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Taking Ni(CH;COO), and NaBH, as the Ni and B sources and selecting three kinds of mesoporous materials (carbon nanotube
(CNTs), activated carbon (AC), and silica (SiO,)) as supports, the liquid-phase reduction-in situ deposition tactics was employed
to fabricate the amorphous alloy NiB and its corresponding supported catalysts (NiB/CNTs, NiB/AC, and NiB/SiO,) with
assistance of a suitable stabilizer and ultrasonic treatment. The X-ray powder diffraction, transmission electron microscopy, and
inductively coupled plasma atomic emission spectrometry were used to characterize the morphology and phase composition of
the products. The catalytic activity of the four products for the hydrolytic hydrogen release in NaBH, solution under different
conditions was minutely investigated. The research results indicate that the as-fabricated products belong to amorphous alloy
nanoparticles with the single phase and higher purity. The satisfactory dispersion and stronger interaction between NiB and CNTs
give NiB/CNTs the best thermal stability. All the four catalysts hold satisfactory catalysis, but their catalytic abilities are obviously
discrepant, in the following order: NiB/CNTs > NiB/SiO, > NiB > NiB/AC. The mean reaction turnover frequency of the NiB/
CNTs catalyst at both 318 K and 298 K separately comes up to 28206 ml(Hz)-min’Lg*l(NiB) and 13424 ml(H2)~min’1-g’1(NiB),
with an apparent activation energy of 47.37 kJ-mol ™. The proposed synthetic strategy could be extended to the fabrication of other

similar amorphous alloy catalysts, expected for extensive application prospect.

1. Introduction

Hydrogen energy, with significant advantages of high energy
efficiency and environmental friendliness, is recognized as a
green and efficient new energy source with broad application
prospects. But the hydrogen economy still faces two major
challenges: one is the availability of affordable hydrogen
sources, and the other is the controllable release and ap-
plication of hydrogen gas. In recent years, various hydrogen
production and storage strategies have been put forward,
among which hydrogen storage and hydrogen release by
virtue of some compounds have aroused great research
interest. The sodium borohydride (NaBH,) with theoretical
hydrogen content of up to 10.6 wt.% is regarded as an ideal
medium for hydrogen store, due to its nontoxicity, non-
inflammability, high stability, and dissolvability in some
polar solvents (e.g., water and methanol), which has been

preliminarily applied in fuel cells. The controllable and ef-
ficient hydrogen release from sodium borohydride solution
requires the support of suitable catalysts. At present, most of
the reported catalysts involve precious metals (such as Pt and
Pd) [1-3]. Although the catalytic performance of the noble
metal-based catalysts is commendable, the high price limits
their large-scale commercial use. Therefore, active research
for efficient and inexpensive new-type catalysts, so as to
achieve the tunable and stable release of hydrogen gas from
sodium borohydride, should be doubtlessly worth expecting.

NiB, as a kind of typical metal-metalloid amorphous
alloy, locates itself at the thermodynamic metastable state
similar to the glass microstructure in natural environment,
with the isotropic random arrangement of internal atom
clusters. There is no existence of crystal defects such as grain
boundaries, dislocations, and segregation in amorphous
alloy materials. It is the uniform distribution of inner atoms,
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similar chemical environment, and high unsaturation of
surface atoms that endow the amorphous alloy with very
rich active sites. The special microstructure and surface state
give its unique physical and chemical properties, making it
get special attention in catalytic fields [4-7]. The catalytic
materials with high activity, good selectivity, and long life
could be promisingly obtained via directional design for
preparation process, adjustment of composition, and elec-
tronic structure. For this purpose, according to the principle
of liquid-phase reduction, we herein propose a facile fab-
ricating tactics for the microsized NiB particles. Further, the
catalytic performance of the resultant catalysts by immo-
bilizing NiB particles on specially selected mesoporous
supports (carbon nanotube, natural silica, and activated
carbon) was scientifically evaluated by way of catalytically
releasing hydrogen gas from the hydrolysis of NaBH,.

2. Experimental
2.1. Chemicals and Instruments. Nickel acetate
(Ni(CH3C0O0),4H,0, 99.0%), sodium borohydride

(NaBHy, 97.0%), sodium hydroxide (NaOH, 96.0%), sulfuric
acid (H,SOy, 98.0%), nitric acid (HNOs3, 68.0%), and pol-
yvinylpyrrolidone (PVP, Mw=1x 10 are all analytically
pure reagents, without further purification. Carbon nano-
tubes (CNTs, MH511, Nanjing Jicang Company), silicon
dioxide (SiO,, type B, Qingdao Ocean Company), and ac-
tivated carbon (AC, Sy-720, Tianjin Damao Company) are
directly used as received. The water used in the whole ex-
periment was double distilled water prepared in our lab. The
X-ray powder diffractometer (XRD, Bruker, Germany)
equipped with Cu-target K, ray (0.154nm) was used to
analyze phase composition of the catalyst products. The
morphological observation and analysis of the products were
carried out on a transmission electron microscope (TEM,
JEM2100, Japan), and inductively coupled plasma emission
spectrometer (ICP-OES, PE, USA) was used to determine
chemical composition of the resulting products.

2.2. Fabrication of Amorphous Alloy NiB and Loading on
Various Supports

(1) Fabrication of amorphous alloy NiB nanoparticles.
Under the highly pure argon protection, 0.01 mol
Ni(CH5C0OO0),-4H,0 and 20 ml water were succes-
sively added into a 100 ml round-bottom flask. The
flask was then placed in an ultrasonic tank with the
temperature controlled at 303 K, followed by addition
of appropriate amount of PVP, producing a homo-
geneous solution containing 20 g1™' PVA after 30 min
ultrasonic dispersion. Analogously, adding 0.01 mol
NaBH, in 20 ml NaOH solution (0.1 mol1™}) get a
transparent alkaline NaBH, solution. With the as-
sistance of ultrasonic agitation, the above NaBH,
solution was slowly dripped to the nickel salt solution.
Afterwards, the reaction was continued under the
ceaseless ultrasonic agitation for another 90 minutes
until no bubbles were visible. The resultant reaction

Journal of Chemistry

mixture was taken out, centrifuged, and washed with
an ethanol-water (1:1, v/v) mixed solvent for 3-5
times. The isolated black solids were vacuum-dried for
2h at 333K to harvest NiB powders.

(2) Immobilizing NiB on the supports. The involved
supports should be preactivated before use. For
CNTs, 10 ml mixed acid solution (10 mol-1™!, H,SO.:
HNO;=3:1, v/v) containing proper amount of
CNTs powders was heated to 328K, ultrasonically
treated for 2h, and then filtrated, and washed with
water to neutral. The resultant filter cake was dried in
vacuum for 2h at 333 K. As for activated carbon, it
should go through base leaching in 2.0 mol-L™"
NaOH solution for 30min, prior to reflux in
2.0mol-L™" HNOj; solution for 2h at 348 K.

The freshly pretreated CNTs (0.5 g) were added in 20 ml
nickel salt solution (0.5mol1™"), followed by ultrasonic
dispersion and impregnation for 24 h at 303 K in an oil bath
device. 20 ml of the above-prepared basic NaBH, solution
was slowly added into the nickel salt solution under the
ultrasonic dispersion. Afterwards, the reaction lasted for
120 min until no bubbles escaped. The resultant suspension
was centrifuged and washed for 3-5 times with an ethanol-
water mixed solvent (1:1, v/v), and the collected solid
product was vacuum-dried at 333 K for 3 h to obtain black
powder, which was labeled as NiB/CNTs. By using similar
preparing process, the amorphous alloy NiB particles sup-
ported separately on the activated carbon AC and SiO,
powder were fabricated and were marked as NiB/AC and
NiB/SiO,, respectively.

2.3. Test Method of Catalytic Activity for the NiB-Based
Catalysts. The amount of H, gas generated from catalytic
hydrolysis of NaBH, solution in unit time under a given
condition could be used to evaluate catalytic ability of the
related catalyst. In the present study, a specially made glass
container with appropriate volume was selected as the hy-
drolysis reactor, which was placed in a thermostatic water
bath with temperature fluctuation of +0.2K. One of the
container exit is linked with a ball dry pipe containing some
softly loose glass wool, and upper end of the dry pipe connects
with a vertical condenser cooled by circulating ice water for
the purpose of trapping volatile matter. Afterwards, the
cooled gas was introduced into an ice-water-bathed collecting
trap that was filled with a suitable amount of anhydrous
calcium chloride to adsorb possible gas impurity except H,.
Next, the purified H, gas generated in unit time from the
NaBH, hydrolysis under a certain condition was collected and
measured in a gas water displacing tube [8]. A moderate
amount of NaBH, solution was added in the glass reactor,
followed by adding a given amount of the as-prepared NiB-
based catalyst. Once the hydrolysis reaction starts, the H, gas
volume liberated in unit time should be accurately recorded.

3. Results and Discussion

3.1. Phase Analysis of the Amorphous Alloy NiB and Supported
Catalysts. The phase constitution of the as-fabricated NiB
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and its supported catalysts was analyzed and determined by
X-ray powder diffraction, and the results are shown in
Figure 1. As clearly seen from Figure 1, for the unloaded NiB,
there exists only one wide blunt dispersion peak at 26 angle
of around 45° (cf. Figure 1(a) (A)), which should be assigned
to the characteristic diffraction peak of the amorphous alloy
[9], and no existence of other peaks suggests the higher
purity for the amorphous alloy NiB powders. While the NiB
is loaded onto the surface of SiO,, the XRD pattern of the
resultant complex NiB/SiO, changes a lot (cf. Figure 1(a)
(B)). A very weak peak at about 45° and a widened peak at 26
appear, which can be attributed to the diffraction peaks
about the amorphous alloy NiB and the nanosized SiO,
micropowders [10], respectively. For the other two supports
involving same carbon matrix, namely AC and CNTs, the
resulting supported catalysts (NiB/AC and NiB/CN'Ts) after
loading NiB clearly reveal almost similar XRD patterns (cf.
Figures 1(a) (C) and 1(a) (D)). However, compared with NiB
and NiB/SiO,, the diffraction patterns regarding NiB/AC
and NiB/CNTs present significant difference: besides the
weaker broad peak corresponding to NiB at 45°, additional
three diffraction peaks in turn appear at 20 angle of 27°, 34°,
and 62°. Via comparing with the JCPDS data base, and with
reference to the related literature [11-13], it can be identified
that the stronger peak near 27° should belong to charac-
teristic diffraction of the carbon, while the other two weak
peaks (at 34° and 62°) could be attributed to the diffraction
peaks for lattice plane (002) and (100) of irregular graphite
phase. The wider peak shape and weaker peak strength
signify that AC and CNTs are mainly composed of amor-
phous graphite nanoparticles.

3.2. Study on Thermal Stability of the NiB/CNTs Catalyst.
For investigating the thermal stability of the as-fabricated
catalyst, heat treatment on NiB/CNTs for 2h at different
temperatures and corresponding XRD analysis after cooling
to room temperature was conducted, and the relative results
are presented in Figure 1(b). From the comparison between
Figures 1(b) (F) and 1(b) (E), it is found that after 573 K heat
treatment, the XRD pattern of NiB/CNTs is basically the
same as that of no heating treatment sample, with almost no
change, indicating that the heat treatment at 573 K could not
cause the phase transition, and the original phase compo-
sitions of the amorphous alloy NiB and support CNTs are
still maintained. Via heat treatment at 773k, the corre-
sponding XRD pattern has evidently changed (cf. Figure 1(b)
(G)). The wide blunt peak at 45° obviously gets sharper,
indicating that the amorphous NiB is transferring to crys-
talline state to some extent. As the heat treatment tem-
perature rises up to 873k, the characteristic peak at 45° has
disappeared, becoming stronger and sharper diffraction
peak, which manifests that the amorphous NiB has been
completely crystallized (cf. Figure 1(b) (H)). In addition, the
faint diffraction peak rising at 48°, 52°, and 76" can be
identified as the characteristic peak of metal Ni by con-
trasting with the JCPDS, and the other small crystalline
peaks could be attributed to the diffraction of metalloid B.
When the temperature further rises to 973 k, three sharper

diffraction peaks at 52°, 45°, and 76" could be seen (cf.
Figure 1(b) (I)), which should be separately assigned to
crystal face (111), (200), and (220) of metal Ni. These results
show that high temperature treatment at 973k in air could
make the carbon nanotubes to be partly burned off and
induce NiB to be oxidized and broken down [14].

3.3. Morphology Observation and Analysis of the NiB-Based
Catalysts. To explore the microscopic morphology and the
dispersing state of the series of NiB-based products, the TEM
analysis for NiB, NiB/CNTs, NiB/SiO,, and NiB/AC was
performed, with the relevant results presented in Figure 2.
The unloaded NiB products reveal irregular granular shapes
with the mean size of ca. 80 nm, and the granules are linked
with each other to form bead-chain network structure. The
selected area electron diffraction photographs (cf. inserted
image) clearly show the characteristic dispersion ring, fur-
ther proving the amorphous phase nature of the NiB. In
Figure 2(b), the fine tubular structure of carbon nanotubes
can be distinguished, and the NiB granules with mean di-
ameter of about 50 nm are evenly dispersed on the surface of
the CNTs with the clear interface. From Figure 2(c), it is
found that the distribution of the conglobate NiB on SiO,
support is relatively uneven, and the existence of clustering
phenomena leads to the bigger mean size for the NiB
granules (ca. 70 nm). While the AC serves as the support, the
morphology of supported catalyst NiB/AC presents certain
particularity (cf. Figure 2(d)), and the globular NiB particles
reveal severe agglomeration, with the more large mean size
of around 90 nm.

3.4. Catalytic Activity Analysis of the NiB-Based Catalysts

3.4.1. Catalytic Activity of NiB and Its Supported Catalysts.
The catalytic activity of NiB/CNTs, NiB/SiO,, NiB/AC, and
unsupported NiB powders on the hydrolysis of NaBH,
solution to generate hydrogen gas at room temperature was
studied respectively, and the results are shown in Figure 3.
The given experimental conditions are: the hydrolysis re-
action temperature is 303 K; the concentration of the al-
kaline aqueous solution of NaBH, is 0.5 mol-1"" (containing
NaOH 0.1 mol-1™"), and the addition amount of the catalyst
in the solution (in NiB terms) is 0.50 g-l’l. It can be seen
from Figure 3 that the catalytic activity of the four NiB-based
catalysts is obviously different. The catalyst NiB/CNTs with
carbon nanotubes as the carrier have the strongest catalytic
capacity; after the hydrolysis reaction for 22 min, the amount
of hydrogen gas released can reach the top value (33.5ml),
and there is no induction period. The catalytic capacity of
NiB/SiO, is weaker than that of NiB/CNTs, which needs
40 min to reach the top hydrogen release volume. However,
the catalytic capacity of single amorphous alloy NiB is
weaker than that of NiB/CNTs and NiB/SiO,, but stronger
than that of NiB/AC, and the time required to reach the top
hydrogen generation volume is 70 min. Accordingly, while
NiB/AC is used as the catalyst, it takes 90 min to reach the
top hydrogen release volume, obviously holding the weakest
catalytic capacity. In the initial 20 min of hydrolysis reaction,
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FIGURE I: (a) XRD patterns of the amorphous alloy NiB and its supported catalyst: (A) NiB, (B) NiB/SiO,, (C) NiB/AC, and (D) NiB/CNTs;
(b) XRD patterns of NiB/CNTs catalyst treated at different temperatures: (E) 303K, (F) 573K, (G) 773K, (H) 873K, and (I) 973K.

100nm 100nm

(a) (®)

100nm

() (d)

FiGure 2: TEM images of the amorphous alloy NiB and its supported catalysts. (a) NiB; (b) NiB/CNTs; (c) NiB/SiOy; (d) NiB/AC.

by using NiB/CNTs as catalyst hydrogen generation amount  separately reach 69.9%, 43.8%, and 29.7% of the hydrogen
is 32.6 ml, while for the other three catalysts (NiB/SiO,, NiB, = generation amount catalyzed by NiB/CNTs. According to
NiB/AC) the corresponding hydrogen production amountis  the above contrast, it can be concluded that the catalytic
22.8ml, 143ml, and 9.7ml, respectively, which can  activity of the four catalysts should follow the order: NiB/
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FIGURE 4: (a) Kinetic features of the hydrolytic dehydrogenation reaction catalyzed by the NiB/CNTs at different temperatures; (b) re-
lationship between the logarithm of the hydrolysis reaction rate constant k and inverse of temperature T.

CNTs > NiB/SiO, > NiB > NiB/AC. Undoubtedly, these re-
sults certify that the catalytic activity of the NiB-based
catalysts is largely influenced by the support. In fact, the
research findings about the catalytic ability are also basically
consistent with the aforesaid TEM analysis about the
morphology and dispersion. The reason lies in that the TEM
characterization results reveal that NiB particles loaded on
CNTs have the best dispersion effect, followed by that on
SiO,, and AC support has the worst dispersion ability. The
well and uniform dispersion of NiB particles on the related
supports can form larger specific surface area and afford
more active sites, correspondingly prompting the catalytic
activity.

3.4.2. Catalytic Activity of NiB/CNTs Catalysts at Different
Temperatures. Different hydrolysis temperatures not only
influence the catalytic performance of the catalysts, but also
affect the kinetic features of the hydrolysis reaction.
Therefore, we further studied the impact of NiB/CNTs as
catalyst on the hydrolytic dehydrogenation in NaBH, so-
lution at different temperatures (from 298 to 318 k), and the
experimental results are shown in Figure 4. On the whole,
within the initial 10 min of the hydrolytic reaction, the
amount of hydrogen gas generated under the five temper-
atures increases gradually with the rise in temperature. For
the highest temperature of 318K, the hydrogen release
amount in 10 min is 32.3 ml, almost near the maximum



(33.5ml), while the hydrogen release volume at the lowest
temperature of 298 K is 16.6 ml, only attaining 51.4% of the
hydrogen release amount at 318 K. At the other three
temperatures (313K, 308K, and 303K), the hydrogen
amounts released in the initial 10min are successively
31.1ml, 27.4ml and 22.6 ml, which can separately attain
96.3%, 84.8%, and 69.9% of the hydrogen amount released at
the highest temperature (318K). To attain the maximal
hydrogen release volume (33.5ml), the reaction time re-
quired at the five temperatures (from low to high) is 29 min,
26 min, 21 min, 16 min and 12.5 min, respectively. The re-
action rates of hydrolytic hydrogen release catalyzed by the
NiB-based catalysts are all incremental with the temperature
rise before reaching the top hydrogen production and
without any induction period, revealing the positive cor-
relation of the catalytic ability with temperature. Based on
the above experimental data, the mean turnover frequency
(TOF) of the NiB/CNTs catalyst in the initial phase at both
the high and low temperatures (318 K and 298 K) can be
determined, which separately comes up to the pretty high
values: 28206 ml(Hz)-min’1~g’1 (NiB) and 13424 ml(H,)-
min~'.g”! (NiB) (both in NiB terms).

According to the principle of chemical kinetics, and via
analyzing the change rules of hydrolytic process, it could be
found that the hydrolysis reaction catalyzed by NiB/CNTs
reveals the characteristics of zero-order reaction kinetics,
that is, presenting satisfactory linearity between hydrogen
release amount and reaction time [15]. By means of the data
about hydrogen release rate at different temperatures, the
corresponding rate constant (k) can be calculated, and thus
the relationship between the logarithm of the rate constant
and the inverse of the reaction temperature (1/T) can be
depicted, just as shown in Figure 4(b). In accordance with
the Arrhenius equation: In(k) = —(Ea/RT) + C, the apparent
activation energy (Ea) of the hydrolytic dehydrogenation
reaction can be determined to be 47.37kJ-mol'. By refer-
ence to relevant reports, the apparent activation energy of
the NaBH, hydrolysis reaction catalyzed by metal Ni [16]
and CoB [17] under the same condition is 71 kJ-mol™! and
68.87 kJ-mol ', respectively, evidently exceeding that of NiB/
CNTs, which testifies the superior catalytic activity of NiB/
CNTs, with a good potential application value.

4. Conclusion

Via liquid-phase reduction-in situ deposition tactics, the
NiB particles and their supported catalysts (NiB/CN'Ts, NiB/
AC, and NiB/SiO,) were successfully fabricated. Meanwhile,
the phase constitution and shape of the products were
characterized, and their catalytic activities for hydrolyzing
NaBH, at different temperatures were systematically eval-
uated. The following conclusions could be drawn: (1) The
liquid-phase reduction-in situ deposition route could be
used to fabricate the amorphous alloy NiB nanoparticles
with pure phase and good dispersion, and the stable im-
mobilization on the three mesoporous supports can be
achieved. (2) The catalyst NiB/CNTs has excellent thermal
stability and can keep the stable phase structure even at
773K. (3) All the four NiB-based catalysts hold good
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catalytic activity for hydrolyzing NaBH,; by comparison,
NiB/CNTs has the strongest catalytic activity, and that of
NiB/AC is weakest. (4) The catalytic activity of NiB/CNTs is
positively correlated with the hydrolysis temperature, and
rising temperature helps to prompt its catalytic ability; at
318K and 298K, the mean TOF values of the hydrolytic
hydrogen release reaction catalyzed by the NiB/CNTs are
28206 ml(Hz)-min_l-g_1 (NiB) and 13424 ml(Hz)-min_l-g_1
(NiB), respectively, with the apparent activation energy of
47.37kJ-mol ™.
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