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bstract

Nano-clusters of noble metals Ru, Rh, Pd, Pt and Au have been supported on �-Al2O3, C and SiO2, of which the catalytic activities have been
nvestigated for hydrolysis of NH3BH3. Among these catalysts, the Ru, Rh and Pt catalysts exhibit high activities to generate stoichiometric amount
f hydrogen with fast kinetics, whereas the Pd and Au catalysts are less active. Support effect has been studied by testing the hydrogen generation
eaction in the presence of Pt supported on �-Al2O3, VULCAN® carbon and SiO2, and it is found that Pt on �-Al2O3, which has the smallest
article size, is the most active. Concentration dependence of the hydrogen generation from aqueous NH3BH3 solutions has been investigated
n the presence of Pt/�-Al2O3 by keeping the amount of Pt/�-Al2O3 catalyst unchanged, which exhibits that the hydrogen release versus time
ml H2 min−1) does not significantly change with increasing the NH3BH3 concentration, indicating that the hydrogen release rate is not dependent

n the NH3BH3 concentration and the high activity of the Pt catalyst can be kept at high NH3BH3 concentrations. Activation energies have been
easured to be 23, 21 and 21 kJ mol−1 for Ru/�-Al2O3, Rh/�-Al2O3 and Pt/�-Al2O3 catalysts, respectively, which may correspond to the step of
–N bond breaking on the metal surfaces. The particle sizes, surface morphology and surface areas of the catalysts have been obtained by TEM
nd BET experiments.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Portable polymer electrolyte membrane (PEM) fuel cells
re considered as an alternative to traditional batteries. PEM
uel cells require stable, non-flammable and high capacity pure
ydrogen generator at ambient condition. Recently, due to high
ydrogen contents, chemical hydrides are expected as poten-
ial sources for pure hydrogen, which could be directly used in
ortable PEM fuel cells. NaBH4 is one of the potential chemi-
al hydrides, which generates hydrogen at room temperature in
he presence of metal catalysts and highly basic NaOH solution
1–6].
The ammonia-borane complex, NH3BH3, which is stable
nder ordinary storage conditions [7–10], possesses high poten-
ial for hydrogen generation for portable fuel cells. It contains

∗ Corresponding author. Tel.: +81 72 751 9562; fax: +81 72 751 9629.
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9.6 wt.% of hydrogen. Dehydrogenation by thermal decompo-
ition of solid NH3BH3 has been widely investigated [11–15].
eating acetonitrile and etheral solutions of NH3BH3 above
0 ◦C releases stepwise hydrogen leading to the formation of
yclotriborazane and borazine along with other minor prod-
cts [16]. Catalytic dehydrocoupling of NH3BH3 in diglyme
r tetraglyme results in evolution of hydrogen gas along with
he formation of borazine at 45 ◦C [17]. In situ spectroscopic
tudies using 11B NMR and X-ray absorption fine structure
pectroscopy (XAFS) have been performed to evaluate the
hodium-catalyzed dehydrogenation of dimethylamine borane
n toluene solution [18]. Dehydrogenation of ammonia-borane
n ionic liquid at 95 ◦C has been reported, which releases 1.6
quivalent of H2 along with traces of borazine in 22 h [19].

In our previous reports we have investigated the hydrolysis

f NH3BH3 in the presence of metals and solid acids at ambi-
nt conditions [9,10,20]. Aq. NH3BH3 releases stoichoimetric
mount of hydrogen (H2/NH3BH3 = 3.0), corresponding to
.9 wt.% of hydrogen relative to the starting materials NH3BH3

mailto:q.xu@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2007.03.015
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nd H2O (Eq. (1)), in the presence of Pt, Rh, Pd [9] and some non-
oble metal catalysts [20]. Among these metals Pt was found to
e the most active.

H3BH3 + 2H2O
Metal−→

r.t.
NH4

+ + BO2
− + 3H2 (1)

Catalytic activity of metals is largely dependent upon the
orphology and the support. Our present work is devoted to the

tudy of nano-clusters of Pt and other noble metals on various
upports for hydrogen generation from aq. NH3BH3. We present
hat catalytic performance of the noble metals Ru, Rh, Pd, Pt and
u for hydrogen generation from aq. NH3BH3 may be improved
y modifying the metal catalysts.

. Experimental

.1. Preparation of catalysts

Supported metal catalysts used in this study were prepared
y a conventional impregnation method. �-Al2O3 (Aluminium
xide, specific surface area = 43 m2 g−1, Aldrich), VULCAN®

arbon (VULCAN XC-72R, specific surface area = 240 m2 g−1,
abot Corp., USA) and SiO2 (fumed silica, specific surface
rea = 390 m2 g−1, Aldrich) were used as the catalytic sup-
orts. For preparing �-Al2O3 and SiO2 supported catalysts,
mpregnation was performed by stirring the supports with
nown amounts of aqueous solutions of RuCl3·xH2O, Rh(NO3)3
Kanto Chemical, Japan), Pd(NO3)2·xH2O, PtCl4 (Aldrich)
nd HAuCl4·4H2O (Kishida Chemicals, Japan), respectively,
t 363 K for 12–16 h. The solvent was evaporated to dryness at
63 K. The Ru, Rh, Pd, Pt and Au samples were calcined in air
or 5 h at 573 K. After purging argon in the fixed bed stainless
teel reactor containing the calcined samples, a continuous H2
as flow was introduced at a rate of 50 ml min−1 at 523 K for 5 h
or reduction. For preparing the VULCAN® carbon supported
latinum catalyst, impregnation was performed by ultrasonicat-
ng the mixture of PtCl4 dissolved in methanol and VULCAN®

arbon for 30 min at room temperature. The ultrasonicated sam-
le was dried at 363 K for 12 h and then the dried sample was
educed by a continuous H2 gas flow at a rate of 150 ml min−1 at
23 K for 2 h in a similar way. After reduction the catalysts were
tored in an argon atmosphere until being used for hydrogen
eneration.

.2. Characterization of catalysts

The morphology of the catalysts was observed using a Hitachi
-9000NA transmission electron microscope (TEM) operating
ith an acceleration voltage of 200 kV using Cu TEM grid as

ample holder. Average metal particle sizes were measured from
EM micrographs.

The textural data of catalysts were measured by N2 adsorp-
ion at liquid N2 temperature with a micromeritics ASAP 2010

ET analyzer. Before the analysis the samples were outgassed
t 300 ◦C for �-Al2O3, SiO2 and its supported catalysts and at
75 ◦C for VULCAN® carbon and its supported catalyst under
acuum for 4 h.

p
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.3. Hydrogen generation

Commercial ammonia-borane, NH3BH3 (Tech. 90%,
ldrich) was used as purchased. Reaction apparatus for mea-

uring the hydrogen generation rate from the aq. NH3BH−
3

olution is similar to that previously reported [9,10]. In general,
he hydrolysis reactions of aq. NH3BH3 with prepared catalysts
ere carried out at room temperature. A weighed catalyst was
laced in the three-necked round-bottom flask (50 ml) and the
eaction was started by stirring the mixture of the catalyst and
he aq. NH3BH3 solution added from the addition funnel, and
he evolution of gas was monitored using a gas burette to an
ccuracy of ± 0.5 ml for the 0.33 and 1 wt.% aq. NH3BH3 solu-
ions and using a flow-meter (Horiba STEC, SEF 7330) to an
ccuracy of ±1% for the 1, 5, 10, 15 and 25 wt.% aq. NH3BH3
olutions. For obtaining the activation energy, we carried out the
ydrogen generation reaction at 25, 30 and 40 ◦C. A water jacket
as used to keep the solution temperature constant within the

ange of the set value of ±1.0 ◦C.

. Results and discussion

Generally, the catalytic behavior of catalysts is largely depen-
ent upon the surface morphology, metal particle size, and
upport. In our previous investigations [9], we have shown that
t is the most efficient catalyst for the release of stoichiometric
ydrogen. This paper reports the activities of supported nano-
lusters of Pt and other noble metals, Ru, Rh, Pd and Au, on
ifferent supports, �-Al2O3, VULCAN® carbon and SiO2, for
ydrogen generation from aq. NH3BH3.

The morphology and particle sizes of the Ru/�-Al2O3, Rh/�-
l2O3, Pd/�-Al2O3, Pt/�-Al2O3, Pt/C, Pt/SiO2 and Au/�-Al2O3

atalysts were examined using TEM (Fig. 1). Spherical metal
articles are embedded on the edges of the crystalline �-Al2O3
upport in the cases of Ru/�-Al2O3, Rh/�-Al2O3, Pd/�-Al2O3,
t/�-Al2O3 and Au/�-Al2O3 catalysts, while in the cases of
t/C and Pt/SiO2 catalysts, metal particles are dispersed on the
urfaces of amorphous VULCAN® carbon and SiO2 supports,
espectively. The average particle sizes are 1.8, 2.5, 3.6, 1.5,
.9, 5.1 and 2.6 nm for Ru/�-Al2O3, Rh/�-Al2O3, Pd/�-Al2O3,
t/�-Al2O3, Pt/C, Pt/SiO2 and Au/�-Al2O3 catalysts, respec-

ively. Histograms representing the particle size distributions for
he Ru/�-Al2O3, Rh/�-Al2O3, Pd/�-Al2O3, Pt/�-Al2O3, Pt/C,
t/SiO2 and Au/�-Al2O3 catalysts are shown in Fig. 2.

The specific surface areas of the catalysts determined by using
he BET method are summarized in Table 1. There are only small
hanges in the surface area with loading metals to the supports.
e have observed significant increase in pore size and pore

olume for metal supported �-Al2O3 and SiO2 catalysts. During
mpregnation process in aqueous medium water is dissociatively
hemisorbed on Al2O3 or SiO2, which causes reconstruction of
urfaces and also changes in pore size and pore volume [21–24].
ur results are in line with the previous investigations. Such a

henomenon was not observed for VULCAN® carbon supported
atalysts.

Fig. 3 shows the hydrogen generation profiles with time
or the reactions of aq. NH3BH3 (1.0 wt.%) in the presence
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ig. 1. TEM micrographs for: (a) Ru/�-Al2O3, (b) Rh/�-Al2O3, (c) Pd/�-Al2O
h) a graph representing the average metal particle size (nm) for the above men
etal particles, respectively, on the basis of TEM micrographs).

f the �-Al2O3 supported Ru, Rh, Pd, Pt and Au catalysts
2 wt.%) with the metal contents normalized to the same
metal/NH3BH3 = 0.018). It is revealed that the Ru, Rh, and
t catalysts, of which the average particle sizes are 1.8, 2.5
nd 1.5 nm, respectively, are highly active for the hydrolysis of

H3BH3, exhibiting hydrogen release of H2/NH3BH3 = 3.0 in 3,
.3 and 0.75 min, respectively. It has been reported that �-Al2O3
tself (as well as the �-Al2O3 supported Fe catalyst) is inactive
o this reaction [20]. It is noted that the bulk RuO2 precursor

o
H
h
a

able 1
haracteristics of supports and catalysts tested for the hydrogen generation reaction

atalysts Metal content (wt.%) BET surface area (m2 g−1) P

-Al2O3 – 43 0
b – 240 0
iO2

c – 390 0
u/�-Al2O3 2 40 0
h/�-Al2O3 2 41 0
d/�-Al2O3 2 37 0
t/�-Al2O3 2 38 0
t/C 2 239 0
t/SiO2 2 396 1
u/�-Al2O3 2 35 0

a Calculated from TEM micrographs.
b VULCAN® carbon.
c Fumed SiO2.
) Pt/�-Al2O3, (e) Pt/C, (f) Pt/SiO2 and (g) Au/�-Al2O3 catalysts (2 wt.%) and
d catalysts (particle sizes are obtained from 60, 172, 65, 137, 51, 217 and 140

id not show catalytic activity for the hydrolysis of NH3BH3
9], while the supported Ru nano particles show high activity,
uggesting that the particle size is an important factor for the
atalytic activity. In comparison with the other platinum-group
etal catalysts, Pd/�-Al2O3, which has an average particle size
f 3.6 nm, shows a lower catalytic activity, releasing hydrogen of
2/NH3BH3 = 2.9 in 120 min. The Au/�-Al2O3 catalyst, which
as an average particle size of 2.6 nm, exhibits a much lower cat-
lytic activity for hydrolysis of aq. NH3BH3, releasing hydrogen

ore volume (cm3 g−1) Pore size (Å) Average particle sizea (nm)

.091 84 –

.312 51 –

.425 55 –

.183 186 1.8

.188 182 2.5

.188 205 3.6

.175 183 1.5

.334 56 1.9

.20 122 5.1

.177 200 2.6
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Fig. 2. Metal particle size distributions of: (a) Ru/�-Al2O3, (b) Rh/�-Al2O3, (c) Pd/�-Al2O3, (d) Pt/�-Al2O3, (e) Pt/C, (f) Pt/SiO2 and (g) Au/�-Al2O3 catalysts
(2 wt.%).



M. Chandra, Q. Xu / Journal of Power Sources 168 (2007) 135–142 139

Fig. 3. Hydrogen generation from aq. NH3BH3 (1 wt.%, 10 ml) in the presence
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Fig. 4. Volume of hydrogen generated vs. reaction time from aq. NH3BH3 solu-
tions with different concentrations in the presence of 2 wt.% Pt/�-Al2O3 with the
catalyst amount kept unchanged: (a) 0.33 wt.% (Pt/NH3BH3 = 0.00534) (mon-
itored by gas burette), (b) 1.0 wt.% Pt/NH3BH3 = 0.0018) (monitored by both
gas burette (b1) and flow-meter (b2)), (c) 5.0 wt.% (Pt/NH3BH3 = 0.00035), (d)
1
(
t

f
a
(
h
c
a
t
N
p
r
e
s
in the solution, which undergoes rapid exchange between each
other on the NMR time scale [9], and the present solid residue
formed from the high concentration NH3BH3 solution may be
f: (a) the Ru/�-Al2O3, Rh/�-Al2O3 and Pt/�-Al2O3 catalysts (2 wt.%) and (b)
he Pd/�-Al2O3 and Au/�-Al2O3 catalysts (2 wt.%) (metal/NH3BH3 = 0.018).

f H2/NH3BH3 = 1.9 in 610 min. It is well known that the particle
ize is an important factor for the activity of gold catalyst [25]. In
he previous work, we found that the Au2O3 precursor could not
ive active gold catalyst for the hydrolysis of NH3BH3 [9]. The
resent supported gold catalyst, Au/�-Al2O3, has an average
article size (2.6 nm), which is in the range of active gold cata-
ysts, although its activity is much lower than the platinum-group

etal catalysts. Previous studies have reported that gold is a good
atalyst for oxidation but not for hydrolysis of sodium borohy-
ride [26]. Noteworthily, the present study also reveals that the
atalytic activity of Rh and Pd can be significantly improved,
n comparison with [Rh(1,5-COD)(�-Cl)]2 and Pd Black in the
revious work [9], by supporting the nanoparticles to supports.
urthermore, it is noteworthy that no significant deactivation was
bserved for the used noble metal catalysts recycled by washing
ith water and then dried at 100 ◦C for one night. For example,
ydrogen of stoichiometric amount (H2/NH3BH3 ratio = 3.0)
as released in 1.6 min with the recycled 2 wt.% Rh/�-Al2O3

atalyst, close to the observation with the fresh catalyst.
We have studied the effect of NH3BH3 concentration on the

ydrogen generation rate using Pt/�-Al O (2 wt.%) catalysts.
2 3
he amount of Pt/�-Al2O3 (2 wt.%) catalyst (0.050 g) for hydro-
en generation was kept unchanged. As shown in Figs. 4 and 5
t is found that by increasing the NH3BH3 concentration

F
s

0.0 wt.% (Pt/NH3BH3 = 0.00018), (e) 15.0 wt.% (Pt/NH3BH3 = 0.00012) and
f) 25.0 wt.% (Pt/NH3BH3 = 0.00007) at room temperature. Unless indicated,
he volume of hydrogen released was monitored by flow-meter.

rom 0.33 to 25.0 wt.%, the change of the H2/NH3BH3 ratio
gainst time decreases but the actual rate of hydrogen release
ml H2 min−1) does not change significantly, indicating that the
ydrogen release rate is not largely dependent of the NH3BH3
oncentration and the high activity of the Pt catalyst can be kept
t high NH3BH3 concentrations. We found that after comple-
ion of hydrogen generation reactions from high concentration
H3BH3 some solid residue was observed, which was com-
letely soluble in excess water. It has been reported that the
esulting solution after hydrogen release from aq. NH3BH3
xhibits a single 11B resonance around 8 ppm due to products
uch as H3BO3, BO2

− and other borate species in equilibrium
ig. 5. The H2/NH3BH3 ratio vs. reaction time corresponding to the results
hown in Fig. 4.
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ig. 6. Hydrogen generation from aq. NH3BH3 (1 wt.%, 10 ml) in the presence
f Pt/�-Al2O3 (2 wt.%), Pt/C (2 wt.%), Pt/C (20 wt.%) and Pt/SiO2 (2 wt.%)
Pt/NH3BH3 = 0.018).

onsidered to be the precipitation of some borates due to the lim-
ted solubility. It is noted that upon the completion of reaction
he H2/NH3BH3 ratio reaches the same value, 3.0, at different

oncentrations, independent of the weight of H2O.

We have tested the catalytic activities of Pt on different sup-
orts with the Pt content kept unchanged (Pt/NH3BH3 = 0.018).

ig. 7. (a) Hydrogen generation from aq. NH3BH3 (1 wt.%, 10 ml) in the pres-
nce of Ru/�-Al2O3 (2 wt.%) (Ru/NH3BH3 = 0.009) at 25, 30 and 40 ◦C and (b)
he corresponding log k vs. 1/T plot calculated from (a). Calculated activation
nergy is 23 kJ mol−1.
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s shown in Fig. 6 the hydrogen generation rates from aq.
H3BH3 are in the order of Pt/�-Al2O3 > Pt/C > Pt/SiO2 with

he same Pt loading on support (2 wt.%) while the particle
izes of these catalysts are in the order of Pt/�-Al2O3 (1.5 nm)
Pt/C (1.9 nm) <Pt/SiO2 (5.1 nm). With Pt/�-Al2O3, Pt/C and
t/SiO2 hydrogen is released with H2/NH3BH3 = 3.0 in 0.75,
.5 and 3 min, respectively. Comparing the catalytic activity
f commercial Pt/C (20 wt.%, Johnson Matthey; 2.5 nm) cat-
lyst with the prepared Pt/C (2 wt.%, 1.9 nm) catalyst, it is
ound that the one with low loading Pt has a little higher
ctivity.

It is well known that the reaction rate generally increases with
he reaction temperature. The values of rate constants k have
een determined for hydrogen generation from aq. NH3BH3
n the presence of �-Al2O3 supported Ru, Rh and Pt catalysts
metal/NH3BH3 = 0.009) at different temperatures (25–40 ◦C)
s shown in Figs. 7–9, respectively. The NH3BH3 concentration
ecreases as the reaction proceeds and H2 volume generated
y the catalysts increases nearly linearly with time. Under our
xperimental conditions, the reaction rate constant, k, is nearly
onstant for a given temperature, implying zero order kinetics for

he NH3BH3 hydrolysis reaction. This suggests that the hydro-
en generation rate is controlled within surface reaction. Thus
he rate law for the catalytic hydrolysis of NH3BH3 can be given

ig. 8. (a) Hydrogen generation from aq. NH3BH3 (1 wt.%, 10 ml) in the pres-
nce of Rh/�-Al2O3 (2 wt.%) (Rh/NH3BH3 = 0.009) at 25, 30 and 40 ◦C and (b)
he corresponding log k vs. 1/T plot calculated from (a). Calculated activation
nergy is 21 kJ mol−1.
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Fig. 9. (a) Hydrogen generation from aq. NH BH (1 wt.%, 10 ml) in the pres-
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nce of Pt/�-Al2O3 (2 wt.%) (Pt/NH3BH3 = 0.009) at 25, 30 and 40 ◦C and (b)
he corresponding log k vs. 1/T plot calculated from (a). Calculated activation
nergy is 21 kJ mol−1.

s

−1/3d[NH3BH3]

dt
= d[H2]

dt
= k (2)

The reaction rate equation can be written as follows:

= k0 exp−E/RT (3)

here k0 is reaction constant, E the activation energy for the
eaction, R the gas constant and T is the reaction temperature.
ollowing Eq. (3), Figs. 7b–9b show the Arrhenius plots, log k
ersus the reciprocal absolute temperature. The slopes of the
traight lines give activation energies of 23, 21 and 21 kJ mol−1

or the Ru/�-Al2O3, Rh/�-Al2O3 and Pt/�-Al2O3 catalysts,
espectively. For comparison, in case of hydrogen generation
rom aq. NaBH4 in the presence of Ru catalyst supported on
RA-400 [2] and Ru(0) nanoclusters [5], the activation energies
re 47 and 29 kJ mol−1, respectively.

It is proposed as one of the plausible mechanisms in our pre-
ious reports that the activation process for catalytic hydrolysis
eaction takes place on the surface of metal catalysts [9,10,20].
he metal particle surface and NH3BH3 molecule form activated

omplex species, to which attack by a H2O molecule leads to dis-
ociation of B–N bond which is most likely the rate-determining
tep and hydrolysis of the resulting BH3 intermediate to
orate species along with hydrogen generation. At 25 ◦C, the

[

[
[

r Sources 168 (2007) 135–142 141

tandard-state enthalpy change for the Eq. (1) can be cal-
ulated to be −156 kJ mol−1 from the standard enthalpies
f −178 kJ mol−1 (NH3BH3), −572 kJ mol−1 (2H2O), −133
J mol−1 (NH4

+), −772 kJ mol−1 (BO2
−), and 0 (3H2) [27]

nd this reaction is exothermic. In comparison, the standard-
tate enthalpy change for the hydrogen generation reaction
f sodium borohydride NaBH4 + 2H2O → NaBO2 + 4H2 is
217 kJ mol−1 [3]. From the present catalytic hydrolysis reac-

ion 0.195 g of hydrogen is liberated per 1 g of the NH3BH3. The
eneration of 1 g H2 s−1 corresponds to 96.5 kA × 0.7 = 68 kW,
ssuming a standard PEM fuel cell operates at 0.7 V. The amount
f NH3BH3 needed is 0.27 kg for supplying hydrogen to such a
EMFC system to produce 1 kW of electric power for 1 h.

. Conclusion

Supported Ru, Rh, Pd, Pt and Au nano-clusters have
een developed as catalysts for hydrogen generation from aq.
H3BH3. The Ru, Rh, Pd and Pt catalysts were found to be

ctive for release of stoichiometric hydrogen from aq. NH3BH3.
upport effect has been investigated for Pt on different sup-
orts (�-Al2O3, VULCAN® carbon and SiO2) and Pt/�-Al2O3
s found to be the most active. Activation energies for hydro-
en generation in the presence of the �-Al2O3 supported Ru,
h and Pt catalysts are 23, 21 and 21 kJ mol−1, respectively.
igh concentration NH3BH3 solutions also release the stoi-

hiometric amounts of hydrogen (H2/NH3BH3 = 3.0) at low
atalyst/NH3BH3 ratios. The high performance of the noble
etal catalysts makes them a promising candidate to develop

ighly efficient portable hydrogen generation systems.
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