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a  b  s  t  r  a  c  t

In  this  paper,  a series  of  Fe1−xCox alloys  (x  =  0,  0.3,  0.5, 0.6,  0.7,  1)  is  in situ  synthesized  by  a  chemical  reduc-
tion  method  and  used  as  catalysts  for generating  hydrogen  from  aqueous  solution  of ammonia  borane
(NH3BH3)  at  room  temperature.  XRD  and  TEM  characterizations  reveal  that  these  Fe1−xCox nano-alloys
are  amorphous  and  ultrafine.  The  hydrogen  generation  measurements  show  that  in  situ  synthesized
Fe1−xCox alloys  exhibit  excellent  catalytic  properties.  The  hydrogen  generation  rate  of  Fe0.3Co0.7 alloy  can
eywords:
e1–xCox alloys
atalysts

n situ synthesized
ydrolysis

reach  to the  maximum  of  8945.5  ml  min−1 g−1 at 293  K and the  activation  energy  is  only  16.30  kJ mol−1.
Furthermore,  the  hydrolysis  of  NH3BH3 is  completed  within  1.8  min.  The  results  are  better  than  Fe,  Co
nano-particles  and  ex  situ  synthesized  samples,  which  could  be  attributed  to electron  transfer  from  Fe
to active  Co  sites,  and  improvement  in  the  dispersion  of  the  catalyst  with  Fe2O3.

© 2011 Elsevier B.V. All rights reserved.

mmonia borane
ydrogen generation

. Introduction

In the past few years, the energy crisis and greenhouse gas
missions have seriously affected political and environmental cli-
ates [1].  Great efforts have been paid for the development of

ew energy system, which is one of the most important research
elds in chemistry, biology and material science. Among lots of new
nergy materials, high-capacity hydrogen storage materials have
een paid more and more attention because of their friendliness
owards the environment [2].  Currently, great interest has been
hown in developing high performance hydrogen storage mate-
ials for on-board applications. Ammonia borane (NH3BH3) is a
romising material for future energy program for its high hydro-
en storage capacity, light weight and stabilization of its solution at
oom temperature [3–11]. The hydrolysis of ammonia borane can
e represented as follows [11]

NH3BH3 + 2H2O → NH4
+ + BO2

− + 3H2↑
However, the hydrolysis rate of ammonia borane is very low

ithout any catalyst. In this sense, selecting a suitable catalyst
ecomes the main issue. Traditionally, noble metals such as Ru

12–16],  Pt [11,12],  Pd [11,16] and Rh [11,12,17,18] show prefer-
ble activities in hydrogen generation from ammonia borane, while
heir use in practical applications is limited for their high cost. Thus,
ome low-cost catalysts have been revealed, such as solid acid [19]

∗ Corresponding author. Tel.: +86 22 23503639; fax: +86 22 23503639.
E-mail address: wangyj@nankai.edu.cn (Y.J. Wang).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.026
and transition metals. Among them, transition metals such as Fe, Co,
Ni [20–25],  have been paid more and more attention. And their cat-
alytic activities are closely related to the particle sizes. Yan et al. [20]
reported that in situ prepared Fe nano-particle possessed better
catalytic property for the hydrolysis of ammonia borane, comparing
with ex situ synthesized Fe sample. However, the catalytic activ-
ity of Fe nano-particle for the dehydrogenation of ammonia borane
is still very low. Meanwhile, bimetallic nano-alloys such as Pt–Ni
[26], Fe–Ni [21], Au–Ni [27], Au–Co [28] alloys exhibit better cat-
alytic activities than single metal for hydrogen generation from the
hydrolysis of ammonia borane, which is attributed to the synergy
effect between two kinds of metals. Thus, we  tried to in situ syn-
thesize Fe1−xCox alloys in order to improve the hydrolysis rate of
ammonia borane.

In this work, a series of Fe1−xCox nano-alloys (x = 0, 0.3, 0.5, 0.6,
0.7, 1) was  in situ synthesized by chemical reduction and applied
as catalysts for the dehydrogenation of ammonia borane. The opti-
mal  Fe1−xCox alloys and the corresponding activation energy were
studied.

2. Experimental

2.1. In situ synthesized Fe1–xCox nano-alloys and their catalytic

properties for the hydrolysis of Ammonia borane

Fe1−xCox (x = 0, 0.3, 0.5, 0.6, 0.7, 1) nano-alloys were pre-
pared by a simple in situ synthesis method [20,21]. NaBH4
(Sodium borohydride, Alfa Aesar, 97%) is the reductant. The

dx.doi.org/10.1016/j.cattod.2011.02.026
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:wangyj@nankai.edu.cn
dx.doi.org/10.1016/j.cattod.2011.02.026
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Table 1
The max  hydrogen generation rate for the hydrolysis of ammonia borane catalyzed
by  in situ synthesized Fe1−xCox alloys (x = 0, 0.3, 0.5, 0.6, 0.7, 1) and ex situ synthe-
sized Fe0.3Co0.7 alloy (ex situ-Fe0.3Co0.7) at 293 K.

Catalysts The max. hydrogen generation rate (ml  min−1 g−1)

Fe 114.5
Fe0.7Co0.3 3170.6
Fe0.5Co0.5 5463.3
Fe0.4Co0.6 7877.1

erated H2 to the initial NH3BH3 is close to 3.0, indicating that
the hydrolysis reaction is completed. Meanwhile, the hydrolysis
rate of ammonia borane catalyzed by in situ prepared Fe is the
slowest, only half amount of the H2 release in 30 min. The corre-
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roducts with different molar ratios (�Co) were obtained by
arying the concentration of Co and Fe salts in initial solution
NH3BH3:(FeSO4 + CoCl2):NaBH4 = 1.0:0.12:0.17). The molar ratio
or (FeSO4 + CoCl2):NaBH4) was kept a constant of 1:1.4 [22,29].
ypically, a mixture of NaBH4 (11 mg)  and NH3BH3 (ammonia
orane, Sigma–Aldrich, 90%) (55 mg)  was kept in a sealed flask
tted with an outlet tube for collecting evolved hydrogen gas.
hloride hexahydrate (CoCl2·6H2O, Alfa Aesar, 98.0–102.0%) and

ron(II) sulfate heptahydrate (FeSO4·7H2O, Tian Jin Guang Fu Tech-
ology Development Co., Ltd. >99%) with varying proportions were
issolved in 10 ml  distilled water to make an uniformly mixed solu-
ion, which was then rapidly dropped into the flask with vigorous
tirring at controlled temperature. The volume of generated H2 was
onitored by water displacement method.
When the hydrolysis reaction was completed, Fe1−xCox (x = 0,

.3, 0.5, 0.6, 0.7, 1) catalysts were washed and filtered three times
ith distilled water and ethanol absolute under Ar atmosphere.
fter dried in vacuum at 333 K for 4 h, the samples were collected

or tests. The ex situ sample was prepared in the same conditions as
n the in situ synthesized samples, except the absence of ammonia
orane.

.2. Catalyst characterization

The in situ synthesized Fe1−xCox nano-alloys were characterized
y X-ray diffraction (XRD, Rigaku D/max-2500, Cu K� radiation),
here a glass substrate holding the powder sample was covered

y an adhesive tape on the surface to prevent the sample from
xposure to air, and transmission electron microscope (TEM, Philips
ecnai G2 F20 equipped with an energy dispersive X-ray spectrom-
ter (EDX) for elemental analysis). Surface electronic states and
alence state were carried out by X-ray photoelectron spectroscopy
XPS, Kratos Axis Ultra DLD multi-technique).

. Results and discussion

Fig. 1 shows the hydrogen generation volume as the function of
eaction time obtained by the hydrolysis of ammonia borane cat-

lyzed by in situ synthesized Fe1−xCox (x = 0, 0.3, 0.5, 0.6, 0.7, 1)
lloys and ex situ synthesized Fe0.3Co0.7 alloy at 293 K. The first
0 s, accompanied by H2 release, the black Fe1−xCox particles were
apidly generated. All of the nano-alloys exhibit excellent catalytic
ctivities (Fig. 1), which is better than the catalytic activity of pure
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ig. 1. Hydrogen generation from the hydrolysis of ammonia borane in the presence
f  (a–f) in situ synthesized Fe1−xCox alloys (x = 0, 0.3, 0.5, 0.6, 0.7, 1) and (g) ex situ
ynthesized Fe0.3Co0.7 alloy at 293 K.
Fe0.3Co0.7 8945.5
Co 7437.9
Ex situ-Fe0.3Co0.7 348.3

Co and Fe for the hydrolysis of ammonia borane. Otherwise, increas-
ing with the Co content (x), the hydrolysis rate increases at first and
then decreases slightly (a–f in Fig. 1). Among them, Fe0.3Co0.7 alloy
displays the best catalytic performance, delivering a high hydro-
gen release rate of 8945.53 ml  min−1 g−1 at 293 K and complete
reaction time of 1.8 min. The molar ratio of hydrolytically gen-
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Fig. 2. Hydrogen generation from the hydrolysis of ammonia borane in the presence
of in situ synthesized Fe0.7Co0.3 alloy at different temperatures.
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Fig. 3. Hydrogen generation from the hydrolysis of ammonia borane in the presence
of in situ synthesized Fe0.5 Co0.5 alloy at different temperatures.
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Fig. 4. Hydrogen generation from the hydrolysis of ammonia borane in the presence
of  in situ synthesized Fe0.4Co0.6 alloy at different temperatures.
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Fig. 5. Hydrogen generation from the hydrolysis of ammonia borane in the presence
of  in situ synthesized Fe0.3Co0.7 alloy at different temperatures.
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Fig. 6. Hydrogen generation from the hydrolysis of ammonia borane in the presence
of  in situ synthesized Co at different temperatures.

Table 2
The max  hydrogen generation rate for the hydrolysis of ammonia borane cat-
alyzed by in situ synthesized Fe1–xCox alloys (x = 0, 0.3, 0.5, 0.6, 0.7, 1) at different
temperatures.

Temperature (◦C) The max. hydrogen generation rate (ml  min−1 g−1) with
different catalysts in situ synthesized

Fe0.7Co0.3 Fe0.5Co0.5 Fe0.4Co0.6 Fe0.3Co0.7 Co

20 3170.6 5463.3 7877.1 8945.5 7437.9
25  4147.8 6616.6 8921.7 9716.3 7909

30  4976.1 7344.6 10146.2 12208.6 10742.5
35  5712.2 9147.0 12016.6 12561.2 13295.6
40 7477.9 11339.4 12753.2 13438.8 17508

sponding maximum hydrogen generation rates (Rmax) are shown
in Table 1. Rmax obtained by in situ synthesized Fe nano-particle is
114.5 ml  min−1 g−1 at 293 K, suggesting that Fe has inferior catalytic
activity for the hydrolysis of ammonia borane. The optimum Rmax

of ammonia borane catalyzed by in situ synthesized Fe0.3Co0.7 alloy
is 8945.5 ml  min−1 g−1 at 293 K, which is much better than that of
the ex synthesized Fe0.3Co0.7 alloy.

In order to study the effects of the temperature on the hydrogen

generation rate, a series of experiments was operated at different
solution temperatures, ranging from 293 K to 313 K by using in situ
synthesized Fe1−xCox alloys (x = 0.3, 0.5, 0.6, 0.7, 1) (Figs. 2–6). The
maximum hydrogen generation rates at different temperatures are
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Fig. 7. The relationship of activation energy and the content of Co in Fe1−xCox alloys
(x  = 0.3, 0.5, 0.6, 0.7, 1).
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Fig. 8. XRD patterns of in situ synthesized Fe1−xCox alloys (x = 0.3, 0.5, 0.6, 0.7).
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Fig. 9. XPS Spectra of (a) Fe 2p and (b) Co 2p leve

hown in Table 2. The relationship of the activation energy and the
ontent of Co(x) is illustrated in Fig. 7. In the beginning, it decreases
ith the growing content of Co(x) in the Fe1−xCox alloys (x = 0.3,

.5, 0.6, 0.7), and then increases sharply. The activation energy of

e0.3Co0.7 alloy shows 16.30 kJ mol−1. This is much lower than the
revious report [26].

Fig. 8 shows the XRD patterns of the in situ synthesized Fe1−xCox

lloys (x = 0.3, 0.5, 0.6, 0.7). All the catalysts show similar diffraction

Fig. 10. EDX spectra of Fe1−xCox nano-part

Fig. 11. TEM images of in situ synthesized (a)
Binding Energ y (eV )

n situ synthesized Fe, Fe0.3Co0.7 and Co catalysts.

patterns, demonstrating the amorphous forms of the samples. Two
broad peaks are found at about 2� = 41◦ and 76◦, respectively. As
compared to that of pure Co, there is little shift for the diffraction
peaks, manifesting the substitution of the Fe atoms for the Co atoms

in Fe1−xCox alloys. It is also confirmed by XPS test.

XPS spectra of Fe, Fe0.3Co0.7, Co catalysts are presented in Fig. 9.
Two peaks with the binding energy (BE) of 778.02 and 781.01 eV
are observed for Co2p2/3 level in Co and Fe0.3Co0.7 catalysts, which

icles: (a) Fe0.3Co0.7 and (b) Fe0.5Co0.5.

 Fe0.3Co0.7 alloy and (b) Fe0.5Co0.5 alloy.
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re attributed to elemental and oxidized Co, respectively. The peak
ssigned to oxidized Co is mainly related to Co(OH)2, which would
ave been formed during the reaction owning to the alkaline solu-
ion [30]. Two peaks are also gained for the Fe2p2/3 level in Fe
atalyst, indicating that Fe exists in both the elemental and oxidized
tates. However, for Fe catalyst, the peak of elemental iron is very
eak. What is more, is the BE value of the oxidized iron in Fe catalyst

s higher than that of Fe0.3Co0.7 catalyst, which is related to the elec-
ron transfer from Fe to Co. Therefore, metallic Co is enriched with
he electron while Fe is electron deficient in Fe0.3Co0.7 catalyst. The
lectron deficient Fe is strongly adsorbed on electron-enriched Co
ctive sites, which repels the adsorption of oxygen atoms. Fig. 10
hows the EDX spectra of Fe1−xCox catalysts (x = 0.5, 0.7), which
ere taken from the specially marked areas in the TEM images. The

DX data (Fig. 10a) of Fe0.3Co0.7 catalyst confirms average elemen-
al composition of the alloy. It shows that the molar ratio of Fe and
o is very close to 3:7, which is consistent with the XPS analysis that
xygen atoms are repelled by the absorbed Fe in Fe0.3Co0.7 catalyst.
imilarly, a typical EDX image of Fe0.5Co0.5 catalyst is also achieved
Fig. 10b). The molar ratio of Fe and Co extremely agrees with the
riginal proportion (5:5). In other words, Fe effectively protects Co
rom oxidation [31,32]. However, the content of oxygen atoms in
e0.3Co0.7 catalyst is a little higher than that of Fe0.5Co0.5 catalyst,
hich may  attribute to the formation of Fe2O3.

In addition, aggregation can be found from the typical TEM
mages of Fe1−xCox alloys (x = 0.7, 0.5) (Fig. 11). This may  be
ttributed to the magnetic property of these alloys. However, the
verage particle sizes of the prepared catalysts are less than 10 nm,
hich is relative to the formation of Fe2O3 according to the XPS

esults. Fe2O3 formed in the reaction can play the role of disper-
ion, not only relieving the aggregation of the particles but also
esulting in more Co active sites in the catalytic reaction [33,34].
herefore, the activity of Fe0.3Co0.7 catalyst is higher than other
atalysts prepared in this work.

. Conclusions

In summary, Fe1−xCox alloys (x = 0, 0.3, 0.5, 0.6, 0.7, 1) are
uccessfully in situ synthesized by chemical reduction at room
emperature. Fe0.3Co0.7 displays an excellent catalytic activity for
he hydrolysis of ammonia borane solution. It has the maximum

ydrogen generation rate of 8945.5 ml  min−1 g−1 at 293 K and low
ctivation energy of 16.30 kJ mol−1. The enhanced hydrogen gener-
tion rate, lower activation energy and costs indicate that Fe1−xCox

lloys may  have potential applications for the hydrolysis of ammo-
ia borane.
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