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a  b  s  t  r  a  c  t

Among  the  hydrogen  storage  materials,  ammonia-borane  and  sodium  borohydride  appear  to  be promis-
ing candidates  as  they  can  release  hydrogen  on hydrolysis  in  aqueous  solution  under  mild  conditions.
Here,  we  report  the  development  of  a cost-effective  and  highly  active  nickel(0)  nanoparticles  catalyst  for
the hydrolysis  of ammonia-borane  and  sodium  borohydride.  Nickel(0)  nanoparticles  confined  in zeolite
framework  were  prepared  by using  our previously  established  procedure  and  characterized  by  ICP-OES,
XRD,  TEM,  HR-TEM,  SEM,  EDX,  XPS,  Raman  spectroscopy  and  N2 adsorption–desorption  technique.  All
odium borohydride
mmonia borane
ydrogen generation

the results  show  that  nickel(0)  nanoparticles  are  formed  within  the  framework  of zeolite-Y.  Nickel(0)
nanoparticles  confined  in zeolite  framework  are  highly  active  catalyst  in the  hydrolytic  dehydrogena-
tions  of  sodium  borohydride  and  ammonia-borane.  This  catalyst  is isolable,  bottleable,  redispersible
and  reusable.  The  report  also  includes  the  detailed  kinetic  study  of  the  catalytic  hydrolysis  of  both  sub-
strates,  ammonia-borane  and  sodium  borohydride  depending  on  the  catalyst  concentration,  substrate
concentration,  and  temperature.
. Introduction

There has been rapidly growing interest for suitable hydrogen
torage materials because the efficient storage of hydrogen is still
ne of the key issues in ‘Hydrogen Economy’, which would facilitate
he transition from fossil fuels (i.e., petroleum, natural gas, and coal)
o the renewable energy sources, on the way towards a sustainable
nergy future [1–4]. In this respect various solid materials, such as
etal nitrides and imides [5],  carbon nanotubes [6],  TiO2 nanotubes

7],  zeolites [8],  organic-polymers [9],  metal-organic frameworks
10] and CBN compounds [11] have been considered for hydrogen
torage. Additionally, in recent studies, boron based compounds
ncluding sodium borohydride (NaBH4) [12], ammonia-borane
NH3BH3) [13], dimethylamine-borane ((CH3)2HNBH3) [14] and
mmonia-triborane (H3NB3H7) [15] have also been considered to
e used in chemical hydrogen storage [16]. Among these boron
ased materials sodium borohydride and ammonia borane seem

o be promising candidates because of their low molecular weight
nd high hydrogen density [17,18]. The hydrogen gas can be gener-
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ated from the catalytic hydrolysis of sodium borohydride (Eq. (1))
and ammonia-borane (Eq. (2)) under mild conditions [17]

NaBH4 + 2H2O
catalyst−→ NaBO2 + 4H2 (1)

H3NBH3 + 2H2O
catalyst−→ NH4BO2 + 3H2 (2)

Despite the difficulty in recycling the hydrolysis product metab-
orate anion, still one of the biggest impediments for potential
applications, the hydrogen generation from the hydrolysis of
sodium borohydride and ammonia-borane have some features
which make them promising in potential applications; (i) NaBH4
and H3NBH3 have high solubility in water (55.0 and 33.6 g/100 g
water, respectively) [19], (ii) the hydrolysis reactions occur at
appreciable rate only in the presence of a suitable catalyst at room
temperature [20,21],  (iii) both of these reactions are exothermic
(�H◦ = −155.97 kJ/mol for H3NBH3 and −210 kJ/mol for NaBH4)
[22,23], (iv) the hydrolyses generate 4 and 3 equiv. of H2 per mole of
NaBH4 and H3NBH3, respectively. Among the catalysts tested so far
[24] noble metals such as Ru [25–28],  Rh [28–31] and Pt [13,28,32]
based catalysts have shown high activity in these hydrolysis reac-
tions while their use in practical applications is restricted by their

high material cost. On the other hand, the cheaper transition metal
catalysts generally exhibit only low to moderate catalytic activity.
However, recent advances in catalyst preparation technique have
led to significant improvement in the catalytic activity of transi-
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http://www.sciencedirect.com/science/journal/09205861
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ion metal catalysts, even to a level comparable to that of noble
etal catalysts [33]. Indeed, recent studies [26] have shown that

ntrazeolite cobalt(0) [34], Ni/C [35], Ni/SiO2 [36], MOF’s [37] cop-
er(0) nanoparticles [38] are highly active catalyst in the hydrolysis
f sodium borohydride and ammonia borane, respectively. These
esults encouraged us to investigate the catalytic performances of
eolite framework stabilized non-noble metal(0) nanoparticles in
hese important reactions.

In this paper we report the preparation of nickel(0) nanopar-
icles confined in zeolite framework by using our previously
stablished procedure [25,26,29–42] and their characterization by
sing ICP-OES, XRD, TEM, HR-TEM, SEM, EDX, XPS, Raman spec-
roscopy and N2 adsorption–desorption technique. All the results
eveal the formation of nickel(0) nanoparticles within the frame-
ork of zeolite-Y. The nickel(0) nanoparticles confined in zeolite

ramework were found to be active catalyst in the hydrolysis of
oth sodium borohydride and ammonia-borane even at low tem-
eratures and low Ni loading. The reusability and catalytic lifetime
xperiments showed that nickel(0) nanoparticles confined in zeo-
ite framework can be considered as an efficient, reusable and
conomical catalyst and may  find applications in small scale hydro-
en storage.

. Experimental

.1. Materials

Nickel(II) chloride hexahydrate (NiCl2·6H2O), sodium zeolite-Y
Na56(AlO2)66(SiO2)156·xH2O), sodium borohydride (98%), ammo-
ia borane (97%), D2O and BF3·(C2H5)2O were purchased from
ldrich. Deionized water was distilled by water purification sys-

em (Milli-Q System). All glassware and Teflon coated magnetic stir
ars were cleaned with acetone, followed by copious rinsing with
istilled water before drying in an oven at 150 ◦C.

.2. Preparation of zeolite framework stabilized nickel(0)
anoparticles

Zeolite confined nickel(0) nanoparticles were prepared by fol-
owing our previously established two step procedure [26,34,42].
eolite-Y was slurried with 0.1 M NaCl to remove sodium defect
ites, washed until free of chloride and calcined in dry oxygen at
00 ◦C for 12 h before to use. Nickel(II) cations were introduced

nto the zeolite-Y by ion exchange [43] of 1000 mg  Zeolite-Y in
00 mL  aqueous solution of 100 mg  NiCl2·6H2O for 72 h at room
emperature. The sample was then filtered by suction filtration
sing Whatman-1 filter paper, washed three times with 20 mL  of
eionized water and the remnant was dried in vacuum. In the
econd step, the solid remnant was added into 100 mL  NaBH4
olution (250 mg,  6.6 mmol) at room temperature. Nickel(II) ion
as reduced and the nickel(0) nanoparticles were formed; the

eduction was considered to be complete when no more hydrogen
volution was observed. The zeolite framework stabilized nickel(0)
anoparticles sample was filtered again by suction filtration using
hatman-1 filter paper, washed three times with 20 mL  of deion-

zed water, and dried under N2 gas purging at room temperature for
4 h, then transferred into the drybox (O2 < 5 ppm, H2O < 1 ppm).

.3. Characterization of zeolite framework stabilized nickel(0)
anoparticles

The nickel contents of the zeolite samples were determined

y Inductively Coupled Plasma Optical Emission Spectroscopy
ICP-OES, Leeman-Direct Reading Echelle) after each sample was
ompletely dissolved in the mixture of HNO3/HCl (1/3 ratio). Pow-
er X-ray diffraction (XRD) patterns were recorded on a MAC
 Today 170 (2011) 76– 84 77

Science MXP  3TZ diffractometer using Cu K� radiation (wave-
length 1.5406 Å, 40 kV, 55 mA). Transmission electron microscopy
(TEM) was  performed on a JEM-2010F microscope (JEOL) operat-
ing at 200 kV. A small amount of powder sample was placed on
the copper grid of the transmission electron microscope. Samples
were examined at magnification between 100 and 400K. Scanning
electron microscope (SEM) images were taken using a JEOL JSM-
5310LV at 15 kV and 33 Pa in a low-vacuum mode without metal
coating on aluminum support. The elemental analysis was per-
formed with an energy dispersive X-ray (EDX) analyzer (KEVEX
Delta series) mounted on the Hitachi S-800. The nitrogen adsorp-
tion/desorption experiments were carried out at 77 K using a NOVA
3000 series (Quantachrome Instruments) instrument. The sample
was  outgassed under vacuum at 573 K for 3 h before the adsorption
of nitrogen. The XPS analysis performed on a Physical Electronics
5800 spectrometer equipped with a hemispherical analyzer and
using monochromatic Al K� radiation (1486.6 eV, the X-ray tube
working at 15 kV, 350 W and pass energy of 23.5 keV). 11B NMR
spectra were recorded on a Bruker Avance DPX  400 with an oper-
ating frequency of 128.15 MHz  for 11B. D2O and BF3·(C2H5)2O were
used as a lock and an external reference, respectively. At the end
of the hydrolysis reaction, the resulting solutions were filtered and
the filtrates were collected for 11B NMR  analysis.

2.4. Method for testing the catalytic activity of zeolite framework
stabilized nickel(0) nanoparticles in the hydrolysis of sodium
borohydride and ammonia borane

The catalytic activity of nickel(0) nanoparticles in the hydroly-
sis of sodium borohydride and ammonia-borane were determined
by measuring the rate of hydrogen generation [44]. To deter-
mine the rate of hydrogen generation the catalytic hydrolysis of
sodium borohydride or ammonia-borane was  performed using a
Fischer–Porter (FP) pressure bottle. The FP bottle was connected
to a line through Swagelock TFE-sealed quick connects and to an
Omega PX-302 pressure transducer interfaced through an Omega
D1131 digital transmitter to a computer using the RS-232 module.
The progress of an individual hydrolysis reaction was  followed by
monitoring the increase in the pressure of H2 gas on Lab View 8.0
program. The pressure vs. time data was processed using Microsoft
Office Excel 2003 and Origin 7.0 then converted into the values in
proper unit, volume of hydrogen (mL). In a typical experiment, the
desired amount of substrate was  dissolved in 10 mL  water. This
solution was transferred with a glass-pipette into the FP bottle
thermostated at 25.0 ± 0.1 ◦C. Then, zeolite framework stabilized
nickel(0) nanoparticles sample was  added into this solution. The
experiment was started by closing the FP bottle connected to
the pressure transducer and turning on the stirring at 1000 rpm
simultaneously. In addition to the volumetric measurement of
the hydrogen evolution, the conversion of sodium borohydride
(ı = −42.1) [45] and ammonia-borane (ı = −24 ppm) [31] to borate
(ı = 9–18 ppm) [31,45] was also checked by 11B NMR spectroscopy.

2.5. Effect of nickel loading on the catalytic activity of zeolite
framework stabilized nickel(0) nanoparticles

In a series of experiments the catalytic activity of zeolite frame-
work stabilized nickel(0) nanoparticles ([Ni] = 1 mM)  with a various
nickel loading, wt% Ni (0.4, 0.6, 1.9, 2.4, 3.8) were tested in the
hydrolysis of 10 mL  of 100 mM NaBH4 solution at 25 ± 0.1 ◦C. The

experiments were performed in the same way as described in Sec-
tion 2.4.  The best catalytic activity was achieved by 0.6% nickel
loaded catalyst. For all the tests reported hereafter, the nickel load-
ing used was ∼0.6 wt% unless otherwise stated.
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Fig. 1. The powder XRD patterns of zeolite-Y (Na56Y), Ni2+-exchanged zeolite-Y
8 M. Zahmakıran et al. / Cat

.6. Zeolite catalyzed hydrolysis of sodium borohydride and
mmonia-borane

To investigate the effect of the host material zeolite-Y on the
atalytic activity of zeolite framework stabilized nickel(0) nanopar-
icles, the hydrolysis of sodium borohydride or ammonia-borane
100 mM in 10 mL)  were performed in the presence of 800 mg
eolite-Y, corresponding to maximum amount of zeolite-Y used as a
ost material for all the tests reported here, at 25 ± 0.1 ◦C. The same
xperiments were repeated at different temperatures (20, 30, 35,
0 and 45 ◦C).

.7. Kinetic study of the hydrolysis of sodium borohydride and
mmonia-borane catalyzed by zeolite framework stabilized
ickel(0) nanoparticles

In order to establish the rate laws for catalytic hydroly-
is of sodium borohydride and ammonia-borane using zeolite
ramework stabilized nickel(0) nanoparticles (with 0.6 wt%  nickel
oading), for each substrate two different sets of experiments were
erformed in the same way as described in Section 2.4.  In the first
et of experiments, the concentration of substrate was  kept con-
tant at 100 mM (in 10 mL)  and the nickel concentration was varied
n the range of 1.0, 2.0, 3.0, 4.0 and 8.0 mM.  In the second set of
xperiments, nickel concentration was held constant at 4.0 mM (in
0 mL)  while the substrates concentrations were varied in the range
f 50, 100, 200, 300 and 400 mM.  Finally, we performed the cat-
lytic hydrolysis of sodium borohydride and ammonia-borane in
he presence of zeolite framework stabilized nickel(0) nanoparti-
les at constant substrate (100 mM in 10 mL)  and nickel (4.0 mM
n 10 mL)  concentrations at various temperatures in the range of
0–40 ◦C in order to obtain the activation energy (Ea).

.8. Isolability and reusability of zeolite framework stabilized
ickel(0) nanoparticles catalyst in the hydrolysis of sodium
orohydride and ammonia-borane

After the first run of hydrolysis of 100 mM substrate (in 10 mL),
atalyzed by 4 mM nickel(0) nanoparticles at 25 ± 0.1 ◦C, the cat-
lyst was isolated by suction filtration, washed three times with
0 mL  of deionized water, and dried under N2 gas purging at room
emperature then transferred into the glove box. The dried sam-
les of nickel(0) nanoparticles were weighted (there is no catalyst

oss in repeating steps) and used again in the hydrolysis of 100 mM
ubstrate and the same procedure was repeated three times. The
esults were expressed as percentage of initial catalytic activity zeo-
ite framework stabilized nickel(0) nanoparticles and conversion in
he hydrolysis of sodium borohydride and ammonia-borane.

.9. Determination of the catalytic lifetime of zeolite framework
tabilized nickel(0) nanoparticles catalyst in the hydrolysis of
odium borohydride and ammonia-borane

The catalytic lifetime of zeolite framework stabilized nickel(0)
anoparticles in the hydrolysis of sodium borohydride and
mmonia-borane were determined by measuring the total
urnover number (TTO). This experiment was started with a 15 mL
olution containing 0.5 mM zeolite framework stabilized nickel(0)
anoparticles and 1.33 M substrate at 25.0 ± 0.1 ◦C. When the com-
lete conversion is achieved, more substrate was added into the

olution and the reaction was continued in this way until hydrogen
as evolution was slowed down to the level obtained in the Na56Y
atalyzed hydrolysis of sodium borohydride or ammonia borane at
5 ◦C.
(Ni2+@zeolite, with a rhodium loading of 0.6 wt%), zeolite framework stabilized
nickel(0) nanoparticles Ni@zeolite prepared from the borohydride reduction of Ni2+-
exchanged zeolite-Y.

3. Results and discussions

3.1. Preparation and characterization of nickel(0) nanoparticles
stabilized by zeolite framework (Ni@zeolite)

Zeolite framework stabilized nickel(0) nanoparticles, hereafter
referred to as Ni@zeolite, were prepared by using our previously
established procedure [26]; ion-exchange of Ni2+ ions with the
extra framework Na+ ions of zeolite-Y, followed by reduction of
the Ni2+ ions in the framework of zeolite-Y with sodium borohy-
dride in aqueous solution, all at room temperature. Following the
procedure, first Ni2+-exchanged zeolite-Y sample was obtained and
characterized by XRD and ICP-OES. As seen from the comparison of
XRD patterns of zeolite-Y and Ni2+-exchanged zeolite-Y (Fig. 1),
there is no noticeable change in both the intensities and positions
of the Bragg peaks, indicating that neither the crystallinity nor
the lattice of zeolite-Y is altered by the ion exchange. Next, the
Ni2+-exchanged zeolite-Y was reduced by sodium borohydride in
aqueous solution yielding Ni@zeolite. Fig. 1 shows XRD patterns of
Ni@zeolite, zeolite-Y and Ni2+-exchanged zeolite-Y altogether and
the comparison of them clearly shows that the incorporation of
nickel(II) ion into zeolite and the reduction of nickel(II) ion form-
ing the nickel(0) nanoparticles within the supercages cause no
observable alteration in the framework lattice and no loss in the
crystallinity of zeolite-Y.

The morphology and composition of Ni@zeolite were investi-
gated by TEM, HRTEM, SEM, EDX and ICP-OES analyses. Fig. 2(a)
shows SEM image of Ni@zeolite with a nickel loading of 2.4 wt%
indicating that (i) there exist only crystals of zeolite-Y, (ii) there is
no bulk nickel formed in observable size outside the zeolite crys-
tals, (iii) the method used for the preparation of Ni@zeolite does
not cause any observable defects in the structure of zeolite-Y, a fact
which is also supported by the XRD results. The transmission elec-
tron microscopy (TEM) in Fig. 2(b and c) shows the presence of some
nickel(0) nanoparticles of 3.9 ± 0.9 nm size on the external sur-
face of zeolite. These nanoparticles appear to be stable and do not
agglomerate to the bulk metal. TEM/EDX spectrum of Ni@zeolite
given in Fig. 2(d) is showing that nickel is the only element detected
in addition to the zeolite framework elements (Si, Al, O, Na) and

Cu from the grid. The XRD, XPS, SEM, ICP-OES TEM and TEM-EDX
analyses reveal that there is no bulk metal formation, only nickel(0)
nanoparticles with an average size of 3.9 ± 0.9 nm size mostly on
the external surface of zeolite.
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XPS spectrum of the sample prepared by the reduction of Ni -
ig. 2. (a) Scanning electron microcopy (SEM) image of Ni@zeolite (scale bar = 1 �
c)  TEM image of Ni@zeolite (scale bar = 5 nm), and (d) TEM modulated-energy disp

Nitrogen adsorption–desorption isotherms of zeolite-Y and
i@zeolite (2.4 wt% nickel) are given in Fig. 3 and both of them

how Type I shape, a characteristic of microporous materials [46].
he micropore volume and area were determined for zeolite-Y and
i@zeolite by t-plot method [47]. On passing from zeolite-Y to

3
i@zeolite, both the micropore volume (from 0.443 to 0.218 cm /g)
nd the micropore area (from 816 to 527 m2/g) are noticeably
educed. The remarkable decrease in the micropore volume and
icropore area can be attributed to the encapsulation of nickel

ig. 3. The nitrogen adsorption–desorption isotherms of zeolite-Y and Ni@zeolite.
) transmission electron microscopy (TEM) image of Ni@zeolite (scale bar = 10 nm),
 X-ray spectrum (TEM-EDX) of Ni@zeolite.

species in the cavities of zeolite-Y. Furthermore, no hysteresis
loop was  observed in the N2 adsorption–desorption isotherm of
Ni@zeolite indicating that the procedure followed in the prepara-
tion of Ni@zeolite does not create any mesopores.

2+
exchanged zeolite-Y with a nickel content of 2.4 wt% is given in
Fig. 4. The peak fit of Ni 2p core level reveals four peaks at 856 eV
for Ni(0) 2p3/2, 861 eV for Ni(II) 2p3/2, 873 eV for Ni(0) 2p1/2, 879 eV

Fig. 4. High resolution Ni 3p XPS spectrum and its simulated peak fit of Ni@zeolite.



80 M. Zahmakıran et al. / Catalysis Today 170 (2011) 76– 84

F
w

f
8
i
w
a
T
g
t
n
t
t
e
s
p

s
o
l
n

F
t
c
c
(

ig. 5. Raman spectra of zeolite-Y and Ni@zeolite with various nickel loading (in
t%).

or Ni(II) 2p1/2. Compared to the values of nickel metal, 853 and
70 eV for the Ni(0) 2p3/2 and 2p1/2, respectively [48], the bind-

ng energies of Ni@zeolite are shifted by 3 eV toward higher values
hich might be attributed to both the quantum size effect [49]

nd peculiar electronic properties of the zeolite matrix [50,51].
he interaction of nickel(0) nanoparticles with the framework oxy-
en of the zeolite cages is expected to induce a positive charge on
he surface metal which would increase the binding energies of
ickel(0) nanoparticles. A similar effect has also been observed for
he zeolite encapsulated cobalt [50] and platinum [52]. In addi-
ion to matrix effect, the high energy shift in the nickel binding
nergy might be due to the fact that electrons in the core level are
trongly restricted by the atomic nucleus as observed in the case of
alladium(0) nanoparticles in zeolite-Y [53].

Although oxidation of nickel(0) nanoparticles during the XPS
ampling procedure is a well known phenomenon [50], the results

btained from XPS analysis need to be tested by using other ana-
ytical techniques. Raman spectroscopy was used to check whether
ickel(II) oxide is really formed during the XPS sampling procedure

ig. 7. (a) Plot of mole H2/mole NaBH4 versus time (min) for the hydrolysis of sodium boro
rations as given on the graph at 25.0 ± 0.1 ◦C. Inset: plot of the hydrogen generation rate ve
atalyzed by Ni@zeolite at 25.0 ± 0.1 ◦C (y = 1.80 + 0.93x). (b) Plot of mole H2/mole H3NB
atalyzed by Ni@zeolite with different nickel concentrations as given on the graph at 25.0 ±
both  in logarithmic scale) in the hydrolysis of H3NBH3 catalyzed by Ni@zeolite at 25.0 ±
Fig. 6. The rate of hydrogen generation versus nickel loading (in wt%) for the hydrol-
ysis of sodium borohydride (100 mM)  catalyzed by zeolite-Y and Ni@zeolite with
various nickel loading (1.0 mM Ni) at 25.0 ± 0.1 ◦C.

or in the preparation of Ni@zeolite. Raman spectroscopy is a strong
tool to test the existence of metal oxides [54]. Fig. 5 shows the
Raman spectra of fresh samples of the host material zeolite-Y and
Ni@zeolite prepared by borohydride reduction of Ni2+-exchanged
zeolite-Y. As it can be seen from Fig. 5, there is no noticeable dif-
ference between the spectra of Ni@zeolite (with different nickel
loadings) and zeolite-Y. Thus, Raman spectroscopic analysis does
not give any indication for the existence of NiO, while the XPS shows
some oxide bands leading to the conclusion that the surface oxi-
dation of nickel(0) nanoparticles occurs during the XPS sampling
procedure.

3.2. Zeolite-Y catalyzed hydrolysis of sodium borohydride and
ammonia-borane
Before testing the catalytic activity of Ni@zeolite in hydro-
gen generation from the hydrolysis of sodium borohydride and
ammonia-borane, control experiments had to be performed:

hydride ([NaBH4] = 100 mM)  catalyzed by Ni@zeolite with different nickel concen-
rsus the catalyst concentration (both in logarithmic scale) in the hydrolysis of NaBH4

H3 versus time (min) for the hydrolysis of ammonia-borane ([H3NBH3] = 100 mM)
 0.1 ◦C. Inset: plot of the hydrogen generation rate versus the catalyst concentration

 0.1 ◦C (y = 1.83 + 0.97x).
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Fig. 8. (a) Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of sodium borohydride catalyzed by Ni@zeolite ([Ni] = 4.0 mM)  with different sodium
borohydride concentrations as given on the graph at 25.0 ± 0.1 ◦C. Inset: Plot of the hydrogen generation rate versus sodium borohydride concentration (both in logarithmic
s x). (b)
b centr
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cale) in the Ni@zeolite catalyzed hydrolysis of NaBH4 at 25.0 ± 0.1 ◦C (y = 0.02 − 0.09
orane catalyzed by Ni@zeolite ([Ni] = 4.0 mM)  with different ammonia-borane con
ate  versus ammonia-borane concentration (both in logarithmic scale) in the Ni@ze

he hydrolysis of sodium borohydride and ammonia-borane in
he presence of zeolite-Y to check whether zeolite-Y catalyzes
he reactions. The experiment started with 10 mL  solution of
00 mM  sodium borohydride or ammonia-borane containing 8 wt%
eolite-Y gives 30 or 3.2 mL  H2 gas/h, respectively [55,56].  The
ydrogen generation from the hydrolysis of sodium borohydride
nd ammonia-borane in the presence of zeolite-Y at an extremely
low rate is due to the Brønsted acid sites in the zeolite-Y [43].
hat the Brønsted acid sites in zeolite catalyze the hydrolysis of
mmonia-borane has already been shown by using H-type zeolites
H-BEA, H-MOR) as catalyst in the same reaction [32]. Although
he hydrolyses of sodium borohydride and ammonia-borane in
he presence of zeolite-Y are slow, all of the catalytic activity
esults of Ni@zeolite in the hydrolysis of sodium borohydride or

mmonia-borane given here were corrected by subtracting the
ydrogen gas generated from the hydrolysis of sodium borohydride
r ammonia-borane in the presence of zeolite-Y under otherwise
dentical conditions.

ig. 9. (a) Plot of mole H2/mole NaBH4 versus time (min) for the hydrolysis of sodium 

emperatures as given on the graph. Inset: Arrhenius plot for the Ni@zeolite catalyzed hyd
ersus time (min) for the hydrolysis of sodium borohydride ([H3NBH3] = 100 mM)  catalyz
rrhenius plot for the Ni@zeolite catalyzed hydrolysis of sodium borohydride (y = 19.42 −
 Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of ammonia-
ations as given on the graph at 25.0 ± 0.1 ◦C. Inset: Plot of the hydrogen generation
catalyzed hydrolysis of H3NBH3 at 25.0 ± 0.1 ◦C (y = 1.82 + 0.19x).

3.3. Effect of nickel loading on the catalytic activity of Ni@zeolite

As the next, the hydrolysis of 100 mM NaBH4 was  performed
by using Ni@zeolite sample with different nickel content in the
range of 0.4–3.8 wt% to determine the effect of nickel loading on
the catalytic activity of Ni@zeolite. The hydrogen generation rate
in the catalytic hydrolysis of sodium borohydride was determined
for hydrolysis of sodium borohydride catalyzed by Ni@zeolite con-
taining 0.4–3.8 wt%  Ni and used for the construction of Fig. 6. The
variation in catalytic activity (Fig. 6) reflects the accessibility of
nickel(0) nanoparticles in the zeolite framework by the substrate.
The highest catalytic activity is obtained by using Ni@zeolite con-
taining 0.6 wt%  Ni, mostly on the surface and readily accessible.
The small size of Ni@zeolite containing 0.6 wt% Ni may  be another

reason for its high activity. Although an informative TEM image
of the 0.6 wt% Ni sample could not be obtained, this sample is
expected to have smaller nickel(0) nanoclusters than the other
samples containing higher nickel content. For all the other test

borohydride ([NaBH4] = 100 mM)  catalyzed by Ni@zeolite [Ni] = 4 mM at different
rolysis of sodium borohydride (y = 20.65 − 7264x). (b) Plot of mole H2/mole H3NBH3

ed by Ni@zeolite [Ni] = 4 mM at different temperatures as given on the graph. Inset:
 6543x).
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Fig. 10. The percentage of initial catalytic activity retained in the successive cat-
alytic runs for Ni@zeolite catalyzed hydrolysis of sodium borohydride (black) and
ammonia-borane (red), separately at 25.0 ± 0.1 ◦C. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web  version of the
article.)
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eactions performed in this study, samples of Ni@zeolite containing
.6 wt% Ni were used.

.4. Kinetics of Ni@zeolite catalyzed hydrolysis of sodium
orohydride and ammonia-borane

The kinetics of both hydrolyses catalyzed by Ni@zeolite were
tudied depending on the catalyst concentration, substrate con-
entration, and temperature. Fig. 7 shows the plots of the
toichiometric ratio of H2 generated to NaBH4 or H3N·BH3 versus
ime during the catalytic hydrolysis of 100 mM substrate solution
n the presence of Ni@zeolite (with a nickel loading of 0.6 wt%)
n different nickel concentration at 25.0 ± 0.1 ◦C. Almost a lin-
ar hydrogen generation starts immediately for the hydrolysis of
oth substrates as preformed catalyst is used, and continues until
he complete consumption of substrate, though with a noticeable
ecrease in the rate toward the end. For example, using Ni@zeolite

n 1.0 mM nickel concentration leads to a complete hydrogen
elease in the hydrolysis of sodium borohydride and ammonia-
orane with initial turnover frequencies [57] of 950 and 305 h−1

t 25.0 ± 0.1 ◦C. Plotting the hydrogen generation rate, determined
rom the linear portion of each plot in Fig. 7, versus nickel concen-
ration, both in logarithmic scales (insets in Fig. 7a and b), gives
traight lines with a slope of 0.93 or 0.97, respectively, indicating
hat the hydrolytic dehydrogenation of sodium borohydride and
mmonia-borane are first order with respect to the nickel concen-
ration.

The effect of substrate concentration on the hydrogen genera-
ion rate was also studied by performing a series of experiments
tarting with varying initial concentration of substrate while keep-
ng the catalyst concentration constant at [Ni] = 4.0 mM.  Fig. 8
hows the plot of H2 volume generated versus time for various ini-
ial concentrations of sodium borohydride and ammonia-borane
nd the plot of H2 generation rate versus substrate concentration
oth on logarithmic scales in the insets. The results show that the
atalytic hydrolysis of both sodium borohydride and ammonia-
orane are proceeding in zero order with respect to substrate
oncentration. Taking all the results together reveals that the
ydrolysis reaction of both substrates, sodium borohydride and
mmonia-borane, is first order.

.5. Effect of temperature and determination of the activation
nergies for the Ni@zeolite catalyzed hydrolysis of sodium
orohydride and ammonia-borane

Ni@zeolite catalyze the hydrolytic dehydrogenations of sodium
orohydride and ammonia-borane even at low temperatures. Fig. 9
hows the plots of the stoichiometric ratio of H2 generated to NaBH4
r H3NBH3 versus time for the Ni@zeolite catalyzed hydrolysis of
odium borohydride and ammonia-borane, respectively at various
emperatures. The rates of hydrogen generation from the hydrolytic
ehydrogenations of sodium borohydride and ammonia-borane in
he presence of Ni@zeolite were measured from the linear portion
f each plot given in Fig. 9(a) and (b) at five different temperatures in
he range of 20–40 ◦C. The rate versus temperature data were used
or the calculation of activation energies from the Arrhenius plot
hown in the insets of Fig. 9(a) and (b). The Arrhenius activation
nergies were found to be 60.4 ± 3.1 kJ/mol and 54.4 ± 2.9 kJ/mol
or the Ni@zeolite catalyzed hydrolysis of sodium borohydride
nd ammonia-borane, respectively. The obtained activation ener-
ies are smaller than the same that of obtained by using nickel
owder (63 kJ/mol) [58], Ni-Co-B (62 kJ/mol) [59], catalysts in the

ydrolysis of sodium borohydride and Ni0.97Pt0.03 hollow spheres
57 kJ/mol) [60], bulk nickel (70 kJ/mol) [60], Rh@zeolite (67 kJ/mol)
31] catalysts in the hydrolysis of ammonia-borane, but still larger
han the values recorded for Ru(0) NPs (41 kJ/mol) [56], Ru@zeolite

Fig. 11. Total turnover number (TTO) versus time plots for Ni@zeolite catalyzed
hydrolysis of (a) sodium borohydride and (b) ammonia-borane at 25.0 ± 0.1 ◦C, start-
ing  with 50 mg  Ni@zeolite (with a nickel content of 0.6 wt%).
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49 kJ/mol) [26] catalyzed hydrolysis of sodium borohydride and
u(0) NPs (47 kJ/mol) [27], Rh(0) NPs (44 kJ/mol) [30] catalyzed
ydrolysis of ammonia-borane.

.6. Isolability and reusability of Ni@zeolite in the hydrolysis of
odium borohydride and ammonia-borane

Isolability and reusability of Ni@zeolite were also tested in
he hydrolysis of both substrates. After the complete hydrolysis
f 100 mM substrate solutions catalyzed by 4 mM Ni@zeolite at
5 ◦C, the catalyst was isolated as gray powders by suction fil-
ration, washed with water, and dried under N2 purging at room
emperature. Gray samples of Ni@zeolite are bottled under nitro-
en atmosphere. The ICP analysis did not show any nickel in the
olution after filtration, indicating that there is no leaching of cat-
lyst into the solution. The isolated Ni@zeolite are redispersible in
ater and yet show activity in the hydrolysis of sodium borohy-
ride or ammonia-borane. Fig. 10 shows the changes in catalytic
ctivity of Ni@zeolite in the hydrolysis of sodium borohydride and
mmonia-borane with the number of catalytic runs at 25.0 ± 0.1 ◦C.
t is noteworthy that Ni@zeolite retain 80% of their initial activity
ven at the fifth run in the hydrolysis of both substrates, ammonia-
orane and sodium borohydride. This indicates that Ni@zeolite are

solable, bottleable, redispersible, and reusable. In other words,
hey can be repeatedly used as active catalyst in the hydrolysis of
odium borohydride or ammonia-borane. More importantly, the
omplete release of hydrogen is achieved in each of the successive
atalytic runs. Since there is no leaching of nickel into the solution
s determined by ICP, the slight decrease in catalytic activity in
ubsequent runs may  be attributed to the passivation of nanoclus-
ers surface by increasing the concentration of boron products, e.g.

etaborate [61], which decreases accessibility of active sites [62]
nd the aggregation of nickel(0) nanoparticles as seen in the case
f Rh(0)NPs@zeolite [31] and Cu(0)NPs@zeolite [38].

.7. Catalytic lifetime of Ni@zeolite in the hydrolysis of sodium
orohydride and ammonia-borane

The catalytic lifetime of Ni@zeolite in the hydrolytic dehy-
rogenations of sodium borohydride or ammonia-borane was
etermined by measuring the total turnover numbers they pro-
ided in both reactions. Fig. 11 shows the variations in total
urnover number (TTO) versus time during the hydrolysis of
odium borohydride and ammonia-borane catalyzed by Ni@zeolite
t 25.0 ± 0.1 ◦C. The zeolite confined nickel(0) nanoparticles pro-
ide 19,400 and 17,000 total turnovers in the hydrolysis of sodium
orohydride and ammonia-borane, respectively, before deactiva-
ion.

. Conclusions

In summary, our study of the preparation and characterization of
i@zeolite catalyst for the hydrolytic dehydrogenations of sodium
orohydride and ammonia borane have led to the following con-
lusions and insights:

(i) Ni@zeolite can easily be prepared at room temperature by ion-
exchange of Ni2+ ions with the extra framework Na+ ions in
zeolite-Y, followed by reduction of the Ni2+ ions within the
framework of zeolite-Y with sodium borohydride in aqueous
solution at room temperature.

(ii) Ni@zeolite were found to be active catalyst in the hydrolysis of

sodium borohydride and ammonia-borane even at low nickel
concentration.

iii) Moreover, the complete release of hydrogen is achieved even in
each of successive runs performed by redispersing Ni@zeolite

[
[
[
[
[
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isolated after the previous run. Thus, Ni@zeolite are isolable,
bottleable and redispersible. When redispersed in water, they
retain essentially their initial catalytic activity with the com-
plete hydrogen release in the hydrolysis of sodium borohydride
or ammonia-borane.

(iv) Ni@zeolite are found to be long-lived catalyst as they provide
19,400 and 17,000 total turnovers in the hydrolytic dehy-
drogenations of sodium borohydride and ammonia-borane,
respectively, at 25.0 ± 0.1 ◦C before they are deactivated.

Overall, Ni@zeolite are readily available by a simple and low
cost procedure and are found to be highly active catalyst in the
hydrogen generation from the hydrolysis of sodium borohydride
and ammonia-borane. Therefore, it is worth to test them as catalyst
in applications of hydrogen supply by using sodium borohydride or
ammonia-borane as solid hydrogen storage material.
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