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a  b  s  t  r  a  c  t

Herein,  we  report  the  preparation,  characterization,  and  catalytic  use  of cobalt(0)  nanoclusters  sup-
ported  on  hydroxyapatite  in  the  hydrolysis  of  both  basic  sodium  borohydride  and  ammonia-borane
solutions.  They  were  prepared  in situ  from  the reduction  of cobalt(II)  ions  adsorbed  on  hydroxyapatite
with  sodium  borohydride.  Hydroxyapatite-supported  cobalt(0)  nanoclusters  were  stable  enough  to be
isolated  as  solid  material  and  characterized  by  inductively  coupled  plasma  optical  emission  spectroscopy
(ICP-OES),  X-ray  diffraction  (XRD),  attenuated  total  reflectance  infrared  (ATR-IR)  spectroscopy,  X-ray  pho-
toelectron  spectroscopy  (XPS),  transmission  electron  microscopy  (TEM),  scanning  electron  microscopy
(SEM),  and  energy  dispersive  X-ray  (EDX)  spectroscopy.  They  are  isolable,  redispersible,  highly  active,
anoclusters
odium borohydride
mmonia-borane
ydrolysis
ydrogen

and  cost-effective  catalysts  for hydrogen  generation  from  the  hydrolysis  of  both  sodium  borohydride  and
ammonia-borane  even  at low  concentrations  and  temperature,  providing  25,600  and  7400  turnovers  and
maximum  hydrogen  generation  rates  of  5.0 and 2.2  L  H2 min−1 (g Co)−1 by the  hydrolysis  of  NaBH4 and
H3NBH3 at  25.0  ±  0.1 ◦C,  respectively.  Hydroxyapatite-supported  cobalt(0)  nanoclusters  provide  activa-
tion  energy  of 53  ±  2  kJ/mol  for the  hydrolysis  of  sodium  borohydride  and  50 ± 2  kJ/mol  for  the  hydrolysis
of  ammonia-borane.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

There has been an increasing demand for the renewable energy
ources due to the depletion of fossil fuel resources, environmen-
al pollution, and global warming caused by a steep increase in
oncentration of carbon dioxide and other greenhouse gases in the
tmosphere [1–4]. Hydrogen has been considered as a clean and
nvironmentally benign new energy carrier for heating, transporta-
ion, mechanical power and electricity generation [5,6]. However,
he storage of hydrogen is still a challenge for the implementa-
ion of hydrogen economy [7].  Among the chemical hydrides tested
s solid hydrogen storage materials, NaBH4 appears to be a suit-
ble hydrogen source due to a number of advantageous properties
uch as the high hydrogen storage capacity (10.8 wt.%) which meets
he US-DOE criteria for hydrogen storage materials [1], the high
tability and non-flammability of its alkaline solutions, the opti-

al  control on hydrogen generation rate by supported catalysts,

he acceptable hydrogen generation rate even at low temperature,
he availability and easy handling [8–13]. From the recent stud-

∗ Corresponding author. Tel.: +90 312 210 3212; fax: +90 312 210 3200.
E-mail address: sozkar@metu.edu.tr (S. Özkar).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.022
ies [14–23],  ammonia-borane (H3NBH3) can also be regarded as a
solid hydrogen storage material due to its higher hydrogen content
(19.6 wt.%) compared to sodium borohydride and high solubility
and stability in water at room temperature [24–32].  Therefore,
unlike sodium borohydride solutions, ammonia-borane solutions
do not require any additional stabilization using bases. Both sodium
borohydride and ammonia-borane liberate hydrogen upon hydrol-
ysis at room temperature in the presence of suitable catalysts
according to Eqs. (1) and (2),  respectively.

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

H3NBH3(aq) + 2H2O(l)
catalyst−→ NH+

4 (aq) + BO−
2 (aq) + 3H2(g) (2)

Since the activity of a heterogeneous catalyst is directly pro-
portional to its surface area, the use of metal(0) nanoclusters as
catalyst in these hydrolysis reactions is a promising way to increase
the catalytic activity [33]. Recently, we have shown that transition
metal(0) nanoclusters can be used as highly active heteroge-
neous catalysts in the hydrolysis of sodium borohydride [34–38]

and/or ammonia-borane [39–44].  Herein, we report the prepara-
tion, characterization, and employment of cobalt(0) nanoclusters
supported on hydroxyapatite as highly active catalyst for hydro-
gen generation from the hydrolysis of both sodium borohydride

dx.doi.org/10.1016/j.cattod.2011.04.022
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:sozkar@metu.edu.tr
dx.doi.org/10.1016/j.cattod.2011.04.022
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hydrolysis of sodium borohydride and ammonia-borane, 284 mg  of
8 M. Rakap, S. Özkar / Cata

nd ammonia-borane. Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) is
he main inorganic constituent of bones and can be used as bio-

aterials, adsorbents, or ion exchangers [45]. We  were stimulated
o use HAP as matrix in stabilizing metal nanoparticles by the
ollowing advantages [46]: (i) HAP has nonporous structure and
oes not cause significant mass transfer limitation, (ii) it has high

on exchange ability and adsorption capacity, and (iii) its low sur-
ace acidity prevents side reactions arising from the support itself.
obalt(0) nanoclusters supported on hydroxyapatite, hereafter
eferred to Co(0)-HAP, were in situ prepared from the reduc-
ion of cobalt(II) ions adsorbed on the surface of hydroxyapatite
Co2+-HAP) with sodium borohydride. The cobalt(0) nanoclus-
ers supported on hydroxyapatite were isolated as solid material
nd characterized by inductively coupled plasma optical emission
pectroscopy (ICP-OES), X-ray diffraction (XRD), attenuated total
eflectance infrared (ATR-IR) spectroscopy, X-ray photoelectron
pectroscopy (XPS), transmission electron microscopy (TEM), scan-
ing electron microscopy (SEM), and energy dispersive X-ray (EDX)
pectroscopy. The kinetics of the hydrolysis reactions were stud-
ed by measuring the volume of hydrogen gas generated, varying
atalyst concentration, substrate concentration, and temperature.
ur report also includes the results of study on the effect of NaOH
oncentration on the catalytic activity of Co(0)-HAP nanoclusters
n the hydrolysis of sodium borohydride. Co(0)-HAP nanoclusters

ere found to be highly active and long-lived catalyst providing
5,600 and 7400 turnovers in the hydrolysis of sodium borohy-
ride and ammonia-borane, respectively, at 25.0 ± 0.1 ◦C. The high
atalytic activity, long lifetime, and low cost of Co(0)-HAP nanoclus-
ers make them a promising candidate to be used as catalyst in
eveloping highly efficient portable hydrogen generation systems
sing sodium borohydride or ammonia-borane as solid hydrogen
torage material.

. Experimental

.1. Materials

Cobalt(II) nitrate hexahydrate (98%), sodium borohydride (98%),
mmonia-borane (>97%), hydroxyapatite, sodium hydroxide, and
2O were purchased from Aldrich and used as received. Deionized
ater was distilled by a water purification system (Milli-Q system).
ll glassware and Teflon-coated magnetic stir bars were cleaned
ith acetone, followed by copius rinsing with distilled water before
rying in an oven at 150 ◦C.

.2. In situ preparation of hydroxyapatite-supported cobalt(0)
anoclusters

Hydroxyapatite (1.0 g) was added to a solution of cobalt(II)
itrate hexahydrate (60.5 mg)  in 100 mL  H2O in a 250 mL  round
ottom flask. This slurry was stirred at room temperature for
2 h. During this process, Ca2+ ions which act as charge balanc-

ng cations in the framework of hydroxyapatite were replaced by
o2+ ions. The Co2+-exchanged hydroxyapatite (Co2+-HAP) sam-
le was filtered using Whatman-1 filter paper, washed three
imes with 20 mL  of deionized water, and dried in the oven
t 80 ◦C. Then, Co2+-exchanged hydroxyapatite (Co2+-HAP) sam-
le was reduced during the hydrolysis of sodium borohydride

nd in situ formation of hydroxyapatite-supported cobalt(0) nan-
clusters was obtained. For the hydrolysis of ammonia-borane,
he pre-formed hydroxyapatite-supported cobalt(0) nanoclusters
ere dried under nitrogen atmosphere and used as catalyst for this
ydrolysis reaction. The cobalt content of the sample was  found to
e 0.72 wt.% by ICP-OES.
oday 183 (2012) 17– 25

2.3. Method for testing the catalytic activity of
hydroxyapatite-supported cobalt(0) nanoclusters in the
hydrolysis of sodium borohydride and ammonia-borane

The catalytic activity of the in situ formed hydroxyapatite-
supported cobalt(0) nanoclusters in the hydrolysis of sodium
borohydride or ammonia-borane in aqueous solution was deter-
mined by measuring the rate of hydrogen generation. In all the
experiments, a jacketed reaction flask (75 mL)  containing a Teflon-
coated stir bar was placed on a magnetic stirrer (Heidolph MR-301)
and thermostated to 25.0 ± 0.1 ◦C by circulating water through
its jacket from a constant temperature bath. Then, a graduated
glass tube (50 cm in height and 5.0 cm in diameter) filled with
water was  connected to the reaction flask to measure the vol-
ume  of the hydrogen gas to be evolved from the reaction. In
a typical experiment, 284 mg  (7.47 mmol) of NaBH4 or 63.6 mg
(2 mmol) of H3NBH3 was  dissolved in 50 mL  and 20 mL  of water,
respectively. The solutions were transferred with a glass pipet into
the reaction flask thermostated at 25.0 ± 0.1 ◦C. Then, 818.5 mg
(327.4 mg  for hydrolysis of AB) powder of Co2+-HAP (0.72 wt.%
Co) was added into the reaction flask. The experiment was started
by closing the flask and the volume of hydrogen gas evolved was
measured by recording the displacement of water level at the stir-
ring speed of 900 rpm. In addition to the volumetric measurement
of the hydrogen evolution, the conversion of sodium borohy-
dride (ı = −42.1 ppm) [47] and ammonia-borane (ı = −23.9 ppm)
[48] to borate (ı = 9–18 ppm) [47,48] was checked by 11B NMR
spectroscopy.

2.4. Effect of sodium hydroxide concentration on catalytic
activity of hydroxyapatite-supported cobalt(0) nanoclusters in the
hydrolysis of sodium borohydride

To examine the effect of sodium hydroxide concentration on the
catalytic activity of the hydroxyapatite-supported cobalt(0) nan-
oclusters in the hydrolysis of sodium borohydride, five different
experiments were carried out starting with 50 mL  aqueous solu-
tion of 150 mM of NaBH4 and different amounts of NaOH (5.0,
7.5, 10.0, 12.5, and 15.0 wt.%) in the presence of hydroxyapatite-
supported cobalt(0) nanoclusters (2.0 mM)  at 25.0 ± 0.1 ◦C. All the
experiments were performed in the same way as described in Sec-
tion 2.3.

2.5. Control experiments

2.5.1. The effect of stirring speed on the hydrogen generation rate
In order to check whether the system is under mass trans-

fer limitation, the same experiment for hydrogen generation from
the hydrolysis of both sodium borohydride and ammonia-borane
was performed as described in Section 2.3 at 25.0 ± 0.1 ◦C by
varying the stirring speed (0, 200, 400, 600, 800, 1000, and
1200 rpm).

2.5.2. Hydroxyapatite-catalyzed hydrolysis of sodium
borohydride and ammonia-borane

In order to check the catalytic activity of hydroxyapatite in the
sodium borohydride or 63.6 mg  of ammonia-borane was dissolved
in 50 mL  (containing 10 wt.% NaOH) and 20 mL  of water, respec-
tively, in a jacketed reaction flask thermostated at 25.0 ± 0.1 ◦C.
Then, hydroxyapatite (819 mg)  was added to the solution. The vol-
ume  of generated hydrogen was measured exactly in the same way
as described in Section 2.3.
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sphere, and characterized by ICP-OES, XRD, ATR-IR, XPS, TEM, SEM,
and EDX.

The powder XRD diffraction patterns of the support material
hydroxyapatite (HAP) and the Co(0)-HAP nanoclusters are given in
M.  Rakap, S. Özkar / Cata

.6. Kinetic study of the hydrolysis of basic sodium borohydride
nd ammonia-borane catalyzed by hydroxyapatite-supported
obalt(0) nanoclusters

In order to establish the rate laws for the catalytic hydrol-
sis of basic sodium borohydride and ammonia-borane using
ydroxyapatite-supported cobalt(0) nanoclusters (with 0.72 wt.%
obalt loading), two different sets of experiments were performed
n the same way as described in Section 2.3 for each of these sub-
trates. In the first set of experiments, the concentration of the
ubstrate was kept constant (at 150 mM for NaBH4 and 100 mM
or H3NBH3) and the cobalt concentration was varied in the range
f 1.0, 1.5, 2.0, 2.5, and 3.0 mM.  In the second set of experiments,
obalt concentration was kept constant at 2.0 mM and substrate
oncentrations were varied in the range of 150, 300, 450, 600, and
50 mM for NaBH4; and 100, 200, 300, and 400 mM for H3NBH3.
or the hydrolysis of NaBH4, 10 wt.% of NaOH was  used. Finally, the
atalytic hydrolysis of basic sodium borohydride and ammonia-
orane in the presence of hydroxyapatite-supported cobalt(0)
anoclusters at constant substrate (150 mM for NaBH4 and 100 mM

or H3NBH3) and cobalt (2.0 mM)  concentrations at various temper-
tures in the range of 15–45 ◦C for NaBH4 and 25–45 ◦C for H3NBH3
n order to obtain the activation energy (Ea).

.7. Isolability and reusability of hydroxyapatite-supported
obalt(0) nanoclusters in the hydrolysis of sodium borohydride
nd ammonia-borane

After the first run of the hydrolysis of 150 mM of NaBH4 (284 mg
n 50 mL,  in the presence of 10 wt.% NaOH) or 100 mM of H3NBH3
63.6 mg  in 20 mL), catalyzed by hydroxyapatite-supported
obalt(0) nanoclusters (818.5 mg,  or 327.4 mg  for AB hydroly-
is, Co2+-HAP with a cobalt content 0.72 wt.%, [Co] = 2.0 mM)  at
5 ◦C, the catalyst was isolated by suction filtration, washed with
eionized water, and dried under nitrogen atmosphere at room
emperature. The isolated and dried samples of hydroxyapatite-
upported cobalt(0) nanoclusters were used again in the hydrolysis
f 150 mM of basic NaBH4 or 100 mM of H3NBH3 and the same
rocedure was repeated five times. The results were expressed as

 initial catalytic activity of hydroxyapatite-supported cobalt(0)
anoclusters in the hydrolysis of basic NaBH4 or H3NBH3 solution.

.8. Determination of the catalytic lifetime of
ydroxyapatite-supported cobalt(0) nanoclusters in the
ydrolysis of sodium borohydride or ammonia-borane

The catalytic lifetime of the hydroxyapatite-supported cobalt(0)
anoclusters in the hydrolysis of sodium borohydride and
mmonia-borane was determined by measuring the total turnover
umber (TTO). This experiment was started with a 50 mL  (or
0 mL  for H3NBH3) solution containing 2.0 mM hydroxyapatite-
upported cobalt(0) nanoclusters and 1 M substrate, NaBH4 or
3NBH3 at 25.0 ± 0.1 ◦C. For the hydrolysis of NaBH4, 10 wt.% NaOH
as used. When the complete conversion is achieved, more sub-

trate is added into the solution and the reaction was  continued
y this way until the catalyst is deactivated in both reactions at
5.0 ± 0.1 ◦C.

.9. Characterization of hydroxyapatite-supported cobalt(0)
anoclusters

The cobalt content of the samples was determined by ICP-OES

Leeman-Direct Reading Echelle). For this purpose, the samples
ere dissolved in a mixture of nitric acid and hydrochloric acid.

he cobalt content of the catalyst was found to be 0.72 wt.%.
owder X-ray diffraction (XRD) patterns were recorded with a
oday 183 (2012) 17– 25 19

Rigaku X-ray Diffractometer using Cu K� radiation (30 kV, 15 mA)
at room temperature. Scanning was  performed between 5◦ and
70◦ 2�. The measurements were made with 0.01◦ and 0.05◦ steps
and 1◦/min rate. The divergence slit was  variable and scattering
and receiving slit were 4.2◦ and 0.3 mm,  respectively. Transmis-
sion electron microscopy (TEM) analysis was  carried out using a
JEOL-2010 microscope operating at 200 kV, fitted with a LaB6 fila-
ment and has lattice and theoretical point resolutions of 0.14 nm
and 0.23 nm,  respectively. Samples were examined at magnifica-
tion between 100 and 1000 K. One drop of dilute suspension of
sample in isopropyl alcohol was deposited on the TEM grids and
the solvent was then evaporated. Scanning electron microscopy
analysis was carried out using a Quanta 200 FEG environmental
scanning electron microscope (ESEM) operating at an accelerat-
ing voltage of 30 kV. SEM samples on quartz surfaces were coated
with about 4 nm of Pt/Au alloy. ATR-IR spectra were taken on
Vartex-70 spectrophotometer using Omnic software. The X-ray
photoelectron spectroscopy (XPS) analysis of the catalyst was  per-
formed on a Physical Electronics 5800 spectrometer equipped with
a hemispherical analyzer and using monochromatic Al K� lines of
Al (1486.6 eV, 10 mA)  as an X-ray source. 11B NMR  spectra were
recorded on a Bruker Avance DPX 400 with an operating frequency
of 128.15 MHz  for 11B.

3. Results and discussion

3.1. Preparation and characterization of
hydroxyapatite-supported cobalt(0) nanoclusters

Hydroxyapatite-supported cobalt(0) nanoclusters were pre-
pared at room temperature following a two step procedure:
hydroxyapatite was  first added to the aqueous solution of cobalt(II)
nitrate and the suspension is stirred for 3 days at room temperature.
After filtering, copious washing with water, and drying in the oven
at 80 ◦C, Co2+-exchanged hydroxyapatite (Co2+-HAP) samples were
obtained. Then, cobalt(II) ions were reduced to cobalt(0) nanoclus-
ters on the hydroxyapatite surface during the catalytic hydrolysis
of sodium borohydride at room temperature. After the complete
hydrolysis of sodium borohydride Co(0)-HAP nanoclusters were
isolated as solid material by filtration, then dried under inert atmo-
Fig. 1. The powder XRD patterns of the hydroxyapatite as host material and the
hydroxyapatite-supported cobalt(0) nanoclusters.
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ig. 2. The ATR-IR spectra of the hydroxyapatite and hydroxyapatite-supported
obalt(0) nanoclusters.

ig. 1. Two patterns are very similar to each other indicating that
he host material remains intact at the end of the procedure with-
ut observable alteration in the framework lattice and loss in the
rystallinity. The ATR-IR spectra of the support material hydrox-
apatite and the Co(0)-HAP nanoclusters are depicted in Fig. 2,
hich clearly shows that the addition of cobalt to hydroxyapatite

ramework does not cause any significant change in the IR spectra,
onfirming the conclusion previously obtained from X-ray diffrac-
ion patterns. It is noteworthy that the absence of band at 875 cm−1

or the HPO4
2− ion indicates that pyrophosphates are not formed

n the samples [46,49]. Additionally, there is no peak attributable to
he inclusion of cobalt on the support material in either XRD or IR
pectrum because of relatively low cobalt content (0.72 wt.%) of the
ample. The morphology, chemical composition, and the particle
ize of the hydroxyapatite-supported cobalt(0) nanoclusters were
tudied by SEM, EDX, and TEM as shown in Figs. 3–5,  respectively.
he EDX analysis shows that cobalt is the only element in the cata-
yst apart from the host framework elements calcium, oxygen, and
hosphorus, indicating the incorporation of cobalt on the support.
dditionally, the mapped SEM micrographs show the Ca, O, and P

s the host material’s framework elements, and Co as the supported
lement in the catalyst. The TEM image reveals the presence of ran-
omly distributed cobalt(0) nanoclusters with a mean diameter of
.2 ± 0.8 nm on the HAP surface. Experimental and simulated X-ray

Fig. 3. The typical (a) SEM and (b) EDX images of the hydroxyapatite-su
oday 183 (2012) 17– 25

photoelectron spectra (XPS) of the Co(0)-HAP nanoclusters sample
with a cobalt loading of 0.72 wt.% are given in Fig. 6 which shows
two prominent bands at 780 and 796.3 eV, readily attributable to
Co(0) 2p3/2 and Co(0) 2p1/2, respectively [50]. However, there are
two additional bands observed at slightly higher energies, which
can be attributed to a higher oxidation states of cobalt, presum-
ably formed by oxidation during the XPS sample preparation, since
the cobalt(0) nanoclusters are sensitive to oxygen. These additional
weak bands can be attributed to cobalt(II) species, which is likely
formed from the oxidation of nanoclusters exposed to air during
the XPS sampling [51].

3.2. Effect of sodium hydroxide concentration on catalytic
activity of hydroxyapatite-supported cobalt(0) nanoclusters in the
hydrolysis of sodium borohydride

Fig. 7 shows the plot of hydrogen generation rate versus NaOH
concentration for the hydrolysis of sodium borohydride catalyzed
by hydroxyapatite-supported cobalt(0) nanoclusters. The rate of
hydrogen generation first increases with the increasing sodium
hydroxide concentration, demonstrating an enhancement of reac-
tion by NaOH. It reaches a maximum value at the concentration of
10 wt.% NaOH and subsequently decreases with the further increase
in NaOH concentration. This is probably due to the fact that OH−

ion is involved in the hydrolysis of NaBH4 and an appropriate
increase in the NaOH concentration can accelerate the hydrolysis
reaction and thus hydrogen generation rate. However, excessive
NaOH concentration would lead to a decrease in solubility of
the hydrolysis by-product, NaBO2. As a result, NaBO2 precipitates
from the solution and decreases the hydrogen generation rate,
blocking the active sites on the surface of catalyst [52]. Since
similar results have been reported [38,52,53] for some cobalt-
based catalysts used for hydrogen generation from the hydrolysis
of sodium borohydride, it can be concluded that the hydrogen
generation rate is not only dependent on the sodium hydroxide
concentration of the solution but also on the nature of the cat-
alyst. This observation dictates the use of 10 wt.% NaOH for the
kinetic studies of the catalytic hydrolysis of sodium borohydride
using hydroxyapatite-supported cobalt(0) nanoclusters as catalyst.
A control test was performed to check whether the use of sodium
hydroxide causes to leaching of cobalt from the catalyst. ICP anal-

ysis of the catalyst sample after catalytic reaction in the presence
of 10 wt.% NaOH gave the same cobalt content (0.72 wt.% Co) for
the hydroxyapatite-supported cobalt(0) nanoclusters as before the
reaction.

pported cobalt(0) nanoclusters with a cobalt loading of 0.72 wt.%.
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Fig. 4. The mapped SEM micrographs of the ele

.3. Control experiments

Before testing the catalytic activity of Co(0)-HAP nanoclusters
n the hydrolysis of basic sodium borohydride and ammonia-
orane, two control experiments had to be performed: hydrolysis

f basic sodium borohydride and ammonia-borane in the presence
f hydroxyapatite to check whether hydroxyapatite catalyzes these
ydrolysis reactions. No hydrogen gas evolution was  observed in

ig. 5. The TEM image of the hydroxyapatite-supported cobalt(0) nanoclusters with
 cobalt loading of 0.72 wt.%.
s in the catalyst; (a) Ca, (b) O, (c) P, and (d) Co.

the hydrolysis of basic sodium borohydride and ammonia-borane
for 24 h in the presence of HAP.

Additionally, the effect of stirring speed on the hydrogen gen-
eration rates from the hydrolysis of basic sodium borohydride and
ammonia-borane was investigated by carrying out the hydrolysis
reactions at different stirring speeds. The results of these con-
trol experiments show that the stirring speed has no significant
effect on hydrogen generation rate after 600 rpm, for the hydrolysis
of both basic sodium borohydride and ammonia-borane. In other
words, the system is in a non-mass transfer limitation regime since
all the kinetic studies were performed at a stirring speed of 900 rpm.

3.4. Kinetics of hydrolyses catalyzed by
hydroxyapatite-supported cobalt(0) nanoclusters
3.4.1. Hydrolysis of sodium borohydride in basic solution
The hydroxyapatite-supported cobalt(0) nanoclusters were

found to be highly active catalyst for the hydrolysis of sodium

Fig. 6. X-ray photoelectron spectrum of hydroxyapatite-supported cobalt(0) nan-
oclusters with a cobalt loading of 0.72 wt.%.



22 M. Rakap, S. Özkar / Catalysis Today 183 (2012) 17– 25

Fig. 7. The plot of hydrogen generation rate versus concentration of NaOH (in wt.%)
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Fig. 9. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of

or  the hydrolysis of sodium borohydride (50 mL,  150 mM NaBH4) catalyzed by
ydroxyapatite-supported cobalt(0) nanoclusters (2.0 mM Co) at 25.0 ± 0.1 ◦C.

orohydride in basic solution. Fig. 8 shows the plot of hydrogen
olume versus time during the catalytic hydrolysis of 150 mM
aBH4 solution containing 10 wt.% NaOH in the presence of Co(0)-
AP nanoclusters in different cobalt concentrations at 25.0 ± 0.1 ◦C.
lotting the hydrogen generation rate, determined from the linear
ortion of plots in Fig. 8, versus cobalt concentration, both in log-
rithmic scales (shown in the inset of Fig. 8), gives a straight line
ith a slope of 1.03 ≈ 1.0 indicating that the hydrolytic dehydro-

enation of basic sodium borohydride is first order with respect
o the cobalt concentration. The effect of NaBH4 substrate concen-
ration on the hydrolysis rate was also studied by carrying out a
eries of experiments starting with various initial concentrations
f NaBH4 while keeping the catalyst concentration constant at
.0 mM Co. The hydrogen generation rate was found to be practi-
ally independent of the NaBH4 concentration, indicating that the
ydrolysis reaction is zero order with respect to the concentration

f NaBH4.

Fig. 9 shows the volume of hydrogen generated versus time
n the hydrolysis of 150 mM NaBH4 solution containing 10 wt.%

ig. 8. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
odium borohydride (50 mL,  150 mM NaBH4) containing 10 wt.% NaOH catalyzed by
ydroxyapatite-supported cobalt(0) nanoclusters (2.0 mM Co) with different cata-

yst concentrations at 25.0 ± 0.1 ◦C. Inset: plot of the hydrogen generation rate versus
he catalyst concentration (both in logarithmic scale) for the same reactions.
sodium borohydride (50 mL,  150 mM NaBH4) containing 10 wt.% NaOH catalyzed
by hydroxyapatite-supported cobalt(0) nanoclusters (2.0 mM Co) at different tem-
peratures in the range 15–45 ◦C.

NaOH catalyzed by Co(0)-HAP nanoclusters ([Co] = 2.0 mM)  at var-
ious temperatures. The apparent rate constants (kapp) of hydrogen
generation from the hydrolysis of basic sodium borohydride were
measured from the linear portion of each plot given in Fig. 9
at seven different temperatures in the range of 15–45 ◦C and
used for the calculation of activation energy from the Arrhenius
plot (Fig. 10). The apparent Arrhenius activation energy (Eaapp)
was found to be 53 ± 2 kJ/mol for the hydrolysis of basic sodium
borohydride catalyzed by Co(0)-HAP nanoclusters. This value is
lower than the activation energies reported in the literature for
the same reaction using many different catalysts: 62 kJ/mol for
Ni–Co–B [54], 58 kJ/mol for carbon supported Co–B [55], 76 kJ/mol
for Ru-promoted sulphated zirconia [56], 70 kJ/mol for Pt/LiCoO2
[57], 68 kJ/mol for Ru/LiCoO2 [55], 56 kJ/mol for Ru/IRA-400 [9],
55 kJ/mol for Co–Mn–B nanocomposite [58], 67 kJ/mol for Ru/C
[59], 60 kJ/mol for Co–P [60], but still higher than 34 kJ/mol for
intrazeolite cobalt(0) nanoclusters [38], 33 kJ/mol for Co–B/Ni
foam [61], 38 kJ/mol for NixB [62], 33 kJ/mol for Co/�-Al2O3 [11],
28 kJ/mol for Pd–C powder [63], 50 kJ/mol for Ru/IR-120 [64],

42 kJ/mol for cobalt powder [65], 45 kJ/mol for Co–B [8],  19 kJ/mol
for PtPd-carbon nanotubes [12], 44 kJ/mol for Co/AC [66], and
29 kJ/mol for Co–W–B/Ni [67].

Fig. 10. Arrhenius plot for the hydroxyapatite-supported cobalt(0) nanoclus-
ters catalyzed hydrolysis of NaBH4 containing 10 wt.% NaOH, [NaBH4] = 150 mM,
[Co]  = 2.0 mM.
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Fig. 11. Plot of mole H2/mole H3NBH3 versus time (s) for the hydrolysis of H3NBH3

(20 mL,  100 mM)  catalyzed by hydroxyapatite-supported cobalt(0) nanoclusters
(2.0 mM Co) with different cobalt concentrations at 25.0 ± 0.1 ◦C. The inset shows
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Fig. 12. Plot of the volume of generated hydrogen (mL) versus time (s) for the
hydrolysis of H3NBH3 (20 mL, 100 mM)  catalyzed by hydroxyapatite-supported

cles [75].
he plot of the hydrogen generation rate versus the catalyst concentration (both in
ogarithmic scale) for the same reaction.

.4.2. Hydrolysis of ammonia-borane
The hydroxyapatite-supported cobalt(0) nanoclusters were also

ound to be highly active catalyst for the hydrolysis of ammonia-
orane. Fig. 11 shows the plots of the stoichiometric ratio of H2
o H3NBH3 versus time during the catalytic hydrolysis of 100 mM
3NBH3 solution in the presence of Co(0)-HAP nanoclusters with

 cobalt loading of 0.72 wt.% in different cobalt concentrations
t 25.0 ± 0.1 ◦C. A linear hydrogen generation starts and contin-
es until completion. For example, using Co(0)-HAP nanoclusters

n 2.0 mM concentration leads to a complete hydrogen release
3.0 mol  H2/mol H3NBH3) within 33 min  at 25.0 ± 0.1 ◦C. Plotting
he hydrogen generation rate, determined from the linear por-
ion of each plot in Fig. 11,  versus cobalt concentration, both in
ogarithmic scale (shown in the inset of Fig. 11),  gives a straight
ine with a slope of 1.09 ≈ 1.0 indicating that the hydrolytic dehy-
rogenation of ammonia-borane is first order with respect to
he cobalt concentration. The effect of AB substrate concentra-
ion on the hydrolysis rate was also studied by carrying out a
eries of experiments starting with various initial concentrations
f AB while keeping the catalyst concentration constant at 2.0 mM
o. The hydrogen generation rate was found to be practically

ndependent of AB concentration, indicating that the hydroly-
is reaction is zero order with respect to the concentration of
B.

The quantity of ammonia liberated during the hydrolysis of
mmonia-borane has been found to be negligible when the catalyst
oncentration is less than 0.06 mol% and the substrate concen-
ration is lower than 6 wt.% [48,65].  Control test using acid/base
ndicator showed no ammonia evolution in detectable amount in
he experiments performed in this study.

Fig. 12 shows the volume of hydrogen generated versus time in
he hydrolysis of 100 mM H3NBH3 catalyzed by Co(0)-HAP nan-
clusters ([Co] = 2.0 mM)  at various temperatures. It is worth to
ote that using Co(0)-HAP nanoclusters in 2.0 mM Co concen-
ration leads to a complete H2 release (3.0 mol  H2/mol H3NBH3)
ithin 33 min  corresponding to a hydrogen generation rate of

.18 mmol  H2 min−1. This provides a total turnover frequency (TOF)
−1 −1
alue of 4.54 mol  H2 (mol Co) min , a reasonable value for such

 non-noble catalyst compared to the TOF values of other cata-
ysts reported in the literature [68]. The apparent rate constants
kapp) of hydrogen generation from the hydrolysis of ammonia-
cobalt(0) nanoclusters (2.0 mM Co) at different temperatures in the range 25–45 ◦C.

borane were measured from the linear portions of the plots
given in Fig. 12 at five different temperatures in the range of
25–45 ◦C and used for the calculation of activation energy from
the Arrhenius plot (Fig. 13). The apparent Arrhenius activation
energy (Eaapp) was found to be 50 ± 2 kJ/mol for the hydroly-
sis of ammonia-borane catalyzed by hydroxyapatite-supported
cobalt(0) nanoclusters. This value is lower than the activation ener-
gies reported in the literature for the same reaction using many
different catalysts: 70 kJ/mol for bulk nickel [69], 57 kJ/mol for
Ni0.97Pt0.03 hollow spheres [69], 62 kJ/mol for Co/�-Al2O3 [24],
63 kJ/mol for PVP-stabilized cobalt(0) nanoclusters [37], 87 kJ/mol
for K2PtCl6 [15], 76 kJ/mol for Ru/C [27], 56 kJ/mol for zeolite
confined palladium(0) nanoclusters [43], 52 kJ/mol for Ni–Ag/C
[70], 52 kJ/mol for zeolite confined copper(0) nanoclusters [42],
but still higher than 23 kJ/mol for Ru/�-Al2O3 [26], 21 kJ/mol
for Rh/�-Al2O3 [26], 21 kJ/mol for Pt/�-Al2O3 [26], 39 kJ/mol for
Pt0.65Ni0.35 nanoparticles [71], 44 kJ/mol for PSSA-co-MA stabilized
Pd(0) nanoclusters [40], 44 kJ/mol for (Co–Mo–B)/Ni foam [72],
22 kJ/mol for Co–P catalyst [73], 34 kJ/mol for Co–B catalyst [74],
and 34 kJ/mol for SiO2-supported monodisperse nickel nanoparti-
Fig. 13. Arrhenius plot for the hydroxyapatite-supported cobalt(0) nanoclusters
catalyzed hydrolysis of H3NBH3, [H3NBH3] = 100 mM,  [Co] = 2.0 mM.
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ig. 14. The % initial catalytic activity retained in the subsequent catalytic runs
or  hydroxyapatite-supported cobalt(0) nanoclusters catalyzed hydrolysis of basic
odium borohydride and ammonia-borane, separately at 25.0 ± 0.1 ◦C.

.5. Isolability and reusability of hydroxyapatite-supported
obalt(0) nanoclusters in the hydrolysis of basic sodium
orohydride and ammonia-borane

After the complete hydrolysis of 150 mM basic NaBH4 (or
00 mM H3NBH3) solution catalyzed by 2.0 mM Co(0)-HAP nan-
clusters at 25 ◦C, the catalyst was isolated by suction filtration,
ashed with water, and dried under nitrogen purging at room tem-
erature. The isolated Co(0)-HAP nanoclusters are redispersible in
ater and yet show activity in the hydrolysis of basic sodium boro-
ydride or ammonia-borane solutions. Fig. 14 shows the changes

n catalytic activity of Co(0)-HAP nanoclusters in the hydrolysis
f basic sodium borohydride and ammonia-borane in the subse-
uent catalytic runs at 25.0 ± 0.1 ◦C. It is noted that Co(0)-HAP
anoclusters retain at least 81% of their initial activity even at
he fifth run in the hydrolysis of both basic sodium borohydride
nd ammonia-borane solutions. These results indicate that Co(0)-
AP nanoclusters are isolable, redispersible, and reusable. In other
ords, they can be repeatedly used as active catalyst in the hydrol-

sis of both basic sodium borohydride and ammonia-borane. More
mportantly, the complete release of hydrogen is obtained in each of
he subsequent catalytic runs. Since ICP analysis shows that there is
o cobalt leaching into the solution, the slight decrease in catalytic
ctivity in the subsequent runs is probably due to the passivation
f nanoclusters surface by increasing amount of metaborate, which
ight decrease the accessibility of active sites [28,76].

.6. Catalytic lifetime of hydroxyapatite-supported cobalt(0)
anoclusters in the hydrolysis of sodium borohydride and
mmonia-borane

The catalytic lifetime of Co(0)-AP nanoclusters in the hydrol-
sis reactions of basic sodium borohydride and ammonia-borane
olutions was determined by measuring the total turnover num-
ers in both reactions. The Co(0)-HAP nanoclusters provide 25,600
nd 7400 total turnovers in the hydrolysis of basic sodium boro-
ydride and ammonia-borane, respectively, at 25.0 ± 0.1 ◦C before
eactivation.
. Conclusions

In summary, our study of the preparation and characterization
f hydroxyapatite-supported cobalt(0) nanoclusters as catalyst for

[
[
[
[
[

oday 183 (2012) 17– 25

the hydrolysis of both sodium borohydride and ammonia-borane
has led to the following conclusions and insights:

• Hydroxyapatite-supported cobalt(0) nanoclusters can be in situ
prepared from the reduction of cobalt(II) ions impregnated on the
hydroxyapatite surface during the hydrolysis of sodium borohy-
dride.

• Hydroxyapatite-supported cobalt(0) nanoclusters are highly
active catalyst for hydrogen generation from the hydrolysis of
basic sodium borohydride and ammonia-borane.

• They are long-lived catalyst providing 25,600 and 7400 turnovers
in the hydrolysis of basic sodium borohydride and ammonia-
borane, respectively.

• Activation energies for the catalytic hydrolysis of basic
sodium borohydride and ammonia-borane in the presence of
hydroxyapatite-supported cobalt(0) nanoclusters were calcu-
lated as 53 ± 2 and 50 ± 2 kJ/mol, respectively.

• Hydroxyapatite-supported cobalt(0) nanoclusters can be
regarded as a promising catalyst with its high activity, lifetime,
and low-cost for practical applications to supply hydrogen from
the hydrolysis of sodium borohydride or ammonia-borane for
proton exchange membrane fuel cells.
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