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Synthesis of a Fe-Ni Alloy on a Ceria Support as a Noble-
Metal-Free Catalyst for Hydrogen Production from
Chemical Hydrogen Storage Materials

Kohsuke Mori,** " Tomohisa Taga,”” and Hiromi Yamashita*™ "

Bimetallic FeNi nanoparticles supported on CeO, was proven
to be effective for hydrogen production from ammonia-
borane (NH;-BH;) as a noble-metal-free catalyst. Impregnation
of iron and nickel ions with the CeO, surface followed by
in situ reduction with NaBH, prior to catalytic dehydrogenation
of AB produced highly dispersed and partially oxidized amor-
phous FeNi NPs stabilized by strong interaction with the CeO,
support by Ni—O—Ce and Fe—O—Ce bonding. Investigation of
the influence of the Fe/Ni ratio revealed a volcano-shaped rela-

Introduction

Hydrogen (H,) is an ideal clean energy carrier and is regarded
as the most promising next-generation energy to replace fossil
fuels." However, the potential of hydrogen has not been fully
utilized because of the difficulties involved in storage and
transportation.”” Thus, efficient and convenient storage of hy-
drogen is still one of the key issues for the hydrogen economy
in the future. There has been rapidly growing interest in the
search for suitable hydrogen storage materials, such as metal
hydrides, sorbent materials, and chemical hydrides.”’ Among
them, ammonia-borane (NH;—-BH;, AB) has attracted much re-
search interest as a leading molecular candidate for hydrogen
storage materials because of its low molecular weight
(30.87 gmol™), high theoretical hydrogen gravimetric capacity
(19.6 wt%), and high stability in solid form at room tempera-
ture.” Such outstanding characteristics largely meet the 2015
US Department of Energy (DOE) targets for a hydrogen on-
board application.”

The stored hydrogen in AB can be released by either pyroly-
sis® or hydrolysis routes.®® As pyrolysis requires considerably
high temperatures and results in the release of only 6.5 wt%
(1 equiv. based on AB) hydrogen, hydrolysis is considered the
more promising process, producing 3 equivalents of hydrogen
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tionship with a maximum at Fe/Ni=1. FeNi/CeO, was further
applicable to dehydrogenation from dimethylamine-borane
((CH5),NHBH,). The advantages of this catalytic system, such as
the facile preparation method, free of noble metals, and high
recyclability, with easy recovery from the reaction mixture by
application of an external magnet, are particularly desirable for
a hydrogen vector in terms of potential industrial application
in fuel cells.

based on AB under mild reaction conditions in the presence of
a suitable catalyst, as shown in Equation (1). Although several
homogeneous and heterogeneous catalytic systems have been
reported in the literature, noble metal catalysts, containing
metals such as Ru, Pt, Pd, and Rh, have dominated owing to
their superior catalytic properties,™” which hinders large-scale
energy application. In view of the strong social demand and
the costliness of using noble metals, earth abundant and less
expensive first-row transition metals, including Ni, Co, and Fe,
have also been studied for this purpose,’® but they require fur-
ther improvements in catalytic efficiency. It is therefore be-
lieved that the development of active and durable catalysts
using non-noble metals is an urgent task in the application of
released hydrogen as a direct fuel source for polymer electro-
lyte membrane fuel cells.

NH,;BH; + 2H,0 — NH," +BO,” + 3H, (1)

The fabrication of bimetallic nanoparticles (NPs) has attract-
ed much attention owing to their potential application in cat-
alysis, which originates from the interplay of electronic and lat-
tice effects of the neighboring metals.”’ Because of such syner-
gistic effects, bimetallic catalysts can show significantly higher
catalytic activity than their monometallic counterparts. The use
of several bimetallic NPs, including Fe-Ni, Pt-Ni, and Ru-Ni,
has been reported in dehydrogenation reactions of AB.'” Al-
though NP-based catalysts with extremely large surface areas
are key components of catalytic activity, their high propensity
to aggregate and difficulties with the separation step become
troublesome. To overcome these drawbacks, small NPs have
generally been used on suitable supports, such as polymers,
metal oxides, mesostructured materials, and carbon materials,
which also provide unique catalytic functions including site

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



AP ChemPubSoc
\{* Europe

isolation of active metal NPs, cooperative action by several
sites, and synergic effects owing to the strong metal-support
interactions.®® "

Herein we report the insitu generation, characterization,
and catalytic application of Fe-Ni nanoparticles supported on
Ce0,. Iron(ll) and nickel(ll) ions impregnated on the surface of
CeO, were reduced with NaBH, prior to catalytic dehydrogena-
tion of AB. CeO, and NaBH, have emerged as a promising
combination of support and reducing reagent to optimize cat-
alytic activity. Investigation using a series of Fe,Ni,_, bimetallic
NPs deposited on CeO, indicated a volcano-shaped relation-
ship with changing Fe/Ni ratios. The activity of the catalyst at
a Fe/Ni ratio of 1 was proven to be superior to that of a previ-
ously reported colloidal FeNi alloy catalyst and FeNi/SBA-15,
which may be attributed to the strong interactions between
FeNi NPs and the CeO, support. As well as this, a synergic al-
loying effect plays a crucial role in achieving high catalytic ac-
tivity. Furthermore, the catalytic system studied in this work
provides an opportunity for convenient separation after the
catalytic reaction by application of an external magnet, and
the recovered catalyst can be reused without any loss of activi-
ty.

Results and Discussion

The deposition of both Fe and Ni on the surface of CeO, was
performed by a simple impregnation method from an aqueous
solution of FeSO,7H,0 and NiCl,-6H,0. The FeNi NPs were
synthesized in situ by reduction with NaBH, and then em-
ployed in the catalytic dehydrogenation of AB. Several FeNi
catalysts were also prepared by the same method using vari-
ous inorganic supports.

Initially, the dehydrogenation of AB was performed using
various FeNi catalysts. The results are summarized in Figure 1,
together with the BET surface area of the supports, determined
by the N, adsorption-desorption. No induction period was ob-
served, and H, was stoichiometrically produced in a 3:1 (Hy/
NH;BH;) molar ratio during the course of the reaction for all
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Figure 1. Hydrogen production from AB and BET surface area of various

catalysts.
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samples, indicating the occurrence of complete dehydrogena-
tion. FeNi/CeO, exhibited the highest activity among the inves-
tigated catalysts, and FeNi/ZrO, and FeNi/MgO showed sub-
stantially low catalytic activity. There was no significant rela-
tionship between catalytic activity and BET surface area. The
BET surface area of CeO, is 120 m*g~'nm, which is moderate
compared to that of other supports. However, amorphous SiO,
and mesoporous silica SBA-15 showed low activity despite of
their relatively large surface areas, whereas Al,0; showed mod-
erate activity despite its relatively small surface area. During
the reduction sequence with NaBH,, the color of the catalyst
turned black immediately for all samples except FeNi/MgO.
The color of FeNi/MgO after reduction remained pale yellow,
suggesting that the stability of Fe and Ni ions on the surface
of MgO toward reduction is the main reason for its low activity.
Additionally, the catalytic activity of the FeNi/CeO, was also
greatly influenced by the reducing reagent: NaBH, reduction is
the best method for attaining high catalytic activity, as shown
in Figure 2. The use of HCOONa or AB, the reduction abilities
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Figure 2. Effect of reducing reagent of the FeNi/CeO, in the hydrogen
production from AB.

of which are relatively low, resulted in moderate activity,
whereas H, reduction gave poor results regardless of the tem-
perature. In the preliminary experiment, the calcined sample at
674 K before NaBH, reduction showed almost no activity. Ac-
cordingly, it was speculated that the local structure of the FeNi
nanoparticles rather than the surface area of the support
might be an important factor in achieving high catalytic activi-
ty. This was supported by structural characterization, as will be
discussed later.

The composition of the FeNi/CeO, samples (Fe/Ni=1:0, 2:1,
1:1, 1:2, 1:3, and 0:1) was easily adjusted by varying the initial
molar ratio of FeSO,7H,0 and NiCl,-6 H,0 in the impregnation
sequence. The time course for hydrogen production from AB
using various FeNi/CeO, combinations with different composi-
tions is shown in Figure 3, and the inset shows a plot of turn-
over number (TON) versus the mole fraction of Ni at different
compositions. The reactions using pure Fe/CeO, and Ni/CeO,
were seriously sluggish, but an enhancement effect was ob-
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Figure 3. Effect of Fe/Ni molar ratio in the hydrogen production from AB.
Inset shows the TON versus Ni content.

served when Fe and Ni were alloyed. This result indicates that
a synergic effect exists between Fe and Ni atoms. The maxi-
mum activity was obtained at a ratio of Fe/Ni=1:1. Such a vol-
cano-shaped activity order clearly suggests that the formation
of a uniform FeNi alloy structure on the surface of CeO, and
the synergic effect originated from the integration of Fe with
Ni.

The activation energy (E,) for the dehydrogenation of AB
using FeNi/CeO,, determined by Arrhenius plots, was
54.3 kJmol™". This value is lower than those obtained for the
reaction using unsupported colloidal FeNi (114.0 kJg™"),'%
FeNi/SBA-15 (75.0 kJmol~"),11%% and Ni powder
(70.0 kJmol "), suggesting that the positive effect of the
CeO, support is not only the achievement of easy separation
from the reaction mixture but also an enhancement in the cat-
alytic activity. Furthermore, the TON of FeNi/CeO,, based on Ni
atoms, approached 288 h™'. Notably, the TON achieved by
FeNi/CeO, was higher than those reported for other similar
active catalyst systems, such as MOF-based Ni NPs (120 h™"),®
insitu generated colloidal Fe NPs (64 h™"),% Ni/y-AlLO;
(51 h™"),7 and Ni hollow spheres (20 h™).'2

A more important advantage of the FeNi/CeO, is its facile re-
covery from the reaction mixture and high reusability
(Figure 4). FeNi NPs are expected to be a single magnetic
domain and exhibit a magnetic moment only in the presence
of a magnetic field, indicating a superparamagnetic nature;
the particles immediately return to their nonmagnetic state if
the magnetic field is removed."” Upon completion of the reac-
tion, the magnetic properties of the FeNi/CeO, afford a straight-
forward means of isolating the catalyst from the reaction mix-
ture. An external permanent magnet attracted the catalyst,
and the recovered catalyst could then be recycled in the dehy-
drogenation of AB at least five times while maintaining an in-
herent activity that was identical to the initial run. It can be
concluded that the present catalytic system suppresses the
negative effect of the accumulated BO,™ ions to the minimum.

The FeNi/CeO, catalytic system was further applied to dehy-
drogenation of dimethylamine-borane ((CH,),NHBH;; DMAB),
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Figure 4. Recycling results for hydrogen production from AB and the photo-
graph of the separation of FeNi/CeO, from reaction mixture using an exter-
nal magnet.

which is also identified as one of the most promising candi-
dates for a chemical hydrogen storage material because of its
high gravimetric hydrogen content (7.4%), high stability, and
low cost compared to AB.M?' Many catalytic systems have been
reported previously, but most research has been focused on
homogeneous catalytic systems based on the precious metals
Ru, Ir, and Rh.'"¥ To date, the employment of heterogeneous
systems, such as Pd/carbon!*' and skeletal Ni catalysts," has
been limited to a few reports.

As summarized in Figure 5, dehydrogenation of DMAB was
performed by using various FeNi catalysts. Hydrogen evolution
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Figure 5. Hydrogen production from DMAB and BET surface area of various
catalysts.

occurred until one equivalent of H, per mol of DMAB is liberat-
ed, indicating that the reaction proceeds according to Equa-
tion (2). The catalytic tendency was similar to that for dehydro-
genation of AB; FeNi/CeO, and FeNi/Al,O; exhibited the high-
est activity, whereas FeNi/ZrO,, FeNi/SiO,, and FeNi/TiO, gave
moderate results. Again, FeNi/MgO showed substantially lower
catalytic activity because of the high resistance of Fe and Ni
ions toward reduction on MgO. In Figure 5, the BET surface
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areas of the supports are also included. There was no signifi-
cant relationship between catalytic activity and BET surface
area, as was the case for AB dehydrogenation.

Me,N—BH,
— | ‘

+ 2H, 2
HzB_NMez ( )

2Me,NHBH;

As mentioned before, the local structure of the FeNi nano-
particles generated in situ on the respective supports may play
a crucial role in attaining high catalytic activity. To elucidate
the structure-activity relationship in the dehydrogenation of
AB, characterization of the active FeNi/CeO, and the less active
FeNi/ZrO, was performed for comparison purposes. In the XRD
pattern, the intensities of diffraction peaks were low for both
samples, presumably as a result of the smaller size of the parti-
cles. The contrast of the FeNi NPs in the TEM image is obscure,
and it is difficult to distinguish FeNi NPs in FeNi/CeO,, because
the CeO, support may prevent the transmission of electrons.
Thus, a scanning transmission electron microscopy (STEM)
image with elemental mapping was obtained. As depicted in
Figure 6, elemental mapping of FeNi/CeO, demonstrated that

Figure 6. FESEM image and elemental mapping of FeNi/CeO,.

both Fe and Ni species were highly dispersed throughout the
image area, indicating the formation of a uniform FeNi alloy
structure on the surface of CeO,. On the ZrO, support, howev-
er, Fe and Ni atoms were partially segregated on the surface
(Figure 7). This means that not only FeNi alloy NPs but also
monometallic Fe or Ni NPs were generated in the case of FeNi/
ZrO,. The difference in the dispersity of Fe and Ni atoms on
each support may be ascribed to the reducibility of each ion.
In the H, TPR measurements of the as-synthesized samples,
FeNi/CeO, displayed a bimodal reduction peak at approximate-
ly 385 and 470°C, which was attributed to the reduction of
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Figure 7. FESEM image and elemental mapping of FeNi/ZrO,.
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Figure 8. H, TPR profiles of a) FeNi/CeO,, b) Fe/Ce0,, c) Ni/CeO,, and
d) FeNi/ZrO,.

Ni** and Fe?", respectively (Figure 8a). In contrast, one broad
reduction profile centered at 510°C, with a shoulder peak at
a lower temperature, was observed in the case of FeNi/ZrO,
(Figure 8d). This result suggests that the CeO, support allows
rapid reduction of Fe and Ni ions rather than ZrO.. It is well ac-
cepted that the kinetics of the reduction of metal ions play
a crucial role in determining the final particle size; rapid reduc-
tion generates more metal nuclei in a shorter period and effi-
ciently suppresses the growth of metal NPs."® Therefore, CeO,
supports may produce smaller FeNi NPs than ZrO,.

X-ray absorption measurements were performed to investi-
gate the local structure and chemical environment of FeNi/
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Figure 9. A) Ni K-edge XANES spectra and B) FT EXAFS spectra of a) Ni foil,
b) NiO, ¢) NiFe,0,, d) FeNi/CeO, reduced with NaBH,, e) FeNi/ZrO, reduced
with NaBH,, and f) FeNi/CeO, reduced with H, at 773 K.

CeO, in comparison with FeNi/ZrO,. In Figure 9A normalized
X-ray absorption near-edge structure (XANES) spectra at the Ni
K-edge of FeNi supported catalysts are shown as well as those
of standard samples including Ni foil, NiO, and NiFe,0,. FeNi/
Ce0,, NiO, and NiFe,O, exhibited a distinct white-line absorp-
tion peak at 8348 eV with higher intensity. More detailed in-
spection revealed that the white-line absorption peak of FeNi/
CeO, was lower than those for NiO and NiFe,0,, indicating
that the Ni atoms of FeNi/CeO, exist in a lower oxidation state
than those of NiO and NiFe,O,. In contrast, FeNi/ZrO, and Ni
foil afforded lower intensified peaks at 8348 eV, suggesting
that the oxidation state of Ni remained Ni°.

In Figure 9B, the Fourier transforms (FT) of Ni K-edge ex-
tended X-ray absorption fine structure (EXAFS) spectra of these
samples are shown. Both FeNi/CeO, and FeNi/ZrO, samples ex-
hibited a main peak at approximately 2.0 A, which could be as-
signed to the contiguous Ni—Ni bond in the metallic form. The
Ni-Ni distance in FeNi/CeO,, however, was found to be slightly
shorter than those of pure Ni metal and FeNi/ZrO,, suggesting
the presence of Fe—Ni heteroatomic bonding in FeNi/CeO,.
FeNi/CeO, also exhibited another peak at 2.85 A in the second
coordination region, which may be mainly attributed to
Ni—O—Ce bonds, because the position of this second peak dif-
fers from those of Ni—O—Ni and Ni—O—Fe observed in NiO and
NiFe,O,, respectively.

In Figure 10A the Fe K-edge XANES spectra of the FeNi cata-
lysts and reference iron compounds are shown. The edge posi-
tion (measured at the half-height of the edge jump) depends
on the electronic charge of the iron ion, and the energy in-
creased in the following order: Fe foil (7115.9 eV) < FeNi/ZrO,
(7119.2 eV) < FeNi/CeO, (7121.9 eV) <FeO (7122.0 eV) < NiFe,0,
(7123.7 V). Thus, the iron elements in the FeNi samples are
a mixture of Fe and Fe*", suggesting that the Fe atoms in
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Figure 10. A) Fe K-edge XANES spectra and B) FT EXAFS spectra of a) Fe foil,
b) FeO, c) NiFe,0,, d) FeNi/CeO, reduced with NaBH,, e) FeNi/ZrO, reduced
with NaBH,, and f) FeNi/CeO, reduced with H, at 773 K.

FeNi/CeO, exist in a more oxidized state than those in FeNi/
ZrO,.

The FT EXAFS spectra of FeNi/CeO, displayed a main peak
corresponding to Fe—O at 1.5 A, accompanied by a slight peak
at approximately 3.0 A. Compared to the Fe—O—Fe bond of
FeO, the position of the second peak was shifted slightly to
a longer interatomic distance, which was partially similar to
that of the Fe—O—Ni bond observed in NiFe,0,. Thus, this peak
may be attributed to contiguous Fe—O—Ni as well as Fe—O—Ce
bonds by strong interaction with the CeO, support (Fig-
ure 10B). The insertion of metals into the surface CeO, lattice
as a result of a strong metal-support interaction has been re-
ported in noble-metal/CeO, systems, which would lead to
a high degree of dispersion of metals with high stability."” For
the structural model of the FeNi/CeO,, the overall results sug-
gest the formation of partially oxidized amorphous FeNi NPs
with a small size, which are stabilized by a strong interaction
with CeO, by Ni—O—Ce and Fe—O—Ce bonding. In contrast,
FeNi/ZrO, exhibited a main peak at approximately 2.0 A, which
was slightly different from the peaks for both the Fe—O and
the Fe—Fe bonds, indicating the presence of structurally disor-
dered FeO and FeNi phases. Upon consideration of the H, TPR
results (Figure 8) as well as the reduction potentials of ions
(E°(Ni**/Ni®) = —0.257 V, E°(Fe*"/Fe®)=—0.44V vs. normal hy-
drogen electrode), the structural model of FeNi/ZrO, allows
the reasonable supposition that most of the Ni atoms are pref-
erentially located in the core region, whereas the Fe atoms are
preferentially located in the shell region. Thus, the Fe atoms
are more oxidized than the Ni atoms because of their exposure
to the surface.

Plotting H, generation rate versus metal concentration, both
on logarithmic scales, gives a straight line with a slope of 1.04.
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Thus an apparent first-order dependence on catalyst concen-
tration was observed. This observation indicates that the hy-
drogen generation rate is controlled by the surface reaction.
Thus the increased active sites on small NPs are expected to
exhibit high catalytic activity in the dehydrogenation of AB. It
has been reported that a possible mechanism for catalytic de-
hydrogenation of AB involves the following three steps: i) for-
mation of an activated complex species between AB and the
metal particle surface, ii) concerted dissociation of the B—N
bond upon attack by a H,O molecule, and iii) hydrolysis of the
resulting BH; intermediate to produce H, along with the for-
mation of a BO, ion."® The superior catalytic activity of FeNi/
CeO, may be attributed to the formation of highly dispersed
FeNi NPs as well as structurally distorted Ni—O—Ce and
Fe—O—Ce bonding. Such amorphous FeNi catalysts provide
a much higher concentration of surface active sites to promote
the formation of an activated complex, which is most likely the
rate-determining step. In homogeneous catalysis using metal
halides, the addition of a Lewis acid such as Co’" ions to the
reaction mixture enhanced H, production activity, which can
be simply explained by cooperative activation of Lewis-basic
AB with the assistance of the electron-deficient Lewis-acidic
Co®" ions.™ Thus, we predict that the neighboring Lewis-
acidic Ce sites (Ni-O—Ce and Fe—O—Ce) also have a positive
effect on the enhancement of catalytic activity.

The effect of a reducing reagent in the preparation of FeNi
NPs on the catalytic activity was also evidenced by the XAFS
analysis. The Ni K-edge XANES and FT EXAFS spectra of FeNi/
CeO, prepared by reduction with molecular hydrogen at 773 K
are similar to those of Ni foil but differ from those of NiO and
NiFe,O, (Figure 9). Fe K-edge XAFS spectra also confirm the
formation of Fe—Ni bonds in the metallic form (Figure 10).
Such an observation in H,-treated FeNi/CeO, is consistent with
the results of NaBH,-treated FeNi/ZrO,, as described earlier,
verifying the crystalline nature of the particles. Thus, we con-
clude that the amorphous character is essential to attain high
activity of FeNi NPs in the dehydrogenation of AB, because of
the exposure of active Ni-O—Ce and Fe—O—Ce sites for the cat-
alytic reaction compared to its crystalline counterparts. Similar
phenomena have been reported for Fe NP-catalyzed dehydro-
genation of AB, in which in situ synthesized amorphous Fe NPs
composed of zero-valent Fe showed unexpectedly higher ac-
tivity in the hydrogenation of AB than as-synthesized a-Fe
crystallites.®

Conclusions

The synthesis and characterization of FeNi/CeO, and an evalua-
tion of its catalytic activity in the catalytic dehydrogenation of
ammonia-borane (NH;-BH,) are presented. The impregnated
iron(ll) and nickel(ll) ions on CeO, were reduced with NaBH,
prior to catalytic dehydrogenation of ammonia—borane. CeO,
was proven to be an appropriate catalyst support to optimize
catalytic activity. Characterization by several physicochemical
methods revealed that the highly dispersed FeNi NPs were sta-
bilized on the surface of CeO, by strong interactions. In con-
trast, FeNi/ZrO,, which exhibited inferior activity to FeNi/CeO,,
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showed partially segregated Fe and Ni atoms on its surface. An
investigation using a series of FeNi/CeO, combinations with
different Fe/Ni ratios resulted in a volcano-shaped relationship.
The catalytic system described here is a powerful candidate for
a H, generation protocol, thanks to the following advantages:
() no requirement of noble metals, (i) simple work-up proce-
dures by application of an external magnet and the durability
of catalyst lifetime, (iii) superior catalytic activity to colloidal
FeNi or FeNi/SBA-15, and iv) applicability to dehydrogenation
from dimethylamine-borane ((CH;),NHBH,).

Experimental Section
Materials

CeO, (JRC-CEO-1) was supplied from the Japan Catalysis Society.
FeSO,-7H,0, NiCl,-6H,0, and ZrO, were purchased from Nacalai
Tesque. Ammonia borane (NH;-BH;, AB) and dimethylamine-
borane ((CH,),NHBH;; DMAB) were obtained from Aldrich Chemical
Co. All commercially available compounds were used as received.
The ordinary distilled water was used as reaction solvent.

Preparation of catalyst

CeO, (0.5 g) was mixed with a 100 mL volume of aqueous solution
containing FeSO,:7H,0 (0.05g, 0.18 mmol), NiCl,-6H,0 (0.043 g,
0.18 mmol) and stirred at room temperature for 1 h. The suspen-
sion was evaporated under vacuum, and the obtained powder was
dried overnight, giving FeNi/CeO,. In this way, the FeNi/CeO, sam-
ples with different Fe/Ni ratios (Fe:Ni=1:0, 2:1, 1:1, 1:2, 1:3, and
0:1) were prepared. FeNi/TiO, FeNi/ZrO,, FeNi/Al,O;, FeNi/SiO,,
FeNi/SBA-15, and FeNi/MgO were also synthesized according to
this procedure.

Catalytic study using in situ synthesized FeNi alloy catalyst

In a typical experiment, the FeNi/CeO, catalyst (0.02 g) was placed
into a Schlenk-type reaction vessel (30 mL) connected with gas bu-
rette. After the purging with Ar for three times, a 10 mL volume of
aqueous solution of NaBH, (0.015 mmol) was added and gently
stirred for 1 h. The evolution of gas was monitored by using a gas
burette. After the reduction was completed, a 1 mL volume of
aqueous solution of AB (1.92 mmol) was further added into the re-
action vessel and reacted at 303 K to study the catalytic activity of
the as-synthesized catalyst. The reaction was started when the AB
solution was added to the reaction vessel.

Characterization

Powder X-ray diffraction patterns were recorded by using a Rigaku
Ultima IV diffractometer with Cu,, radiation (A =1.5406 A). BET sur-
face area measurements were performed by using a BEL-SORP
max (Bel Japan, Inc.) instrument at 77 K. The sample was degassed
in vacuum at 353 K for 24 h prior to data collection. Inductively
coupled plasma optical emission spectrometry measurements were
performed using a Nippon Jarrell-Ash ICAP-575 Mark Il instrument.
SEM-EDX measurement was performed by HITACHI SU8220 FESEM
equipped with XFLASH5060FQ detector. Fe K-edge and Ni K-edge
XAFS spectra were recorded at RT in fluorescence mode at the BL-
9A facility at the Photon Factory in the National Laboratory for
High-Energy Physics, Tsukuba (2012G126). A Si(111) double crystal
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was used to monochromatize the X-rays from the 2.5 GeV electron
storage ring. In a typical experiment, the sample was loaded into
the in situ cell with plastic windows. The EXAFS data were exam-
ined by using an EXAFS analysis program, Rigaku EXAFS. Fourier
transformation of k*-weighted normalized EXAFS data was per-
formed over the 3.0 A<k/A"'<12 A range to obtain the radial
structure function.
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