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Cobalt clusters-silica nanospheres (15-30 nm) were synthesized using a Co(NH3 )sCl; template method in
a polyoxyethylene-nonylphenyl ether/cyclohexane reversed micelle system followed by in situ reduction
inaqueous NaBH4/NH3BH3 solutions. The cobalt clusters are located either inside or on the outer surface of
the silica nanospheres as shown by the transmission electron microscope (TEM)/energy dispersive X-ray
(EDX) and X-ray photoelectron spectroscopy (XPS) measurements. The cobalt-silica nanospheres have
a high catalytic activity for the hydrolysis of ammonia borane that generates a stoichiometric amount of
hydrogen, and can be efficiently cycled and reused 10 times without any significant loss of the catalytic
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1. Introduction

Interest in hydrogen as an energy carrier for wide-spread use
has dramatically grown. The application of hydrogen fuel cells to
portable power sources requires a compact and lightweight hydro-
gen storage or on-board hydrogen generation based on the rapid
and efficient energy conversion of a convenient and inexpensive
hydrogen source. Although many efforts have contributed to the
development of hydrogen-storage materials [1,2] and on-board
reforming of hydrocarbons into hydrogen [3], further advances in
hydrogen-storage and hydrogen-production technologies must be
made if a hydrogen-based energy system is to be established. One
of the main challenges for the development of hydrogen-storage
materials is to improve the volumetric/gravimetric capacities. For
the on-board reforming, the high system operating temperature
poses an obstacle to its practical application. Boron- and nitrogen-
based chemical hydrides, such as LiNH,-LiH [4] and NaBHy4 [5,6],
are the preferred hydrogen carriers for PEM fuel cells because of
their relatively high hydrogen capacities [7]. Ammonia borane,
NH3BH3, has become an attractive and feasible candidate for chem-
ical hydrogen-storage applications due to its combination of low
molecular weight (30.7gmol~1) and high gravimetric hydrogen
capacity (19.6 wt.%). Intensive efforts have been made to enhance
the kinetics of the hydrogen release from this compound from both
solid [8,17] and solution approaches [9-31].
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A system based on the transition metal-catalyzed dissociation
and hydrolysis of NH3BH3 has been achieved that releases hydro-
gen at room temperature [11,13-31]. NH3BHj3 dissolves in water to
form a solution stable in the absence of air. The addition of a cat-
alytic amount of suitable metal catalysts into the solution leads to
the rapid release of hydrogen gas with an H, to NH3BH3 ratio up
to 3.0. Not only noble metals, such as Pt [11,14], Ru [11,14,15,18],
and Rh [11,14-17], but also non-noble metal-based catalysts, such
as Co [13,15,16,26,30], Ni [13,15,21,22,27], and Fe [13,20], have
been found to be effective for accelerating this reaction. This hydro-
gen generation system possesses a high potential for application in
portable fuel cells. For practical use, low-cost and high performance
non-noble metal catalysts are desired. Investigations of the cata-
lysts required for hydrogen generation from an aqueous NH3BH3
solution have suggested that the catalytic activity depends on the
dispersion of the active metals [13,14,17,20,22-25,27,30]. How-
ever, few publications have reported the effect of dispersion of the
active phase of cobalt catalysts on the catalytic performance and
the recycling for the hydrolysis of NH3BHs.

Interests in nanoparticles or nanoclusters coating with spher-
ical silica or within the silica spheres have been growing due
to their potential utilities in photonics [32-36], magnetics [37],
catalysis [25,38-42,44], and absorbents [43-45]. The preparation
of nanoparticles or nanoclusters prepared in a reverse micelle
system has received considerable attention due to the pos-
sibility to obtain mono-dispersed particles of nanometer size
[33,35-45]. Metal clusters in silica nanospheres were success-
fully synthesized using the crystal template method with metal
ammine complexes in the hexaoxyethylene-nonylphenyl ether
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(NP-6)/cyclohexane reversed micelle system [43-45]. We also
successfully synthesized nickel clusters contained within silica
nanospheres (20-30 nm) using a Ni(NH3 )gCl; crystal template in a
polyoxyethylene-nonylphenyl ether/cyclohexane reversed micelle
system followed by in situ reduction in an aqueous NaBH,4/NH3BH3
solution [22]. The nickel-silica nanospheres show a higher catalytic
activity for the hydrolysis of ammonia borane that generates a sto-
ichiometric amount of hydrogen than the silica supported nickel
catalysts.

The present paper reports that cobalt-silica nanospheres exhibit
a high catalytic activity and excellent durability for hydrogen gen-
eration by the hydrolysis of ammonia borane..

2. Experimental
2.1. Catalyst preparation

Co-SiO, nanospheres were prepared by the following reversed
micelle techniques. An aqueous hexaamminecobalt chloride
(Co(NH3)Cl3, Mitsuwa Chem. Co., >99.0%) solution (3.6 mL) was
rapidly added to 800mL of NOIGEN EA-80 (polyoxyethylene-
nonylphenyl ether; supplied by Daiichi Kogyo Seiyaku Co.)
cyclohexane (Kishida Chem. Co., >99.5%) solution. The concentra-
tions of Co(NH3)sCls were 160 mM, which determined that the
Co contents of the products Co/(Co+SiO;)=8.3 wt.%. After stir-
ring at room temperature for 12 h, 3.6 mL of a 28 wt.% aqueous
ammonia solution (Kishida Chem. Co.) was rapidly added, and after
2h, 1.39mL of tetraethoxysilane (Si(OCyHs )4, Kishida Chem. Co.,
>99.0%) was rapidly added. The solution was initially transparent,
but became slightly cloudy after 2 days of stirring. The resulting
solution was phase separated by the addition of methyl alcohol
(Kishida Chem. Co., 99.8%), followed by filtration and washing with
cyclohexane and acetone (Kishida Chem. Co., >99.5%). After drying
in a desiccator overnight, the obtained orange fine powders were
evacuated at 573 K for 5h.

The SiO, supported Co catalysts used in this study were pre-
pared by the conventional impregnation method. SiO, prepared
similar to the preparation of the Co-SiO, nanospheres (with-
out evacuation treatment) was used as the catalytic support.
For preparing the SiO, supported catalysts, impregnation was
performed by evaporating the SiO, support with an aqueous
Co(NH3)gCl3 solution at 303K, and the obtained powders were
evacuated at 573K for 5h.

2.2. Characterization

Powder X-ray diffraction (XRD) was performed by a RINT-2200
X-ray diffractometer with a Cu Ka source (40kV, 40 mA) for the
Co-Si0O, nanospheres and the SiO, supported Co catalysts. The cat-
alysts were held on a glass substrate and covered by an adhesive
tape on the surface to minimize the sample exposure to oxygen and
moisture during the measurement.

The morphologies of the Co-SiO, nanospheres and the SiO,
supported Co catalyst were observed using a Tecnai G 20 Twin
transmission electron microscope (TEM) operating with an accel-
eration voltage of 200kV, which was also equipped with a CCD
camera (Gatan Image Filter) and an energy dispersive X-ray detec-
tor (EDX).

X-ray photoelectron spectra were acquired using an ESCA-3400
spectrometer (Simadzu Corp.) equipped with a Mg Ko X-ray excita-
tion source (1253.6eV) operating at 10 kV and 10 mA. The binding
energies (BE) were referred to the C 1s peak at 285.0eV. After the
initial data were collected, a 2kV Ar* sputter beam was used for
depth profiling of the samples before and after the hydrolysis of
NH3BHj.

The ICP analyses of the reaction mixtures after centrifu-
gal separation of the catalysts were performed by a CIROS-120
EOP Inductively Coupled Plasma (ICP) spectrophotometer (Rigaku
Corp.).

2.3. Experimental procedures for hydrolysis of ammonia borane

A mixture of sodium borohydride (NaBH4, 10mg, Aldrich,
>08.5%), ammonia borane (NH3BH3, 50 mg, Aldrich, 90%), and cat-
alyst was kept in a two-necked round-bottom flask. One neck was
connected to a gas burette, and the other was connected to a
pressure-equalization funnel used to introduce the distilled water
(10 mL). The reaction started when the distilled water was added
to the mixture of NaBH4, NH3BH3, and the catalyst, and the evolu-
tion of gas was monitored using the gas burette. The reactions were
carried out at room temperature in air.

After the hydrogen generation reaction was completed, a fur-
ther aliquot of the aqueous NH3BH3 solution (0.16 M, 10 mL) was
subsequently added to the reaction flask and the evolution of gas
was monitored using the gas burette. Such cycle tests of the catalyst
for the hydrolysis of NH3BH3 were carried out 10 times.

All the samples after the reaction were centrifugally separated
from the reaction solution, and then dried in a desiccator under
vacuum conditions.

3. Results and discussion

Fig. 1a and b shows the time courses of the hydrogen evo-
lution from the aqueous NH3BH3 and NaBHy4 solution using the
un-reduced samples of Co-SiO, nanospheres and the SiO, sup-
ported Co catalyst. The reaction rate significantly depends on the
catalysts. The evolutions of 135 and 140 mL of hydrogen were fin-
ished in 14 and 5 min in the presence of the Co-SiO, nanospheres
and the SiO, supported Co catalyst, respectively. As shown in
Fig. 1c, only a negligible amount of hydrogen is generated with-
out adding NaBH,4 to the Co-SiO, nanospheres and NH3;BHj3. The
result suggests that NaBH, is necessary to activate the catalysts.
The effect of NaBH,4 has been reported on Ni-SiO, nanospheres for
the hydrolysis of NH3BH3 [25]. In the present reaction system using

Fig. 1. Hydrogen generation by the hydrolysis from aqueous NH3;BH3 (50 mg) and
NaBH4 (10 mg) solution (10 mL) in the presence of (a) the Co-SiO, nanospheres, (b)
the SiO, nanospheres supported Co catalyst with and (c) without adding NaBH4 to
the Co-SiO, nanospheres. Co/NH3BH; =0.05.
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Fig. 2. Hydrogen generation from aqueous NH3BH3 solution in the presence of the
reduced samples of (a) the Co-SiO, nanospheres and (b) the SiO, nanospheres sup-
ported Co catalyst at the 1st cycle of use (after the reaction in aqueous NH3;BH3; and
NaBHj,4 solution).

Fig. 3. Powder X-ray diffraction patterns for (a) the Co-SiO, nanospheres and (b)
the synthesized SiO, supported Co catalyst after the hydrolysis of NH;BHs.

the catalysts without pretreatment, NaBH4 was mixed with H,O,
NH3BH3, and the catalyst. Hydrogen is evolved via following two
reactions:

NaBH, +2H,0 — Na* +BO,~ +4H, (1)
NH3BH3 +2H,0 — NH4Jr +B0O,™ +3H, (2)

Under the present reaction conditions, about 20 mL hydrogen is
generated via reaction (1), and about 120 mL of hydrogen is gener-
ated viareaction (2). The molar ratio of the hydrolytically generated
hydrogen to the initial NH3BH3 in the presence of the Co-SiO,
nanospheres and the SiO, supported Co catalyst are ca. 3.0. The

Fig. 4. TEM images of (a) the Co-SiO, nanospheres and (b) the SiO, supported Co catalyst after the hydrolysis of NH3;BH3, and the corresponding EDX spectra (c and d).
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theoretical molar ratio of the reaction completion is 3.0, thus the
results indicate that dehydrogenation is completed in the presence
of the Co-SiO, nanospheres and the SiO, supported Co catalysts.
In comparison with the case of the SiO, supported Co catalyst, low
hydrogen release rate was observed for the Co-SiO; nanospheres,
suggesting that the reduction of the cobalt species is more difficult
in the hollow Co-SiO, nanospheres. As shown in Fig. 2, at the 1 cycle
of use of the reduced samples, almost the same catalytic activities
were observed.

We analyzed the X-ray diffraction patterns of the Co-SiO;
nanospheres and the SiO, supported Co catalysts after the hydroly-
sis of NH3BHj3. Both XRD profiles for the Co-SiO, nanospheres and
the SiO, supported Co catalysts show only a broad peak at 26 = ca.
20°, which is assigned to the amorphous silica, while the profiles
show no diffraction line assignable to any cobalt species (Fig. 3).
These results indicate that Co particles in both catalysts are amor-

phous and/or the particle size is too small after the hydrolysis of
NH3BH3.

The morphologies of the Co-SiO, nanospheres and the SiO, sup-
ported Co catalyst after the hydrolysis of NH3BH3 were examined
using TEM. The TEM image of the Co-SiO, nanospheres shows
spherical particles with 15-30nm diameters (Fig. 4a). The TEM
image of the SiO, supported Co catalyst also shows spherical par-
ticles with 15-30nm diameters (Fig. 4b). Due to low contrast of
the TEM images, we cannot identify the Co particles in both the
samples. To confirm the presence of Co, we carried out EDX exper-
iments. Fig. 4c and d shows the EDX spectra of the regions marked
in Fig. 3a and b. The EDX spectra exhibits Ka peaks corresponding
to O (0.52keV), Co (6.93 keV), and Si (1.74 keV) elements, and Cu
signals (0.93, 8.05, and 8.94 keV) from the TEM grid. The EDX anal-
ysis indicates that a particle of the Co-SiO, nanospheres and the
SiO, supported Co catalysts includes Co. For both samples, fine Co

Fig. 5. Co 2p XPS obtained from (a and c) the Co-SiO; nanospheres and (b and d) the SiO, supported Co catalysts before and after the hydrolysis of NH3BH3. The profiles
were obtained using 2 keV-Ar* sputtering times of 0, 2, 4, 6, 10, 30, 60, 120, 240, and 480 min.
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Fig. 6. The hydrogen evolution rates for the uninterrupted cycle of (a) the
Co-SiO, nanospheres and (b) the SiO, supported Co catalyst vs. the cycle number.
Co/NH3BH; =0.05.

particles of ca. 2 nm in diameter rolled around freely inside or on
the surface of the SiO, nanospheres after electron beam irradiation
for a certain period.

We analyzed the X-ray photoelectron spectra (XPS) of the
Co-SiO, nanospheres after the hydrolysis of NH3BH3 in combina-
tion with argon ion etching to confirm the presence of Co inside
or on the surface of the SiO, nanospheres. Fig. 5a shows the Co
2p spectra of the Co-SiO, nanosphere surface before and after Ar*
sputtering. The Co 2p3p, and/or Co 2p;j; peaks can be observed
before and after Ar* sputtering in Fig. 5a. It has been reported that
the metallic cobalt (Co%), Co304, and CoO exhibit Co 2p3p; bands
at about 778, 779.5, and 780.5 eV, respectively [46-49]. Up to a
10-min sputtering, the spectra exhibit Co 2psj, bands at around
782.5 eV, indicating that Co%* species, for example, cobalt silicate
[48,49]. The spectra of the Co-SiO, nanospheres after the hydroly-
sis of NH3BH3 up to a 10-min sputtering exhibit a Co 2p3;, bands
at a similar binding energy (Fig. 5¢). The Co 2p3,; band around
780.5eV appeared in the spectra from 30-min through 480-min
sputtering, indicating that the Co2* species (CoO or cobalt sili-
cate) is the dominant cobalt species in the Co-SiO, nanospheres
before the hydrolysis of NH3BH3 (Fig. 5a). The spectrum of the
Co-SiO, nanospheres after the hydrolysis of NH3BH3 exhibits a
Co 2p3; band at around 779.5 eV with a shoulder at 778-779.5eV
from 30-min through 480-min sputtering (Fig. 5¢), indicating that
the Co-SiO, nanospheres after the hydrolysis of NH3BH3 include

metallic cobalt species. These results suggest that cobalt species in
the Co-SiO, nanospheres were reduced during the reaction with
NaBH,4 and the hydrolysis of NH3BH3. Otherwise, the spectrum of
the SiO, supported Co catalyst exhibit a Co 2p3j, band at around
782.5 eV before Ar* sputtering (Fig. 5b), which are Co2* species (CoO
or cobalt silicate). The spectra of the SiO, supported Co catalyst
before hydrolysis of NH3BH3 exhibit a peak around 779 eV in the
spectra from 30-min through 480-min sputtering, indicating that
the SiO, supported Co catalystincludes metallic cobalt and oxidized
cobalt species. The Co 2p3), band of the SiO; supported Co catalyst
after the hydrolysis of NH3;BH3 becomes broader at a higher bind-
ing energy than the band of the catalyst before the hydrolysis of
NH3BH3, indicating that some Co species in the SiO, supported Co
catalyst after hydrolysis of NH3BHj3 are oxidized after air exposure.

Fig. 6 shows the hydrogen evolution rates for the uninterrupted
cycles of the Co catalysts obtained via the reduction in aqueous
NH3BH3 and NaBH4 solutions. The evolution rates were calculated
by averaging the hydrogen amounts evolved every minute in the
5-50% range of the maximum amounts evolved in the presence of
each catalyst. For the 1st cycle, both the Co-SiO, nanospheres and
the SiO, supported Co catalyst show almost the same hydrogen
evolution rates. The hydrogen evolution rates in the presence of
the Co-SiO, nanospheres are at almost the same level through 10
cycles. On the other hand, the hydrogen evolution rates in the pres-
ence of the SiO, supported Co catalysts gradually decrease with
the increasing cycle number, and only 39% of the evolution rates
for the 1st cycle remained for the 10th cycle in the presence of the
SiO, supported Co catalyst. These results indicate that the Co-SiO,
nanospheres show a higher durability than the SiO, supported Co
catalyst. The hydrogen evolution rate in the presence of the Co-SiO;
nanospheres for the 10th cycle is 1.9 times higher than that in the
presence of the SiO, supported Co catalyst.

We analyzed the morphologies of the Co-SiO, nanospheres and
the SiO, supported Co catalyst after 10 cycles using TEM (Fig. 7).
The TEM images of the Co-SiO, nanospheres and the SiO, sup-
ported Co catalyst reveal that the morphologies of the catalysts
have not changed compared to the morphologies of the catalysts
after the first hydrolysis run of NH3BH3 (Fig. 4). Both catalysts also
had TEM images of low contrast, indicating that cobalt particles in
both catalysts still have a cluster size even after 10 cycles.

We analyzed the filtrates after 10 cycles in the presence of
the Co-SiO, nanospheres and the SiO, supported Co catalyst to
confirm leaching of the active metal from the catalysts by ICP mea-
surements. The Co contents in the filtrate after the cycling in the
presence of the Co-SiO, nanospheres is 1.6 mgL~!, while the Co
contents in the filtrate after the cycling in the presence of the SiO,

Fig. 7. TEM images of (a) the Co-SiO, nanospheres and (b) the SiO, supported Co catalyst after 10 cycles.
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supported Co catalyst is 4.6 mgL-1. The Co contents in both cata-
lysts used for the cycling tests are 43.1 mgL-!, thus 3.7 and 10.7%
Co were leached from the Co-SiO; nanospheres and from the SiO,
supported Co catalyst, respectively. The observation reveals that
the leaching amount from the Co-SiO, nanospheres during the
cycling tests was much lower than that from the SiO, supported
Co catalyst, reflecting the durability is much higher for the Co-SiO,
nanospheres than the SiO, supported Co catalyst. As shown in
Fig. 1, with the un-reduced samples, higher hydrogen evolution rate
from the aqueous NH3BH3; and NaBH,4 solution was observed for
the SiO, supported Co catalyst than for the Co-SiO, nanospheres
because the reduction of Co%* to catalytically active Co® species
was easier for the former than for the latter. At the first cycle
of use of the reduced samples, both of the Co-SiO, nanospheres
and the SiO, supported Co catalyst showed almost the same cat-
alytic activity (Fig. 2). However, after several cycles, the Co-SiO,
nanospheres kept almost its activity while the SiO, supported Co
catalyst significantly lost its activity (Fig. 6), indicating that the
Co-SiO, nanospheres have much higher durability. The present
results suggest that in comparison with metal-supported catalysts,
the protection of catalytically active species with SiO, nanospheres
could be an effective approach for preparing catalysts with high
durability for hydrolysis of ammonia borane.

4. Conclusion

Silica nanospheres (15-30 nm) containing cobalt clusters were
synthesized using a Co(NH3)gCl3 crystal template method in a
polyoxyethylene-nonylphenyl ether/cyclohexane reversed micelle
system followed by in situ reduction in aqueous NaBH4/NH3BH3
solutions. Cobalt clusters are located both inside and on the outer
surface of the silica nanospheres as shown by the TEM/EDX and XPS
measurements. The cobalt-silica nanospheres show a high enough
catalytic activity for the hydrolysis of ammonia borane that gen-
erates a stoichiometric amount of hydrogen, and can be efficiently
cycled and reused 10 times without any significant loss of the cat-
alytic activity.
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