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In this work, we report a very simple method to in situ prepare the Fe;_4Niy (x=0,0.3,0.4,0.5,0.7 and 1)
nano-alloys as the catalysts for H, generation from the aqueous NH3BH3 solution under ambient atmo-
sphere at room temperature. The prepared nano-alloys possess Pt-like high catalytic activity, especially
for the specimen of Feg 5 Nig 5, with which the hydrolysis of NH3BH3 would totally complete in only 2.2 min.
Moreover, these catalysts can be easily magnetically separated for recycle purpose, and can almost keep
the same high activity even after 5 times of recycle under ambient atmosphere. Such alloy catalysts are
expected to be useful for fuel cells, metal-air batteries and electrochemical sensors. Moreover, the con-
cepts behind these preliminary results present a wide range of possibilities for the further development
of synthesis of air and water-stable magnetic nano-alloys.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bimetallic nano-alloys are currently attracting much attention
as catalysts due to the distinct catalytic properties from those of the
pure elemental nanomaterials [1-5]. As catalysts, their separation
and recycling are essential steps and frequently affect the over-
all process economy. Recently, magnetic nanomaterials containing
iron family elements (Fe, Co, and Ni), the typical ferromagnetic ele-
ments at room temperature (293 K) [6], with good stability are of
great interest in catalysis applications because of the easy magnetic
separation, especially in a liquid-phase reaction, which makes the
recovery of such catalysts much easier than by filtration and cen-
trifugation [7-12]. In this sense, magnetic nano-alloys as catalysts
are therefore expected to occupy the superiorities of both nano-
alloys and magnetic nanomaterials with different or better catalytic
activities than their elemental counterparts and easy magnetically
separable/reusable advantages. However, to our best knowledge, if
application in an oxidization environment, such as in water or air,
the other metallic part of magnetic nano-alloys is usually a noble
metal, i.e. Pt or Au, etc. [13-16] One of the important reasons is
because Fe family elements have extreme reactivity with respect to
water and oxygen, especially in nanoscale, and the combining with
the less-reactive metals, noble metals, will effectively enhance the
oxygen-resistance ability and thus increase the air-stability as com-
parable to the pure Fe family metals [9]. Therefore, the application
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of nano-alloy catalysts containing only Fe family metals, such as
Fe-Ni alloy, under ambient atmosphere or water is now still a big
challenge.

With increasing demand for clean energy crisis and greenhouse
gas emissions affecting political and environmental climates, there
have been intensive studies to develop efficient and safe methods
for hydrogen storage to overcome this major hurdle along the way to
“Hydrogen energy society” [17-19]. Ammonia borane (NH3BH3) has
a hydrogen content of 19.6 wt.%, which exceeds that of gasoline and
therefore makes it an attractive candidate for chemical hydrogen
storage applications [20-28]. The development of efficient, low-
cost and stable catalysts to further improve the kinetic properties
under moderate conditions is therefore important for the practical
application of these systems [23-33].

In this work, we report a very simple method to in situ prepare
the Fe-Ni nano-alloys, and apply the air/water-stable Fe-Ni alloys
as the magnetically recyclable catalysts to the hydrogen generation
from NH3BH3 aqueous solution under ambient atmosphere at room
temperature.

2. Experiment
2.1. Chemicals

Ammonia borane (NH3BH3, Aldrich, 90%), iron (II) sulfate hep-
tahydrate (FeSO4°7H, 0, Wako Pure Chemical Industries, Ltd., >99%),
nickel (II) chloride hexahydrate (NiCl,*6H,0, Wako Pure Chemical
Industries, Ltd., >98%), and sodium borohydride (NaBHg4, Aldrich,
99%) were used as received. Ultrapure water with the specific resis-
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tance of 18.3 MQ2+cm was obtained by reversed osmosis followed
by ion exchange and filtration (Yamato-WQ 500, Millipore, Japan).

2.2. Catalytic study of the in situ synthesized Fe;_xNiy alloy
particles

The process for the in situ synthesis of Feg 5Nig 5 alloy and its cat-
alytic study is as follows: a mixture of NaBH4 (11 mg) and NH3BHj;
(55mg) was kept in a two-necked round-bottom flask. One neck
was connected to a gas burette, and the other was connected to
a pressure-equalization funnel to introduce aqueous solution of
FeSO,4 and NiCl, mixture (FeSO4: 0.096 mmol; NiCl,: 0.096 mmol;
H,0: 10 mL). The reaction started when the aqueous solution was
added to the mixture of NaBH4 and NH3BH3 with violent shaking.
The evolution of gas was monitored using the gas burette. The reac-
tions were carried out at room temperature (293 K) in argon and air,
respectively.

The x value of Fe;_4Nix was changed from 0 to 1 (0, 0.3, 0.4, 0.5,
0.7 and 1) for the same catalytic reactions under ambient atmo-
sphere.

2.3. Heat treatment of the in situ synthesized Feg5Nig 5

After the in situ synthesized Fey5Nips was separated from the
solution and dried in argon atmosphere, it was transferred into a
furnace where a continuous argon gas flow was introduced at the
rate of 35mLmin~!. Then the furnace temperature was elevated
to 723 K and maintained for 2 h. The as-obtained sample after heat
treatment was used for the XRD analysis.

2.4. Recycle/stability test of the in situ synthesized Feg sNig 5
nanoparticles under ambient atmosphere

After the hydrogen generation reaction was completed, the
above in situ synthesized FegsNips nanoparticles were magnet-
ically attracted to the bottom of the reaction flask by a magnet,
and the upper solution was removed. Then the new NH3BH3 aque-
ous solution (0.16 M, 10 mL) was added into the reaction flask. The
evolution of gas was monitored using the gas burette. Such recy-
cle experiments for the in situ synthesized Feg5Nig 5 catalyst were
repeated for 5 times under ambient atmosphere.

2.5. Catalyst characterization

Powder X-ray diffraction (XRD) was performed on a Rigaku
RINT-2000 X-ray diffractometer with Cu Ka for the in situ syn-
thesized Feg5Nig s nanoparticles after removed from the reaction
solution and dried in argon atmosphere. A glass substrate hold-
ing the powder sample was covered by an adhesive tape on the
surface to prevent the sample from exposure to air during the
measurements. XPS analysis was carried out on a Shimadzu ESCA-
3400 X-ray photoelectron spectrometer using an Mg Kalpha source
(10kV, 10 mA). Transmission electron microscope (TEM, JEOL, JEM-
3000F) was applied for the detailed microstructure information.
The TEM sample was prepared by depositing one or two droplets
of the nanoparticle suspension onto the amorphous carbon coated
copper grids, which were dried in argon atmosphere.

3. Results and discussion

The Fe-Ni bimetallic catalyst with the raw molar ratio of 0.5:0.5,
which is denoted as Feg 5Nig 5, was in situ prepared by the reduction
of NaBH4 in NH3BH3 aqueous solution (0.16 M) under ambient
atmosphere  (NH3BH3:FeSO,4:NiCl;:NaBH4 =1.0:0.06:0.06:0.17).
The black FegsNigs particles were rapidly generated at the first
10s, which was accompanied by H; release. Thereafter, with the
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Fig. 1. Hydrogen generation from the hydrolysis of NH3BH3 catalyzed by FegsNig s
(FeosNig5/NH3BH3 =0.12) under ambient atmosphere and (inset) hydrolysis reac-
tion time vs. different composition of Fe;_Niy catalyst (Fe;_xNiy/NH3BH3 =0.12).

black bimetallic catalyst suspended in the solution, hydrolysis of
NH3BH3 proceeds with intense H; generation from the solution.
Fig. 1 demonstrates the time dependent H, generation from
NH3BH3 catalyzed by the in situ synthesized FegsNigs particles
under ambient atmosphere. The excellent catalytic activity of
the as-prepared bimetallic particles can be directly evidenced
by the very short reaction period (ca. 2.2 min). The molar ratio
of hydrolytically generated H, to the initial NH3BH3 is close to
3.0, indicating the reaction is completed. The catalytic hydrolysis
reaction can be briefly expressed as follows [28]:

NH3BH3 +2H,0 — NH4Jr +B0O,™ +3H, (1)

Itis reported that Pt-based materials, such as Pt/C, PtO,, Pt black,
K, PtCl4 exhibit the highest activities to the hydrolysis of AB with the
completion time ranging from 2 to 15 min [29]. Therefore, the in situ
synthesized Feg 5Nig 5 bimetallic catalyst here holds a Pt-like high
catalytic activity in aqueous solution under ambient atmosphere.

Fig. 1 (inset) shows the hydrolysis reaction time vs. com-
position of Fe;_yNiy catalyst (NH3BH3:(FeSO4+NiCl,):NaBH, =
1.0:0.12:0.17). Obviously, by changing the Ni molar ratio
(x=Ni:Ni+Fe), the Fe;_yNiy catalysts demonstrate different
catalytic activities. The reaction catalyzed by Fe alone can be
completed in approximately 8 min [23], while an increase in the
Ni molar ratio from 0 to 0.5 effectively decreases the reaction
time from 8 to 2.2 min; further increase in the Ni molar ratio to
1.0 results in the prolonging of the reaction time to about 6 min.
Totally speaking, the catalytic properties of bimetallic Fe;_yNix
catalysts are superior to those containing Fe or Ni metal alone.
With the increase in Ni molar ratio (x), the activity change of the
Fe,_xNix system is in the shape of “V”, where the best x value is
found to be 0.5.

In catalysis, the mutual influence of different neighboring atoms
of alloy can lead to different catalytic behavior, which is often better
than that of the monometallic catalyst [2]. Herein, the activity of the
bimetallic catalyst can be obviously modified and fine tuned by the
relative molar ratio of Fe to Ni. This may result from the alloying of
the two elemental metals.

To verify the above hypothesis, X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were applied to study the crystal
structure and valent state of the typical sample, Fey5Nigs. Fig. 2a
shows the XRD pattern of the in situ prepared Fey5Nig s particles.
A broad and faint peak is found at the position of around 20 =43¢,
implying that the in situ prepared Feg 5Nig 5 particles are in an amor-
phous phase or nano-sized (which can be evidenced later by the
TEM result). After heat treatment at 723K for 1h in argon atmo-
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Fig.2. X-ray diffraction patterns of (a) the in situ synthesized Feq 5 Nig s nanoparticles
after dried at room temperature in argon atmosphere, and (b) the in situ synthesized
FeosNig s nanoparticles after heat treatment at 723 K for 2 h in argon atmosphere.

sphere, this sample crystallized into the face-centered cubic (fcc)
phase similar to pure Ni [34] with the strongest line at 26 =43.81°, as
seen in Fig. 2b, clearly indicating the formation of a metallic alloy.
The replacement of Fe does not change the Ni-type fcc structure
in which the Fe and Ni atoms are distributed homogeneously and
randomly at the Ni position. However, the cell parameter was cal-
culated to be 0.3582 nm, which is larger than that of the pure fcc Ni
(0.3535nm) [34] due to the atomic radius of Fe is larger than that of
Ni[35]. Fig. 3 shows the XPS results of the in situ prepared Feq 5Nig 5
particles. Elements of Fe and Ni are detected in this sample; more-
over, both of the two elements are in their zero-valent states [36].
The above XRD and XPS results provide the certain evidence for the
formation of the Feg 5Nig 5 alloy.

TEM image of FepsNigs is presented in Fig. 4. Interestingly,
without any dispersant, the prepared FegsNigs nanoparticles are
well-dispersed with the mean particle size of 3 nm. Normally, syn-
theses of well-dispersed magnetic nanoparticles often require the
use of toxic and/or expensive precursors and dispersants [37].In our
present work, without any foreign dispersant, just using the cheap
inorganic Ni (I) and Fe (II) salts as the metal precursors, the well-
dispersed Feg 5Nip 5 magnetic nanoparticles can be successfully in
situ synthesized. This simple method for preparing the Fe;_Nix
nano-alloy particles is expected to be used for the synthesis of other
well-dispersed magnetic nano-alloys without dispansants.

The stability or recycle ability is the key point for the prac-
tical application of every catalyst. Magnetic nanopaticles as the
catalyst combine the advantages of both high reactivity and easy
separation by a magnet. In our present case, during the reaction
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Fig. 3. XPS results for (a) Ni 2p and (b) Fe 2p of the in situ synthesized FegsNigs
nanoparticles.
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Fig. 4. TEM micrograph of in situ synthesized Feg5Nip s nanoparticles. The scale bar
is 10 nm.

{(c) After reaction

Fig. 5. Photographs of the hydrolysis reaction of NH3BH3 catalyzed by FegsNigs nanoalloy.
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Fig. 6. The H,/NH3BH3 molar ratio of hydrogen generated from aqueous solution
(0.16 M, 10mL) vs. reaction time catalyzed by in situ synthesized FeosNigs at (a)
recycle number 1 and (b) recycle number 5 (FegsNigs/NH3BH3 =0.12) at room tem-
perature under ambient atmosphere.

the black alloy particles can be suspended in the aqueous solution
(Fig. 5b), while after reaction, the magnetic particles can be effec-
tively congregated and separated by a magnet (Fig. 5c). The easy
magnetic separation is greatly useful for the recycle application of
the catalyst, especially in the solution system. Herein, the recycle
stabilities of the Feg5Nigs nanoparticles were tested by magnetic
decantation. Fig. 6 shows the H,/NH3BH3 molar ratio of hydrogen
generated from aqueous solution (0.16 M, 10 mL) vs. reaction time
catalyzed by in situ synthesized Feg 5Nig 5 at recycle numbers 1 and
5 (Feg5Nig5/NH3BH3 =0.12) at room temperature under ambient
atmosphere, respectively. Unexpectedly, even after 5 times of recy-
cle, the activity of the as-prepared Feg 5Nig 5 nano-alloy catalyst has
no obvious decrease.

4. Conclusions

In summary, we have successfully synthesized Fe;_,Nix mag-
netic nano-alloys by a simple, but very efficient method. The
prepared nano-alloys possess Pt-like high catalytic activity for the
H, generation from the aqueous ammonia borane solution under
ambient atmosphere. Moreover, these catalysts can be easily mag-
netically separated for recycle purpose, and have good recycle
stability. Such alloy catalysts are expected to be useful for fuel
cells, metal-air batteries and electrochemical sensors. Moreover,
the concepts behind these preliminary results present a wide range
of possibilities for the further development of synthesis of air and
water-stable magnetic nano-alloys.
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