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Kinetic
a b s t r a c t

Co–La–Zr–B quaternary amorphous nano alloy was for the first time prepared in situ ultrasound-assisted
reduction of Co(II), La(III) and Zr(IV) chloride by sodium borohydride aqueous solution. Obtained powder
was characterized by XRD, BET, ICP, FE-SEM and TEM techniques. No distinct peak could be observed in
XRD pattern of the obtained alloy indicating that the Co–La–Zr–B possessed amorphous structure.
Regarding to the size, SEM and TEM images depict that the most of particles are lower than 10 nm and
there is no significant aggregation. Co–La–Zr–B nano alloy is highly active catalysts for hydrogen gener-
ation from the hydrolysis of sodium borohydride. The reported work also includes the full experimental
details for the collection of a wealth of kinetic data to determine the activation energy (Ea = 60.06 -
kJ mol�1) and effects of the catalyst dosage, amount of substrate, and temperature on the rate for the cat-
alytic hydrolysis of sodium borohydride. Catalytic hydrolysis of NaBH4 is first order with respect to the
catalyst concentration and zero order respect to the NaBH4 concentration in the case of Co–La–Zr–B qua-
ternary amorphous nano alloy.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanoscale particle research has recently become a very impor-
tant field in materials science. Such metal nanoparticles often exhi-
bit very interesting electronic, magnetic, optical, and chemical
properties. Amorphous alloy catalysts have received much atten-
tion owing to their higher activity, better selectivity, and stronger
sulfur resistance in many hydrogenation reactions. Their unique
features depend on their size, shape, surface composition, and sur-
face atomic arrangement [1]. Sodium borohydride, NaBH4, is the
focus of interest since the late 1990s because of its stability in alka-
line solutions, non-flammability, non-toxicity, environmental
safety and the high theoretical hydrogen content [2–4]. NaBH4

yields hydrogen gas and water-soluble sodium metaborate, NaBO2,
upon hydrolysis in the presence of certain catalysts. (Eq. (1)):

NaBH4 þ 2H2O ���!catalyst
NaBO2 þ 4H2 ð1Þ

It is also the least expensive metal hydride readily available com-
mercially, and it is currently one of the best candidates for use in
portable devices [5]. It is found that metal borides were good cata-
lysts for the hydrolysis reaction, of which cobalt boride Co–B was
paid considerable attention for its good catalytic activity, low cost
and simple preparation method. The efficiency of hydrogen produc-
tion can be significantly enhanced by using solid state catalysts
such as precious metals Pt [6], Pd [7] and Ru [8], or transition metals
and their salts likes Mg-based alloy [9], Raney Ni and Co, nickel and
cobalt borides [10–12]. Chemical reduction is most frequently used
in preparing Co–B amorphous alloys [13–17]; however, the regular
Co–B samples obtained via direct reduction of cobalt salt solution
with a sodium borohydride solution usually display low surface
area, broadly distributed particle size, and poor thermal stability
against crystallization due to aggregation, because the reduction
reaction is vigorous and exothermic [18,19]. Ultrasonication has
proven a useful technique for inducing chemical reaction and inhib-
iting particle agglomeration due to the chemical effects from acous-
tic cavitation, which produces unusual chemical environments [20–
23]. Previous papers proved that the alloy catalysts in the form of
Co–Ni–B [24], Co–P–B [25], Co–Ni–P–B [26], and Co–Cr–B [27] exhi-
bit superior catalytic activity as compared to Co–B catalyst in
hydrogen production by hydrolysis of NaBH4. Previously, Yuan
and co-workers [28] have synthesized amorphous Co–Zr–B, having
a nearly spherical morphology with diameters <50 nm. To the best
of our knowledge, Co–La–Zr–B nano alloy has not been synthesized
up to now. In this work, Co–La–Zr–B quaternary nano alloy was for
the first time prepared in situ ultrasound-assisted reduction of
Co(II), La(III) and Zr(IV) chloride by sodium borohydride aqueous
solution. Indeed, zerovalent metal nanoscale of Cobalt, Zirconium
and Lanthanum are prepared under Argon atmosphere and reflux
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condition. The obtained materials were characterized by XRD, BET,
ICP, FE-SEM, EDS and TEM techniques. Activity of Co–B and Co–La–
Zr–B powders were tested for hydrogen generation through hydro-
lysis of sodium borohydride alkaline solution. In order to approach
the rate law for hydrogen generation several parameters were
studied.
2. Experimental

2.1. Synthesis of Co–La–Zr–B amorphous nano alloy

Co–La–Zr–B amorphous nano alloy was prepared under Ar atmosphere, as
shown in Scheme 1. In the typical synthesis, in 250 ml three-necked round bottom
flask, 238 mg (1 mmol) of CoCl2�6H2O, 371 mg (1 mmol) of LaCl3�7H2O and 233 mg
(1 mmol) of ZrCl4 were dissolved in 30 ml deionized water. Color of solution is pur-
ple at this moment. Then, the mixture was purged by pure Ar to remove oxygen
molecules. Under sonicating condition 5 ml of sodium borohydride solution
(5 mmol = 190 mg NaBH4 in deionized water) was added drop by drop into metals
solution. By addition of NaBH4 solution, abrupt color change from purple to black
indicates that the formation of metal nanoparticles was completed. The fine black
precipitate, which was subsequently formed in the mixed solution, was filtrated
out through vacuum-assisted filtration and washed repeatedly in distilled water.
Then it was washed further with acetone, and dried at room temperature. Co–B is
also synthesized by same method without Lanthanum and Zirconium salts.

2.2. Hydrogen generation by amorphous nano alloy

The kinetic studies with prepared catalysts were carried out in batch operation.
A 50 ml two-necked round-bottom flask was used as the reactor. The left-neck port
was equipped with a thermometer inserted into the solution to monitor the tem-
perature, and the middle-neck port was fitted with an outlet to collect the evolved
hydrogen gas. The hydrogen generated was collected by an inverted and
water-filled cylinder. Hydrogen volume was measured by monitoring the water dis-
placement from the cylinder as the reaction proceeded. No stirring was undertaken
during the reaction as hydrogen evolution induced enough mixing effect. In order to
establish the rate law for the catalytic hydrolysis of NaBH4 using Co–La–Zr–B
amorphous nano alloy, three different sets of experiments were performed. In the
first set of experiments, the concentration of NaBH4 was kept constant at 5 wt%,
and the Co–La–Zr–B alloy dosage was varied in the range of 12.5, 25, and 50 mg.
In the second set of experiments, Co–La–Zr–B dosage was held constant at 50 mg
while the NaBH4 concentration was varied in the range of 2.5, 5 and 10 wt.%. The
third set of experiments was performed by keeping NaBH4 and Co–La–Zr–B concen-
trations constant at 5 wt.% and 50 mg, respectively, and testing the temperature
effect at 20, 30, 40 and 50 �C. Although the self-hydrolysis of sodium borohydride
at room temperature is quite slow, it can be completely suppressed by working
in highly basic solution [29]. Based on this, all experiments were performed in
2 wt.% NaOH concentration.
Scheme 1. Preparation procedure of Co–La–Zr–B amorphous nano alloy.
2.3. Characterization methods

XRD patterns were recorded by a D8 Bruker Advanced, X-ray diffractometer
using Cu Ka radiation (a = 1.54 A). The patterns were collected in the range 20–
70� 2h and continuous scan mode. Transmission electron microscope (TEM) image
was obtained on a Philips CM10 transmission electron microscope with an acceler-
ating voltage of 100 kV. Scanning image was obtained on a FE-SEM (field emission
scanning electron microscope) Hitachi S-4160 microscope. The Cobalt, Lanthanum
and Zirconium content of the samples were determined by ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy, Leeman-Direct Reading Echelle).
Specific surface areas of catalysts were measured by the BET method analysis under
N2 adsorptive (SIBATA SA 1100) after degassing.

3. Results and discussions

3.1. Characterization of the amorphous nano alloy

XRD patterns of Co–B and Co–La–Zr–B amorphous nano alloy
are shown in Fig. 1. No distinct peak could be observed in XRD pat-
terns indicating that the Co–B and Co–La–Zr–B alloy possessed
amorphous phase. On the other hand, there is not any peak of
Co3O4, La2O3, ZrO2 and B2O3 in XRD pattern indicating formation
of metal oxide is inhibited under Ar atmosphere. For more investi-
gation, temperature controlling was conducted and results are
shown in Fig. 2. All patterns recorded after 3 h calcination in elec-
trical furnace. Fig. 2a and b shows XRD pattern of Co–B and Co–La–
Zr–B samples were heated at 200 �C and air atmosphere.

As seen, there is not observed any peak even at 200 �C. Fig. 2c–e
shows XRD patterns of Co–La–Zr–B nano powder at 300, 400 and
500 �C, respectively. It can be found that, an even temperature in-
crease up to 500 �C Co–La–Zr–B is amorphous and no distinct peak
could be observed. Fig. 2f shows XRD pattern of Co–B alloy at
500 �C. As shown, observed peaks are corresponded to Co3O4

phase. Indeed, Co–B can be oxidized to Co3O4 at 500 �C [30]. It
can be concluded that, from comparison of Fig. 2e and f, Lantha-
num and Zirconium ions prevent crystallization of Co3O4 phase.
Co–La–Zr–B is also heated at 500 �C under Ar atmosphere and cor-
responded XRD pattern is shown in Fig. 2g. However, Co–La–Zr–B
quaternary nano alloy has amorphous phase at this temperature.
Specific surface areas and elemental analysis of catalysts are
shown in Table 1. The surface area of Co–La–Zr–B is larger than
Co–B. This indicates that addition of La and Zr can prevent particle
agglomeration and thus increase the BET surface area of catalysts.
The Cobalt, Lanthanum and Zirconium content of the catalyst were
determined by ICP-OES and EDS. For ICP analysis, Co–La–Zr–B
powder was dissolved in boiled aqua regia solution, HNO3/HCl
(1/3 ratio). Since the ICP-OES analysis indicates the presence of Co-
balt, Lanthanum and Zirconium in the sample with Co/La, Co/Zr
and La/Zr molar ratios 0.9, 1.1 and 0.7, respectively. More
Fig. 1. XRD pattern of Co–B and Co–La–Zr–B amorphous nano alloys.



Fig. 2. XRD patterns of (a) Co–B, (b–e) Co–La–Zr–B, (f) Co–B at 500 �C and (g) Co–
La–Zr–B at Ar atmosphere.

Table 1
Surface area and elemental analysis of catalysts.

BET (m2/g) EDSa ICP

Co–B 64 – –
Co–La–Zr–B 123 Co/La: 0.8

Co/Zr: 0.9 La/Zr: 0.8
Co/La: 0.9
Co/Zr: 1.1 La/Zr: 0.7

a Average from five points in SEM image.

Fig. 3. FE-SEM image of Co–La–Zr–B amorphous nano alloy; inset: EDS pattern.

Fig. 4. TEM micrograph of Co–La–Zr–B amorphous nano alloy.

Fig. 5. Hydrogen generation by Co–B and Co–La–Zr–B catalysts.
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investigation was achieved by EDS pattern. Since EDS pattern only
show elemental analysis of one point of catalyst surface, it is not
trustworthy. For this reason, five points of catalyst surface were
tested for Cobalt, Lanthanum and Zirconium contents. Average re-
sults are shown in Table 1. It can be found that EDS data is close to
ICP analysis. Fig. 3 shows FE-SEM image of Co–La–Zr–B amorphous
nano alloy. As clearly seen, Fig. 3 confirms that there are no
agglomerated ultrasound-assisted Co–La–Zr–B nano alloy. If it is
not possible to determine the size and morphology of nano alloy
by SEM, it is only due to poor ability of scanning electron micro-
scope. EDS pattern of Co–La–Zr–B is shown as inset of Fig. 3. There
are three peaks around 2.2, 4.6 and 6.95 keV corresponded to Zr, La
and Co, respectively. TEM image of Co–La–Zr–B quaternary amor-
phous alloy is shown in Fig. 4. It can be seen that, the most of
the nanoparticles are in cluster form and also there are several par-
ticles had spherical morphology. However, average size of cluster
nano alloy is lower than 10 nm.
3.2. Kinetic study of the hydrolysis of NaBH4 catalyzed by Co–La–Zr–B
nano alloy

Fig. 5 shows hydrogen generation of Co–La–Zr–B and Co–B cat-
alyst. As seen, activity of Co–La–Zr–B is higher than Co–B catalyst. It
is probably attributed to the BET value of Co–La–Zr–B. As
mentioned already, surface area of Co–La–Zr–B powder is larger
than Co–B catalyst. Because of larger surface area and subsequently
more active site for hydrolysis of NaBH4 solution by Co–La–Zr–B
powder, it is faster, easier and significant reaction. The kinetics of
the hydrolysis of NaBH4 catalyzed by the Co–La–Zr–B amorphous
nano alloy catalyst was studied with regard to the catalyst dosage,
initial concentration of sodium borohydride and temperature.
Fig. 6a shows the plot of the volume of hydrogen gas generated



Fig. 6. (a) The volume of hydrogen versus time plot depending on the catalyst dosage at constant sodium borohydride (5 wt%) for the hydrolysis of NaBH4 catalyzed by Co–
La–Zr–B amorphous nano alloy and (b) the plot of hydrogen generation rate versus the catalyst dosage (both in logarithmic scale).
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from the hydrolysis of sodium borohydride solution versus time in
the presence of different amounts of Co–La–Zr–B catalyst at 40�C. It
is clear that the hydrogen generation rate increases with the cata-
lyst dosage increasing from 12.5 to 50 mg. Fig. 6b shows the plot
of the hydrogen generation rate versus the catalyst dosage for the
same reaction. The hydrogen generation rate was determined from
the linear portion of each plot. The slope (1.035) of the straight line
is nearly 1 indicating that the hydrolysis reaction is first order with
respect to the amount of Co–La–Zr–B catalyst. Theoretically, higher
NaBH4 concentration is highly desired for achieving high hydrogen
capacity, but gets restricted by the solubility limitation of NaBH4 it-
self and hydrolysis product NaBO2 in water [31]. The effect of sub-
strate concentration on hydrogen generation rate was studied by
performing a series of experiments starting with varying initial con-
centrations of NaBH4 while keeping the catalyst concentration con-
stant at 50 mg Co–La–Zr–B. Fig. 7a shows the volume of hydrogen
generated versus time plots depending on the substrate concentra-
tions at constant catalyst concentration. Fig. 7b shows the plot of
hydrogen generation rate versus the concentration of substrate.
The slope (0.253) of the straight line is nearly zero indicating that
the hydrolysis reaction is independent with respect to the initial
concentration of NaBH4. Consequently, the rate law for the catalytic
hydrolysis of sodium borohydride can be given as in equation (2),

�4d½NaBH4�
dt

¼ d½H2�
dt
¼ k½Co—La—Zr—B� ð2Þ

Then, the hydrolysis of NaBH4 catalyzed by Co–La–Zr–B amorphous
nano alloy was carried out at the temperatures of 20, 30, 40 and
50�C starting with the constant initial amounts of sodium borohy-
dride (5 wt%) and Co–La–Zr–B amorphous nano alloy (50 mg).
Fig. 7. (a) The volume of hydrogen versus time plot depending on the sodium borohydri
La–Zr–B amorphous nano alloy and (b) the plot of hydrogen generation rate versus the
Fig. 8a shows the plot of the volume of hydrogen gas generated
from the hydrolysis of NaBH4 solution versus time in the presence
of Co–La–Zr–B catalyst at various temperatures. It is clear that the
hydrogen generation rate increases from 6.97 to 62.6 ml min�1 with
the solution temperature increasing from 293 to 323 K. The rate
constants (Table 2) of hydrogen generation from the hydrolysis of
NaBH4 were measured from the linear portions of the plots at three
different temperatures and used for the calculation of activation en-
ergy from the Arrhenius plot shown in Fig. 8b. The slope of the
straight line gives activation energy of 60.06 kJ mol�1, which is low-
er than the previously reported value, 68.9 kJ mol�1, for Co–B cata-
lyst [32] and slightly higher than 56 kJ mol�1, for Ru supported on
IRA-400 [8]. Compared with the activation energies found for
NaBH4 hydrolysis catalyzed with other catalysts (75 kJ mol�1 for
Co, 71 kJ mol�1 for Ni [33]), Co–La–Zr–B catalyst shows a lower va-
lue, indicating higher catalytic activities for hydrogen generation
from hydrolysis of NaBH4. Mechanism of hydrogen generation
through hydrolysis of sodium borohydride is shown in Scheme 2.
According to this mechanism, both BH�4 and H2O adsorb over the
catalyst surface sites. However, the adsorption of both reactants im-
plies that the adsorption sites are of different electronic structure.
The adsorption sites are certainly atoms on defect sites with differ-
ent local electronic density. BH�4 should adsorb over electron-rich
sites, such as Od� or Co0, which would transfer their electronic den-
sity towards the B element. H2O should adsorb over electron-defi-
cient sites, such as Cod+, which would attract the electronic
density of O of H2O. It is noteworthy that the nature of the adsorp-
tion sites and the nature of the adsorbed hydrolysis intermediates
are not well known yet [34]. Stability of Co–La–Zr–B nano alloy
was investigated by XRD pattern. After first run reaction, catalyst
de at constant catalyst dosage (50 mg) for the hydrolysis of NaBH4 catalyzed by Co–
NaBH4 concentration (both in logarithmic scale).



Fig. 8. (a) The volume of hydrogen versus time plot at different temperatures for the hydrolysis of NaBH4 (5 wt%) catalyzed by Co–La–Zr–B amorphous nano alloy (50 mg) and
(b) Arrhenius plot (ln k versus the reciprocal absolute temperature 1000/T (K�1)).

Table 2
The values of rate constants k for the catalytic hydrolysis of
sodium borohydride catalyzed by Co–La–Zr–B amorphous nano
alloy starting with a solution of 5 wt% NaBH4 and 50 mg Co–La–
Zr–B at different temperatures.

Temperature
(K)

Rate constant k for Co–La–Zr–B (ml H2)
(mg cat)�1 (min)�1

293 0.1394
303 0.2164
313 0.6906
323 1.252

Scheme 2. Mechanism of hydrogen generation.

Fig. 9. XRD pattern of recovered Co–La–Zr–B powder.

M.H. Loghmani, A.F. Shojaei / Journal of Alloys and Compounds 580 (2013) 61–66 65
powder was recovered and washed several times with deionized
water and then dried in oven at 50�C. XRD pattern of recovered
Co–La–Zr–B catalyst is shown in Fig. 9. It can be seen that, phase
structure of catalyst is same to the fresh sample. Indeed, after
hydrolysis of NaBH4 stability of catalyst was not changed.
4. Conclusions

In summary, our study on the preparation and characterization
of Co–La–Zr–B quaternary amorphous nano alloy in the hydrolysis
of sodium borohydride led to the following conclusions: Co–La–Zr–
B amorphous nano alloy was prepared in aqueous solution under
ultrasound irradiation. XRD patterns for several calcination tem-
peratures were recorded and results declared that Co–La–Zr–B
nano alloy is amorphous phase and there is no observe any phase
of metal oxides under Ar atmosphere. TEM image depicts that
amorphous nano alloy is the most of the nanoparticles are in clus-
ter form and also there are several particles had spherical morphol-
ogy. It is highly active catalyst for hydrogen generation from the
hydrolysis of NaBH4. Activity of Co–La–Zr–B is higher than Co–B
catalyst. Kinetic studies show that catalytic hydrolysis of NaBH4

is first order with respect to the catalyst concentration and zero or-
der respect to the sodium borohydride concentration. Activation
energy for the hydrolysis of sodium borohydride in the presence
of amorphous Co–La–Zr–B nano alloy, 60.06 kJ mol�1, determined
from the evaluation of kinetic data at various temperatures, are
smaller than most of the values reported for the same reaction in
the presence of other catalyst systems.
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