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a b s t r a c t

An amorphous nickel catalyst stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) was synthe-

sized by reduction in an aqueous NaBH4/NH3BH3 solution. Both the bare nickel catalyst and

the PVP stabilized nickel catalyst contain grains with an amorphous structure after the

reduction. The PVP stabilized nickel catalyst maintains high activity for hydrolysis of

NH3BH3 to generate a stoichiometric amount of hydrogen with the cycle number up to 5,

while the reaction rate in the presence of the bare nickel catalyst decreases with cycle

number. After five cycles, the PVP stabilized nickel catalyst maintains the amorphous

structure, while the agglomeration of nickel in the bare nickel catalyst is observed. The

results indicate that PVP prevents agglomeration and crystallization of nickel nano-

particles, leading to higher durability than the bare nickel catalyst.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction system at high temperature poses an obstacle to its practical
Hydrogen has attracted much attention as an alternative

energy carrier to satisfy the increasing demand for an effec-

tive and clean energy supply because of its abundance, high-

energy density, and environmental friendliness [1,2]. The use

of hydrogen fuel cells in portable electronic devices or vehicles

requires lightweight hydrogen storage or on-board hydrogen

generation. Although there have been a large number of

reports on hydrogen storage materials [2,3] and on on-board

reforming of hydrocarbon into hydrogen [4], there are signif-

icant challenges related to the storage and the production of

hydrogen. For hydrogen storage materials, the gravimetric

and volumetric hydrogen capacities must be improved,

whereas for on-board reforming, the difficulty in operating the
2; fax: þ81 72 751 7942.

ational Association for H
application. Boron- and nitrogen-based chemical hydrides

such as LiNH2-LiH [5] and NaBH4 [6,7] are expected as potential

hydrogen sources for PEM fuel cells because of their high

hydrogen contents [8]. Ammonia borane, NH3BH3, which has

a hydrogen capacity of 19.6 wt.%, has made itself an attractive

candidate for chemical hydrogen storage applications. Inten-

sive efforts have been made to enhance the kinetics of

hydrogen release from this compound from both solid and

solution approaches [9–20].

A high performance hydrogen generation system based on

transition metal-catalyzed dissociation and hydrolysis of

NH3BH3 at room temperature has been achieved [12–20].

NH3BH3 dissolves in water to form a solution stable in the

absence of air. The addition of a catalytic amount of suitable
ydrogen Energy. Published by Elsevier Ltd. All rights reserved.

mailto:q.xu@aist.go.jp
http://www.elsevier.com/locate/he
http://www.sciencedirect.com


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 3 8 1 6 – 3 8 2 2 3817
metal catalysts into the solutions leads to rapid release of

hydrogen gas with an H2 to NH3BH3 ratio up to 3.0. Not only

noble metals such as Pt, Ru, and Rh [12,15] but also non-noble

metal-based catalysts such as Co, Ni, and Fe [14,16] exhibit

high activities to this reaction. This hydrogen generation

system possesses high potential to find its application in

portable fuel cells. For practical use, low-cost and high

performance non-noble metal catalysts are desired. Studies of

catalysts for hydrogen generation from aqueous NH3BH3

solution show that dispersion of active metals and/or amor-

phousness of the active phase play important roles in catalytic

performances [14–16,19,20]. However, few publications have

reported the effect of dispersion and/or amorphousness of the

active phase in nickel catalysts on the catalytic performance,

and the cycle ability of the catalysts.

Colloidal metal dispersion can be easily obtained

through dispersal in liquid media using water-soluble

polymers, such as poly(N-vinyl-2-pyrrolidone) (PVP) [21–

31]. PVP has received special attention because of its high

chemical stability, non-toxicity, and excellent solubility in

many polar solvents. PVP stabilized metals not only exhibit

a high degree of metal dispersion but are also stabilized

against agglomeration [23,26]. In addition, the polymer

stabilized metals could be easily cross-linked by other

polymers, and the cross-linked polymer stabilized metals

have practical advantages for applications requiring recy-

cling or fixed-bed operation, for example, easy separation

and removal from the reactors [32–34].

The present paper reports that PVP stabilized nickel cata-

lysts exhibit high durable performance for hydrogen genera-

tion from the hydrolysis of NH3BH3.
2. Experimental

2.1. Experimental procedures for synthesis of nickel
catalysts and hydrolysis of ammonia borane

A mixture of sodium borohydride (NaBH4, 20 mg, Aldrich,

>98.5%) and ammonia borane (NH3BH3, 55 mg, Aldrich, 90%)

was kept in a two-necked round-bottom flask. One neck was

connected to a gas burette, and the other was fitted with

a septum inlet to introduce 10 mL of aqueous nickel chloride

hexahydrate (NiCl2$6H2O, 38.12 mg, Kishida Chem. Co., >98%)

solution mixed with poly(N-vinyl-2-pyrrolidone) (PVP, K-30,

MW 40,000, 0, 0.1, 1, 10 mg, 0–0.045 mmol of monomeric units,

respectively, Tokyo Kasei Chem. Ind. Co. Ltd.). The reaction

started when the solution was syringed to the mixture of

NaBH4 and NH3BH3, and the evolution of gas was monitored

using the gas burette. The reactions were carried out at 298 K

in air.

After the hydrogen generation reaction was completed,

new aqueous NH3BH3 solution (0.16 M, 10 mL) was added into

the reaction flask. The evolution of gas was monitored using

the gas burette. Such cycle tests of the catalyst for the

hydrolysis of NH3BH3 were carried out five times in air.

All the samples after reaction were subjected to ultrafil-

tration (Ultrafilter Q0100, Advantec Co. Ltd.) under a pressure

of nitrogen.
2.2. Characterization

The morphologies of the bare nickel catalyst and the PVP

stabilized catalyst were observed using a Tecnai G2 20 twin

transmission electron microscope (TEM) operating with an

acceleration voltage of 200 kV, which was equipped with

a CCD camera (Gatan image filter) and an energy dispersive

X-ray detector (EDX). Selected area electron diffraction

(SAED) was obtained using a Hitachi H-9000NA transmission

electron microscope (TEM) operating with an acceleration

voltage of 300 kV. Samples for the measurements were

prepared by placing a drop of a colloidal dispersion of the

residue of filtration under a pressure of nitrogen in distilled

water onto a copper grid, followed by drying in vacuum

condition.
3. Results and discussion

Fig. 1 shows time courses of the hydrogen evolution from

aqueous solutions of NaBH4 and NH3BH3 mixtures catalyzed

by Ni catalysts in air. The evolutions of 148 and 143 mL of

hydrogen were finished in 12 and 9 min in the presence of

NiCl2 (Fig. 1a) and in the presence of NiCl2 with PVP (Fig. 1b),

respectively. As shown in the inset of Fig. 1b, only a negligible

amount of hydrogen is evolved from the aqueous NH3BH3

solution without NaBH4 in the presence of NiCl2 with PVP. The

result suggests that NaBH4 is necessary for activating the

catalyst, and Ni2þ is reduced via reaction (1).

Ni2þþ BH4
� þ 2H2O / Niþ BO2

�þ 2Hþþ 3H2 (1)

The effect of NaBH4 has been reported for the Fe-catalyzed

hydrolysis of NH3BH3 [13]. In the present reaction system,

NaBH4 was mixed with H2O, NH3BH3, and the catalyst.

Hydrogen is evolved via the following two reactions besides

reaction (1):

NaBH4þ 2H2O / Naþþ BO2
� þ 4H2 (2)

NH3BH3þ 2H2O / NH4
þþ BO2

�þ 3H2 (3)

Under the present reaction condition, about 40 mL of

hydrogen is generated via reactions (1) and (2), and about

120 mL of hydrogen is generated via reaction (3), experimen-

tally. The molar ratios of the hydrolytically generated

hydrogen to the initial NH3BH3 both in the presence of the bare

Ni catalyst and in the presence of the PVP stabilized Ni catalyst

are 2.8 and 2.7, respectively. As the theoretical molar ratio at

reaction completion is 3.0, the results indicate that the

hydrolysis of NH3BH3 is almost completed in the presence of

the bare Ni catalyst and in the presence of the PVP stabilized

Ni catalyst.

The morphologies of the bare Ni catalyst and the PVP

stabilized Ni catalyst after the hydrolysis of the NaBH4

and NH3BH3 mixtures were examined by TEM measure-

ments. The TEM and HAADF (high angle annular dark

field) images of the bare Ni catalyst reveal that the

catalyst contains grains with an amorphous structure
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Fig. 1 – Hydrogen generation (a) in the presence of the bare Ni catalyst and (b) in the presence of the PVP stabilized Ni catalyst

(PVP [ 10 mg) from an aqueous solution of NaBH4 and NH3BH3 (0.16 M, 10 mL) mixture and from an aqueous solution of

NH3BH3 without NaBH4 (inset of (b)). Ni/NH3BH3 [ 0.10 at 298 K in air.
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(Fig. 2a and b). Its related SAED pattern shown in Fig. 2c

demonstrates the diffuse diffraction rings of an amor-

phous phase. Similar to the bare Ni catalyst, the TEM and

HAADF images of the PVP stabilized Ni catalyst reveal
Fig. 2 – TEM (a) and HAADF (b) images of the bare Ni catalysts aft

and the corresponding SAED pattern (c).
that the catalyst also contains grains with an amorphous

structure (Fig. 3a and b), and its SAED pattern shown in

Fig. 3c demonstrates the diffuse diffraction rings of an

amorphous phase.
er hydrolysis of the solution of NaBH4 and NH3BH3 mixture,



Fig. 3 – TEM (a) and HAADF (b) images of the PVP stabilized Ni catalysts (PVP [ 10 mg) after hydrolysis of the NaBH4 and

NH3BH3 mixture, and the corresponding SAED pattern (c).
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Fig. 4 shows time courses of the hydrogen evolution from

aqueous NH3BH3 solutions catalyzed by Ni catalysts with

various amounts of PVP (PVP¼ 0–10 mg) at the 1st and 5th

cycle in air, respectively. The amount of hydrogen evolution

does not depend on the amount of PVP, while the evolution
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Fig. 4 – The H2/NH3BH3 molar ratio of hydrogen generated from the

by the Ni catalyst with PVP [ 0, 0.1, 1, and 10 at (a) the 1st cycle a
rate significantly depends on the amount of PVP. At the 1st

cycle, a stoichiometric amount of hydrogen was evolved in 33,

24, 24, and 14 min in the presence of the bare Ni catalyst and in

the presence of the PVP stabilized Ni catalysts with PVP¼ 0.1,

1, and 10 mg, respectively. The results indicate that the PVP
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Fig. 5 – Hydrogen evolution rates for the uninterrupted

cycle of Ni catalyst with PVP [ 0, 0.1, 1, and 10 mg vs. the

cycle number. Ni/NH3BH3 [ 0.10 at 298 K in air.
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stabilized Ni catalysts show higher hydrogen evolution rates

than the bare Ni catalyst. At the 5th cycle, hydrogen evolution

was finished in 67, 42, 22 and 20 min in the presence of the

bare Ni catalyst and in the presence of the PVP stabilized Ni

catalysts with PVP¼ 0.1, 1 and 10 mg, respectively. The results

in Fig. 4a and b indicate that the hydrogen evolution rates are

maintained in the presence of the PVP stabilized Ni catalysts
Fig. 6 – TEM (a) and HAADF (b) images of the bare Ni catalysts
with 1 and 10 mg, while the hydrogen evolution rates decrease

in the presence of the bare Ni catalyst and in the presence of

the PVP stabilized Ni catalysts with 0.1 mg. Fig. 5 shows the

hydrogen evolution rates for the uninterrupted cycle of Ni

catalysts. The evolution rates were calculated by averaging

the hydrogen amounts evolved every minute in the range

5–50% of the maximum amounts evolved in the presence of

each catalyst. At the 1st cycle, the PVP stabilized Ni catalysts

with PVP¼ 1 and 10 mg show higher hydrogen evolution rates

than the bare Ni catalyst and the PVP stabilized Ni catalyst

with PVP¼ 0.1 mg. The evolution rates in the presence of the

PVP stabilized Ni catalyst with PVP¼ 1 and 10 mg are 2.0 and

2.2 times, respectively, higher than that in the presence of the

bare Ni catalyst. It is found that 78 and 74% of the evolution

rates at the 1st cycle are retained at the 5th cycle in the

presence of the PVP stabilized Ni catalysts with 1 and 10 mg,

while 52 and 60% of the evolution rates at the 1st cycle are

retained at the 5th cycle in the presence of the bare Ni catalyst

and in the presence of the PVP stabilized Ni catalyst with

PVP¼ 0.1 mg. The results indicate that PVP is an effective

stabilizer to improve the durability of the Ni catalyst. Both the

evolution rates in the presence of the PVP stabilized Ni cata-

lysts with PVP¼ 1 and 10 mg are 3.1 times higher than that in

the presence of the bare Ni catalyst.

The morphologies of the bare Ni catalyst and the PVP

stabilized Ni catalyst after five cycles were examined by TEM
after five cycles, and the corresponding SAED pattern (c).



Fig. 7 – TEM (a) and HAADF (b) images of the PVP stabilized Ni catalysts (PVP [ 10 mg) after five cycles, and the

corresponding SAED pattern (c).
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measurements. The TEM and HAADF images of the bare Ni

catalyst reveal that the catalyst contains aggregates (Fig. 6a

and b). The related SAED pattern shown in Fig. 6c demon-

strates that the sample is polycrystalline. These results indi-

cate that amorphous nickel in the bare Ni catalyst

agglomerates and crystallizes during the reaction. The TEM

and HAADF images of the PVP stabilized Ni catalyst reveal that

the catalyst contains grains with an amorphous structure

(Fig. 7a and b). The SAED pattern shown in Fig. 7c demon-

strates diffuse diffraction rings of an amorphous phase. As

shown in Fig. 3c, the PVP stabilized Ni catalyst also contains an

amorphous structure after the hydrolysis of the NaBH4 and

NH3BH3 mixture. The results indicate that agglomeration and

crystallization of nickel during the reaction can be prevented

by the existence of PVP.
4. Conclusion

An amorphous nickel catalyst stabilized by poly(N-vinyl-2-

pyrrolidone) was synthesized by reduction in an aqueous

solution of NaBH4 and NH3BH3 mixture, and amorphous

nickel is identified both in the bare nickel catalyst and in

the PVP stabilized nickel catalyst by TEM and HAADF

measurements. The PVP stabilized nickel catalyst exhibits
almost the same activity for the hydrolysis of NH3BH3 to

generate almost a stoichiometric amount of hydrogen as

the bare nickel catalyst. However, the PVP stabilized nickel

catalyst shows higher durability than the bare nickel

catalyst. Agglomeration and crystallization of amorphous

nickel are observed for the bare nickel catalyst, whereas

the PVP stabilized nickel catalyst maintains an amorphous

structure after five cycles. The results indicate that PVP

prevents agglomeration and crystallization of amorphous

nickel, resulting in high durability.
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