 3. The H, generation
rate/projected area of Co-P deposited on Ni foam is much higher
(4.6 times) than that of the Co-P/Cu sheet catalyst. On the other
hand, the H, generation rate per catalytic weight of the Co-P/Ni
foam catalyst (1248 mlmin~! g~1)is lower than that of the Co-P/Cu
sheet catalyst (1350 ml min—! g-1). As discussed above, this is prob-
ably due to the difference in size of the precipitated nanocrystalline
Co particles.

3.2. Catalytic activity (activation energy) of Co-P/Ni foam
catalyst

The generation of hydrogen with a Co-P/Ni foam catalyst in
2 wt.% NH3BHj3 solution at different temperatures from 30 to 60°C
is shown in Fig. 4. With increase in temperature, the H, genera-
tion rate of the Co-P catalyst dramatically increases from 6.2 to
38.1 mlmin~!. The initial H, generation reaction (0-10 min) can be
considered to be of zeroth order because the H, generation rate is
constant with reaction time. This indicates that the hydrolysis of
NH3BHj3 by the Co-P/Ni foam catalyst is not dependent on the con-
centration of NH3BH3 remaining in the solution. The reaction rate
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Fig.4. Effects of NH3;BHj3 solution temperature on H, generation kinetics of Co-P/Cu
sheet and Co-P/Ni foam catalysts in 1 wt.% NH3BH3 at 30, 40, 50 and 60 °C.
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Fig. 5. Inreact vs. 1/T plot for H, generation reaction using Co-P/Ni foam catalyst in
2wt.% NH3BHs.

can be written as follows.

—E
Vi = ko exp ( RTa) (2)

where V; is the reaction rate (ml min~1); kg is the reaction constant
(mlmin—1); E; is the activation energy for the reaction; R is the gas
constant; T is the reaction temperature (in kelvin). A In V; versus
1/T plot is given in Fig. 5 and is drawn using Eq. (2) and the data
presented in Fig. 4. From the slope of the In V; versus 1/T plot, the
activation energy (E,) for the hydrolysis of NH3BH3 by the Co-P/Ni
foam catalyst is calculated to be 48 k] mol~!. This value is higher
than previously reported values for noble metal based catalysts,
namely, Ru/y-Al;03: 23 k] mol~! [7], Rh/y-Al,03: 21 k] mol~! [7],
Pt/y-Al;03: 21kJmol~! [7], NiAg: 51.5k]mol-! [9], but is much
less than that for non-noble metal based catalysts (Co/y-Al,03:
62 kJmol~1 [8]).

3.3. Durability performance of Co-P/Ni foam catalyst

The cyclic behaviour of the Co-P/Ni foam catalyst for H, gener-
ation from the hydrolysis of NH3BH3 is shown in Fig. 6. Each cycle
entails employing the catalyst in a hydrolysis reaction for 1h in
2 wt.% NH3BH3 at 30 °C, rinsing for about 10 s using deionized water
and drying for more than 5h in a desiccator. After the first cycle,
the H, generation rate decreases markedly by 16%. Thereafter, from
the second cycle to the sixth cycle, the H, generation rate gradually
and steadily decreases by 14%. After the sixth cycle, about 70% of the
initial H, generation rate remains, and the H, generation rate stays
constant. The weight of Co-P remaining on the Ni foam following
each cycleis plotted in Fig. 7. After the first cycle, the weight of Co-P
decreases from 5.0 mg to 4.47 mg (a 10.6% drop). After the second
cycle, however, the weight barely changes. A comparison of the
morphologies presented in Figs. 8 and 1(b) reveals that, during the
first cycle, some of the aggregated spherical Co-P particles in the
inner layer separate, probably due to the expansion of Hy volume
sending powerful shocks through the catalyst support. The sepa-
ration of some aggregated spherical Co-P particles may decrease
the active surface area of the catalyst, thereby resulting in the dra-
matic reduction of the H, generation rate after first cycle. Because
the catalytic weight does not decrease after the first cycle, how-
ever, other factors affecting the catalytic performance must exist.
Nevertheless, the XRD pattern for the catalyst after the fifteenth
cycle is found to be same as that for the catalyst before the first



K. Eom et al. / Journal of Power Sources 195 (2010) 2830-2834 2833

100 l\ i
\l
80 |- Ny 4
\l
m ]
T e I B
g 60 | -
[
14
~ 40} -
14
2 1h hydrolysis in NH.BH, sol. / 1cycle 7
ydrolys ,BH, sol. / 1cy
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Cycle Number

Fig. 6. Cycling behaviour of H, generation rate for Co-P/Cu sheet and Co-P/Ni foam
catalysts (1 cycle: H, generation reaction for 1h in 2 wt.% NH3BH3; solution).
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Fig. 8. Surface morphology of Co-P/Ni foam catalyst during cyclic testing (15
cycles =15 h of hydrolysis).
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Fig. 9. XPS spectra of Co (probing the Co 2P5, bonding orbital) in Co-P/Ni foam
catalyst with cyclic testing.
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Fig. 10. XPS spectra of P (probing the P 2P bonding orbital) in Co-P/Ni foam catalyst
with cyclic testing.

cycling, thereby confirming no change in structure of the catalyst
with cycling.

The XPS spectra of Co 2P5; and P 2P in the Co-P/Ni foam cata-
lyst before and after the cyclic testing are shown in Figs. 9 and 10.
Cobalt is composed of both metallic Co (Co®) and oxidized Co (Co2*
and Co3*) at the Co 2P3/2 bonding orbital level and phosphorous
consists of elemental P (P?) and oxidized P (P>*) at the P 2P bonding
orbital level. After the fifth cycle, of the large peak signifying oxi-
dized Co (Co?*) increases dramatically in amplitude and the small
peak representing metallic Co (Co®) almost disappears. The metal-
lic Co does not completely oxidize because the oxidized Co peak
shifts in the positive direction (into metallic Co) by 1eV. After the
fifteenth cycle, the peak shifts back in the negative direction (close
to the oxidized Co). Meanwhile, the peaks signifying elemental P
(P%) and oxidized P (P>*) both decreases dramatically as the num-
ber of cycles increases. As reported by Li et al. [23] and Patel et al.
[24], P creates a high number of favourable active metallic Co sites
for catalytic reaction. Therefore, from the present results, it is con-
sidered that active metallic Co sites decrease due to a decrease in
the amount of P on the catalytic surface as well as the oxidation of
metallic Co. Accordingly, between the first and sixth cycles, the H;
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generation kinetics of the Co-P/Ni foam catalyst might be gradu-
ally decreased. After six cycles, however the catalytic performance
ceased to diminish. From SEM, XRD, and XPS analyses, this leveling
off is due to a cessation in surface morphology changes.

4. Conclusions

The effect of an electroless-deposited Co-P/Ni foam catalyst
on the H, generation kinetics in NH3BH3 solution, and the cyclic
behaviour (durability) of the Co-P catalyst have both been investi-
gated. The H, generation rate/projected area of Co-P deposited on
Ni foam is much higher (4.6 times) than that of the Co-P/Cu sheet
catalyst. The activation energy (E,) for the hydrolysis of NH3BH3
using the Co-P/Ni foam catalyst is 48 k] mol~1. This value is higher
than the previously reported value for noble metal based catalysts,
butless than that for non-noble metal based catalysts. After the first
cycle, the H, generation rate decreases dramatically (by 16%) due
to a decrease in surface area by separation of the spherical Co-P
particles. Between the first and sixth cycles, the H, generation rate
decreases gradually (by 14%) due to a decrease in the number of P
atoms that create active metallic Co sites. After the sixth cycle, 70%
ofthe initial H, generation rate remains constant. Beyond six cycles,
the H, generation performance of Co-P/Ni foam catalyst ceases to
deteriorate.
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