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In this paper, two kinds of Ni nanoparticles have been successfully synthesized without and with starch as the “green”
protective material and investigated as catalysts for generating hydrogen from ammonia borane (NH3BHj;, AB).
Experimental investigations have demonstrated that both of the Ni nanoparticles possess high catalytic activities for Hp
generation from aqueous solution of AB. However, the catalytic activities of Ni nanoparticles without starch decrease
seriously in the course of the lifetime tests. In contrast, the catalytic activities of the Ni nanoparticles with starch almost
keep unchanged even after 240 h. Moreover, the XPS results show that the surface of the Ni nanoparticles in starch
solution is still metallic Ni even after 240 h, while that in pure water is nickel oxide. This means that starch can
successfully keep the Ni nanoparticles in aqueous solution from the oxidation in air. The present efficient, low-cost, and
longtime water/air stable Ni catalyst represents a promising step toward the development of AB as a viable on-board

hydrogen storage and supply material.

Introduction

With the energy crisis and greenhouse gas emissions
affecting political and environmental climates, there have
been intensive studies to develop efficient and safe methods
for hydrogen storage to overcome this major hurdle along the
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way to a “hydrogen energy” society.! Ammonia-borane
(NH3BHj3;, AB) has a hydrogen content of 19.6 wt %, which
exceeds that of gasoline and therefore makes it an attractive
candidate for chemical hydrogen-storage applications.” *
From the viewpoint of practical application, the development
of efficient, low-cost, and stable catalysts to further improve
the kinetic properties under moderate conditions is therefore
very important.>* Nowadays, there is a general interest in
searching for more abundant first-row transition-metal-
based catalysts, such as Fe, Co, Ni, and so on, to catalyze
the hydrolysis of AB with high efficiency.” However, the
success in their application highly depends on the stability of
the nanoparticles because of their high tendency to form
agglomerates and their extreme reactivity toward water and
oxygen.
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A general solution to stabilize or protect the metallic
nanoparticles is to coat them with some outer materials
including the precious metals, silica, transition-metal oxides,
carbon, and also polymers.” Among these coating materials,
only polymers have the relatively weak binding interaction
with the nanoparticles which is vital for the catalytic applica-
tion where surface catalytically active sites are urgently
needed.® However, those metallic nanoparticles dispersed in
the solution of polymeric materials are commonly not air
stable.®* Moreover, most of the preparation procedures
reported to date rely heavily on organic solvents (not an
aqueous phase, mainly because of the hydrophobicity of the
capping agent used), expensive and/or toxic organometallic
compounds (metal precursors), and synthetic macromole-
cules (capping and/or dispersing agents), as well as high
temperature and high dilution conditions,”**¢ and thus
inevitably resulting in high production cost and serious
environmental issues while addressing industrial production.
Therefore, finding suitable and effective protection agents to
maintain and exert the potent catalytic ability of magnetic
nanoparticles in aqueous solution or even in air is still a
challenge to be faced.

Soluble starch (amylose), a renewable polymer, is the main
component of starch which is the main energy reserve of all
higher plants, and can form a dispersion in water.’ Recently,
it has been successfully applied as the dispersing agent for
synthesis of some relatively inoxidizable metal nanoparticles,
such as noble metal nanoparticles.'® Although starch binds
gently to inner nanoparticles and thus is very favorable to be
used as protecting agent for nanoparticles for catalytic
application, there is no experimental result to dispel the
major misgiving that those polymer-coated metallic magnetic
nanoparticles are commonly not air stable.

Herein, we first apply soluble starch not only as the
dispersing agent but also as the air resistance coatings
for the facile synthesis of Ni nanoparticles in aqueous solu-
tion in air (water/air) at room temperature, which comple-
tely avoid the use of volatile organic solvents, expensive
organometallic precursors, and synthetic macromolecules.
This is of pivotal importance from a “green” synthetic
strategy and industrial scale manufacture perspective. The
Ni nanoparticles as synthesized possess high catalytic activity
to hydrolyze NH3;BH; for chemical hydrogen storage at
room temperature. Most importantly, the present work is
the first case that Ni nanoparticles could possess water/air
stability and keep their catalytic activity over a longtime
period (240 h).
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Experimental Section

Chemicals. Ammonia—borane (NH3;BH3, AB, Aldrich, 90%),
nickel chloride hexahydrate (NiCl,-6H,O, Wako Pure Chemi-
cal Industries, Ltd., > 98%), and sodium borohydride (NaBHy,
Aldrich, 99%), starch from potatoes ((C¢H;oOs)n, Aldrich,
solubility: 20 mg/mL H,0), sodium hydroxide (NaOH, Aldrich,
97%) were used as received. Ultrapure water with the specific
resistance of 18.2 MQ-cm was obtained by reversed osmosis
followed by ion-exchange and filtration (RFU 555DA, Toyo
Roshi Kaisha, Ltd., Japan).

Preparation of Starch Solution. Starch powder was added into
the ultrapure water (1 wt %), heated at 368 K for 15 min, and
then the clear solution was cooled down to room temperature
and was ready for use.

In Situ Synthesis of Ni Particles in Starch Solution and Their
Catalytic Activity to AB Hydrolysis under Ambient Atmosphere.
A mixture of AB (90.0 mg) and NaBH4 (14.0 mg) was kept in
a two-necked round-bottom flask. One neck was connected to
a gas buret, and the other was connected to a pressure-equal-
ization funnel where 62.2 mg of NiCl, was added into 10 mL of a
1.0 wt % aqueous solution of soluble starch. The reaction was
started when the aqueous NiCl, and starch solution was added to
the mixture of NaBH,4 and AB with vigorous shaking. The hydro-
lysis of AB can be briefly expressed as follows:*-b~d-3g~1.5hi

NH;BH; + 2H,0 — NH4Jr +BO,  +3H,

The evolution of gas was monitored using the gas buret. The
reactions were carried out at room temperature under ambient
atmosphere. Mass spectrum (Balzers Prisma QMS 200 mass
spectrometer) was used to analyze the gas composition gener-
ated from the hydrolysis of AB.

In Situ Synthesis of Ni Particles in Pure Water and Their
Catalytic Activity to AB Hydrolysis under Ambient and Argon
Atmospheres. A mixture of AB (90.0 mg) and NaBH, (14.0 mg)
was kept in a two-necked round-bottom flask. One neck was
connected to a gas buret, and the other was connected to a
pressure-equalization funnel to introduce the aqueous solution
of NiCl, (0.26 M, 10 mL). The reaction was started when the
aqueous NiCl, solution was added to the mixture of NaBH, and
AB with vigorous shaking. The reactions were carried out at
room temperature under ambient and argon atmospheres. The
evolution of gas was monitored using the gas buret. The mass
spectrum was used to analyze the gas composition generated
from the hydrolysis of AB.

Heat Treatment of the in Situ Synthesized Ni Catalyst. The
in situ synthesized Ni particles were washed with water and dried
in argon, and then were transferred into a furnace where a con-
tinuous argon gas flow was introduced at the rate of 30 mL/min.
The furnace temperature was elevated to 773 K and maintained
for 2.5 h. After heat treatment, the Ni specimen was used for the
X-ray diffraction (XRD) analysis.

Uninterrupted Lifetime Experiments of the Ni Nanoparticles
with/without Starch under Ambient Atmosphere. After the hy-
drogen generation reaction was completed, another equivalent
of AB (90 mg) was immediately added to the reactor containing
the mixture of reaction solution and the Ni catalyst. The released
gas was then monitored by the gas buret. Such lifetime experi-
ments were repeated for 10 times for Ni particles with and
without starch under ambient atmosphere, respectively.

Long-term Lifetime Experiments of the Ni Nanoparticles with/
without Starch under Ambient Atmosphere. Keeping the Ni
nanoparticles with and without starch protection in their reac-
tion solution in air and, after every 24 h, another equivalent of
AB (90 mg) was added to the two reaction systems, and the
released gas was monitored by the gas buret.

Catalyst Characterization. XRD was performed on a Rigaku
RINT-2000 X-ray diffractometer with Cu Ko for the in situ
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Figure 1. Hydrogen generation from the hydrolysis of AB catalyzed by
Ni nanoparticles (Ni/AB = 0.10) (a) in starch solution (1 wt %, 10 mL)
and (b) in pure water (10 mL) under ambient atmosphere at room
temperature. Inset is the catalytic activity denoted as the ratio of the
generated H (mol) to the specific surface area (m?) of Ni nanoparticles
(a) instarch solution (1 wt %, 10 mL) and (b) in pure water (10 mL) under
ambient atmosphere at room temperature.

synthesized Ni nanoparticles with/without starch after remov-
ing from the reaction solution, washing with water, and drying
in argon atmosphere. A glass substrate holding the powder
sample was covered by an adhesive tape on the surface to
prevent the sample from exposure to air during the measure-
ments. Transmission electron microscopy (TEM, Hitachi H-
9000NA) were applied for the detailed microstructure informa-
tion of the in situ synthesized Ni particles (with/without starch)
before and after the lifetime experiments. The TEM samples
were prepared by depositing one or two droplets of the nano-
particle suspensions onto the amorphous carbon coated copper
grids, which were dried in argon atmosphere. X-ray photoelec-
tron spectrometry (XPS) analysis was applied after the catalysts
were washed with water and dried in argon on a Shimadzu
ESCA-3400 using an Mg Kalpha source (10 kV, 10 mA).
Nitrogen sorption measurements were carried out on an auto-
matic volumetric adsorption equipment (BEL mini, Japan)
using the Brunauer—Emmett—Teller (BET) method to test the
surface areas of the in situ synthesized catalysts with/without
starch after washing with water and vacuum drying at 90 °C.

Results and Discussion

Figure 1a demonstrates the hydrogen generation from AB
catalyzed by the in situ synthesized Ni particles dispersed in
starch solution (Ni/AB is 0.10) under ambient atmosphere.
The black particles were rapidly generated in the first 15 s.
Then these particles exert good catalytic activity, with which
the hydrolysis reaction of AB is completed within only 6 min.
The molar ratio of hydrolytically generated H, to the initial
AB is close to 3.0, indicating dehydrogenation is completed.
The excellent catalytic activity may be attributed to its
amorphous state (as shown in Figure 2a), which is considered
to hold many more catalytic active sites than its crystalline
counterpart.”®'" More interestingly, the above-mentioned
in situ prepared Ni particles with starch possess excellent
lifetime capability than those in situ synthesized in pure water
under ambient atmosphere (vide infra).
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Figure 2. X-ray diffraction patterns of in situ synthesized Ni specimens
of (a) with starch and (b) without starch after washing and drying at room
temperature in argon atmosphere, and (c) XRD pattern of sample (a)
after heat treatment at 773 K for 2.5 h in argon.

Figure 1b presents the hydrogen generation of AB in pure
water catalyzed by in situ synthesized Ni particles (AB/NiCl,/
NaBH,4=1.0:0.10:0.14) under ambient atmosphere. For com-
parison, we also carried out the same reaction in pure water in
argon.'” The results prove that, whether under ambient
atmosphere or in argon, the hydrolysis reaction catalyzed
by the “naked” Ni particles (without protection of starch) can
be completed within the same period as that catalyzed by the
starched Ni particles. Moreover, the Ni particles without
starch are also in an amorphous state, as shown in Figure 2b.

The obtained BET surface areas for the two Ni specimens
synthesized with and without starch under ambient atmo-
sphere are 13 and 12 m?/g, respectively. On the basis of the
BET surface areas and the H, generation data of Figure 1, we
calculated the ratio of the generated H, (mol) to the specific
surface area (m?) of the two Ni specimens as the function of
the reaction time, as seen in Figure | (inset). The two samples
with and without starch show values of 4.4 x 10~ and 4.8 x
10~ mol/m?, respectively, which are close to each other.

Evidenced by Figure 1, the starch does not obviously
suppress the catalytic reaction between the catalyst and the
reactant, namely, the surface active sites of Ni are mostly
maintained with the presence of foreign protection shell,
soluble starch. This also implies that the binding interaction
between starch and the Ni nanoparticles is very weak; thus,
the protection should be easily reversible, enabling the easy
separation of these particles.

To investigate the composition of the solid catalysts, XPS
analysis was applied for the in situ synthesized Ni nanopar-
ticles with starch after washing with water and drying in
argon. The results were presented in Figure 3. The Ni 2p;,,
and Ni 2p, , are centered at approximately 852.4 and 869.7 eV
respectively, which coincides with those of metallic Ni.'?
Moreover, no element of B is found in the sample as seen
from Figure 2b, which means that no metal borides are
formed in present case. This can also be proved by the
XRD result of the same Ni sample after annealing at 773 K
for 2.5 h (Figure 2c). After annealing, the amorphous Ni

(12) See Supporting Information.
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sample crystallizes into metallic Ni phase, and no boride
phase is found in the diffraction pattern. Therefore, on the
basis of the XPS and XRD results, it can be concluded that
the present in situ synthesized Ni catalyst has the component
of pure metallic Ni phase.

TEM of the two Ni samples synthesized in starch solution
and pure water are displayed in Figure 4, panels a and b,
respectively. Without starch, the Ni particles are made of
aggregates with diameters of about 40 nm; each aggregate is
an assembly of many smaller Ni nanoparticles. Moreover,
those aggregates are further condensed to form some macro-
scopical particles in the solution. On the contrary, with
starch, the Ni particles have smaller sizes (less than 10 nm)
than that in the solution without starch, although they are
also some aggregates of small particles.'” Notably, the Ni
nanoparticles with starch are dispersed well, and these well
dispersed particles can form a good suspension even after
10 days. Therefore, it has been shown that soluble starch
can be used to synthesize robust and well-dispersed Ni nano-
particles.

In our present work, very cheap inorganic Ni salt and
starch from potatoes were successfully used as the metal
precursor and dispersing/protecting material, respectively.
The use of environmentally benign and renewable mate-
rials as the dispersing/protecting agent offers numerous
benefits ranging from environmental safety to ready integra-
tion of these nanoparticles to biologically relevant systems.
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Figure 3. XPS results for elements of (a) Ni and (b) B of the in situ

synthesized Ni nanoparticles in starch after washing with water and
drying in argon.

%; T

Figure 4. TEM micrographs of Ni nanoparticles in situ synthesized (a) in starch solution and (b) in pure water.
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Additionally, using a gentle binding agent, starch-protected
nanoparticles could be easily functionalized.'

The stability or lifetime ability is very important for the
practical application of every catalyst. In this sense, the
lifetime experiments of the Ni nanoparticles dispersed in
starch solution and water were both tested under ambient
atmosphere for comparison. The uninterrupted lifetime sta-
bility (another equivalent of AB was added immediately after
the previous cycle) of the prepared Ni catalyst with and
without starch is shown in Figure 5 (inset). Interestingly,
without starch, the reaction time was almost linearly in-
creased from 6 to approximately 100 min after 10 cycles,
while the starched Ni nanoparticles showed no obvious
activity decrease after the same cycles. Further, the longtime
stability of the above two samples were investigated by
lifetime tests after every 24 h under ambient atmosphere.
Unexpectedly, the reaction time for a system of starched Ni
catalyst was about 17 min even after 240 h under ambient
atmosphere (Figure 5a), whereas the reaction time for a
system of “naked” Ni catalyst was significantly increased
during the same period under ambient atmosphere to 413 min
(Figure 5b). This excellent longtime water/air stability would
be ascribed to starch which is believed to protect well the
surface of Ni nanoparticles against oxidation based on
the results of XPS.'? It is interesting that the metal atoms
on the nanoparticle surface are accessible to the ammonia-
borane substrate, but not for dioxygen molecule. This might
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Figure 5. Hydrogen generation from the hydrolysis of AB catalyzed by
Ni nanoparticles (Ni/AB = 0.10) (a) with starch and (b) without starch at
the 10th 24 h lifetime experiment under ambient atomosphere at room
temperature. Inset: The reaction time for the uninterrupted lifetime testing
of Ni nanoparticles (a) with starch and (b) without starch vs the cycle
number.
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be understood in that the hydroxyl (—OH) groups make
starch hydrophilic and thus the starch protected Ni nano-
particles can be readily accessible for the hydrophilic ammo-
nia-borane molecules, but not for the hydrophobic dioxygen
molecules. After 240 h under ambient atmosphere, the Ni
nanoparticles still show a good homogeneous suspension in
the starch aqueous solution, and the particle size is almost the
same,'? while the surface-oxidized Ni nanoparticles without
protection of starch are heavily aggregated and settled down
to the bottom of the reactor.

In summary, we have explored a facile and low-cost, but
very efficient, method to prepare long-term water/air stable
Ni nanoparticles by using the green dispersing/protecting
agent, soluble starch. The Ni nanoparticles used as synthe-
sized possess high catalytic activity and excellent cyclic
stability for the H, generation from ammonia borane under
ambient atmosphere. The efficient and low-cost catalyst
and the mild reaction condition represent a promising
step toward the development of AB as a viable on-board
hydrogen storage medium. Such a catalyst is expected to be

Inorganic Chemistry, Vol. 48, No. 15,2009 7393

useful for fuel cells, metal-air batteries, and electrochemical
sensors. Moreover, the use of environmentally benign and
renewable materials as the dispersing/protecting agent for
preparing water/air stable magnetic nanoparticles offers
numerous benefits ranging from environmental safety to
ready integration of these nanoparticles to biologically rele-
vant systems. Additionally, using a gentle binding agent,
starch-protected nanoparticles could be easily functiona-
lized. The concepts behind these preliminary results present
a wide range of possibilities for the further development
of green synthesis of air and water-stable magnetic nano-
particles.
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