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a  b  s  t  r  a  c  t

Hydrogen  storage  for vehicular  applications  requires  high  gravimetric/volumetric  storage  capacity.
Ammonia  borane  (NH3BH3, AB),  having  hydrogen  content  as high  as  19.6  wt%,  has  been  considered  as  a
highly potential  hydrogen  storage  medium  for on-board  applications.  The  AB  hydrolytic  dehydrogena-
tion  system  presents  a hydrogen  capacity  up  to 7.8 wt%  of  the  starting  materials  AB and  H2O,  showing
ydrolysis
eterogeneous catalysis
ydrogen storage

its  high  potential  for chemical  hydrogen  storage.  With  significant  research  efforts,  the  reaction  kinetics
has been  greatly  enhanced  under  ambient  conditions  and  the  catalyst  cost  has  been  remarkably  lowered
for the  hydrolytic  dehydrogenation  of AB in  recent  five  years.  Herein,  we  briefly  review  the  research  pro-
gresses  in  catalytic  hydrolytic  dehydrogeneration  from  ammonia  borane  for chemical  hydrogen  storage.
Moreover,  we  also  concisely  discuss  hydrogen  release  from  aqueous  hydrazine  boranes,  derivatives  of
AB,  as  new  hydrogen  storage  materials.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

There is an increasing and impending demand for sufficient
nergy supply along with the continuously growing population and
he rising standards of living in the world. Hydrogen, as a globally
ccepted clean and source-independent energy carrier [1],  has a
igh energy content per mass compared to petroleum (120 MJ  kg−1

or hydrogen versus 44 MJ  kg−1 for petroleum) and can be energy

that it can be stored in a small space and used in a high efficiency.
In order to meet the targets set by the U.S. Department of Energy
(US DOE) [2],  different storage solutions have been developed and
a large number of publications on hydrogen storage materials,
such as metal hydrides [3,4], sorbents [5–7], on-board reforming
of hydrocarbon into hydrogen [8],  and organic materials [9] have
been reported, while big challenges still remain.

Chemical storage materials with high hydrogen contents are

ources for different end uses, such as hydrogen fuel cell vehicles
nd portable electronics.

For transportation applications, the energy carrier is required to
ave a small volume and mass, as well as high energy content, so

∗ Corresponding author. Tel.: +86 72 751 9562; fax: +86 72 751 7942.
E-mail address: q.xu@aist.go.jp (Q. Xu).

920-5861/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.09.019
highly promising as hydrogen sources for fuel cells. Among
them, boron- or nitrogen-based compounds, such as, LiNH2–LiH,
Li/NaBH4 and N2H4, etc., have attracted much attention [10–14].
The simplest B–N compound of ammonia borane (NH3BH3, AB),
with low molecular weight (30.9 g mol−1) and a hydrogen capac-

ity as high as 19.6 wt%, exceeding those of gasoline and Li/NaBH4,
is today the most promising boron hydride for on-board hydrogen
storage applications [6,12,15–24].

dx.doi.org/10.1016/j.cattod.2010.09.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:q.xu@aist.go.jp
dx.doi.org/10.1016/j.cattod.2010.09.019
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Fig. 1. 11B NMR spectra of (a) aqueous AB solution freshly prepared, (b) after 1
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3. Catalysts
onth under Ar atmosphere, and (c) after reaction in the presence of suitable cata-
yst.  The peak at 0 ppm is due to the external reference BF3·(C2H5)2O.

Ammonia borane is a colorless molecular crystal with tetragonal
tructure under ambient conditions and soluble in H2O and other
elatively polar solvents (for example, methanol) [18,22].  Pure AB
as a density of 0.74 g cm−3 and a melting point of 110–125 ◦C. It is
rst synthesized in the mid-1950s for developing boron hydride
ased high-energy fuels for jets and rockets. Presently, several

aboratory-scale preparation methods have also been established
nd one of the most effective method gives high purity (≥98%) and
igh yield (≥95%), which involves the reaction of NaBH4 and ammo-
ium formate (HCO2NH4) in dioxane [18,25]. Most importantly, AB

s nontoxic, stable, environmental benign, and can be safely handled
nder ambient conditions, which greatly facilitate its application.

To data, considerable works involving the hydrogen release
rom the thermal dehydrogeneration of AB have been reported
15,16,26–29]. The thermal dehydrogeneration temperature can
e lowered in an organic solution or ionic liquid [26]. In con-
rast to neat AB, the threshold temperature can be reduced and
olatile byproducts can be effectively suppressed by loading AB
nto different scaffolds (such as, SBA-15 [15], CMK-3 [27], and
orous metal-organic framework [16]) or doping with Li [27]. In
ddition, reaction of AB with metal hydrides (such as, LiH, NaH
28], or CaH2 [29]) yields metal amidoboranes of M(NH2BH3)n

M = Na, n = 1; M = Ca, n = 2), which can release hydrogen at lower
emperatures with much lower propensity for borazine forma-
ion. Generally speaking, thermal decomposition of AB needs high
emperature and power consumption. In contrast, the catalytic
ydrolysis provides a more promising method for hydrogen gen-
ration from AB. Colorless aqueous solution of AB is highly stable
over 1 month) in an argon atmosphere, exhibiting a quadruplet
entered at ı = −23.9 ppm with 1JB–H = 91 Hz in the 11B NMR  spec-
ra (Fig. 1) whereas it undergoes very slow hydrolysis reaction in air
ue to the catalytic activity of carbon dioxide [30,31].  The hydroly-
is reaction (Eq. (1)) can be significantly accelerated in the presence
f suitable catalysts, as evidenced by the decrease until the disap-
earance of the 11B peak at −23.9 ppm for aqueous NH3BH3 and the
ppearance of an additional low field-shifted single 11B resonance

ue to the production of borate species (Fig. 1). Therefore, one of the
ajor obstacles for the practical application of the catalytic hydrol-

sis dehydrogenation of AB is to develop efficient and economical
Fig. 2. The reaction apparatus for monitoring hydrogen generation from aq. AB. (a)
three-necked flask, (b) water-bath stirrer, (c) thermometer/pH meter, (d) additional
funnel with a pressure equalized arm, (e) gas valve, (f) gas burette and (g) reservoir.

catalysts to improve the kinetic properties under moderate reaction
conditions.

NH3BH3 + 2H2O → NH4
+ + BO2

− + 3H2 (1)

In this review, we briefly survey the research progresses in cat-
alytic hydrogen generation from hydrolysis of AB under ambient
conditions in recent five years since the first work was published
by our group in 2006 [30].

2. Experimental set-up and procedure

2.1. Experimental set-up

As illustrated in Fig. 2, an experimental apparatus is devised
for monitoring the hydrogen generation amount/rate from the AB
aqueous solution, which consists of a three-necked round-bottom
flask with one of the flask openings connected to a gas burette, one
to an addition funnel with a pressure-equalization arm, and the
other one to a thermometer or pH meter.

2.2. Experimental procedure

The AB powder is placed in the three-necked flask and the reac-
tion is started by stirring the mixture of the AB and the catalyst
aqueous solution added from the additional funnel (for liquid cat-
alysts or catalyst precursors); or the AB powder and catalyst are
placed in the flask and distilled water added from the funnel to
trigger the reaction (for solid catalysts). The evolution of gas was
monitored using the gas burette (the water levels are adjusted to
equal height by moving the reservoir during hydrogen evolution).
The solution temperature can be controlled by a water-bath stirrer
(coolant can be changed with water for cooling if necessary). After
the completion of the reaction, the solutions can be filtered to sep-
arate the catalyst as residue. The filtrates and the catalyst are used
for further characterizations (such as, 11B NMR, powder XRD, TEM,
etc.).
Through five years of exploration and efforts, it has been found
that almost all of active catalysts toward hydrolysis of AB are highly
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ependent on metal sites. Herein, we discuss the progresses on
ydrolysis of AB on the basis of metal catalyst classification.

.1. Noble metal-based catalysts

Noble metal-based catalysts were firstly found to have con-
iderable activities toward hydrolytic dehydrogenation of AB. The
t-based catalysts were firstly reported to have high activity toward
his reaction with the released H2 to AB ratio up to 3.0 and
he catalytic activities are in the order of 20 wt% Pt/C > 40 wt%
t/C > PtO2 > Pt black > K2PtCl4. The 20 wt% Pt/C catalyst shows the
uperhigh activity and the reaction is completed in less than 2 min.
n contrast, Rh[(1,5-COD)(�-Cl)]2 and Pd black have lower activ-
ty and some noble metal oxides (RuO2, Ag2O, Au2O3, IrO2) are
lmost inactive [30]. The activity of cationic Pt-based salts for
B hydrolysis reaction can be ascribed to the reduction of Ptn+

n = 4, 6) to Pt0 during the course of the reaction, which is sup-
orted by TEM observations [30] and X-ray diffraction (PXRD)
nalyses [32]. The �-Al2O3 and SiO2 supported Ru, Rh, Pd, Pt and
u nanoparticles (NPs) were also investigated for hydrolysis of AB
y our group [33]. It has been found the Ru, Rh and Pt catalysts
xhibit high activities to generate stoichiometric amount of hydro-
en with fast kinetics, whereas the Pd and Au catalysts are less
ctive. Furthermore, investigations on Pt NPs supported on dif-
erent supports (�-Al2O3, VULCAN® carbon and SiO2) reveal the
upport effects are mostly attributed to the change of particle size,
nd the hydrogen release rate is not dependent on the AB con-
entration [33]. Manners and co-workers reported Rh(0) species
e.g., Rh black, Rh stabilized on alumina, aqueous Rh colloids) as
ctive catalysts for hydrolysis of AB and proposed a heteroge-
eous mechanism [34]. Rhodium NPs were deposited on different
upports (�-Al2O3, TiO2 and carbon) and the activities of these cat-
lysts were different, in which Rh/TiO2 gave the best activity in
he hydrolysis of AB although the sizes of Rh NPs formed were
imilar [35]. It has been reported by Basu et al. that the Ru/C cata-
yst is active and has an activation energy of 76 ± 0.1 kJ mol−1. The
bserved hydrogen release rates are 843 ml  H2 min−1 (g catalyst)−1

nd 8327 ml  H2 min−1 (g catalyst)−1 at 25 ◦C and 55 ◦C, respectively
36]. They also investigated the isothermal hydrogen release rate
f dilute AB (1 wt%) hydrolysis in the presence of carbon sup-
orted ruthenium catalyst (Ru/C) with catalyst particle sizes of
0–181 �m and in a temperature range of 26–56 ◦C and the results
btained under dilute AB conditions showed an activation energy
f 60.4 kJ mol−1 [37].

In order to achieve well dispersed noble metal clusters/NPs with
mall sizes, Özkar and co-workers have recently used different
olymers as stabilizers for metal NPs. The water soluble laurate
dodecanoate, C12H23NaO2)-stabilized Rh NPs with an average size
f 5.2 ± 2.7 nm were prepared by the reduction of rhodium(III) chlo-
ide over dimethylamine–borane in solution containing sodium
aurate at room temperature. The laurate-stabilized Rh NPs showed
xceptional catalytic activity with a turnover frequency (TOF) value
f 200 mol  H2/mol Rh min−1 and unprecedented catalytic lifetime
ith 80,000 turnovers in the hydrolysis of AB in air at 25.0 ◦C [38].

hey have also prepared water dispersible laurate-stabilized Ru
Ps with an average size of 2.6 ± 1.2 nm by the same method from
uCl3·3H2O and found that the laurate-stabilized Ru NPs are highly
ctive and long-life catalyst with a TOF of 75 mol  H2/mol Ru min
nd total turnover number (TTON) value of 5900 mol  H2/mol Ru in
he hydrolysis of AB at 25.0 ◦C [39]. In addition, the authors used
ater-soluble poly(4-styrenesulfonic acid-co-maleic acid), PSSA-

o-MA, as an alternative stabilizer to prepare Ru NPs and Pd NPs

ith average particle sizes of 1.9 ± 0.5 nm and 3.5 ± 1.6 nm,  respec-

ively, in situ from the reduction of RuCl3 and K2PtCl4 during the AB
ydrolysis reaction at room temperature [40]. It is found that PSSA-
o-MA  stabilized Ru NPs and Pd NPs are highly active and provide
day 170 (2011) 56– 63

51,720 and 8720 turnovers, respectively, in the hydrogen gener-
ation from the hydrolysis of AB at 25 ◦C before deactivation. The
deactivation is probably due to the increasing viscosity of the solu-
tion or deactivation effect of increasing metaborate concentration.
The activation energies for the hydrolysis of AB in the presence
of PSSA-co-MA  stabilized Ru and Pd NPs are 54 ± 2 kJ mol−1 and
44 ± 2 kJ mol−1, respectively. Kinetics studies show that the cat-
alytic hydrolysis of AB is of first order with respect to the catalyst
concentration, whereas it is of zero order with respect to the sub-
strate concentration in the case of both Ru and Pd NPs [40]. It is a
feasible approach to confine the active metal NPs inside void spaces
such as mesoporous or microporous solids for preventing aggrega-
tion of metal NPs. Zeolite-Y with highly ordered supercages with
a diameter of 1.3 nm was  selected as a suitable host for preparing
Rh and Pd NPs with small sizes [41–43].  The zeolite-stabilized Rh
and Pd NPs were prepared at room temperature by ion-exchange of
Rh3+ or Pd2+ cation with the extra framework Na+ ions in zeolite-Y,
followed by in situ reduction of the metal cations during the cat-
alytic hydrolysis of AB (for Rh NPs) or with sodium borohydride in
aqueous solution (for Pd NPs). The zeolite-stabilized Rh and Pd NPs
are found to be isolable, redispersible, and reusable as an active
catalyst in the hydrolysis of AB and provide exceptional catalytic
activities (TOF = 92 mol  H2/mol Rh min  for Rh NPs) and long lifetime
(47,200 turnovers for Rh NPs and 15,600 turnovers for Pd NPs) in
the hydrolysis of AB at 25 ◦C. Moreover, the complete release of
hydrogen is achieved even in successive runs performed by redis-
persing the zeolite-stabilized Rh NPs isolated after the previous
run. The authors attributed the outstanding catalytic activity and
catalytic lifetime of zeolite-stabilized Rh NPs to the small size and
narrow size distribution of the Rh NPs, which are almost half-naked
interacting with internal or external surface of zeolite [42,43]. Some
reported noble metal-based catalysts for hydrogen generation from
aqueous AB are summarized in Table 1.

3.2. Non-noble metal-based catalysts

Although the noble metal-based catalysts show very high activi-
ties for hydrolysis of AB as mentioned above, 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. Bearing this in
mind, we firstly studied catalytic performance of supported non-
noble metals for hydrogen generation from aqueous AB at room
temperature and found supported Co, Ni and Cu were the most
catalytically active under our experimental conditions, with which
hydrogen is released with an almost stoichiometric amount from
aqueous AB, whereas supported Fe is catalytically inactive for this
reaction. Among the different supports (�-Al2O3, SiO2 and C) for Co
NPs, the Co/C catalyst has the highest activity. Similar to those of
noble metal NPs, the activity of the supported catalyst is increased
with decreasing the particle size of non-noble metal NPs [44].
Afterwards, we systematically investigated the catalytic activities
of unsupported first-row transition metal NPs, which were pre-
reduced by NaBH4 or in situ reduced in the presence of AB and
NaBH4 during the hydrolysis reaction. It is found that the catalytic
activities are highly dependent on their particle sizes, crystallini-
ties, compositions, etc. [45–50].  In the presence of NaBH4 and
NH3BH3 as the co-reducing agents, the amorphous Fe NPs were
in situ formed and showed exceptionally high catalytic activity,
with which the hydrolysis reaction was completed within 8 min
(metal/AB = 0.12, Fig. 3a). The high activity of the amorphous Fe

catalyst could be attributed to the fact that the amorphous cata-
lyst has a much greater structural distortion and therefore a much
higher concentration of active sites for the catalytic reaction than
its crystalline counterpart pre-reduced by NaBH4 (Fig. 3b) [45].
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Table  1
Catalytic activities of noble metal-based catalysts for the generation of hydrogen from aqueous AB.

Catalyst Average metal
particle size (nm)

Maximum H2/AB
molar ratio

Time to completion
(min)

Activation energy
(kJ mol−1)

Catalyst/AB
molar ratio

Ref.

20 wt%  Pt/C, 40 wt%  Pt/C, PtO2, Pt black 3.0 ≤10 0.018 [30]
K2PtCl4 3.0 ≈18 0.018 [30]
Rh[(1,5-COD)(�-Cl)]2 ≈2.5 ≈10 0.018 [30]
Pd  black ≈2.7 250 0.018 [30]
K2PtCl6 87 [32]
Ru/�-Al2O3 1.8 3.0 3 23 0.018 [33]
Rh/�-Al2O3 2.5 3.0 1.3 21 0.018 [33]
Pd/�-Al2O3 3.6 2.9 120 0.018 [33]
Pt/�-Al2O3 1.5 3.0 0.75 21 0.018 [33]
Au/�-Al2O3 2.6 1.9 610 0.018 [33]
Pt/SiO2 5.1 3.0 3 0.018 [33]
Ru/C  76 or 60.4 [36,37]
Zeolite stabilized Rh(0) Small 3.0 8 67 0.004 [42]
PSSA-co-MA  stabilized Ru(0) 54 [40]
PSSA-co-MA  stabilized Pd(0) 44 [40]
Laurate stabilized Rh(0) 5.2 ± 2.7 3.0 6 0.0025 [38]
Laurate stabilized Ru(0) 2.6 ± 1.2 3.0 22 47 0.00125 [39]
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Laurate stabilized Ru(0) 2.6 ± 1.2 3.0 

Zeolite stabilized Pd(0) 3.0 

There are quite a few reports on various Ni-based cata-
ysts towards hydrolysis of AB due to the special preference of
esearchers. Experimental investigations have found that Ni NPs
ith or without capping agent possess high catalytic activities for
2 generation from aqueous solution of AB. However, the catalytic
ctivities of the Ni NPs almost remained even after 240 h when
ater-soluble starch was employed as the “green” capping agent

or Ni NPs. In contrast, the catalytic activities of Ni NPs without
tarch decreased seriously in the course of the lifetime tests. The
PS results demonstrate that starch can successfully keep the Ni
Ps in aqueous solution from the oxidation in air, resulting in the

etainable activity [46]. Likewise, the PVP stabilized nickel catalyst
an keep high activity for hydrolysis of AB to generate a stoichio-
etric amount of hydrogen with the cycle number up to 5, while the

eaction rate in the presence of the bare nickel catalyst decreases
hen additional cycles are performed. The study indicate that

VP may  prevent agglomeration and crystallization of nickel NPs,
esulting in higher durability of PVP stabilized Ni than the bare Ni
atalyst [47]. The Fe1−xNix (x = 0, 0.3, 0.4, 0.5, 0.7 and 1) nano-alloys
ere also in situ prepared by a facile method for H2 generation from
he aqueous AB solution under ambient atmosphere at room tem-
erature [48]. The obtained nano-alloys, especially for Fe0.5Ni0.5,
ave very high catalytic activity and can be readily magnetically

ig. 3. Hydrogen generation by hydrolysis of aqueous AB (0.16 M,  10 mL)  in the pres-
nce of (a) in situ synthesized Fe catalysts and (b) the pre-synthesized (Fe/AB = 0.12)
t  room temperature under argon. Inset: TEM micrographs and the corresponding
AED patterns of the Fe NPs [45]. Scale bar: 20 nm.
8 47 0.005 [39]
56 [43]

separated for further recycling and remain the same high activity
even after 5 catalytic cycles under ambient conditions. The Ni@SiO2
nanospheres prepared with reversed micelle method were found
to have higher catalytic activity for hydrolysis of AB to generate sto-
ichiometric amount of H2 compared to the Ni/SiO2 nanosphere and
Ni/commercial SiO2 catalysts, which were synthesized by deposit-
ing Ni NPs on SiO2 nanospheres and commercial SiO2, respectively,
with impregnation method [49]. Li and co-workers employed a Ni-
based metal-organic framework (MOF) as precursor for preparing
a mixture of Ni NPs with undegradated Ni-MOF reduced by AB in
methanol. The mixture exhibits a high catalytic activity for com-
plete hydrogen generation from aqueous AB solution at 25 ◦C in
air [50]. Monodisperse nickel NPs were synthesized by the reduc-
tion of Ni(acac)2 with borane tributylamine (BTB) in the presence
of oleylamine (OAm) and oleic acid (OA). The as-synthesized Ni NPs
supported on the Ketjen carbon support were reported to exhibit
high catalytic activity in hydrogen generation from the hydrolysis
of the AB even at low catalyst and substrate concentrations at room
temperature [51].

Copper NPs have been prepared by the solvated metal atom dis-
persion (SMAD) method. Oxidation of the SMAD prepared copper
colloids led to Cu@Cu2O core shell structures (7.7 ± 1.8 nm) or Cu2O
NPs, depending on the different reaction conditions. The Cu@Cu2O
core shell and Cu2O NPs show better activities than pure Cu NPs for
the generation of hydrogen in the AB hydrolysis reaction [52]. Zeo-
lite confined Cu NPs were prepared by the ion-exchange of Cu2+ ions
with the extra framework Na+ ions in zeolite-Y followed by reduc-
tion of the Cu2+ ions within the cavities of zeolite with NaBH4 in
aqueous solution. Zeolite confined Cu NPs are active in the hydrol-
ysis of AB with an average TOF value of 46.5 h−1 and provide 1300
turnovers in the catalytic hydrolytic dehydrogenation of AB [53].

Compared to Ni- and Cu-based NPs, Co analogs seem to be
more active toward hydrolysis reaction of AB [54]. The amorphous
and well dispersed Co NPs (less than 10 nm) were in situ pre-
pared without additional dispersing agent in aqueous solution at
room temperature by our group recently. The as-synthesized Co
NPs have high catalytic activity (1116 L mol−1 min−1) and excellent
recycling performance (without activity loss in five recycles) for
the hydrogen generation from AB aqueous solution under ambient
conditions [55]. Demirci and Miele investigated CoCl2-catalyzed

hydrolysis of AB with the concern of improving the effective gravi-
metric hydrogen storage capacity (GHSC) of the system AB-H2O
by systematically changing the water amount [56]. They obtained
effective GHSC of 7.8 wt% at 25 ◦C and hydrogen generation rate
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Table  2
Catalytic activities of non-noble metal catalysts for the generation of hydrogen from aqueous AB.

Catalyst Crystallinity Average metal
particle size (nm)

Maximum H2/AB
molar ratio

Time to completion
(min)

Activation energy
(kJ mol−1)

Catalyst/AB
molar ratio

Ref.

10 wt% Co/�-Al2O3 Crystalline 13 2.9 70 62 0.018 [44]
10  wt% Co/SiO2 Crystalline 12 2.9 70 0.018 [44]
10  wt% Co/C Crystalline 2.5 2.9 55 0.018 [44]
10  wt% Ni/�-Al2O3 Crystalline 3.8 2.9 65 0.018 [44]
10  wt% Cu/�-Al2O3 Crystalline 17 2.9 590 0.018 [44]
10  wt% Fe/�-Al2O3 Crystalline 16 0 0.018 [44]
Fe Amorphous 60 3 8 0.12 [45]
Fe Crystalline <100 ∼3 160 0.12 [45]
Ni  in starch Amorphous <10 3 6 0.1 [46]
Bare  Ni NPs Amorphous 2.8 11 0.1 [47]
PVP-Ni  NPs Amorphous 2.7 9 0.1 [47]
Fe0.5Ni0.5 Amorphous 3 3 2.2 0.12 [48]
Ni@SiO2 Amorphous <ca. 3 ∼3 22 0.05 [49]
Ni/SiO2 nanosphere Amorphous 2.0 76 0.05 [49]
Ni/commercial SiO2 Amorphous 1.9 120 0.05 [49]
MOF-based Ni NPs Amorphous ∼100 3 5 0.10 [50]
Ni/C Crystalline 3.2 3.0 ∼11 28 ± 2 0.0425 [51]
Zeolite  stabilized Cu 3.0 ∼120 52 ± 2 0.0133 [53]
Co Amorphous <10 3 1.7 0.04 [55]
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Ni@SiO2 nanosphere 2.7 

f 21 ml(H2) min−1. Furthermore, although the water excess and
he temperature increase favor higher hydrogen generation rates
HGRs), both of which have detrimental effects on the effective
HSC. Metin and Özkar prepared PVP stabilized Co NPs for hydrol-
sis of AB and found the catalyst was highly active. Kinetic studies
how that the catalytic hydrolysis of AB is of first order with respect
o catalyst and substrate concentration in aqueous medium [57].
hul et al. combined Ni, Cu and Co with variable compositions
nd prepared the ternary composite with facile NaBH4 reduction.
mong all the catalysts with various proportions of Ni/Cu/Co inves-

igated, Ni60Co20Cu20/ACF (active carbon fiber) showed the highest
ydrogen release rate from AB aqueous solution (9.0 L min−1 g−1).
heoretical amounts of hydrogen were released from AB solution
ith the developed catalyst until it was deactivated [58]. Table 2

hows a part of non-noble metal-based catalysts for hydrogen gen-
ration from aqueous AB.

It is worthy to note that incomplete hydrogen release happens to
ome catalysts, as shown in Tables 1 and 2. The reason for incom-
lete dehydrogenation catalyzed over these catalysts is possibly
wing to side reaction beside hydrolysis of ammonia borane. The
ossible side reaction is dehydrogenation of ammonia borane as
he following Eqs. (2) and (3) [21,59]. Obviously, less amount of
ydrogen is generated via the Eqs. (2) and (3) than via hydroly-
is of ammonia borane (Eq. (1)) from the same amount of starting
mmonia borane.

H3BH3 → H2NBH2 + H2 (2)

2NBH2 → HNBH + H2 (3)

.3. Synergistic effects of noble and non-noble metal catalysts

Bimetallic catalysts usually show enhanced catalytic per-
ormance in comparison to their monometallic counterparts.
ince the properties of the catalyst surfaces are closely related
ith the catalytic activities, the precise modification of the
oble metal-based catalyst surface by introducing a second
etal, especially a non-noble metal component, or changing the
orphology could facilitate the improvement of the catalytic prop-
rties. Submicrometer-sized Ni1−xPtx (x = 0–0.12) hollow spheres
repared by a poly(styrene-co-methacrylic acid) (PSA)-assisted
emplate route exhibit favorable catalytic activities in the hydroly-
is of AB with rapid kinetics [60]. Similarly, PtxNi1−x NPs of 2–4 nm
46 ± 2 0.015 [57]
120 ∼0.025 [60]

23 0.065 [61]

through a redox replacement reaction with a reverse micromul-
sion technique were reported recently. Among the catalysts with
different Pt/Ni ratio, Pt0.65Ni0.35 displays the highest catalytic per-
formance with a high hydrogen release rate of 4784.7 mL min−1 g−1

and a low activation energy of 39.0 kJ mol−1 [62]. Yang and co-
workers investigated two  types of Pt- and Ni-based alloy NPs with
5–20 nm sizes for hydrogen generation from aqueous AB [63]. The
experimental results demonstrated that hydrogen release rates
from most of the Ni alloy catalysts exhibited greatly enhanced cat-
alytic activities than pure Ni catalyst. Especially, bimetallic NiAg
alloy catalyst was  found to be highly active and efficient for hydro-
gen release from AB hydrolysis at room temperature showing a
stable hydrogen yield at H2/AB = 2.9 (molar ratio) [63]. Liu et al.
reported hollow metallic nickel spheres with an average diame-
ter of 1.8 �m synthesized via a decomposition and H2 reduction
route by using hollow nickel hydroxide spheres as precursors [64].
Various bimetallic (Ni/Au, Ni/Ag, Ni/Pt, and Ni/Pd) and noble metal
(Pt and Pd) hollow metallic spheres have also been obtained via a
replacement reaction route by using hollow metallic nickel spheres
as sacrificial templates, among which the Ni/Pt hollow bimetal-
lic spheres exhibit synergistic improvement of catalytic activity
in AB hydrolysis reaction in contrast to the monometallic Ni and
Pt counterparts [64]. Recently, we  have prepared Ni, Au, and Au-
Ni NPs with small diameters (3-4 nm for Au-Ni NPs) within silica
nanospheres (around 15 nm)  by using Au(en)2Cl3 and Ni(NH3)6Cl2
as precursors in a NP-5/cyclohexane reversed-micelle system, and
by in situ reduction in an aqueous solution of NaBH4/AB [61].
The Ni NPs in Ni@SiO2 remain small whereas quite a few Au
NPs in Au@SiO2 readily aggregate, possibly due to their differ-
ent surface energies. The Ni stabilizes Au NPs to give Au–Ni NPs
that remain small and form very few agglomerations. Compared
with monometallic Au@SiO2 and Ni@SiO2, the Au–Ni@SiO2 catalyst
exhibits superior performances in the hydrolytic dehydrogenation
of AB in many aspects: (1) Au–Ni@SiO2 presents the best activity in
hydrogen generation, giving the highest hydrogen productivity in
the shortest time of all three catalysts, whereas Au@SiO2 shows the
lowest activity. (2) The hydrogen productivity of Ni@SiO2 is greatly
reduced after the first run, whereas it remains almost constant even

after over 10 runs with the Au–Ni@SiO2 catalyst. (3) As-synthesized
Ni@SiO2 is almost inactive for hydrogen generation in the absence
of NaBH4, whereas it has no great influence on the catalytic activity
of Au–Ni@SiO2 either in its presence or absence. Simply, the syner-
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Fig. 4. Hydrogen generation by hydrolysis of ammonia borane (AB, 0.152 M,  5 mL)
in  the presence of as-synthesized Ni@SiO2, Au@SiO2 and Au–Ni@SiO2 catalysts
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Au/AB = 0.019, Ni/AB = 0.065) at 18 ◦C in air (inset: TEM images for Au–Ni@SiO2

anospheres. The scale bars are 5 nm and 20 nm,  respectively, for the two upper
nd  two  bottom images).

istic effect between Au and Ni is apparent during the generation
f hydrogen: The Ni species stabilizes the Au NPs and the existence
f Au helps to improve the catalytic activity and durability of the
i NPs (Fig. 4) [61].

In addition to bimetallic alloy NPs, bimetallic core–shell NPs
ave attracted much attention owing to their unique properties and
otential applications compared to monometallic counterparts and
lloys. Mostly recently, our group successfully prepared magneti-
ally recyclable Au@Co core–shell NPs by a rational and general
trategy through the one-step seeding-growth route with AB as
he reducing agent under ambient conditions within a few min-
tes [65]. On the basis of the difference in reduction potentials of
0
Co2+/Co

(−0.28 eV vs. SHE) and E0
Au2+/Au

(+0.93 eV vs. SHE), the core

u NPs can be formed firstly and served as the in situ seeds for the

uccessive catalytic reduction, resulting in the growth of outer Co
Ps as a shell in the AB aqueous solution although the Au3+ and
o2+ precursors were added simultaneously. Unexpectedly, com-
ared to the monometallic and alloy counterparts, the resultant

ig. 5. Hydrogen generation from AB aqueous solution (0.26 M, 10 mL)  catalyzed by (a) Au
molar ratio) [64].
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magnetically recyclable Au@Co NPs displayed excellent catalytic
activity and long-term stability towards hydrolytic dehydrogena-
tion of aqueous AB under ambient conditions (Fig. 5) [65].

3.4. Others

In recent two years, some researchers have developed B-
contained nanocomposites, thin films and foams and found they
have considerable activities toward hydrolysis of AB. Patel et al.
have proved that nanoparticle-assembled Co–B thin films synthe-
sized by pulsed laser deposition (PLD) act as efficient catalysts for
hydrolysis of AB to produce hydrogen. The comparison was made
with the same amount of amorphous Co–B powders, which exhib-
ited a lower rate (about 1/6) of H2 generation. 2.85 mol  of H2,
instead of the maximum expected (3.0 equiv.), were obtained with
the Co–B films at room temperature. The activation energy of the
rate limiting process involved in the final hydrogen production is
34 kJ mol−1 and the H2 generation rate is similar to that reported for
Pt/Al2O3 [66]. Magnetically recyclable Co–B hollow nanospindles
prepared by using poly(styrene-comethacrylic acid) nanospindles
as scarified templates were used for hydrogen generation from
hydrolysis of AB. Results showed that the activity of Co–B hollow
nanospindles was much higher than that of regular Co–B prepared
without templates. The Co–B hollow nanospindles also have good
reusability (the activity has no obvious decrease after seven cycles)
in the application due to their unique magnetic properties. The
authors attributed the favorable activity to the large specific sur-
face area and hollow structure [67]. Wang et al. have prepared a
cost-effective Co–Mo–B alloy/Ni foam catalyst by using a modified
electroless plating method. After being calcined at an optimized
condition (at 350 ◦C under Ar atmosphere for 2 h), the catalyst
exhibits high and durable catalytic activity towards the hydrolysis
reaction of AB at ambient temperatures. The hydrolysis of AB in the
presence of Co–Mo–B/Ni foam catalyst exhibits first-order kinetics
with respect to AB concentration and catalyst amount, respectively,
with an apparent activation energy of 44.3 kJ mol−1 [68]. With a
similar method, Kwon et al. synthesized Co–P/M (M = Ni or Cu) cata-

lysts and the effects of the catalysts on the H2 generation kinetics in
AB solution as well as their cyclic behavior (durability) were inves-
tigated. The H2 generation rate/projected area of Co–P deposited on
Ni foam is much higher (4.6 times) than that of the Co–P/Cu sheet

@Co, (b) Au–Co, (c) Co, and (d) Au NPs under ambient conditions. Catalyst/AB = 0.02
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atalyst. The activation energy for the hydrolysis of AB using the
o–P/Ni foam catalyst is 48 kJ mol−1 [69].

In addition to the hydrolysis of AB, similar methanolysis of
B has also been developed to generate pure hydrogen at room

emperature over various catalysts (Eq. (4)), such as RuCl3, RhCl3,
oCl2, NiCl2, Pd/C, Raney Ni, PVP-stabilized Pd NPs, zeolite stabi-

ized Rh NPs, Co–Co2B, Ni–Ni3B, and Co–Ni–B, etc. [25,70,71,52].
ydrogen capacity from the above system is calculated to be about
.9 wt%, which is lower than that from the hydrolytic system (about
.8 wt%).

H3BH3 + 4MeOH → NH4B(OMe)4 + 3H2 (4)

Recently, two methods involving water but no catalysts have
een developed for releasing hydrogen from AB [72–74].  One is
ased on combustion of AB mixtures with aluminum powder and
elled water. It was experimentally shown that these mixtures,
pon ignition, exhibit self-sustained combustion with hydrogen
elease from both AB and water, 7.7 wt% H2 in total. The other
ethod involves external heating of aqueous AB solutions to
120 ◦C or higher under argon pressure to avoid water boiling.
xperiments show that heating aqueous AB solutions to tempera-
ures 117–170 ◦C releases 3 equiv. of hydrogen per mole AB, where
–2.1 equiv. originate from AB and 0.9–1 equiv. from water.

. Conclusions and outlook

In conclusion, hydrolysis of AB presents a high hydrogen capac-
ty up to 7.8 wt% of the starting materials, AB and H2O, which shows
o be a promising hydrogen storage system. The AB aqueous solu-
ion is stable in inert atmosphere and does not need any additional
tabilizer. A portable hydrogen generation system is expected to
e established on the basis of the metal-catalyzed dissociation and
ydrolysis of AB. Thanks to recent research efforts, the reaction pro-
eeds under ambient conditions with rapid kinetics in the presence
f suitable catalysts; not only noble metal but also many highly
ctive non-noble metal-based catalysts have been developed. In
ddition, the apparatus for AB hydrolysis reaction could be self-
ssembled and easily available, and the characterizations of the
eaction products and kinetics are also readily performed. Simi-
ar to catalytic CO oxidation reaction [75–77],  the convenience of
erforming AB hydrolysis reaction makes it be applicable and has
lready been used as a test (model) reaction for examining the
atalytic activity of new materials [64].

It is worthy to note that there could be some ammonia release
uring the H2 generation from hydrolysis of AB, especially in the
ases of high AB concentrations [25,56]. The released ammonia
hould be removed, for example, by absorbents, before introduc-
ng into fuel cells to avoid its damage. For practical applications of
B hydrolytic dehydrogenation in portable electric devices, further
xperimental and theoretical studies for pending limitations, such
s (i) how to break the strong B–O bonds formed during the H2
eneration to recycle the end products and (ii) how to reduce the
atalyst deactivation, etc., are highly desired to overcome the high
aterial cost issue.
It is noticed that further significant developments have been

chieved for liquid-phase chemical hydrogen storage recently. It is
eported that hydrous hydrazine N2H4 can be selectively decom-
osed to H2 and N2 with suitable catalysts, such as RhNi, PtNi and

rNi bimetallic catalysts, at room temperature [13,22,78–80], while
ydrazine boranes such as N2H4BH3 and N2H4(BH3)2 can release
ydrogen via thermolysis [81]. It is highly expected that a cata-
yst, such as RhNi, PtNi or IrNi bimetallic catalyst, with catalytic
ctivity for both reactions of AB hydrolysis and hydrous hydrazine
ecomposition might exhibit good activity and H2 selectivity for the
ydrogen generation from hydrazine boranes via both hydrolysis of

[
[
[
[

day 170 (2011) 56– 63

the BH3 group and complete decomposition of the hydrazine group,
which might give higher hydrogen storage capacity, for example,
12.3 wt% and 15.3 wt% for the N2H4BH3 and N2H4(BH3)2 systems,
respectively, according to Eqs. (5) and (6).

N2H4BH3 + 2H2O → N2 + HBO2 + 5H2 (5)

N2H4(BH3)2 + 4H2O → N2 + 2HBO2 + 8H2 (6)

We are looking forward to new breakthrough towards the use of
ammonia borane and its derivatives as chemical hydrogen storage
materials and the overcoming of the limitations mentioned above
in near future.
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