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a b s t r a c t

A novel room-temperature solid-state reaction is developed to synthesize cotton-like CoB alloy (CoBSSR)
catalysts with a large specific surface area of 222.4 m2 g�1. In the hydrolysis of ammonia borane catalyzed
by the CoBSSR, the rate of hydrogen generation can reach 68.7 mL min�1 with a turnover frequency (TOF)
value of ca. 6.9 Lhydrogen min�1 gcatalyst

�1 at 25 �C. The TOF value is about 2 times as large as that of CoB alloy
prepared by a regular solid-state reaction, which is also much higher than those of the CoB catalysts
recently reported in the literature. The activation energy of the hydrolysis of ammonia borane catalyzed
by the CoBSSR is as low as 22.78 kJ mol�1, hinting that the CoBSSR possesses high catalytic activity, which
may be attributed to the large specific surface area and the abundant porous structure. The high catalytic
performance, good recoverability and low cost of the CoBSSR enable it to be a promissing catalyst
condidate in the hydrolysis of ammonia borane for hydrogen production in commercial application.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Ammonia borane (NH3BH3) is one of the promising sources to
produce clean hydrogen for ‘‘mobile application” due to its high
hydrogen capacity, non-toxicity, and high stability in aqueous

solution [1]. To enhance and control the rate of hydrogen genera-
tion through hydrolysis of NH3BH3, an efficient and robust catalyst
is necessary. To achieve the large-scale commercial application, it
is crucial to develop the proper catalysts made up of elements that
are cheap and abundant in our earth [2]. Interest in cobalt boride
(CoB) as a catalyst for NH3BH3 hydrolysis arise from their special
features, such as its outstanding catalytic activity, low cost, easy
preparation, and good strength, which make it a suitable catalyst
for hydrogen production [3]. Regular CoB alloys are frequently

http://dx.doi.org/10.1016/j.jcis.2016.04.033
0021-9797/� 2016 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
⇑⇑ Corresponding author.

E-mail addresses: lihao180@126.com (H. Li), wrf38745779@126.com (R. Wang).

Journal of Colloid and Interface Science 475 (2016) 149–153

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2016.04.033&domain=pdf
http://dx.doi.org/10.1016/j.jcis.2016.04.033
mailto:lihao180@126.com
mailto:wrf38745779@126.com
http://dx.doi.org/10.1016/j.jcis.2016.04.033
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


synthesized by chemical reduction of Co2+ by BH4
� in aqueous solu-

tion, which have vigorous and exothermic nature. As a result, the
obtained CoB alloys display some negative features of low surface
area, broadly distributed particle size and poor thermal stability,
which would lead to a low catalytic activity for the hydrolysis of
NH3BH3. To improve the catalytic activity via avoiding the agglom-
eration, several routes have been adopted in the reported work by
varying the synthetic conditions [4–7], using organic templates [8–
11], doping with transition metals [12–15], or supporting the cat-
alyst on those materials with high surface area [16,17], and form-
ing the metal film [18]. Although all these ways can improve the
performance of CoB alloy catalysts, it still requires elaborate selec-
tion of proper catalyst form in order to implement the industrial
scale production of hydrogen.

Solid-state reaction is an old technique to produce inorganic
materials. Solid-state reaction at low temperature or even room
temperature has been developed as an effective approach to syn-
thesize metal alloys, inorganic oxides or coordination compounds
[19]. Compared to the solid-state reaction at high temperature
and the solution reaction, this approach has several distinguishing
features: (i) it is simple and convenient, (ii) it involves less solvent
and reduces contamination, and (iii) it gives a high yield product
[20–23]. Generally, in a solid state reaction process, metal alloys
are prepared with the assistance of ball milling. The obtainedmetal
alloys often have micro-scaled sizes, leading to a low surface area
of the final products. It is still a big challenge to prepare metal
alloys with large surface area by solid-state reaction at room
temperature.

In this work, we synthesized cotton-like CoB alloy via a solid-
state reaction at room temperature, which has a large surface area
of 222.4 m2 g�1. Furthermore, the as-prepared CoB alloy has a
‘‘clean” surface due to the fact that no templates or surfactants
are used in the reaction system. It is found that the as-prepared
CoB alloy exhibits high catalytic activity towards NH3BH3 hydroly-
sis for hydrogen generation.

2. Experimental section

2.1. Synthesis

All reagents were of analytic grade, and double-distilled water
was used throughout the experiments. NaBH4 (96.0%) was pur-
chased from the company of Chinese Medicine Group Chemical
Reagent Co. Ltd. The synthetic procedure of the cotton-like CoB
alloy via solid-state reaction was illustrated in Fig. 1 and can be
described as following: 100 mg CoCl2�6H2O (99.0%, Shanghai
Zhongqin Chemical Reagent Co. Ltd) and 5 g CO(NH2)2 (99.0%,
Hedong District of Tianjin City Hongyan Reagent Factory) was
mixed and grinded in an agate mortar. The pink mixture was put
into a glass bottle, as displayed in Fig. 1a. The bottle was dried in
an oven for 4 h at 40 �C, and the color of the mixture became pur-
ple, as shown in Fig. 1b. Then, the grinded NaBH4 powder was
evenly spread over the mixture. The solid-state reaction then
started at room temperature. Fig. 1c and d presented the state of

the reaction system at different reaction stages. After 12 h, the
resultant was rinsed with double-distilled water, and finally dried
in a vacuum oven at 60 �C for 6 h. Then, the product denoted as
CoBSSR was obtained. For comparison, another CoB alloy was pre-
pared by grinding CoCl2�6H2O and NaBH4 in an agate mortar, which
was denoted as CoBG.

2.2. Characterization

XRD patterns were recorded on a Shimadzu XD–3A (Japan)
using filtered Cu-Ka radiation generated at 40 kV and 30 mA. Scan-
ning electron microscopy (SEM) images were obtained using a Carl
Zeiss Ultra Plus scanning electron microscope. Specific surface area
was determined by Brunauer-Emmett-Teller (BET) method based
on the sorption isotherms obtained on a Quantachrome
Autosorb-1 volumetric analyzer. The molar ratios of Co to B in both
CoB samples were determined by a Varian 720 Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES).

2.3. Catalytic performance testing

Catalytic testing of CoB for the hydrolytic dehydrogenation of
NH3BH3 (97%, Shanghai Viwit Medicine Technology Co., Ltd.) was
carried out at 25 �C under atmospheric pressure. Firstly, 10 mL of
mixed solution containing NH3BH3 (61.6 mg, 2 mmol) and NaOH
(240 mg, 0.6 mmol) was prepared. A weighed catalyst of ca.
10 mg was placed in a three-necked-glass bottle, which was placed
into a water bath for controlling the reaction temperature. Then
the mixed solution of NaBH4 and NaOH was added into the
three-necked-glass bottle. The volume of generated hydrogen
was measured by a water-filled gas burette. To investigate the
influence of reaction temperature, hydrolysis of NH3BH3 was also
carried out at 30 �C, 35 �C and 40 �C, respectively.

3. Results and discussion

To understand the process of the solid-state reaction, the inter-
mediate samples obtained at different reaction stages (shown in
Fig. 1) are characterized by XRD and the results are displayed in
Fig. 2a. As shown in Fig. 2a, the XRD pattern indicates that the pink
intermediate has a mixed crystalline phase of both Co(NH3)4(H2-
O)2Cl2 (JCPDS No. 14-0527) and CO(NH2)2 (JCPDS No. 37-1464).
The Co(NH3)4(H2O)2Cl2 intermediate was produced by the follow-
ing reaction: CoCl2�6H2O + 2CO(NH2)2 = Co(NH3)4(H2O)2Cl2 + 2-
CO2" + 2H2O. The XRD pattern of the purple intermediate is
similar to that of the pink intermediate, indicating the structure
did not significantly change after dryness. The change of the color
results from the loss of part of crystal water in Co(NH3)4(H2O)2Cl2.
In the XRD pattern of CoBSSR, the peaks at ca. 35� and 60� can be
ascribed to the crystal CoB alloy [24], and the weakly broad peak
at 2h � 45� is related to the amorphous CoB alloy [24], respectively,
implying there is a mixed phase of crystal and amorphous phase in
the CoBSSR sample. The CoBG sample is amorphous evidencing by
the broad peak at 2h � 45�. In addition, as shown in the inset in

Fig. 1. Illustrations of the synthetic procedure of the cotton-like CoBSSR alloy.
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