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Abstract Magnetically recyclable Co–B hollow nano-

spindles have been prepared by using poly(styrene-co-

methacrylic acid) nanospindles as scarified templates for

the first time. The effect of the weight ratio of poly(styrene-

co-methacrylic acid) to Co(OAc)2 on the structure of Co–B

hollow nanospindles is not significant. In the hydrolysis of

ammonia borane to release H2, the activity of Co–B hollow

nanospindles was much higher than that of regular Co–B

prepared without templates. Their catalytic performance is

comparable to that of the reported Pt black concerning

hydrogen yield. The favorable activity is attributed to the

large specific surface area and hollow structure. In addi-

tion, Co–B hollow nanospindles have good reusability in

the application due to their unique magnetic properties.

Introduction

Hydrogen is gaining a great deal of attention as an energy

carrier as well as an alternative fuel [1]. In past decades,

various kinds of materials for hydrogen storage have been

investigated. Typical examples are AB5-type electrode

alloys, metal/complex hydrides, metal nitrides and imides,

carbon materials, inorganic nanostructures, and metal–

organic frameworks [1–6]. Recently, ammonia borane

(NH3BH3) has been paid considerable research attention as

a promising new entry to the hydrogen storage materials

[6–9]. Xu et al. [7, 9] reported a high-performance

hydrogen generation system based on transition metal-

catalyzed hydrolysis of NH3BH3 at room temperature.

However, for practical use, the development of low-cost

and highly efficient catalysts is desired.

Co–B materials have attracted much attention due to

their unique performance and low-cost in the catalytic field

[10–17]. In view of the literatures, the microstructures and

surface morphologies of the Co–B play a crucial role in the

catalytic performance [11–17]. Recently, Tong et al. [13,

14] described that the mesoporous and flower-like Co–B

exhibited higher hydrogen generation rates in the hydro-

lysis of KBH4 than that of regular Co–B owing to its larger

specific surface area and mesoporous channels. Ma et al.

[15] reported the synthesis of hollow Co–B spheres via

using polystyrene spheres as sacrificial templates and their

excellent catalytic performance for hydrolysis of NaBH4.

In addition, Patel et al. [16, 17] discovered that Co–B thin

films prepared by pulsed laser deposition have higher cat-

alytic performance in hydrolysis of NaBH4 to produce

hydrogen than that of Co–B powders.

Herein, we reported on a novel synthesis strategy for

fabricating hollow Co–B nanospindles via using poly(sty-

rene-co-methacrylic acid) as templates and their enhanced

catalytic performance for hydrolysis of NH3BH3 in com-

parison with that of regular Co–B [12–14] synthesized

without using templates.

Experimental

Preparation of hollow Co–B nanospindles

In a typical run of synthesis, poly(styrene-co-methacrylic

acid) (PSA) nanospindles were prepared through the
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emulsifier-free emulsion copolymerization of styrene with

methacrylic acid according to a literature procedure [18].

Then, an appropriate amount of the prepared PSA nano-

particles was suspended in distilled water to form a white

slurry, and a 0.5 mol/L Co(OAc)2 aqueous solution was

added. After the mixture stirred for 30 min, a KBH4

solution (0.02 mol/L) containing 0.002 mol/L NaOH was

added slowly with stirring under argon atmosphere. The

obtained composites were dispersed in toluene. The final

product was collected by centrifugation, washed with water

and ethanol several times, and kept in absolute ethanol

until use. The as-prepared Co–B samples were designated

as Co–B–x, where x represents the weight ratio of PSA to

Co(OAc)2. The regular Co–B [12–14] was synthesized via

a similar process that described above without using PSA

nanospindles.

Hydrogen generation and recycle test

The hydrolysis of ammonia borane was according to a

procedure reported by the literature [7]. 5 mg catalyst was

placed in a three-necked glass container and mixed with

50 mL 0.5 wt% NH3BH3 aqueous solution under constant

stirring. The generated amount of H2 was measured via a

gas flow meter [13, 14]. After the hydrogen generation

reaction was completed, the hollow Co–B nanospindles

were magnetically attracted to the bottom of the reaction

flask by a magnet, and the upper solution was removed.

Then the new NH3BH3 aqueous solution (0.5 wt%) was

added into the reaction flask. Such recycle experiments

were repeated for seven times under ambient atmosphere.

Characterization

Samples were characterized by transmission electron

microscopy (TEM, JEOL JSM-200CX), Fourier transform

infrared (FTIR, Nicolet 510SX) spectroscopy, inductively

coupled plasma optical emission spectrometry (ICP, Irris,

Avantage), X-ray powder diffraction using Cu Ka sources

(XRD, D/rmax-rA), N2 adsorption–desorption, X-ray pho-

toelectron spectroscopy (XPS, Perkin-Elmer 5000C ESCA,

Al Ka), and magnetic properties (MagLab-12, Oxford).

TEM samples were prepared by drying sample droplets

from an ethanolic dispersion onto a 300-mesh Cu grid

coated with a lacey carbon film.

Results and discussion

As seen in TEM images shown in Fig. 1a, the PSA

nanospindles were prepared and well dispersed. The

notable different morphologies between the templates and

the as-prepared samples (Fig. 1b–d) confirm the formation

of Co–B hollow nanospindles regardless of the prepara-

tion conditions. The pale color regions in the central parts

(Fig. 1b–d) in contrast to the dark edges indicate that the

obtained nanospindles exhibit hollow structure with a wall

thickness of 4–6 nm. These characteristics endow the

Fig. 1 a TEM image of PSA

nanospindles; b TEM image

of Co–B-0.7; c TEM image

of Co–B-1; d TEM image

of Co–B-1.5; e FTIR spectrum

of Co–B-1 hollow

nanospindles; f XRD pattern

of Co–B-1 hollow

nanospindles; g Schematic

formation for Co–B hollow

nanospindles
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Co–B hollow nanospindles with high specific surface

areas (SBET). As shown in Table 1, all of the Co–B hol-

low nanospindles displayed much larger SBET than the

regular Co–B [12–14]. The maximum SBET (143.09 m2/g)

was obtained on Co–B-1.

The FTIR spectrum (Fig. 1e) demonstrates that the

Co–B-1 hollow nanospindles show almost the same FTIR

spectrum as the regular Co–B [12, 13, 19]. The result

indicates that the applied PSA templates had been removed

and the formed hollow structure did not affect the vibration

behavior of Co–B significantly.

The XRD pattern presented in Fig. 1f shows that, sim-

ilar to the regular Co–B [12–14], the Co–B-1 hollow

nanospindles exhibited a single broad peak around

2h = 45.5� indicative of amorphous structure [10–15,

19–21]. Meanwhile, the bulk composition (Table 1) of the

as-prepared Co–B nanospindles was different with that of

the regular Co–B (Co63.0B37.0) [12–14], which is attributed

to the deviation in the procedures in the preparation of

Co–B particles [10, 11].

From above results, the formation of Co–B hollow

nanospindles might be illustrated in Fig. 1g. PSA nano-

spindles were employed as sacrificial templates for the

formation of hollow structures. Co–B was deposited on the

surface of the PSA nanospindles when Co2? was reduced

by KBH4. The resultant Co–B-PSA core–shell structures

were dispersed in a toluene solution to dissolve the PSA

template cores, resulting in the formation of Co–B hollow

nanospindles.

The XPS spectra (Fig. 2) reveal that the Co species in

the Co–B-1 sample present in the metallic state with the

binding energy 778.1 eV, which is almost the same as

those reported [10–15, 19–21]. Meanwhile, the B species

present in the elemental state with a binding energy of

188.2 eV, which is positively shifted 1.1 eV in comparison

with the pure B (187.1 eV) [10–15, 19–21]. The result also

10 20 30 40 50 60 70

In
te

ns
ity

 (
a.

u.
)

2θ (Cukα, deg)

(e)

(f)

(g)

Fig. 1 continued

2864 J Mater Sci (2010) 45:2862–2867

123



indicates that the elemental B is alloyed with the metallic

Co and partial electrons may be transferred from B to Co

[10–15, 19–21]. The failure to observe the binding energy

shift of the metallic Co could be understood by considering

its relatively greater atomic weight compared to that of the

B atom [10].

In addition, for Co–B-1 hollow nanospindles, the typ-

ical coercivity (Hc), saturation magnetization (Ms), and

remanent magnetization (Mr) at 298 K are 243.0 Oe,

42.4 emu/g, and 14.9 emu/g, respectively (Fig. 3). The

magnetic properties enable them can be effectively sepa-

rated by a magnet in a solution system [11–14].

The catalytic hydrolysis of NH3BH3 can be expressed as

follows:

NH3BH3 þ 2H2O ����!catalyst
NHþ4 þ BO�2 þ 3H2 " ð1Þ

The Co–B hollow nanospindles exhibited much higher

activity than did the regular Co–B (Table 1). The higher

activity of Co–B-1 is attributed to its larger specific sur-

face area. From Fig. 4a, it can be seen that the reaction is

completed at around 27 min for Co–B-1 hollow nano-

spindles. After the completion of hydrogen release, the

molar ratio of generated H2 to the initial NH3BH3 is close

to 3.0, which corresponds to approximately 8.9 wt% of the

reactants (i.e., NH3BH3 and H2O, excluding solvent water).

According to hydrogen yield, the catalytic performance of

the as-synthesized Co–B-1 hollow nanospindles is com-

parable to that of the reported Pt black [8]. Considering the

different price between Pt and Co–B, the Co–B-1 hollow

nanospindles are more cost-effective. The favorable

activity for the Co–B-1 hollow nanospindles is attributed

to their large specific surface area (143.09 m2/g), which

ensures more uniform distribution of the catalytic active

sites [12–15], and its hollow structure, which may provide

both the inner and the outer surfaces contact between cat-

alysts and NH3BH3.

For determining the activation energy, we measured the

temperature dependence of hydrogen generation rate using

0.5 wt% aqueous NH3BH3 with 5 mg Co–B-1 hollow

Table 1 Structural properties and catalytic performances of the as-prepared catalysts

Catalysts Composition (atom%) SBET (m2 g-1) Wall thickness (nm) Hydrogen generation rate

(mL min-1 g(catalyst)-1)

Regular Co–B Co63.0B37.0 65.00 – 475

Co–B-0.7 Co79.3B20.7 133.21 4–6 963

Co–B-1 Co79.3B20.7 143.09 4–6 1283

Co–B-1.5 Co79.3B20.7 138.63 4–6 1020

Reaction conditions: 5 mg Co–B hollow nanospindles, 50 mL 0.5 wt% aqueous NH3BH3, T = 293 K
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nanospindles in 20–40 �C. Under our experimental condi-

tions, the reaction rate constant k is constant for a given

temperature, implying zero order kinetics for the NH3BH3

hydrolysis reaction [7, 8, 22]. It suggests that the hydrogen

generation rate is controlled within a surface reaction [7, 8,

22]. Thus, the hydrogen generation rate (R) can be given as

R ¼ k NH3BH3½ �0 ð2Þ

Through the Arrhenius treatment of the temperature-

dependent reaction rates [7, 8, 22], the activation energy

(Ea) is determined to be 47.1 kJ mol-1 (Fig. 4b).

In addition, we have also investigated the effect of

NH3BH3 concentration on the hydrolysis reaction in the

presence of Co–B-1 hollow nanospindles. As shown in

Fig. 4c, the concentration of NH3BH3 has some slight

influence on the rate of hydrogen generation. In the hydro-

lysis process of 5% NH3BH3 solution, the H2 release rate

slows down during the last period. This rate drop may be due

to the blocking of catalyst sites by the formed boracic pre-

cipitate in a more concentrated NH3BH3 solution [6].

Reusability of Co–B-1 hollow nanospindles was also

studied. In our present case, after reaction, the magnetic

Co–B-1 hollow nanospindles can be effectively separated

by a magnet (Fig. 4d). The easy magnetic separation is

greatly useful for the recycle application of Co–B-1 cat-

alyst in a solution system [11–15]. After seven cycles, the

activity of Co–B-1 hollow nanospindles has no obvious

decrease (Fig. 4d).

Conclusions

In conclusion, Co–B hollow nanospindles have been pre-

pared by a novel and facile method. During the preparation,

PSA nanospindles were used as scarified templates, and

followed by the removal of PSA via adding toluene. In the

hydrolysis of NH3BH3 to release H2, Co–B-1 exhibited

higher activity due to its large specific surface areas. Fur-

thermore, its catalytic performance is comparable to that of

the reported Pt black concerning hydrogen yield. In addi-

tion, Co–B-1 hollow nanospindles have good reusability

in the application. After seven cycles, the activity has no

obvious decrease.

Fig. 4 a H2/NH3BH3 molar ratio vs. reaction time of hydrogen

generated from 50 mL 0.5 wt% NH3BH3 aqueous solution in the

presence of 5 mg Co–B-1 catalysts at 293 K; b Plot of log R vs. 1/T
to determine the activation energy of Co–B-1 hollow nanospindles in

the reaction (a); c Hydrogen released from 50 mL aqueous NH3BH3

solution with different concentrations in the presence of 5 mg Co–

B-1 hollow nanospindles; d Cycling performance of Co–B-1

hollow nanospindles in the reaction (a)
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