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a b s t r a c t

Catalytically active, low-cost, and reusable transition metal catalysts are desired to develop on-demand
hydrogen generation system for practical onboard applications. Electrolessly deposited Pd-activated
TiO2-supported Co–Ni–P ternary alloy catalyst (Co–Ni–P/Pd-TiO2) is employed as catalyst in the hydroly-
sis of alkaline sodium borohydride solution. The catalyst is found to be isolable, redispersible, and reusable
eywords:
obalt
ickel
odium borohydride
ydrolysis

in the hydrolysis of alkaline NaBH4. The reported work also includes the full experimental details for the
collection of a wealth of kinetic data to determine the activation energy (Ea = 57.0 kJ/mol) and effects
of the amount of catalyst, amount of substrate, and temperature on the rate for the catalytic hydroly-
sis of NaBH4. Maximum H2 generation rate of ∼460 mL H2 min−1 (g catalyst)−1 and ∼3780 mL H2 min−1

(g catalyst)−1 was measured by the hydrolysis of NaBH4 at 25 ◦C and 55 ◦C, respectively.

ydrogen generation

. Introduction

The concerns over the depletion of fossil fuels supplies and the
nvironmental pollution and global warming attributable to the
reenhouse effect caused by a steep increase in carbon dioxide and
ther gases have made hydrogen one of the most promising future
nergy resources [1–3]. However, the development of effective and
afe hydrogen storage materials is the most important challenge
oward hydrogen powered society as a long-term solution for a
ecure energy future [4,5]. The chemical hydrogen storage, in which
ydrogen is stored in chemical compounds such as NaBH4, H3NBH3,
iH, NaH, CaH2, MgH2, LiAlH4, etc. [6,7], and released via an irre-
ersible chemical reaction, is a promising strategy [8]. Among the
hemical hydrides, sodium borohydride (NaBH4) has received the
ost extensive attention owing to its combined advantages of: (i)

he high hydrogen storage capacity (10.8 wt.%); (ii) the high stabil-
ty and nonflammability of its alkaline solutions; (iii) the optimal

ontrol on hydrogen generation rate by supported catalysts; (iv)
he acceptable hydrogen generation rate even at low temperature;
v) the availability and easy handling [9], (vi) an efficient hydrogen
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source which releases hydrogen gas in the amount double of its
hydrogen content upon hydrolysis in water (Eq. (1)) [10]:

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

Although the self hydrolysis of sodium borohydride at room
temperature is quite slow, it can be completely suppressed by
working in highly basic solution [11]. Thus, the hydrolysis of sodium
borohydride occurs only in the presence of a suitable catalyst [12].
Various catalysts including ruthenium [12], Pt/LiCoO2 [13], car-
bon supported platinum [14], PtRu/LiCoO2 [15], Ru/IRA-400 [16],
Ru(0) nanoclusters [17], nickel [18], electrodeposited Co and Co–P
[19], Co/�-Al2O3 [20], hydrogenphosphate-stabilized nickel(0)
nanoclusters [21], Co–B [22], Pt/C [23], nickel–cobalt–boride
[24], Co–Mn–B nanocomposite [25], cobalt–boron/nickel foam
[26], Ru/LiCoO2 [27], cobalt–tungsten–boron/nickel foam [28],
Co/C [29], electrolessly deposited Co–P [30], Ru/�-Al2O3 [3],
PVP-stabilized nickel(0) nanoclusters [31], Co–B/MWCN [32], Ru-
promoted sulphated zirconia [33], Ni–Ru nanocomposite [34],
fluorinated cobalt [35], PtPd–carbon nanotubes [36], aluminum
chloride [37], acetic acid [38], intrazeolite cobalt(0) nanoclusters
[39], polymer-stabilized cobalt(0) nanoclusters [40], Co–Cr–B [41],
porous Fe–Co–B/Ni foam [8], Ru/Graphite [42], clay-supported
Co–B [43], Co–Ni–B [44], attapulgite CoB [45], Co–Cu–B [46], Pd/C

[47], NixB [48], Co-powder [49], Ru/IR-120 [50], BMR07 (Ni based)
[51], Ru/C [52], Ru–Pd–Pt [53], mono- and di-carboxylic acids
[54], zeolite framework stabilized nickel(0) nanoparticles [55], and
Mm(Ni3.6Co0.7Mn0.4Al0.3)1.15 hydride electrodes [56] have been

dx.doi.org/10.1016/j.jallcom.2011.04.023
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ig. 1. The SEM micrographs of the surface morphologies of the electroless Co–Ni–P
nd (d) the EDX micrograph.

ested as the catalysts to accelerate the hydrolysis of NaBH4. In gen-
ral, precious metal catalysts show excellent activity in hydrogen
eneration from the hydride compounds while their use in prac-
ical applications is restricted by their high material cost. On the
ther hand, the cheaper transition metal catalysts generally exhibit
nly moderate catalytic activity. Therefore, the development of
ow-cost and efficient catalyst is desired for practical use. Recent
dvances in catalyst preparation technologies have led to signif-
cant improvements in the catalytic activity of transition metal
atalysts, even to a level comparable to that of the noble metal cata-
ysts [26]. In particular, the supported non-noble transition metals
an be employed as active catalysts in practical applications owing
o their easy separation from the solution and reusability of the
atalysts [2].

Indeed, our recent study [57] has shown that Co–Ni–P catalyst
repared by electroless deposition method on the surface of Pd-
ctivated TiO2 (Co–Ni–P/Pd-TiO2) can be used as active catalyst
n the hydrolysis of ammonia–borane. This has stimulated us to
se Co–Ni–P as catalyst for hydrogen generation from the hydrol-
sis of NaBH4. Herein, we report the use of Co–Ni–P as catalyst in
he hydrolysis of NaBH4. Co–Ni–P catalyst was found to be highly
ctive catalyst in the hydrolysis of NaBH4, too. The present work
resents the results and discussion on the activity of the catalyst
n hydrogen generation from the hydrolysis of alkaline NaBH4, as
ell as the results of kinetic study on the catalytic reaction depend-

ng on the catalyst concentration, substrate concentration, and
emperature.
ry alloy deposit on Pd-TiO2 at magnifications of: (a) 5000, (b) 30,000, and (c) 50,000,

2. Experimental

2.1. Chemicals

Cobalt sulphate heptahydrate, nickel sulphate hexahydrate, sodium hypophos-
phite monohydrate, EDTA, gluconic acid, boric acid, ammonium hydroxide, sodium
potassium tartrate, sodium borohydride (99%), sodium hydroxide, palladium
acetate, butvar (B98), and titanium dioxide (Degussa P-25) were purchased from
Aldrich. All chemicals were used as received. Deionized water was distilled by water
purification system.

2.2. Preparation of the Co–Ni–P/Pd-TiO2 catalyst

The Co–Ni–P catalyst was prepared and supported on Pd-TiO2 by using electro-
less deposition method [57]. Briefly, titanium dioxide-catalyst ink (1:12) mixture
was stirred to prepare Pd-activated TiO2 (Pd-TiO2) for 2 h at room temperature, and
kept at 270 ◦C for 48 h and then 350 ◦C for 6 h. To initiate the electroless deposition
process, 0.2 g of activated titanium dioxide (Pd-TiO2) was added into the 25 mL of
electroless plating bath solution. The electroless Co–Ni–P particle deposition was
conducted for 30 min. The reaction was then terminated by rapid cooling of plating
bath with the addition of cold water. These Co–Ni–P/Pd-TiO2 particles were easily
collected by centrifugation, and then washed with deionized water and methanol
before drying in the oven at 50 ◦C.

2.3. Method to test the catalytic activity of Co–Ni–P/Pd-TiO2 catalyst in the
hydrolysis of sodium borohydride

The catalytic activity of electrolessly deposited Co–Ni–P/Pd-TiO2 catalyst in the

hydrolysis of NaBH4 was determined by measuring the rate of hydrogen genera-
tion. In all the experiments, the reaction flask (30 mL) was placed in a thermostat
that was equipped with a water circulating system, wherein the temperature
was kept constant at 25 ± 0.5 ◦C [57]. Then, a graduated burette (50 mL) filled
with water was connected to reaction flask to measure the volume of the hydro-
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ig. 2. Plot of the initial hydrogen generation rate versus concentration of NaOH (
o–Ni–P/Pd-TiO2 catalysts (25 mg) at 25.0 ± 0.5 ◦C.

en gas to be evolved from the reaction. Next, 227 mg (6 mmol, 300 mM) NaBH4

as dissolved in 20 mL water (corresponding to 24 mmol = 538 mL H2). The solu-
ion was transferred with a glass-pipette into the reaction flask thermostated at
5.0 ± 0.5 ◦C. Then, certain amount of Co–Ni–P/Pd-TiO2 (25, 50, 75, and 100 mg,
espectively) catalyst was added into the reaction flask. The reaction was started
y closing the flask and the volume of hydrogen gas evolved was measured by
ecording the displacement of water level from the graduated burette as the reaction
rogressed.

.4. Effect of sodium hydroxide concentration on hydrogen generation rate

In order to study the effect of NaOH concentration on the catalytic activity of
o–Ni–P/Pd-TiO2 catalyst in the hydrolysis of sodium borohydride (300 mM), cat-
lytic activity tests were carried out at 25.0 ± 0.5 ◦C by changing the concentration
f NaOH (5.0, 7.5, 10.0, 12.5, and 15.0 wt.%). In all the experiments, the total vol-
me of solution was kept constant at 20 mL. All the experiments were performed in
he same way as described in Section 2.3. The highest activity of Co–Ni–P/Pd-TiO2

atalyst in the hydrolysis of sodium borohydride was obtained when 10 wt.% NaOH
as used. Thus, the concentration of NaOH of 10 wt.% was selected for the further

xperiments.

.5. Kinetic study of the hydrolysis of sodium borohydride catalyzed by
o–Ni–P/Pd-TiO2 catalyst

In order to establish the rate law for catalytic hydrolysis of basic NaBH4 solution
ontaining 10 wt.% NaOH using Co–Ni–P/Pd-TiO2 as catalyst, two different sets of
xperiments were performed in the same ways described in Section 2.3. In the first
et of experiments, the hydrolysis reaction was carried out starting with different
nitial amounts of catalyst (25, 50, 75, and 100 mg) and keeping the initial sodium
orohydride concentration constant at 300 mM. The second set of experiments was
arried out by keeping the initial amount of catalyst constant (25 mg) and vary-

ng the NaBH4 concentration of 300, 450, 600 and 750 mM. Finally, the catalytic
ydrolysis of NaBH4 was carried out by keeping the amounts of Co–Ni–P/Pd-TiO2

atalyst (25 mg) and NaBH4 substrate (300 mM) constant at temperatures of 25,
5, 45, and 55 ◦C in order to obtain the activation energy (Ea) for this hydrolysis
eaction.
%) for the hydrolysis of sodium borohydride (20 mL, 300 mM NaBH4) catalyzed by

2.6. Reusability of Co–Ni–P/Pd-TiO2 catalyst in the hydrolysis of sodium
borohydride

After the hydrolysis reaction of sodium borohydride (227 mg, 300 mM) in the
presence of NaOH (10 wt.%) was completed, the catalyst (25 mg) was filtered,
washed with deionized water and dried in the oven at 100 ◦C. Then, another equiva-
lent of aqueous NaBH4 solution was added to the reaction flask which contained the
catalyst. The released hydrogen gas was then monitored by the gas burette. Such
reusability experiments were repeated for 5 times under ambient atmosphere at
room temperature.

2.7. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded with a Rigaku X-ray
Diffractometer using Cu K� radiation (30 kV, 15 mA) at room temperature. Scanning
was performed between 2� degrees of 20–80◦ . The measurements were made with
0.01 and 0.05 degree steps and 1 degree/minute rate. The divergence slit was variable
and scattering and receiving slit were 4.2 degree and 0.3 mm, respectively. Scanning
Electron Microscopy (SEM) analysis was carried out with a Zeiss 1540 ESB scanning
electron microscope operating at an accelerating voltage of 10 kV, equipped with an
energy dispersive X-ray (EDX) analysis unit.

3. Results and discussion

3.1. Characterization of the catalyst

The detailed information on the preparation and characteriza-
tion of the Co–Ni–P/Pd-TiO2 catalyst prepared using the electroless
deposition method can be found elsewhere [57]. Representations
of the SEM morphologies of the catalyst at varied magnifications
along with the EDX micrograph are shown in Fig. 1. From this

figure, it can be concluded that the catalyst shows agglomerated
particle-like morphology with the primary particles ranging in size
from 20 to 30 nm. Some of the agglomerated particles fall out-
side the 30 nm range reaching up to 80 nm. The electroless Co–Ni
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Fig. 3. . Plot of the volume of H2 (mL) versus time (s) for the hydrolysis of NaBH4
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Then, the hydrolysis of NaBH4 catalyzed by Co–Ni–P/Pd-TiO2
catalyst was carried out at the temperatures of 25, 35, 45, and 55 ◦C
starting with the constant initial amounts of NaBH4 (300 mM) and
300 mM) catalyzed by Co–Ni–P/Pd-TiO2 catalysts with different amounts of catalyst
t 25 ± 0.5 ◦C. The inset shows the plot of the hydrogen generation rate versus the
mount of catalyst (both in logarithmic scale) for the same reaction.

ppears to have coated the Pd-TiO2 substrate uniformly. At the
ower magnifications, the particles are seen to be mostly non-
pherical. The EDX micrograph shows the average composition
Co:Ni:P = 94:5.3:0.7 wt.%) taken at multiple points on the sample.

.2. Effect of sodium hydroxide concentration on the hydrogen
eneration rate

Fig. 2 shows the plot of initial hydrogen generation rate versus
oncentration of NaOH in wt.% for the hydrolysis reaction of NaBH4
atalyzed by Co–Ni–P/Pd-TiO2 catalyst. The initial rate of hydrogen
eneration first increases with the increasing sodium hydrox-
de concentration, demonstrating an enhancement of reaction by
aOH. It reaches a maximum value at the concentration of 10 wt.%
aOH and subsequently decreases with further increase in NaOH
oncentration. This is probably due to the fact that OH− ion is
nvolved in the hydrolysis of NaBH4 and an appropriate increase
n the NaOH concentration can accelerate the hydrolysis reac-
ion and thus hydrogen generation rate. However, excessive NaOH
oncentration would lead to a decrease in solubility of the hydrol-
sis by-product, NaBO2. As a result, NaBO2 precipitates from the
olution and decreases the hydrogen generation rate, blocking the
ctive sites on the surface of the catalyst [46]. Since similar results
ave been reported [39,46] for some cobalt-based catalysts used for
ydrogen generation from the hydrolysis of sodium borohydride,

t can be concluded that the hydrogen generation rate is not only
ependent on the sodium hydroxide concentration of the solution
ut also on the nature of the catalyst. As implied by the plot of
he catalytic activity versus sodium hydroxide concentration (in
t.%), all the subsequent experiments were performed in solutions

ontaining 10 wt.% NaOH.

.3. Kinetic study of the hydrolysis of sodium borohydride
atalyzed by Co–Ni–P/Pd-TiO2 catalyst

The kinetics of the hydrolysis of NaBH4 catalyzed by the
o–Ni–P/Pd-TiO2 catalyst was studied with regard to the amount
f catalyst used, amount of NaBH4 used, and temperature. Fig. 3
hows the plot of the volume of hydrogen gas generated from the

ydrolysis of NaBH4 solution versus time in the presence of differ-
nt amounts of Co–Ni–P/Pd-TiO2 catalyst at 25 ± 0.5 ◦C. The inset
n Fig. 3 shows the plot of the initial hydrogen generation rate
ersus the amount of catalyst (both in logarithmic scale) for the
Fig. 4. Plot of the initial hydrogen generation rate versus NaBH4 concentration (both
in logarithmic scale) for the hydrolysis of NaBH4 catalyzed by Co–Ni–P/Pd-TiO2

catalyst (25 mg) in the presence of different NaBH4 concentrations of at 25 ± 0.5 ◦C.

same reaction. The slope of the straight line is 1.07, indicating that
the hydrolysis reaction is first order with respect to the amount of
Co–Ni–P/Pd-TiO2 catalyst.

The effect of NaBH4 concentration on the hydrogen genera-
tion rate was also studied by carrying out a series of experiments
starting with various initial concentration of NaBH4 in the range
300–750 mM while keeping the amount of Co–Ni–P/Pd-TiO2 cata-
lyst constant (25 mg). Fig. 4 shows the plot of the initial hydrogen
generation rate versus the concentration of NaBH4 (both in loga-
rithmic scale) for the hydrolysis of NaBH4 solution in the presence
of different initial concentration of NaBH4 at 25 ± 0.5 ◦C. From this
figure, it is concluded that the hydrolysis reaction is practically
independent of the NaBH4 concentration, at least in the range
300–750 mM. Consequently, the rate law for the catalytic hydroly-
sis of NaBH4 can be given as in Eq. (2)

−4d [NaBH4]
dt

= d [H2]
dt

= k[Catalyst] (2)
Fig. 5. Plot of the volume of H2 (mL) versus time (s) for the hydrolysis of NaBH4

(300 mM) catalyzed by Co–Ni–P/Pd-TiO2 catalyst (25 mg) at the temperatures of 25,
35, 45, and 55 ± 0.5 ◦C.
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Table 1
The values of rate constant k for the hydrolysis of sodium borohydride starting with
a solution of 227 mg (300 mM) NaBH4, 25 mg Co–Ni–P/Pd-TiO2 catalyst, and 10 wt.%
NaOH at different temperatures.

Temperature (K) Rate constant
(mL H2 s−1

(mg catalyst)−1)

298 0.00692
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Table 2
Activation energies and the experimental conditions for different catalyst systems
used for the hydrolysis of alkaline sodium borohydride solution.

Catalyst Ea (kJ mol−1) Experimental
conditions

Reference

NaBH4 NaOH

Fe–Co–B/Ni foam 27 15% 5% [8]
Pd–C powder 28 0.005 M pH = 13 [47]
Co–W–B/Ni 29 20% 5% [28]
Co–B/Ni foam 33 20% 10% [26]
Co/�-Al2O3 33 5% 5% [20]
Intrazeolite Co(0) nanoclusters 34 0.15 M 10% [39]
Co–Ni–B 34 0.025 M pH = 13 [44]
NixB 38 1.5% 10% [48]
Co powder 42 0.2 g 10% [49]
Ru(0) nanoclusters 43 0.15 M 10% [17]
Co/AC 44 5% 5% [29]
CoB 45 25% 3% [22]
Co/C 46 5% 5% [29]
Ru/IRA-400 47 20% 10% [16]
Co–Cu–B 50 7% 7% [46]
Ru/IR-120 50 5% 1% [50]
BMR07 (Ni based) 52 20% 7% [51]
Co–Mn–B nanocomposites 55 5% 5% [25]
Co–B/Attapulgite clay 56 5% 2% [45]
Ru/IRA-400 56 7.5% 1% [12]
Co–Ni–P/Pd-TiO2 57 0.30 M 10% [This work]
Co–P 60 10% 1% [30]
Ru/Graphite 61 5% 5% [42]
Ni–Co–B 62 0.5 g 15% [24]
Ni210 powder 63 0.2 g 10% [49]
Ru/C 67 0.993 M 3.75% [52]
Ru/LiCoO2 68 10% 5% [27]
308 0.01383
318 0.02827
328 0.05653

o–Ni–P/Pd-TiO2 catalyst (25 mg) and the maximum H2 generation
ates of ∼460 mL H2 min−1 (g catalyst)−1 and ∼3780 mL H2 min−1

g catalyst)−1 were measured at 25 ◦C and 55 ± 0.5 ◦C, respectively.
ig. 5 shows the plot of the volume of hydrogen gas generated
rom the hydrolysis of NaBH4 solution versus time in the pres-
nce of Co–Ni–P/Pd-TiO2 catalyst at various temperatures. The rate
onstants (Table 1) of hydrogen generation from the hydrolysis of
aBH4 were measured from the linear portions of the plots given

n Fig. 5 at four different temperature and used for the calcula-
ion of activation energy (Ea = 57.0 kJ mol−1) from the Arrhenius
lot shown in Fig. 6. This value of activation energy is lower than
hose reported in the literature for the same reaction using differ-
nt catalysts like: Ni–Co–B [24], Ru-promoted sulphated zirconia
33], Pt/LiCoO2 [13], Ru/LiCoO2 [27], Ru/C [52], Co–P [30]; but still
igher than the activation energy values of some other catalysts

ike: intrazeolite cobalt(0) nanoclusters [39], Co–B/Ni foam [26],
ixB [48], Co/�-Al2O3 [20], Pd-C powder [47], Ru/IR-120 [50], cobalt
owder [49], Co–B [22], Co/AC [29], Co–W–B/Ni [28], Ru/IRA-400
16], and Co–Mn–B nanocomposite [25]. The detailed information
n the experimental conditions and catalyst systems used for the
ydrolysis of sodium borohydride is given in Table 2.

.4. Reusability of Co–Ni–P/Pd-TiO2 catalyst in the hydrolysis of
odium borohydride

The reusability of the catalyst is crucial in the practical hydro-
en generation apparatus application. In the present study, the
o–Ni–P catalyst supported on Pd-TiO2 by electroless deposi-
ion method was tested with respect to the reusability in the

ydrolysis of NaBH4 in the presence of 10 wt.% NaOH. After the
atalytic hydrolysis reaction, the used catalyst was separated from
he solution, washed thoroughly with deionized water, dried,
nd reused in the hydrolysis of NaBH4 (227 mg, 300 mM) solu-

ig. 6. Arrhenius plot for Co–Ni–P/Pd-TiO2 (25 mg)-catalyzed hydrolysis of NaBH4

300 mM) at 25 ± 0.5 ◦C.
Pt/LiCoO2 70 10% 5% [13]
Ru-promoted sulphated Zr 76 0.661 M 1.3 M [33]

tion in the presence of 10 wt.% NaOH. As seen from Fig. 7, the
Co–Ni–P catalyst shows good durability in cyclic usage. The cat-
alyst retained up to 86.4% of its initial activity even in the
fifth cycle. The slight decrease in catalytic activity in subsequent
runs may be attributed to the passivation of the catalyst surface
by increasing the concentration of boron products, e.g. metab-
orate, which decreases the accessibility of active sites [58,59].
Despite this activity loss, it can be concluded that the Co–Ni–P
catalyst is isolable, redispersible and yet catalytically active. No

further EDX compositional analysis was carried out on the used
catalyst.

Fig. 7. Reusability tests of the Co–Ni–P/Pd-TiO2 catalyst in the hydrolysis NaBH4

(300 mM) at 25 ± 0.5 ◦C.
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. Conclusions

In summary, our study on the kinetics of the hydrolysis of alka-
ine sodium borohydride catalyzed by Co–Ni–P catalyst supported
n Pd-TiO2 by electroless deposition has led to the following con-
lusions and insights: The Co–Ni–P/Pd-TiO2 alloy catalyst prepared
y electroless deposition technique was found to be highly active
atalyst in the hydrolysis of alkaline NaBH4. Moreover, it is isolable,
edispersible, and reusable catalyst. When redispersed in aqueous
olution of alkaline NaBH4, it retains 86.4% of its initial catalytic
ctivity even at fifth run. The catalytic hydrolysis of alkaline NaBH4
as found to be first order with respect to catalyst amount and

ero order with respect to NaBH4 concentration. This high catalytic
ctivity, low-cost, and reusability of the Co–Ni–P/Pd-TiO2 catalyst
ake it a promising candidate to be used as catalyst in developing

ighly efficient portable hydrogen generation systems using NaBH4
s solid hydrogen storage material.
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