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Hydrogen generation from hydrolysis of sodium borohydride
using Ru(0) nanoclusters as catalyst
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Abstract

Sodium borohydride is stable in aqueous alkaline solution, however, it hydrolyses in water to hydrogen gas in the presence of suitable
catalyst. By this way hydrogen can be generated safely for the fuel cells. Generating H2 catalytically from NaBH4 solutions has many
advantages: NaBH4 solutions are nonflammable, reaction products are environmentally benign, rate of H2 generation is easily controlled, the
reaction product NaBO2 can be recycled, H2 can be generated even at low temperatures. All of the catalysts that has been used in hydrolysis
o talysts causes
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f sodium borohydride are bulk metals and they act as heterogeneous catalysts. The limited surface area of the heterogeneous ca
ower catalytic activity as the activity of catalyst is directly related to its surface area. Thus, the use of metal nanoparticles with lar
rea provides potential route to increase the catalytic activity. Here, we report, for the first time, the use of ruthenium(0) nano
atalyst in the hydrolysis of sodium borohydride liberating hydrogen gas. The ruthenium nanoparticles are generated from the re
uthenium(III) chloride by sodium borohydride in water and stabilized by specific ligand. The ruthenium(0) nanoclusters are fou
ighly active catalyst for the hydrolysis of sodium borohydride.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In modern society, hydrogen is an important chemical
aterial which is utilized in large amounts in synthetic chem-

cal industries. In near future hydrogen is expected to become
n energy vector. Hydrogen is produced from various energy
ources, stored, transported and used in industries. Hence,
uel cells using hydrogen as fuel have been under develop-
ent. Chemical energy released upon reaction of hydrogen
nd oxygen is directly converted into electric energy in fuel
ell [1].

As new fueling concept, it can be suggested that the chem-
cal hydrides (NaBH4, KBH4, LiH, NaH, etc.) act as new
uel source supplying hydrogen at normal temperature[2].
hemical hydrides are very reactive toward hydrolysis in
ater, which results in releasing large amount of hydrogen
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gas. Among these chemical hydrides, sodium borohy
(NaBH4) provides safe and practical mean of produc
hydrogen. Hydrolysis of NaBH4 produces hydrogen gas a
water-soluble sodium metaborate, NaBO2, in the presenc
ofsuitable catalyst[3]. By this way hydrogen can be gen
ated safely for the fuel cells.

NaBH4 + 2H2O
Ru(0)nanoclusters−−−−−−−−−→ NaBO2 + 4H2,

�H = 300 kJ (1)

Generating H2 catalytically from NaBH4 solutions ha
many advantages: NaBH4 solutions are nonflammable, re
tion products are environmentally benign, rate of H2 gener-
ation is easily controlled, the reaction product NaBO2 can
be recycled, H2 can be generated even at low temperatu
Such hydrolysis of sodium borohydride can be accele
by catalysts[4], by acid[5], or under elevated temperatu
[6].
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All of the catalysts used in hydrolysis of sodium borohy-
dride so far are bulk metals and they act as heterogeneous
catalysts[7]. The limited surface area of the heterogeneous
catalysts causes to lower catalytic activity as the activity of
catalyst is directly related to its surface area. Thus, the use of
metal nanoparticles with large surface area provides potential
route to increase the catalytic activity[8]. Here, we report
for the first time the results of our study on the hydrogen
generation from the catalytic hydrolysis of sodium borohy-
dride using water-dispersible ruthenium(0) nanoclusters as
catalyst.

2. Experimental

2.1. Preparation of Ru(0)—acetate stabilized
nanoclusters

Ruthenium(III) chloride hydrate, sodium acetate (99%)
and sodium borohydride (98%) from Aldrich were used as
received. Deionized water was distilled by water purification
system. All glass ware and Teflon coated magnetic stir bars
were cleaned with acetone, followed by copious rinsing with
distilled water before drying in an oven.

Ru(0) nanoclusters were prepared by following the general
procedure given in the literature[9]: 1.0 mL of 1.0 M aque-
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different sets of experiments were performed: in the first set
of experiments the concentration of NaBH4 was kept constant
at 150 mM, and the Ru(0) nanoclsuters concentration was
varied in the range of 0.2, 0.4, 0.6, 0.8, 1.0 and 1.4 mM. In the
second set of experiments, Ru(0) nanoclusters concentration
was held constant at 0.4 mM while the NaBH4 concentration
was varied to get various NaBH4/Ru(0) ratio in the range of
100, 200, and 500.

Finally, we performed the catalytic hydrolysis of NaBH4
in the presence of Ru(0) nanoclusters at constant NaBH4 and
Ru(0) concentrations at different temperatures 30, 35, 40, and
45◦C.

4. Results and discussion

Water-dispersible ruthenium(0) nanoclusters were pre-
pared from the reduction of ruthenium(III) chloride by
sodium borohydride in water and stabilized by acetate. These
Ru(0) nanoclusters were used, for the first time, as catalyst
in the hydrolysis of sodium borohydride liberating hydrogen
gas. The ruthenium(0) nanoclusters are found to be highly
active catalyst for the hydrolysis of sodium borohydride as
shown inFig. 1, which plots the volume of H2 generated ver-
sus time during the catalytic hydrolysis of 150 mM NaBH4
s rent
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us sodium acetate solution was added to 10 mL of 2.0
queous RuCl3 solution and 1.0 mL of 0.112 M of aqueo
aBH4 solution was added to this solution dropwise un
igorous stirring. Molar ratio of NaBH4 to RuCl3 greater tha
was used to ensure complete reduction of Ru to its zero
ation state. Ru(0) nanoclusters obtained was dark bro
olor and very stable. No precipitation was observed
fter few days of storage.

.2. Catalytic activity of Ru(0) nanoclusters in the
ydrolysis of sodium borohydride

The catalytic activity of Ru(0) nanoclusters was de
ined by measuring the amount of hydrogen generated

he hydrolysis of sodium borohydride. In all experiments t
olume of solution was held constant at 50 mL, NaBH4 solu-
ion was thermostated to a preset temperature in the s
ask and given amount of catalyst, prepared in aqueous
ion in separate flask, was added to the reaction flask an
eaction was started while the solution was stirred vigoro
raduated glass column filled with water was connecte

he top outlet of the flask as gas burette. The volume of hy
en gas evolved was measured by the displacement of

evel in the column.

. Kinetic study

In order to establish the rate law for catalytic hydroly
f NaBH4 using water-dispersible Ru(0) nanoclusters,
olution in the presence of Ru(0) nanoparticles in diffe
oncentrations at 25◦C. It is seen that Ru(0) nanoclust
ave high catalytic activity in the hydrolysis of NaBH4 even
t low concentrations and room temperature. The hydr
volution starts immediately without any induction per
s we used preformed catalyst. The hydrogen evolution
emains constant until all the sodium borohydride react.
ydrogen generation rate was determined from the linea

ion of the plot for each experiment with different Ru
oncentration.Fig. 3shows the plot of hydrogen generat
ate versus Ru(0) concentration, both in logarithmic sc
ne obtainsstraight line, the slope of which is found to
.073. This indicates that the hydrolysis is first order w
espect to the concentration of Ru(0) nanoclusters cata

Fig. 2shows the change in concentration of NaBH4 with
ime during the catalytic hydrolysis starting with three dif
nt initial concentrations of sodium borohydride but cons

ig. 1. The graph of volume of hydrogen (mL) vs. time (s) in different R
oncentrations in all sets [NaBH4] = 150 mM at 25◦C.
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Fig. 2. The graph of NaBH4 concentration vs. time in three different
NaBH4/Ru(0) ratios at 25◦C ([Ru] = 0,4 mM in all three sets).

Fig. 3. The graph of ln rate vs. ln [Ru] at 25◦C and 150 mM NaBH4.

Ru(0) concentration at 25◦C. It is seen that the concentra-
tion of sodium borohydride decreases linearly as the reaction
proceeds. Furthermore, the lines for all the three experiments
have the same slope, indicating that the catalytic hydrolysis
is zero order in substrate concentration. Thus, the rate law for
the catalytic hydrolysis of sodium borohydride can be given
as

−4d[NaBH4]

dt
= d[H2]

dt
= k[Ru] (2)

The values of the rate constantk were determined at vari-
ous temperatures and listed inTable 1.Fig. 4shows the Arrhe-
nius plot, lnk versus the reciprocal absolute temperature
(1/T). The slope of the straight line gives an activation energy
of 28.51 kJ/mol for the Ru(0) nanoclusters catalyzed hydrol-
ysis of sodium borohydride. This value compares favorably
with the activation energy found by Amendola[2a]at higher
NaBH4 and NaOH concentrations, and activation energies
found by Kaufman and Sen[10] for the same hydrolysis
but with different bulk metal catalysts; 75 kJ/mole for cobalt,
71 kJ/mol for nickel, and 63 kJ/mol for Raney nickel.

The catalytic efficiency of Ru(0) nanoclusters for the
hydrolysis of sodium borohydride is expressed by the
turnover frequency (N). The turnover frequencies were given
i
N

Table 1
Rate constants for the hydrolysis of sodium borohydride catalyzed by Ru(0)
nanoclusters starting with solution of 150 mM NaBH4 and 0.4 mM Ru(0)
nanoclusters at different temperatures

Temperature (◦C) Rate constant (turnover frequency)
(mol NaBH4 [mol Ru(0)]−1 s−1)

30 2.9
35 3.9
40 4.8
45 5.1

Fig. 4. The Arrhenius plot, lnk vs. the reciprocal absolute temperature 1/T ,
in the temperature range is 30–45◦C.

Table 2
Turnover frequencies for the hydrolysis of sodium borohydride catalyzed by
Ru(0) nanoclusters starting with solution of 0.4 mM Ru(0) nanoclusters and
various concentration of NaBH4 (different NaBH4 /Ru(0) ratio) at 35◦C

NaBH4/Ru(0) Turnover frequency (s−1)

100 7.9
200 6.8
500 6.6

5. Conclusion

We have shown that water-dispersible ruthenium(0)
nanoparticles can be obtained by using acetate anion stabi-
lizer. These water-dispersible ruthenium(0) nanoclusters are
highly active catalyst in the hydrolysis of sodium borohy-
dride which has been used as an effective source for produc-
ing H2. Using ruthenium(0) nanoclusters catalyst provides
the lowest activation energy ever found for the hydrolysis
of sodium borohydride. Thus, the catalytic hydrolysis of
sodium borohydride can be performed at ambient temper-
ature and hydrogen gas can be generated at an appreciable
rate.
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