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cobalt-molybdenum-boron (Co-Mo-B)/nickel (Ni) foam catalyst that can effectively promote the hydro-
gen release from AB aqueous solution at ambient temperatures. The catalytic activity of the catalyst
towards the hydrolysis reaction of AB can be further improved by appropriate calcination treatment. In
an effort to understand the effect of calcination treatment on the catalytic activity of the catalyst, com-
bined structural/phase analyses of the series of catalyst samples have been carried out. Using the catalyst
that is calcined at optimized condition, a detailed study of the catalytic hydrolysis kinetics of AB is carried
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Electroless plating out. It is found that the hydrolysis of AB in the presence of Co-Mo-B/Ni foam catalyst follows first-order
Cobalt-molybdenum-boron/nickel foam kinetics with respect to AB concentration and catalyst amount, respectively. The apparent activation
catalyst energy of the catalyzed hydrolysis reaction is determined to be 44.3 k] mol~!, which compares favorably
Hydrolysis kinetics with the literature results for using other non-noble transition metal catalysts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction [15] is that the aqueous solution of AB is highly stable under inert
atmosphere [16], thus eliminating the need of alkaline stabilizer.
The rising concerns over dwindling resources and the envi- The hydrolysis reaction of AB following Eq. (1) can be
ronmental impact of burning fossil fuels have triggered intensive Catalyst
attention on the usage of hydrogen as an alternative energy carrier. NH3BH3 + 2H,0 — NH4" +B0O,~ +3H; ¢t (1)

One of the major obstacles to the development of hydrogen-
powered vehicles is the lack of safe and efficient means for on-board
hydrogen storage [1,2]. Recently, ammonia borane (H;NBH3, AB)
attracts considerable interest as a potential hydrogen storage
medium [3-6]. AB is a colorless molecular crystal at room tem-
perature, with a theoretical hydrogen density of 19.6wt.% and
0.16 kg H, 1-1 on the weight and volume bases, respectively. Hydro-
gen generation (HG) from AB and its adducts can proceed via various
means. In 2006, Chandra and Xu reported the first experimental
study of catalytic hydrolysis of AB by using metal catalysts [7].
Compared to solid phase thermolysis [8—11] and catalytic dehydro-
coupling in non-aqueous solutions [12-14], catalytic hydrolysis of
AB provides an alternative means for portable or transportational
hydrogen storage/generation applications, as it allows on-demand
generation of large amount of hydrogen at ambient temperatures.

AB is stable in air, and soluble in water with a solubility of 33.6 g
AB/100 g water at room temperature. An important advantage of AB
over other chemical hydrides [e.g. sodium borohydride (NaBH,)]

accelerated by using catalysts. Besides acids accelerators [17], a
number of transition metals (TM) or their alloys have been iden-
tified to be catalytically active towards the hydrolysis reaction of
AB, including Rh, Pt, Ru, Ir, Pd [18-22], Ni-Pt alloy [23], Ni-Ag alloy
[24], Fe [25], Co, Ni [26] and Cu [27,28], etc. The noble TM cata-
lysts typically show excellent catalytic activities, but get restricted
in most practical applications by the high material cost. Many recent
efforts have been directed to the development of the cost-effective
non-noble TM catalyst [22,25-28]. In particular, the supported
non-noble TM catalysts are highly appreciated in the practical
applications owing to their easy separation from fuel solution, and
consequently the ready controllability of the hydrolysis reaction
and reusability of the catalysts.

Several methods have been developed for preparation of sup-
ported non-noble TM catalysts, e.g. electroplating [29], electroless
plating (EP) [29,30], dip-coating [31], and pulsed laser deposition
[32]. Among these methods, EP is clearly the most popular and
efficient one. EP of metal is an important industrial technique for
metallizing insulators and objects with geometries that are difficult
to coat by electroplating. In our recent study of NaBH,-based chem-
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conventional EP method, the newly developed technology is more
efficient and capable of producing catalysts with much higher cat-
alytic activity. For example, employing the Co-B/Ni foam catalyst
prepared by the modified EP method in a 20 wt.% NaBH4 + 10 wt.%
NaOH solution yielded a HG rate of 111(ming)~! (Co-B), over six
times higher than that obtained using the catalyst prepared by con-
ventional EP method.

Quite recently, we further extended our study of chemical
hydrides to AB. It has been found that the non-noble TM cata-
lysts prepared by the modified EP method are also highly effective
for promoting the hydrolysis reaction of AB. In this paper, we
report the study results of catalytic hydrolysis of AB in the pres-
ence of the Co-Mo-B/Ni foam catalyst. The demonstrated high
HG rate at ambient temperatures and prompt transient response,
together with the inherent merits of chemical hydrides, make the
catalyzed AB hydrolysis system promising for portable hydrogen
storage/generation applications.

2. Experimental
2.1. Catalysts preparation and calcination treatment

The preparation of Co-Mo-B/Ni foam catalyst by the modified EP
method involved the usage of solutions A and B with compositions
given in Table 1. All the chemical reagents are of analytical grade
and were used as received. Ni foam was selected as the catalyst
support material due to its porous structure, low density, and high
thermal and chemical stability under the hydrolysis conditions. The
Ni foam (INCO ATM, 1.80 mm in thickness, 99.9% purity) has a net-
work structure with an area density around 57.5mgcm~2, and an
average pore size of 0.10-0.30 mm.

The Co-Mo-B/Ni foam catalyst was prepared following the pro-
cedure detailed in Refs. [33,34]. The chemical reactions involved in
the EP process can be described as Eqgs. (2)-(5).

BH4~ +2Co%* +40H™ — BO,~ +2Co | +2H,1 +2H,0 2)

3BH4~ 4+ 2M0042~ +2H,0 — 3BO,~ +2Mo | +6H,1 +40H-
(3)

2BH4~ +2H,0 — 2B | +20H™ +5H,t (4)
BH4~ +2H,0 — BO,~ +4H,1t (5)

The EP process was repeated for two times to obtain a catalyst
(Co-Mo-B) loading of around 16 mg cm~2 (Ni foam), as determined
by the weight change before and after plating. The as-prepared
Co-Mo-B/Ni foam catalyst was calcined at a temperature ranging
from 250 to 500°C for 2 h under Ar (99.999% purity) atmosphere.
The applied heating rate is 2°Cmin~1.

Table 1
Bath compositions in preparation of the Co-Mo-B/Ni foam catalyst using the mod-
ified electroless plating method.

Bath solutions Chemicals Concentration (gl-1)
Solution A CoCl,-6H,0 50

Naz;MoO4-2H,0 12

NH,4Cl 50

NH;3-H,0 (ml1-1) 45
Solution B NaBH4 40

NaOH 10

Note: the Ni foam is plated for two times at 25°C.

2.2. Catalyst characterization

The Co-Mo-B/Ni foam catalysts were characterized by pow-
der X-ray diffraction (PXRD, Rigaku D/MAX-2500, Cu Ko radiation)
and scanning electron microscope (SEM, LEO Supra 35) equipped
with energy dispersive X-ray (EDX) analysis unit (Oxford). The
specific surface areas of the catalyst samples were measured by
N, adsorption at 77K using the Brunauer-Emmett-Teller (BET)
method (Micromeritics ASAP 2010). To minimize the measure-
ment error, each sample was measured for three times. The
composition of the catalyst was analyzed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Iris Intrepid). The
phase transformation behavior of the catalyst samples was exam-
ined by differential scanning calorimetry (DSC, Netzsch 449C)
under flowing Ar (99.999% purity) atmosphere. The ramping rate

is 10°Cmin—!.

2.3. Hydprolysis kinetics measurement

AB was synthesized by the reaction of (NH4),CO3 and NaBH,4 in
a tetrahydrofuran solution following a literature procedure [35].
The purity of AB (~95%) was verified by X-ray diffraction mea-
surements, elemental analyses and solid state ''B NMR studies.
The hydrolysis kinetics of AB was measured using a classic water-
displacement method. The flask reactor containing the AB aqueous
solution was placed in a thermostat that was equipped with a
water circulating system to minimize the temperature rise result-
ing from the highly exothermic hydrolysis reaction. In a typical
measurement, about 10 ml aqueous solution containing 1wt.% AB
was preheated and held at a designated temperature, and then one
piece of the Co-Mo-B/Ni foam catalysts (1 cm x 1 cm) attracted on
a magnetic stirring bar was dropped into the AB solution to initiate
HG. During the measurements, the solution temperature was mea-
sured and carefully controlled within +2°C by adding ice-water
blend. The volume of the generated hydrogen was measured by
monitoring the water displaced from a graduated burette as the
reaction processed. In the cyclic hydrolysis experiments, the post-
used catalyst was washed thoroughly with deionized water and
then reused.

3. Results and discussion

The supported Co-Mo-B/Ni foam catalyst can be readily pre-
pared by using the modified EP method. Fig. 1 presents SEM
morphologies of the as-prepared Co-Mo-B/Ni foam catalysts at the
different magnifications and that calcined 350°C after ten times
of cyclic usage. After repeating the EP process for two times, the
Ni foam surface (in Fig. 1a and b) was completely covered by the
catalyst layer composed of Co, Mo and B elements, as indicated
by the EDX analysis in Fig. 1e. Quantitative elemental analysis
using ICP-AES determined that the catalyst layer contains 76.3 wt.%
Co, 17.7wt.% Mo and 6.0wt.% B, corresponding to a formula of
CoyMo1Bs. It is notable that there exist some micro-cracks in the
catalyst layer. Presumably, the generation of micro-cracks should
be associated with the vigorous hydrogen evolution, and the relax-
ation of residual internal-stress resulting from the high nucleation
and growth rates of the catalyst species during the modified EP pro-
cess [30,36]. SEM examinations found that the supported catalyst
is robust enough to retain its morphological feature after ten times
of usage, as seen from the comparison between Fig. 1b and d. This is
consistent with the observed cyclic stability of the catalytic activity
of the catalyst (as stated below). The three-dimensional network
structure of the Co—-Mo-B/Ni foam catalyst allows the full access of
reactants to the surface active sites of the catalyst, thereby ensuring
a favorable catalytic performance from a structural point of view.
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Fig. 1. SEM morphologies of the as-prepared Co-Mo-B/Ni foam catalysts at low (a), (b) and high (c) magnifications, and that calcined 350 °C after 10 times of cyclic usage (d).

A representative EDX result of the catalyst sample is shown in (e).

Thus-prepared Co-Mo-B/Ni foam catalyst exhibits considerable
catalytic activity towards the hydrolysis reaction of AB. As seen in
Fig. 2a, the hydrolysis reaction of AB shows no induction period
in the presence of the Co-Mo-B/Ni foam catalyst. The hydrogen
release from 10 ml aqueous solution containing 1 wt.% AB amounts
to 224 ml within 35min at room temperature. This value corre-
sponds to 2.85 out of a theoretical 3.0 equivalent H, following Eq.
(1).

Further study found that the catalytic activity of the Co-Mo-B/Ni
foam catalyst can be enhanced by appropriate calcination treat-
ment. For example, calcination of the catalyst sample at 250°C for
2 h under Ar atmosphere results in an around 20% increase on the
average HG rate (Fig. 2b). Upon elevating the calcination temper-
ature to 350°C, the post-calcined catalyst enabled the hydrolysis
reaction to be largely completed within 20 min (Fig. 2¢), with an

average HG rate nearly double that obtained using the as-prepared
catalyst. But further increasing the calcination temperature, e.g.
to 500°C (Fig. 2d), resulted in a lowered catalytic activity of the
catalyst. Here, it is noticed that variation of the calcination tem-
perature affects the catalytic activity of the catalyst. Butin all cases,
around 100% conversion of AB is obtained upon extending the reac-
tion time, depending upon the applied calcination condition of the
catalyst.

In our preliminary efforts to understand the effect of calcina-
tion treatment on the catalytic activity, we performed combined
structural/phase analyses of the series of the catalyst samples. Fig. 3
presents the XRD patterns of the as-prepared catalyst and those
after being calcined at the varied temperatures. It was found that
the as-prepared catalyst possesses an amorphous structure, which
persists at a calcination temperature of 250°C. After calcination
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Fig. 2. HG kinetics curves of the AB aqueous solution (10ml, 1 wt.% AB) at 25°C in
the presence of the as-prepared Co-Mo-B/Ni foam catalyst (1cm x 1cm) (a) and
those after being calcined at 250°C (b), 350°C (c) and 500°C (d), respectively. The
Co-Mo-B loading of catalyst is 16 mgcm~2 (Ni foam).

of the catalyst at 350°C for 2h, the weak and wide diffraction
peaks of nanocrystalline Co phase (JCPDS cards 15-0806 and 05-
0727) became detectable. By using the Scherrer equation, the
average grain size of nanocrystalline Co is roughly estimated to
be around 14 nm. Upon further elevating the calcination temper-
ature to 500 °C, the catalyst sample showed intensified diffraction
peaks of Co, indicative of the enhanced crystallization degree and
increased grain size. As shown in Fig. 4, examination of the as-
prepared catalyst by using DSC clearly identified two exothermic
effects, which center at 220 and 380°C, respectively. This find-
ing, together with the XRD results, suggests that crystallization of
the Co—Mo-B amorphous alloy proceeds via a two-step process.
The amorphous Co-Mo-B catalyst firstly undergoes a structure
rearrangement [37,38], followed by precipitation of nanocrystalline
Co from the amorphous matrix. Additionally, the as-prepared and
post-calcined catalyst samples were also examined by using N,
adsorption and SEM techniques. Fig. 5 presents the typical BET
adsorption isotherms of the catalyst samples, from which the spe-
cific surface areas of the as-prepared Co-Mo-B catalyst and that
after being calcined at 350°C were determined to be 4.68 and
4.73m? g1, respectively. Similarly, the SEM examinations of the
series of the catalyst samples did not detect any appreciable change
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Fig. 3. XRD patterns of the as-prepared Co-Mo-B/Ni foam catalyst (a) and those
after being calcined at 250°C (b), 350°C (c) and 500°C (d), respectively.
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Fig. 4. DSC profile of the Co-Mo-B catalyst. The ramping rate is 10°Cmin~".

of the surface morphology upon calcination treatment or changing
calcination temperature. These findings suggest that the variation
of catalytic activity resulting from the calcination treatment should
be mainly understood from the subtle structure change. In this
regard, better understanding the process and mechanism of pre-
cipitation of nanocrystalline Co from the amorphous matrix may
provide valuable insight.

Next, we selected the Co-Mo-B/Ni foam catalyst that was cal-
cined at 350°C for detailed property study, aiming at developing
better understanding of the catalytic hydrolysis kinetics of AB. Care-
ful examination of the hydrolysis kinetics curves shown in Fig. 2 find
that the HG rate of AB solution gradually decreases with process-
ing the hydrolysis reaction, indicative of non-zero-order hydrolysis
kinetics. In our attempt to fit the measurement data using first-
order kinetics model, plotting —In(1 — C) (where Cis the conversion
of AB) versus reaction time (t) yields a well-fitted straight line,
as shown in Fig. 6. This result clearly indicates that, under the
applied experimental conditions, the catalyzed hydrolysis of AB
follows first-order kinetics with respect to AB concentration. Sim-
ilar observation was also reported by Mohajeri et al. [19] in their
study of the K,PtClg-catalyzed hydrolysis of AB. In contrast, Chan-
dra and Xu [18,26] claimed zero-order hydrolysis kinetics of AB in
the presence of supported Pt, Ru, Co and Ni catalysts, whereas Basua
et al. [39] reported that the hydrolysis had a fractional reaction
order for AB concentration in the presence of Ru/C catalyst on the

134 @
—e— (b)

1.2+

1.1

Volume adsorbed (cm® g™, STP)

1.0+

- T - : -
0.08 0.12 0.16 0.20
Relative pressure (F/P)

Fig.5. Nitrogen adsorption isotherms of the as-prepared Co-Mo-B/Ni foam catalyst
(a) and that after being calcined at 350 °C (b), respectively.
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Fig. 6. AB conversion as a function of the hydrolysis reaction time in the presence
of the as-prepared Co-Mo-B/Ni foam catalyst (a) and that after being calcined at
350°C (b).

basis of their experiment study and model analysis. Notably, all the
above-mentioned studies involve the usage of dilute AB solutions
(<1wt.% AB). The possibility of an AB concentration-dependent
phenomenon can therefore be precluded. Currently, the distinct
divarication on hydrolysis kinetics comes from whether the varia-
tion of catalyst species or their relative concentration to AB remains
to be checked.

Another set of experiments were carried out to evaluate the
effect of catalyst amount on the hydrolysis kinetics of AB. Fig. 7a
presents the HG kinetics curves of the aqueous AB solution (10 ml,
1 wt.%) using varied amounts of Co-Mo-B/Ni foam catalyst. It has
been found that the HG kinetics becomes apparently favorable
with increasing the catalyst amount. In all cases, the hydroly-
sis reaction is first-order with respect to AB concentration, and
the first-order rate constant increases with increasing the catalyst
amount. To minimize the measurement error, we selected the ini-
tial stage of hydrolysis reaction to determine the hydrolysis rate.
This is rationalized by our finding in the relevant NaBH4 hydrolysis
reaction system. It was found that the initial stage of the first-order
hydrolysis reaction of NaBH,4 (for the aqueous solutions containing
NaBH4 concentration below the threshold value) can be fairly well
described using quasi-zero-order kinetics model [40]. As shown in
the inset of Fig. 7a, the HG volume increases linearly with increas-
ing the reaction time at the initial stage of the hydrolysis reaction
of AB. Plotting In(initial HG rate) versus In(catalyst amount) yields
a well-fitted straight line with a slope of 0.962, as shown in Fig. 7b.
This result clearly indicates that the catalytic hydrolysis reaction of
AB is first-order with respect to catalyst amount.

Fig. 8 presents the catalytic hydrolysis kinetics curves of the
AB aqueous solution at temperatures ranging from 25 to 40°C. As
expected, HG rate increases with elevating the solution tempera-
ture. In all cases, the hydrolysis of AB was found to obey first-order
rate law with respect to the AB concentration. Using the first-order
rate constant (k) at varied temperatures, the apparent activation
energy of the hydrolysis reaction employing the Co-Mo-B/Ni foam
catalyst was determined to be 44.3 kjmol~! (as shown in the inset
of Fig. 8). This value compares favorably with the literature results
for Ni-Ag/C (51.5k] mol~1) [24] and Co/y-Al,03 (62 k] mol~1) [26]
catalysts.

Catalyst durability is another important factor that determines
its usefulness in the practical HG systems. In the present study,
the durability of the Co-Mo-B/Ni foam catalyst was tested by the
cyclic hydrolysis experiments. As seen in Fig. 9, the Co-Mo-B/Ni
foam catalyst shows satisfactory durability in the cyclic usage. The
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Fig.7. HG kinetics curves of the AB aqueous solution (10 ml, 1 wt.% AB) at 25°Cin the
presence of varied amounts of the Co-Mo-B/Ni foam catalyst that was calcined at
350°C under Ar atmosphere for 2 h (a). The inset shows the HG volume as a function
of reaction time in the initial stage of hydrolysis of AB; (b) depicts the initial HG rate
as a function of the catalyst amount.

catalyst at its tenth time usage can still achieve 93% conversion of AB
within 23 min at 25 °C, with a catalytic activity only slightly inferior
to that in the first cycle. It is believed that, besides the robustness
of the catalyst (as seen in Fig. 1b and d), the weak alkaline solution
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Fig. 8. HG kinetics curves of the AB aqueous solution (10 ml, 1wt.% AB) at differ-
ent solution temperatures in the presence of the post-calcined Co-Mo-B/Ni foam
catalyst at 350°C (1 cm x 1cm, Co-Mo-B loading of 16 mgcm~2). The inset shows
the Arrhenius equation treatment of the temperature-dependent first-order rate
constant, which determined the apparent activation energy to be 44.3 k] mol~!.
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Fig. 9. Cyclic performance of the Co-Mo-B/Ni foam catalyst (calcined at 350 °C for
2 h) in catalyzing the hydrolysis of AB.

environment in the hydrolysis process of AB also contributes to the
durability of the catalyst.

The Co-Mo-B/Ni foam catalyst is an effective and robust catalyst
for promoting the hydrolysis reaction of AB at ambient temper-
atures. HG from hydrolysis of AB can be readily switched on/off
by controlling the contact/separation of the catalyst with the fuel
solution. Furthermore, the AB aqueous solution is non-flammable,
nontoxic and highly stable under inert atmosphere, and the hydrol-
ysis by-product (NH4BO,) is environmentally benign. The sum
of these properties makes the catalyzed AB hydrolysis system
promising for hydrogen carrier, particularly for power generation
in portable devices that employ proton-exchange membrane cells.
However, efficient and cost-effective regeneration of the spent fuel
resulting from the hydrolysis of AB is critical to the successful appli-
cation of AB as a solid hydrogen carrier.

4. Conclusions

We have successfully prepared a cost-effective Co-Mo-B
alloy/Ni foam catalyst by using a modified electroless plating
method. After being calcined at an optimized condition (at 350°C
under Ar atmosphere for 2 h), the catalyst exhibits high and durable
catalytic activity towards the hydrolysis reaction of AB at ambient
temperatures. Under our experimental conditions, the hydrolysis of
AB in the presence of Co-Mo-B/Ni foam catalyst exhibits first-order
kinetics with respect to AB concentration and catalyst amount,
respectively, with an apparent activation energy of 44.3 kjmol-1.
Our study illustrates the potential of non-noble transition metal cat-
alysts in developing high-performance chemical hydrogen storage
systems.
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