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bstract

Low cost and catalytically effective transition metal catalysts are of interest for the development of on-board hydrogen generation systems
or fuel-cell vehicles. In the present study a modified electroless plating method was developed for the preparation of amorphous Co–B catalyst
upported on Ni foam. Compared to the conventional electroless plating method, the newly developed method is more effective and produces
o–B catalyst with much higher catalytic activity. The catalytic activity of the supported Co–B catalyst was found to be highly dependent on the

lating times and calcination conditions. Through optimization of these preparation conditions we were able to prepare a catalyst capable of a
ydrogen generation rate of 11 l (min g)−1 (catalyst) in a 20 wt.% NaBH4 + 10 wt.% NaOH solution. Preliminary phase analyses and microstructure
haracterization were performed to understand the effects of preparation conditions on the catalytic activity of the Co–B catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Onboard hydrogen storage has been generally recognized as
key technical challenge in commercialization of hydrogen-

owered vehicles [1]. Extensive research efforts over the last
0 years is yet to find a viable hydrogen storage system that
an reversibly store more than 6 wt.% hydrogen at practical
perating temperatures. Recently, the hydrolysis of chemical
ydrides has gained renewed interest as an irreversible solution
or onboard hydrogen storage. Among the chemical hydrides,
odium borohydride (NaBH4) has received the most extensive
ttention owing to its combined advantages of high hydrogen
apacity, good storability in alkaline solution, easy control of
ydrogen generation rate, moderate operation temperature, and
he environmentally benign hydrolysis product [2].

The use of a catalyst plays a key role in controlling hydro-

en generation (HG) from the NaBH4 solution. A number of
ubstances have been identified to be effective for accelerat-
ng the hydrolysis reaction of NaBH4, including Ru, Pd, Pt,
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t–Pd, Pt–Ru alloys [3–8], Ni and Co borides [9–11], Raney
i and Co [10], and fluorinated Mg-based alloys [12]. While

he noble metal catalysts show excellent catalytic activity, their
se in practical applications is restricted by their high material
ost. On the other hand, the cheaper transition metal (TM) cata-
ysts generally exhibit only moderate catalytic activity. However,
ecent advances in catalyst preparation technologies have led to
ignificant improvements in the catalytic activity of TM cata-
ysts, even to a level comparable to that of noble metal catalysts
13,14].

Furthermore, it was found that the hydrolysis performance of
he systems using TM catalysts could be improved by increas-
ng the NaOH concentration in the reactor [11,15,16]. This is in
reat contrast to the case of the systems using noble metal cat-
lyst, in which addition of the alkaline stabilizer always results
n a degraded hydrolysis performance [3,17]. As a high NaOH
oncentration is required for storing NaBH4 safely, the improved
urability of the TM catalysts in NaOH solution clearly offers
n advantage over noble metal catalysts in practical applica-

ions.

As a representative TM catalyst, Co–B catalyst is of particu-
ar interest for on-demand hydrogen generation due to its good
atalytic activity and low cost. Utilization of catalyst preparation

mailto:pingwang@imr.ac.cn
dx.doi.org/10.1016/j.jpowsour.2007.11.023
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echniques such as dipping–coating [18], pulsed laser deposition
14], and electroplating [19] have produced Co–B catalysts with
G rates of 1–10 l (min g)−1 (catalyst). Moreover, it is expected

hat greater HG rates can be achieved with advanced catalyst
reparation techniques.

Electroless plating technology has been widely used in the
reparation of functional coating on numerous substrate materi-
ls [20,21]. Its application in preparation of hydrolysis catalyst,
owever, is greatly limited because conventional electroless plat-
ng process always produces a dense coating that results in a low
olution/catalyst contact area. In our efforts to address this prob-
em, a modified electroless plating technology was developed.
he key features of our modified electroless plating method are

he utilization of high concentration of reducing agent (NaBH4)
nd main salt (CoCl2), and the elimination of the stabilizer. As
result of these modified plating conditions, the prepared Co–B
atalyst supported on Ni foam possess much higher surface
rea and significantly better catalytic performance than those
repared by conventional electroless plating methods.

. Experimental

.1. Preparation and calcination of Co–B catalyst
upported on Ni foam

The catalytic performance of the Co–B catalyst supported
n Ni foam (referred as Co–B/Ni foam catalyst hereinafter)
repared using the modified electroless plating method was eval-
ated against two other types of catalysts in this study; a Co–B/Ni
atalyst prepared by a conventional electroless plating method
nd a noble Ru–B catalyst prepared by using dipping–coating
ethod. All the chemical reagents are of an analytical grade and
ere used as received.
Using the conventional electroless plating method, the

o–B/Ni catalyst was prepared in a coating bath with the follow-
ng composition: 30 g l−1 of CoCl2·6H2O, 1.5 g l−1 of NaBH4,
5 ml l−1 of ethylene diamine (H2NCH2CH2NH2), 40 g l−1

f sodium tartarate (KNaC4H4O4·4H2O), 20 g l−1 of NaOH,
.2 mg l−1 of PbCl2, and pH 14. The reaction temperature was
5 ◦C and plating time was 1 h. The Ru–B catalyst was prepared
y using dipping–coating method. The preparation conditions
ere as follows: solution A contained 10 g l−1 of RuCl3·6H2O

nd 20 ml l−1 of 10 wt.% HCl, and solution B contained 10 g l−1

f NaBH4 and 10 g l−1 of NaOH. The dipping–coating process
as operated at 25 ◦C and repeated 10 times to obtain a Ru–B

oading of approximately 10 mg cm−2.
The modified electroless plating method for the preparation

f Co–B/Ni foam catalyst used two solutions of the following
ompositions: solution A contained 50 g l−1 of CoCl2·6H2O,
0 g l−1 of NH4Cl, 45 ml l−1 of NH3·H2O (25 wt.%) and the
eductive solution B contained 40 g l−1 of NaBH4 and 10 g l−1

f NaOH.
Ni foam was selected as the catalyst support material for its
orous structure, low density, and its high thermal and chemical
tability under the hydrolysis conditions. The Ni foam (INCO
TM Co. Ltd., 1.80 mm in thickness) has an open pore structure
ith an area density of about 575 g m−2, and an average pore

c
o
s
a
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ize of 0.20–0.50 mm. Before use the Ni foam was cleaned by
onicating in ethanol for 10 min, followed by immersing in a
0 wt.% HCl solution for 1 min.

The pretreated Ni foam was immersed in solution A for 20 s
t 25 ◦C and then, an equal volume of solution B was poured
nto solution A. The mixture was kept undisturbed until bubble
eneration ceased (which generally took several minutes). This
rocess was repeated several times to obtain a desired Co–B
oading. The Ni foam pieces were weighed before and after the
lectroless plating to determine the loading of Co–B catalyst on
he Ni foam.

The chemical reactions involved in the electroless plating can
e described as Eqs. (1)–(3) [22]:

H4
− + 4Co2+ + 8OH− → 4Co ↓ + BO2

− + 6H2O (1)

BH4
− + 2H2O → 2B ↓ + 2OH− + 5H2↑ (2)

H4
− + 2H2O → BO2

− + 4H2↑ (3)

hus-prepared Co–B/Ni foam catalyst was calcined at tempera-
ures ranging from 100 ◦C to 500 ◦C for 2 h under a high-purity
r (purity 99.999%) atmosphere. The applied heating rate was
◦C min−1.

.2. Characterization of catalyst materials

The Co–B/Ni foam catalysts were characterized by powder
-ray diffraction (XRD, Rigaku D/max-2500, Cu K� radi-

tion) and scanning electron microscope (SEM, LEO Supra
5) equipped with an energy dispersive X-ray (EDX) analy-
is unit (Oxford). The composition of the catalyst was analyzed
y inductively coupled plasma-atomic emission spectrometry
ICP-AES, Iris Intrepid).

.3. Catalyst performance testing

The amount of hydrogen generated and the HG rate (as a
easure of the catalytic activity) was measured using a clas-

ic water-displacement method. Typically, about 25 ml solution
ontaining 20 wt.% NaBH4 and 10 wt.% NaOH was ther-
ostated in a sealed flask fitted with an outlet for the collection

f evolved H2 gas. One piece of the supported catalyst, with
typical size of 1 cm × 2 cm, was dropped into the solution to

nitiate H2 generation. The H2 amount was measured by mon-
toring the water displaced from a graduated cylinder (with a
olume of 5.2 l) as the reaction proceeded. Because the volume
f the generated hydrogen in a typical measurement (around 12 l
t STP) was larger than the volume of the graduated cylinder,
nly the initial reaction of the HG process was recorded.

. Results and discussion

The SEM images in Fig. 1 shows that the modification of

atalyst preparation conditions results in a significant morphol-
gy change of the catalyst coating on Ni foam, from a relatively
mooth surface to a coarse and porous structure. This can be
ttributed to the enhanced nucleation and deposition rate of



H.-B. Dai et al. / Journal of Power Sources 177 (2008) 17–23 19

F re pre
m

C
a

c
i
f
i
o
p
e
t

F
p
p
p
2
i

a
t
b
t
o
t
r
w

ig. 1. SEM morphology of the Co–B catalysts supported on Ni foam that we
ethod, respectively.

o–B, as well as the relatively poor coordination capability of
mmonia, in the modified plating process.

Associated with the favorable morphology change, the
atalytic performance of the Co–B catalyst was markedly
mproved. As seen from the HG curves in Fig. 2, the Co–B/Ni
oam catalyst prepared by the present method (after the first plat-
ng time) exhibits a HG rate of 370 ml min−1 cm−2 (Ni foam),
ver six times higher than that of the Co–B/Ni foam catalyst pre-

ared by conventional electroless plating method. The observed
nhancement on catalytic effectiveness may be largely attributed
o the significantly increased surface area of the Co–B catalyst,

ig. 2. Comparison of the catalytic effectiveness of (a) Co–B/Ni foam catalyst
repared by conventional electroless plating method, (b) Co–B/Ni foam catalyst
repared by modified electroless plating method, and (c) Ru–B/Ni foam catalyst
repared by dipping–plating method. The measurements were performed in a
0 wt.% NaBH4 + 10 wt.% NaOH solution at 30 ◦C. The size of Ni foam support
s 1 cm × 2 cm.
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pared by conventional (a) and (c), and modified (b) and (d) electroless plating

s seen from the comparison between Fig. 1(c) and (d). Addi-
ionally, as seen in Fig. 2, the Co–B/Ni foam catalyst prepared
y modified electroless plating method compares favorably with
he Ru–B catalyst. This further evidences the high effectiveness
f the modified electroless plating method. It should be noted
hat the Ru–B catalyst was prepared by using dipping–coating,
ather than the electroless plating method, because RuCl3 reacts
ith NH4Cl and/or NH3·H2O to generate insoluble ammonium

alt.
According to the ICP-AES analysis results, the Co–B/Ni

oam catalysts have a Co/B molar ratio close to 1.8. In the sub-
equent studies, the preparation and calcination conditions of
he Co–B/Ni foam catalyst were optimized to pursue further
mproved catalyst activity.

.1. Optimization of catalyst preparation and calcination
onditions

The plating process was repeated to obtain an optimal sup-
orting amount of Co–B catalyst on the Ni foam. Fig. 3 presents
he effects of the times of plating on the catalyst loading and the
G rate of the hydrolysis system. It was found that the amount
f Co–B supported on Ni foam increases nearly linearly with
ncreasing the plating times, with an average loading rate of
bout 16 mg cm−2 per plating time. While for the HG rate a
ifferent trend was observed. The HG rate initially increases
teeply with increasing the plating times, but after the third
lating time the improvement in HG rate stabilizes. This sug-
ests that surface of the Ni foam support has been almost

ompletely coated by the Co–B catalyst after three plating rep-
titions. In subsequent experiments we repeated the plating
rocess four times to ensure a full coverage of the Ni foam
urface.
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ig. 3. Effects of the times of plating on the catalyst loading and the HG rate of
he hydrolysis system.

A calcination step is required during the catalyst prepara-
ion to enhance the adhesion of the Co–B on the Ni surface. To
valuate the effect of the calcination step, the catalysts were
alcined at varied temperatures and then treated in an ultra-
onic water bath at a frequency of 40 kHz. Ultrasonic treatment
imes of 1–3 h were used. As seen in Fig. 4, the weight loss of
he supported catalyst upon ultrasonic treatment increases with
rolonging the treatment time, and decreases with increasing
he calcination temperature, indicative of an increasingly strong
atalyst/support adhesion.

On the other hand, it was found that calcination treatment
lso exerts considerable influence on the catalytic activity of the
atalyst. Fig. 5 shows the HG rate of the hydrolysis system using
he catalyst calcined at different temperatures. The HG rate ini-
ially increases with elevating the calcination temperature of the

−1
atalyst, and reaches the maximum 11 l (min g) (catalyst) (cor-
esponding to 663 ml min−1 cm−2 (Ni foam)) at a calcination
emperature of 300 ◦C. However, calcination at temperatures
bove 300 ◦C results in a reduced HG rate. We therefore selected

ig. 4. Weight loss arising upon ultrasonic treatment of the Co–B catalysts
alcined at varied temperatures.
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ig. 5. Effect of calcination temperature on the HG rate of the hydrolysis system.

calcination temperature of 300 ◦C in the subsequent exper-
ments to achieve a favorable catalytic activity and moderate
atalyst/support adhesion.

In our effort to further understand the effect of calcination
emperature on the catalytic activity, preliminary phase analyses
nd microstructure characterization were performed on a series
f the calcined catalysts. Fig. 6 presents the SEM images of
he as-prepared catalyst and those after being calcined at varied
emperatures. As seen from the surface morphology in the SEM
mages, sample sintering became detectable at a calcination tem-
erature of 300 ◦C, and became more severe with calcination
bove 300 ◦C. Additionally, as seen in Fig. 7, some crystal-
ike flakes with an average size of several tens of micrometer
ere observed in the catalyst samples calcined at over 300 ◦C.
ccording to the EDX results, the crystal-like material is cobalt
xide(s) that may originate from oxygen contamination of the
atalyst during synthesis, storage and/or calcination processes.
owever, the cobalt oxide was not detected in the powder XRD

nalyses, indicating it is present in only low concentrations.
The XRD patterns of the as-prepared catalyst and catalysts

fter calcination are seen in Fig. 8. The wide and diffuse peak
entered around 2θ = 45◦ clearly indicates an amorphous struc-
ure of the as-prepared Co–B catalyst. After calcination of the
atalyst at 300 ◦C for 2 h, nanocrystalline Co was observed
o precipitate from the amorphous matrix, with an average
rain size of around 15 nm, as estimated by using Scherrer
quation. Calcination at 500 ◦C increased the average grain
ize of Co to approximately 30 nm. Additionally, nanocrys-
alline Co2B and Co3B were detected after calcination at
emperatures higher than 400 ◦C. These results suggest that
he nanocrystalline Co generated at mild calcination temper-
tures may be favorable for catalytic activity. The observed
nhancement of catalytic activity should be understood as
ombined effects of the generated active species and catalyst
intering. However, such understanding fails to account for the

mproved catalytic activity of Co–B/Ni foam catalyst arising
pon calcination below 200 ◦C. In this regard, further investi-
ation on the surface state of the as-prepared catalyst is still
equired.
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Fig. 6. SEM morphology of the as-prepared catalyst (a) and those after be

Fig. 7. SEM morphology of the Co–B/Ni foam catalyst calcined at 300 ◦C and
the representative EDX result. The arrow indicates the center of the region of
EDX analysis.
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ing calcined at 200 ◦C (b), 300 ◦C (c) and 500 ◦C (d), respectively.

.2. Catalytic activity of the Co–B/Ni foam catalyst for
ydrogen generation from alkaline NaBH4 solution

The NaBH4 hydrolysis kinetics was further investigated by
onducting HG measurements at varied temperatures using the
ptimized Co–B/Ni foam catalyst. Fig. 9 presents the HG kinetic
urves of the 20 wt.% NaBH4 + 10 wt.% NaOH solution employ-
ng the Co–B/Ni foam catalyst at a solution temperature ranging
rom 25 ◦C to 45 ◦C. To minimize the effect of temperature
hanges due to the exothermic hydrolysis reaction, we checked
nd carefully controlled the solution temperature by adding ice-

ater blend. Additionally, the quantity of the catalyst used was

educed from a typical size of 1 cm × 2 cm to 0.5 cm × 0.5 cm.
hese additional measures allowed the solution temperature to
e controlled to within ±2 ◦C during the reaction. As expected,

ig. 8. XRD patterns of the as-prepared catalyst (a), as well as those after being
alcined at 200 ◦C (b), 300 ◦C (c), 400 ◦C (d) and 500 ◦C (e), respectively.
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ig. 9. HG kinetics curves of the 20 wt.% NaBH4 + 10 wt.% NaOH solution
mploying the Co–B/Ni foam catalyst (0.5 cm × 0.5 cm) at different solution
emperatures.

levated solution temperature leads to an increased HG rate. In
ll cases, the amount of hydrogen generated increases linearly
ith increasing reaction time at the initial stage of hydrolysis

eaction. However, as shown in the insert in Fig. 9, the HG curve
radually deviates from the linear relationship as the hydrolysis
eaction proceeds. Presumably, it reflects an intrinsic reaction
inetics behavior, which is to say that the catalytic hydrolysis
f NaBH4 cannot be simply generalized as zero-order reaction
6]. Alternatively, the gradual decline in HG rate over time may
e caused by accumulation of the hydrolysis product (NaBO2)
t the catalyst surface that block the fuel solution from con-
act with catalyst. To firmly establish this mechanism further
nvestigations are required.

In the present study, the initial HG rates at varied solution
emperature were used to determine the activation energy. As

−1
een in Fig. 10, by plotting ln k (ml (min g) ) versus 1/T, the
ctivation energy was calculated to be 33 kJ mol−1. This value
ompares favorably with the published results for Co–B/Ni foam
atalyst prepared by dipping–coating method (45 kJ mol−1)

ig. 10. Arrhenius plot for the determination of the activation energy employing
20 wt.% NaBH4 + 10 wt.% NaOH solution.

[
[

[

[
[
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18], Co–B powder catalyst (65 kJ mol−1) [15], Raney Ni
63 kJ mol−1) [17], Raney Co–Ni (52.5 kJ mol−1) [10], and Ru
atalyst (47 kJ mol−1) [3]. The reduced activation energy is a
urther evidence of the improved activity of the Co–B/Ni foam
atalyst prepared by modified electroless plating method.

. Conclusions

A modified electroless plating method was developed for
he preparation of an amorphous Co–B/Ni foam catalyst for
he hydrolysis of alkaline NaBH4 solution. Compared to the
onventional electroless plating method, the newly developed
ethod is more effective and produces Co–B catalyst with much

igher catalytic activity, which is associated with a significantly
ncreased surface area. Preliminary studies have determined the
ptimal preparation and calcination conditions of the Co–B/Ni
oam catalyst. Employing thus-prepared catalyst in 20 wt.%
aBH4 + 10 wt.% NaOH solution has produced a hydrogen gen-

ration rate of 11 l (min g)−1 (catalyst). This high performance
nd low-cost Co–B/Ni foam catalyst shows promise for on-
emand hydrogen generation applications.
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