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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A reaction route to describe borohy-
dride hydrolysis over nickel catalysts.

� Presence of boron in nickel catalyst
change hydrolysis routes.

� Nickel catalysts containing boron
possess good hydrolysis activity.

a r t i c l e i n f o

Article history:
Received 25 February 2014
Received in revised form
11 June 2014
Accepted 12 June 2014
Available online 20 June 2014

Keywords:
Borohydride
Hydrolysis
Hydrogen
Nickel catalyst
Amorphous nickeleboron nanoparticles

a b s t r a c t

The initial hydrogen generation turnover rates during the hydrolysis of sodium borohydride over nickel
catalysts (crystalline nickel (Ni), crystalline nickel boride (Ni3B), and amorphous nickeleboron (NieB)
nanoparticles) were measured to investigate the reaction kinetics and mechanisms by varying the
reactant concentrations and reaction temperatures. Nickel catalysts with and without boron follow
different hydrolysis pathways; hydroxide ions are involved in the activation of reactant molecules over
Ni3B and NieB catalysts. This study explicitly reports the zero-order and first-order reaction kinetics with
respect to the reactant concentration over Ni, Ni3B and NieB catalysts. The initial hydrogen generation
turnover rates and activation energies determined from the experimental data indicate that the amor-
phous NieB nanoparticles exhibit the highest turnover rate and lowest activation energy for the hy-
drolysis of borohydride among the investigated catalysts. This study provides a general strategy for the
development of borohydride hydrolysis catalysts via the modification of a metal catalyst using boron,
which causes the crystalline structure to become amorphous and leads to electron-rich, highly under-
coordinated metal atoms at the surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hydride salts such as sodium borohydride (NaBH4) can be used
as safe hydrogen reservoirs for the polymer electrolyte membrane
fuel cells [1,2]. In general, metal, bimetallic or metal-boron catalysts
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are used to hydrolyse sodium borohydride and then generate
hydrogen in a controlled manner [2e6]. To design and synthesise
hydrolysis catalysts that possess high activity under high borohy-
dride concentrations and low temperatures, the reaction mecha-
nisms/pathways must be understood. Extensive studies of
borohydride hydrolysis pathways and kinetics have been per-
formed using novel metal and metal-boron catalysts [5e9].
Nevertheless, the effect of the reactant concentration on the
hydrogen generation rate is difficult to ascertain based on the ki-
netics of the proposed pathways [3,10e19] because of a lack of
information regarding the kinetically relevant steps [5e9,10].

The hydrolysis of sodium borohydride over Ru catalysts is
generally hypothesised to be a first-order reaction with respect to
the reactant concentration, whereas this hydrolysis catalysed by
transition metals (Ni, Co, Fe) has been reported to be a zero-order
reaction [1,5e19]. These first- and zero-order dependences can be
explained by the LangmuireHinshelwood model for the single-site
adsorption of BH4

� onto the catalyst [1,14]. However, these previous
kinetic studies did not consider the effect of the hydroxide ion
concentrations on the reaction rates. For example, amorphous
nickeleboron (NieB) and cobalteboron (CoeB) catalysts exhibit
high hydrogen generation rates in alkaline borohydride solutions
with high hydroxide ion concentrations or low borohydride con-
centrations, whereas Ru catalysts exhibit high hydrogen generation
rates under the opposite conditions [5e18]. These results indicate
that hydroxide ions play a crucial role in the hydrolysis of boro-
hydride on catalyst surfaces. In our previous work, we proposed
that hydroxide ions substitute the hydrogen in BH4

� to form
BH4�y

� (OH�)y (y ¼ 1, 2, 3, 4) [18]. To further validate this proposed
mechanism, the kinetic relevance of the elementary steps and the
effects of themetal species (crystalline nickel (Ni), crystalline nickel
boride (Ni3B), or amorphous nickeleboron (NieB)) on the initial
hydrogen generation turnover rates during the hydrolysis of
borohydride were examined by varying the reactant
concentrations.

Herein, we report the intrinsic hydrolysis activities (denoted as
the initial hydrogen generation turnover rates) of crystalline Ni
and Ni3B and of amorphous NieB clusters in the hydrolysis of
sodium borohydride. We aim to provide a mechanistic interpre-
tation of the kinetic data and to contrast the behaviour of a Ni
metal surface with that of a Ni metal surface containing B atoms.
Although the hydrolysis of borohydride over transition metals (Ni,
Fe and Co) has been reported to be a zero-order reaction with
respect to the borohydride concentrations [8,17], our recent
studies [18] and some other reports [10e17] have shown that,
when amorphous Ni/Co/Feeboron nanoparticle catalysts are
employed, the hydrolysis of borohydride is a first-order reaction
with respect to the borohydride concentration and proceeds via
different reaction intermediates on the surfaces of the metal-
boron catalyst. We hypothesize that the different intermediates
formed over different active sites (i.e., Ni, Ni3B and NieB) under
the same reaction conditions can explain this interesting kinetic
behaviour. Based on the work of Pe~na-Alonso et al. [1], Guella et al.
[5,6] and Holbrook et al. [8], we propose herein a modified
hydrogen generation mechanism that involves hydroxide ions for
the hydrolysis of borohydride over NieB catalysts, as illustrated in
Fig. 1. First, borohydride and hydroxide ions in the solution are
chemisorbed to the metal atoms. A proton on the borohydride ion
then exchanges with a hydroxide ion to form M�H, which can
further react with water to generate hydrogen gas. We attribute
the different kinetic behaviours of metal and metal-boron nano-
particles during borohydride hydrolysis to the differences in the
reaction pathways that occur at their surfaces. These behaviours
on metal-boron catalysts are consistent irrespective of the boron
contents and particle sizes.

2. Experimental

2.1. Materials

NaBH4 (98%) and ethylenediamine (99.9%) were purchased from
J&K Scientific, Ltd. (China). Nickel chloride (99.99%), nickel sulphate
(99.99%), ethanol (99.99%), tetraethylene glycol (99%), N2H4$H2O
(80 wt. %) and KBH4 (98%) were purchased from Guanfu Chemical,
Ltd. (Tianjin, China) and were used as received. The catalyst syn-
thesis procedures described in Refs. [19e22] were used to prepare
the Ni, Ni3B, NieB-1 and NieB-2 catalysts, respectively.

Ni catalyst [19]: 2.1 g of nickel chloride was dissolved in 30.0 mL
of ethanol, and then 10.0 g of an 80 wt.% N2H4$H2O solution and
10.0 mL of a 25 mol L�1 NaOH aqueous solution were added under
stirring (800 rpm). The reaction was continued for several hours
under stirring until bubbles were no longer released at room
temperature. The obtained black nano-nickel catalyst was washed
with distilled water until reaching a pH of 7, thenwashed five times
with ethanol to remove the water and finally stored in ethanol.

Ni3B catalyst [20]: 0.12 g of nickel chloride was dissolved in
15.0 mL of tetraethylene glycol (TEG) under ultrasonication for
10 min, and then the mixture was stirred (800 rpm) at 318 K under
an Ar purge for 60 min. Subsequently, 15 mL of a previously freshly
prepared and chilled solution of TEG and 0.50 g of KBH4were added
dropwise (0.05 mL s�1) to the metal salt solution. With continuous
stirring under an Ar purge, the temperature was slowly ramped to
553 K and held for 5 min. Then, the reaction solution was cooled to
room temperature, and the precipitates were collected by centri-
fugation, washed five times with ethanol, and dried under vacuum
at 313 K for 12 h.

NieB-1 with a Ni/B molar ratio of 2 [21]: 11.1 mL of ethyl-
enediamine was dissolved in 1800.0 mL of deionised water, and
then 11.8 g of nickel chloride and 9.0 g of KBH4 were added to the
aqueous ethylenediamine solution under stirring (800 rpm),
respectively. The pH of the solution was adjusted to 12.5e13.0
through the addition of 0.1 mol L�1 NaOH. To prepare amorphous
NieB-1 nanoparticles, the solution was heated to 313 K. The reac-
tion was continued until no bubbles were observed, and the
resulting black solid was washed with distilled water until pH ¼ 7,

Fig. 1. The proposed mechanism for catalytic hydrogen production via hydrolysis from
an aqueous borohydride solution.
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