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Supported nickel–iron nanocomposites as a
bifunctional catalyst towards hydrogen generation
from N2H4·H2O†
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Hydrogen represents an important alternative energy feedstock for both environmental and economic

reasons. Development of highly selective, efficient and economical catalysts towards H2 generation from

hydrogen storage materials (e.g., hydrous hydrazine, N2H4·H2O) has been one of the most active research

areas. In this work, a bifunctional NiFe-alloy/MgO catalyst containing both an active center and a solid

base center was obtained via a calcination–reduction process of NiFeMg-layered double hydroxides

(LDHs) precursor, which exhibits 100% conversion of N2H4·H2O and up to 99% selectivity towards H2

generation at room temperature, comparable to the most reported noble metal catalysts (e.g., Rh, Pt). The

XRD, HRTEM and HAADF-STEM results confirm that well-dispersed NiFe alloy nanoparticles (NPs) with

diameters of ∼22 nm were embedded in a thermally stable MgO matrix. The EXAFS verifies the electronic

interaction between nickel and iron elements in NiFe alloy NPs, accounting for the significantly enhanced

low-temperature activity. The CO2-TPD results indicate that the strong basic sites on the surface of the

NiFe-alloy/MgO catalyst contribute to the high H2 selectivity.

1. Introduction

Storing hydrogen safely and efficiently is one of the major
technological barriers in the widespread application of hydro-
gen-fueled cells (e.g., proton exchange membrane fuel cells
(PEMFCs)).1–3 Currently, the hydrous hydrazine (N2H4·H2O)
has been identified as one of the leading candidates as a
hydrogen reservoir owing to its high content of hydrogen
(8.0 wt%) and environmental friendliness (the only by-product
of complete decomposition is nitrogen: H2NNH2 → N2(g) +
2H2(g)).

4–10 The key problem is that the incomplete and un-
desired side reaction (3H2NNH2 → 4NH3(g) + N2(g)) must be
avoided, since the formation of NH3 may seriously poison
the Nafion membrane and the fuel-cell catalysts.8,9 Therefore,
the development of highly selective, efficient and economic
catalysts for fast hydrogen release at low temperature is
urgently important for practical applications.

Aiming at achieving this goal, much effort has been
devoted to synthesis of metal catalysts to accelerate the hydro-
gen generation from N2H4·H2O, among which noble metals
(e.g., Rh, Pt) or their alloy catalysts are found to be rather
efficient under moderate conditions, but their limited
resources and high cost restrict their further employment.4–7

Alternatively, further efforts were directed at developing cost-
effective non-noble metals (e.g., Ni, Fe). Although great pro-
gress has been achieved, these materials are active above
70 °C.9,11 Another problem with these metal catalysts (both
noble and non-noble metals) arises from the inevitable use of
aqueous alkali (e.g., NaOH) as a catalyst promoter, which
depresses the occurrence of a side reaction (formation of
NH3 mentioned above), to obtain high H2 selectivity.4–7,9,11

However, the use of aqueous alkali leads to a great difficulty in
both equipment and operation requirements.12,13 This
inspired us to fabricate a bifunctional catalyst which is com-
posed of a non-noble metal as the active center and a solid
alkali as a catalyst promoter, for the purpose of achieving
excellent catalytic behavior and overcoming the drawbacks of
aqueous alkali simultaneously.

Layered double hydroxides (LDHs) are a class of naturally
occurring and synthetic materials generally expressed by the
formula [M2+

1−xM
3+

x(OH)2](A
n−)x/n·mH2O, in which M2+ and

M3+ cations disperse in an ordered and uniform manner in
brucite-like layers.14 Recently, considerable attention has been
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focused on LDH materials as heterogeneous catalysts, by
virtue of their versatility in chemical composition and struc-
tural architecture.15,16 Especially, a topotactic transformation
of LDH materials into supported metal nanoparticles on amor-
phous oxides will occur upon calcination under reductive con-
ditions.17 Based on the structural merits of LDH materials, we
explored the idea of incorporation of highly active elements
(Ni and Fe) with the solid base species (Mg) into the NiMgFe-
LDH precursor, followed by a topotactic transformation
process to obtain a bifunctional NiFe-alloy/MgO catalyst
towards N2H4·H2O decomposition. The resulting catalysts
would possess the following desirable features: firstly, NiFe-
alloy facilitates a synergistic effect for the improvement of cata-
lytic activity at room temperature; secondly, the presence of a
basic MgO support may inhibit the side reaction and thus
enhance the H2 selectivity.

In this work, a series of bifunctional NiFe-alloy/MgO cata-
lysts with different Ni/Fe ratios and MgO content were fabri-
cated via a facile two-step procedure: the preparation of a
ternary NiFeMg-LDHs precursor followed by a calcination–
reduction process, which serve as efficient catalysts towards
hydrogen generation from N2H4·H2O decomposition. The
XRD, HRTEM and HAADF-STEM results confirm that the well-
dispersed NiFe alloy nanoparticles (NPs) with diameters of
∼22 nm were embedded in a thermally stable MgO matrix. The
resulting catalyst (molar ratio of Ni/Fe = 1.5/1.0) exhibits
largely enhanced catalytic activity and selectivity (yield: >99%;
hydrolysis completion time: <53 min) at room temperature,
which is comparable to the most widely reported noble metal
catalysts (e.g., Rh, Pt).4–7 The Ni–Fe electronic interaction
and the strong basic sites on the surface of NiFe-alloy/MgO
contribute to the significantly enhanced low-temperature
activity and H2 selectivity. This work provides an effective strat-
egy for the fabrication of bifunctional catalysts for N2H4·H2O
decomposition, which can be used as a promising candidate
in hydrogen generation from N2H4·H2O in practical
applications.

2. Experimental section
2.1. Catalyst preparation

Preparation of NixFe1.0Mg2.5-LDHs with various Ni2+/Fe3+

molar ratios. Four Ni2+xFe
3+

1.0Mg2+2.5-LDH precursors with
different Ni/Fe molar ratios (x = 0.4, 1.5, 2.5, 3.7, respectively)
were prepared using the separate nucleation and aging steps
(SNAS) method in a modified colloid mill reactor developed in
our group.18 Solution A was a mixture of Ni(NO3)2·6H2O,
Mg(NO3)2·6H2O and Fe(NO3)3·9H2O ([Ni2+] + [Mg2+] + [Fe3+]) =
1.0 M) with various Ni : Fe : Mg molar ratios (from 0.4/1.0/2.5
to 3.7/1.0/2.5) dissolved in 100 mL of deionized water. Solution
B was obtained by dissolving NaOH and Na2CO3 in the same
volume of deionized water with [NaOH] = 1.6 M and [CO3

2−] =
2[Fe3+]. Solution A and solution B were simultaneously added to
a colloid mill rotating at 3000 rpm and mixed for 2 min. The
resulting slurry was removed from the colloid mill and aged at

100 °C for 48 h. The final precipitate was filtered, washed
thoroughly with deionized water and dried at 60 °C for 24 h.

Preparation of Ni1.5Fe1.0Mgz-LDHs with different Mg
content. Six Ni2+1.5Fe

3+
1.0Mg2+z-LDH precursors with different

Mg content (z = 0.6, 1.4, 2.4, 3.5, 5.0, 10.0, respectively) were
prepared using the separate nucleation and aging steps (SNAS)
method. Solution A was a mixture of Ni(NO3)2·6H2O, Mg(NO3)2·
6H2O and Fe(NO3)3·9H2O ([Ni2+] + [Fe3+]) = 0.5 M) with various
Ni : Fe : Mg molar ratios (from 1.5/1.0/0.6 to 1.5/1.0/10.0) dis-
solved in 100 mL of deionized water. Solution B was obtained
by dissolving NaOH and Na2CO3 in the same volume of deio-
nized water with [NaOH] = 1.6 M and [CO3

2−] = 2[Fe3+]. The
synthetic process is the same as the above method.

Preparation of NixFe1.5-alloy/(MgO)2.5 and Ni1.5Fe1.0-alloy/
(MgO)z supported catalysts. The LDH precursors
(NixFe1.0Mg2.5-LDHs or Ni1.5Fe1.0Mgz-LDHs) were calcined in
air at 500 °C for 5 h with a heating rate of 2 °C min−1 to obtain
the mixed metal oxides (denoted as NixFe1.0Mg2.5-MMO or
Ni1.5Fe1.0Mgz-MMO). After hydrogen reduction at 500 °C for
3 h with a heating rate of 5 °C min−1, the final catalysts were
labeled as NixFe1.0-alloy/(MgO)2.5 and Ni1.5Fe1.0-alloy/(MgO)z.

Preparation of pristine Ni1.5Fe1.0-alloy, Ni/MgO, and Fe/MgO
catalysts. The NiFe-LDHs precursor with a Ni2+/Fe3+ molar
ratio of 1.5 was prepared by the SNAS method and was used as
a reference sample (see details in the ESI†). The reference
samples Ni/MgO and Fe/MgO were synthesized by the impreg-
nation method, in which the metal content of Ni and that of
Fe were controlled to be 35 wt% and 22 wt%, respectively (see
details in the ESI†), in accord with that of the optimal catalyst
(Ni1.5Fe1.0-alloy/(MgO)2.5).

2.2. Hydrous hydrazine decomposition test

The test was carried out in a three-necked round-bottom flask
containing 4 mL of water with ∼40.0 mg of catalyst. The reac-
tion temperature was controlled using a water bath. Under
magnetic stirring, the reaction was initiated by injecting
0.5 mL N2H4·H2O solution (3.2 mol L−1) into the reactor.
Gaseous product passed through a trap containing
0.055 mol L−1 hydrochloric acid to ensure the absorption of
ammonia. The gas volume was monitored using an airtight
gas buret connected to one neck of the reactor. The selectivity
towards hydrogen generation (χ) is evaluated on the basis of
the following equation:

3N2H4 ! 4ð1� χÞNH3 þ 6χH2 þ ð1þ 2χÞN2 ð1Þ
NH3, if there was any, was absorbed by water and HCl pre-

viously. The gas volume measured at the end of the reaction
contained only N2 and H2, from which the molar ratio of
n(N2 + H2)/n(N2H4) (χ) was obtained. Therefore, selectivity (χvol)
towards H2 can be calculated as follows:

χvol ¼ 3λ� 1
8

λ ¼ n N2 þH2ð Þ
n N2H4ð Þ

1
3
� λ � 3

� �� �
ð2Þ

After the reaction, the resulting solution was titrated with a
standard solution of 0.01 mol L−1 NaOH. The quantity of the
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liberated ammonia gas was calculated based on the difference
method via HCl solutions before and after the reaction. The
released gas was analyzed using an online gas chromatograph
(GC) equipped with a TDX-1 column and a thermal conduc-
tivity detector. The peak areas of H2 and N2 were calibrated
with a standard gas mixture (H2–N2 = 2 : 1). For the stability
test, the catalyst was separated by a magnet after each cycle.

2.3. Characterization techniques

Powder XRD measurements were performed on a Rigaku
XRD-6000 diffractometer, using Cu Kα radiation (λ =
0.15418 nm) at 40 kV, 40 mA, with a scanning rate of 5° min−1,
and a 2θ angle ranging from 3° to 90°. Temperature-
programmed reduction (TPR) measurements were carried out
using a Micromeritics AutoChem II 2920 automated catalyst
characterization system. Typically, ∼100 mg of the sample was
loaded into a U-shaped quartz reactor and pretreated with air
at 200 °C for 1 h to remove adsorbed water; after cooling to
room temperature, the flowing gas was switched to 10 vol%
H2/Ar, and the catalyst was heated to 900 °C at a ramping rate
of 10 °C min−1. The morphology of the sample was investi-
gated using a scanning electron microscope (SEM; Zeiss Supra
55) with an accelerating voltage of 20 kV, combined
with energy dispersive X-ray spectroscopy (EDX) for the
determination of metal composition. Transmission electron
microscopy (TEM) was performed using a Hitachi H-800 trans-
mission electron microscopy operated at 100 kV. High-angle
annular dark-field scanning TEM-energy-dispersive X-ray spec-
troscopy (HAADF-STEM) images were recorded on a
JEOL2010F instrument using an electron probe (diameter
0.5 nm) at a diffraction camera length of 10 cm. Temperature-
programmed desorption (TPD) measurements were carried out
on a Micromeritics AutoChem II 2920 automated catalyst
characterization system. The sample (100 mg) for the H2-TPD
test was first reduced in situ at 500 °C for 3 h in 10 vol% H2/Ar,
followed by flushing with Ar for 1 h at 510 °C to remove the
extra hydrogen adsorbed on the surface. Afterwards, as the
temperature decreased to 40 °C, pure H2 was injected until sat-
uration. After flushing with Ar until the baseline was stable,
the TPD process was carried out up to 900 °C at a rate of 10 °C
min−1. The reduction degree of NixFe1.0-alloy/(MgO)2.5 and
Ni1.5Fe1.0-alloy/(MgO)z samples was determined by O2 con-
sumption from temperature-programmed oxidation (TPO), and
then the exposed surface area of NiFe alloy was calculated

from the volume of chemisorbed H2.
19 TPO was performed in

the fixed-bed flow reactor. The sample (100 mg) was first
reduced in situ at 500 °C for 3 h in 10 vol% H2/Ar, and then
the TPO profile was recorded from room temperature to 500 °C
with a flow of 1.0 vol% O2/He (heating rate: 5 °C min−1; flow
rate: 30 mL min−1). The consumption of O2 was continuously
monitored using a thermal conductivity detector (TCD). X-ray
absorption spectroscopy (XAS) measurements of Ni and Fe
were carried out at the beam line 1W1B of the Beijing Synchro-
tron Radiation Facility (BSRF), Institute of High Energy Physics
(IHEP), Chinese Academy of Sciences (CAS). The samples were
first reduced at 500 °C for 3 h in H2 and maintained in an
inert atmosphere to prevent oxidation. Measurements of both
extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge structure (XANES) were performed with
the catalyst samples. The IFFEFIT 1.2.11 data analysis package
(Athena, Artemis, Atoms, and FEFF6) was used for the data
analysis and fitting. Inductively coupled plasma–atomic emis-
sion spectroscopy (ICP-AES) was used to determine the exact
content of Ni and Fe in the catalysts (Table 1 and Table S1†).
Surface elemental analysis was performed by the X-ray photo-
electron spectroscopy (XPS) technique as shown in Table S2.†

3. Results and discussion
3.1. Structural and morphological study of the catalysts

The NixFeyMgz-LDHs precursors were successfully prepared by
the separate nucleation and aging steps (SNAS) method develo-
ped by our group.18 Fig. 1A shows XRD patterns of the
NixFe1.0Mg2.5-LDHs with various Ni/Fe ratios, all of which can
be indexed as a rhombohedral structure with the typical (003),
(006) reflections at 2θ of 11°, 23° for LDH materials, respecti-
vely.14 No other crystalline phase was detected, indicating the
high purity of these LDH materials. After calcination at 500 °C,
the NixFe1.0Mg2.5-LDHs precursors transformed into mixed
metal oxides NixFe1.0Mg2.5-MMO, as shown in Fig. S1.† The
diffraction reflections at 2θ of 36.9°, 42.9°, 62.3° and 78.6°
indicate the formation of a cubic MgO-like phase (JCPDS card
no. 4-829). The XRD patterns of supported alloy samples
NixFe1.0-alloy/(MgO)2.5 as well as the monometallic Ni/MgO
and Fe/MgO samples obtained via a reduction process of the
MMO samples are shown in Fig. 1B, from which a cubic MgO-
like phase was detected for all these samples. For the mono-
metallic Ni/MgO and Fe/MgO samples, the Ni(111) and Fe(110)

Table 1 Structural property of the NixFe1.0-alloy/(MgO)2.5 samples

Catalysts Ni/Fe/MgO ratioa

Metal contenta (wt%)

Diameterb (nm) Lattice constantc (Å)Ni Fe

Ni0.4Fe1.0/(MgO)2.5 0.39 : 0.98 : 2.47 16.9 40.0 17 3.5631
Ni1.5Fe1.0/(MgO)2.5 1.52 : 0.96 : 2.49 35.4 22.4 22 3.5499
Ni2.5Fe1.0/(MgO)2.5 2.53 : 0.95 : 2.51 42.1 16.0 33 3.5655
Ni3.7Fe1.0/(MgO)2.5 3.68 : 1.03 : 2.50 46.5 11.9 38 3.5699

aDetermined by ICP-AES. bDetermined by TEM. c Estimated from the XRD patterns assuming a cubic symmetry for the crystal structure.
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reflections were observed at 2θ of 44.51° and 44.65°, respecti-
vely, while the bimetallic NixFe1.0-alloy/(MgO)2.5 samples
exhibit a single reflection in this region, which moves gradu-
ally from 2θ of 44.18° to 43.8° with the increase of Fe content.
The lattice constants (a) of NiFe alloys were estimated from the
position of the (111) reflections assuming a cubic symmetry
for the crystal structure (Table 1), which is larger than that of
fcc Ni (Ni/MgO). Such an observation implies that the Fe atom
is incorporated into the face-centered cubic Ni lattice, which
leads to the enlargement of the interplanar spacing as the
radius of Fe (1.26 Å) is larger than that of Ni (1.24 Å). There-
fore, the XRD results give clear evidence for the formation of
NiFe solid solution alloys with fcc structure.20,21 A similar
phenomenon was also found from the Ni1.5Fe1.0Mgz-LDHs
with various Mg content (Fig. S2†). In addition, the diffraction
reflection of the MgO phase shifts from ∼43.3 to 42.7°
(Fig. 1B), which is probably related to the fact that some un-
reduced Ni and Fe were incorporated into the lattice of MgO to
form the Mg(Ni, Fe)O phase. A similar observation was also
reported in previous studies.22–24 The XPS measurements of
NixFe1.0-alloy/(MgO)2.5 samples with MgO as a reference
sample were performed (Fig. S3†), in which the Mg 1s peak
of NixFe1.0-alloy/(MgO)2.5 samples shifts to low energy
(1302.6–1303.1 eV) compared with the pristine MgO (∼1303.3

eV).25,26 This further indicates the incorporation of Ni and Fe
into the MgO lattice, in accord with the results of XRD.

The morphology of the NixFe1.0Mg2.5-LDHs precursors was
observed using the SEM images (Fig. S4†), from which all
these LDH precursors display a typical nanoplatelet mor-
phology with diameters of 20–150 nm, indicating that they are
well crystallized. Calcination of the LDH samples leads to their
transformation into MMO, which maintains the original mor-
phology of LDHs precursors (Fig. S5†). Fig. 2 shows the TEM
images of the final NixFe1.0-alloy/(MgO)2.5 samples obtained by
reduction of MMO samples in hydrogen at 500 °C, whose par-
ticle size decreases from ∼36 to ∼17 nm as the Fe content
increases. Meanwhile, the exposed surface area of NiFe alloy
particles increases from ∼62 to ∼78 m2 g−1 with the enhance-
ment of Fe content (Table S3†). For the sample of Ni1.5Fe1.0-
alloy/(MgO)2.5, highly-dispersed nanoparticles with diameters
of ∼22 nm are distributed uniformly in the MgO matrix
(Fig. 3A), and the fringes with a lattice spacing of 0.205 nm
can be indexed to the (111) plane of the fcc NiFe alloy
(Fig. 3B). Elemental mapping analysis based on HAADF-STE-
M-EDS (Fig. 3D) displays a uniform and homogeneous distri-
bution of Fe, Ni, Mg and O, respectively. The presence and
distribution of the element Ni and Fe within one individual
alloy particle were further verified by means of the STEM-EDS
line scan spectrum. As shown in Fig. 3F, both the Ni and Fe
lines show a similar Gaussian distribution along each individ-
ual alloy particle, indicating their homogeneous distribution.
The HAADF-STEM-EDS verifies the formation of NiFe alloy
structure, which agrees well with the XRD observations.

3.2. The evaluation of catalytic performance

The catalytic performance of the NixFe1.0-alloy/(MgO)2.5
samples for H2 generation from N2H4·H2O decomposition was
studied. Fig. 4 shows the N2H4·H2O decomposition plots over
NixFe1.0-alloy/(MgO)2.5 catalysts with various Ni/Fe molar ratios
at 26 °C, in comparison with the Ni/MgO and Fe/MgO
samples. It is found that the Fe/MgO sample is nearly inert for

Fig. 1 (A) XRD patterns of NixFe1.0Mg2.5-LDH precursors: (a) x = 3.7, (b)
x = 2.5, (c) x = 1.5, (d) x = 0.4; (B) XRD patterns of (a) Ni/MgO, (f )
Fe/MgO and NixFe1.0-alloy/(MgO)2.5 samples, (b) x = 3.7, (c) x = 2.5, (d)
x = 1.5, (e) x = 0.4. Crystalline phase: (●) MgO, Mg(Ni, Fe)O, (▼) NiFe
alloy, (◆) Fe, ( ) Ni.

Fig. 2 TEM images of the NixFe1.0-alloy/(MgO)2.5 samples: (A) x = 3.7,
(B) x = 2.5, (C) x = 1.5, (D) x = 0.4.
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the decomposition of hydrous hydrazine, while the Ni/MgO
shows somewhat catalytic behavior, i.e., 83% hydrogen selec-
tivity in 81 min. Surprisingly, a steady improvement in both
activity and selectivity was observed with the increase of Fe
content from Ni/Fe = 3.7 : 1.0 to Ni/Fe = 1.5 : 1.0. However, a
further increase in Fe content (Ni/Fe = 0.4 : 1.0) leads to a
decrease of catalytic activity (Fig. 4B). The optimal catalytic
performance was obtained for the Ni1.5Fe1.0-alloy/(MgO)2.5
catalyst, which exhibits 94% H2 selectivity [n(N2 + H2)/nN2H4 =
2.84] and high activity (58 min, room temperature). The cata-
lytic behavior of NixFe1.0-alloy/(MgO)2.5 catalysts with various
Ni/Fe ratios for the decomposition of hydrous hydrazine
suggests significant dependence of hydrogen selectivity on the
catalyst composition. Compared with single metal counter-
parts (Ni/MgO, Fe/MgO), the largely improved catalytic activity
of the NiFe alloy catalysts indicates a synergistic effect between
the binary components.

It has been reported that the addition of NaOH significantly
enhances the H2 selectivity, in which the alkaline additive inhi-
bits the formation of NH3 (side reaction).4–7 However, the use
of NaOH will cause serious problems, such as handling, separ-
ation, and recyclability.12,13 In this work, the MgO serves the
role of both a matrix and a solid alkali, and the basicity of
Ni1.5Fe1.0-alloy/(MgO)z can be readily tuned by varying the Mg
concentration in LDHs precursors in order to obtain optimal
H2 selectivity. As shown in Fig. 5A, the Ni1.5Fe1.0-alloy sample
without MgO exhibits a rather low H2 selectivity (34%) and a
long reaction time (140 min) at 26 °C. As expected, the
Ni1.5Fe1.0-alloy/(MgO)z catalysts exhibit an increase in
H2 selectivity from 34% to 99% with the increased content of
Mg from Ni1.5Fe1.0-alloy/(MgO)0 to Ni1.5Fe1.0-alloy/(MgO)3.5
(Fig. 5A). However, the H2 selectivity decreased to 87% with
further enhancement of Mg (Ni1.5Fe1.0-alloy/(MgO)10.0). The
maximum H2 selectivity (99%) is present in the sample of
Ni1.5Fe1.0-alloy/(MgO)3.5, which indicates that the catalytic per-
formance of Ni1.5Fe1.0-alloy/(MgO)z depends strongly on an appro-
priate basicity of catalysts. It was found that the exposed surface
area of NiFe alloy particles decreases from ∼82 to ∼56 m2 g−1

along with the increase of MgO from Ni1.5Fe1.0-alloy/(MgO)0.6 to
Ni1.5Fe1.0-alloy/(MgO)10.0 (Table S3†), but no obvious correlation
between catalytic performance and surface area can be observed.
This further confirms that the basicity of MgO imposes a more
significant influence on the catalytic behavior.

To further investigate the catalyst stability, we performed
eight runs of decomposition tests over the same Ni1.5Fe1.0-alloy/
(MgO)3.5 catalyst at 26 °C (Fig. 5B). After each cycle, the catalyst
was separated by a magnet and reused. No significant decrease
in H2 selectivity was observed; the complete decomposition of
hydrous hydrazine still occurred within 65 min after eight cycles
with the H2 selectivity above 93%, although the reaction rate
decreased slightly. In addition, ICP analysis after each cycle
demonstrates that neither Ni nor Fe was detected in the super-
natant, indicating no leaching of active components during the
reaction. In order to explore the reason for catalyst deactivation,
HRTEM and XRD were applied to investigate the Ni1.5Fe1.0-alloy/
(MgO)3.5 catalyst after eight cycles. The XRD pattern (Fig. S6A†)

Fig. 3 Structural characterizations of the Ni1.5Fe1.0-alloy/(MgO)2.5
sample: (A, B) TEM and HRTEM; (C, D) high-magnification STEM image
with the EDS mapping (the scale bar is 20 nm); (E) high-magnification
STEM image; (F) EDS line spectra of (a) Fe–K and (b) Ni–K, respectively,
along the red line in E.

Fig. 4 (A) Time profiles for the hydrous hydrazine decomposition tests
at 26 °C over the NixFe1.0-alloy/(MgO)2.5 catalysts with various Ni/Fe
ratios; (B) H2 selectivity versus Ni/Fe ratio for NixFe1.0-alloy/(MgO)2.5
catalysts.
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shows no obvious structural change, while the HRTEM image
(Fig. S6B†) displays an enhancement in the particle size of NiFe
alloy nanoparticles from 22.0 to 24.5 nm. The increased particle
size of active species might be responsible for the catalyst de-
activation, which has also been reported previously for sup-
ported metal catalysts.27,28

3.3. Discussion on the Ni–Fe synergistic effect

The above results clearly show that the synergistic effect
between nickel and iron plays an important role in determin-
ing their catalytic performance in the decomposition of
hydrous hydrazine. To further substantiate the synergistic
effect of Ni–Fe, H2-TPR measurements were performed for the
MMO samples: NixFe1.0Mg3.5-MMO, with NiO/MgO and Fe2O3/
MgO as reference samples. As shown in Fig. 6, the reduction
profile for the Fe2O3/MgO sample displays a broad hydrogen
consumption peak in the temperature range 312–506 °C (curve f),
which is attributed to the reduction of α-Fe2O3 to α-Fe3O4, prob-
ably subsequent to FeO, and then it is totally reduced to metallic
α-Fe above 688 °C.29 In contrast to the Fe2O3/MgO sample, the
TPR profiles of the NixFe1.0Mg3.5-MMO samples (curves b–e) do
not show any consumption above 600 °C (indication of pristine
Fe). This implies that the reduction of iron oxide and nickel oxide

is essentially simultaneous, and NiFe alloy is formed.21,30 For
the NiO/MgO sample (curve a), the hydrogen consumption
peak centered at 396 °C is ascribed to the reduction of NiO
to metal Ni;31 however, the H2 consumption peak of
NixFe1.0Mg3.5-MMO samples in this region shifts gradually to
higher temperature (from 455 °C to 510 °C) along with an
increase of Fe content (from Ni/Fe = 3.7/1.0 to Ni/Fe = 0.4/1.0).
Therefore, the results of H2-TPR clearly show that some inter-
action between Ni and Fe species occurs, which depends on
the Ni/Fe ratio in the NixFe1.0Mg3.5-MMO samples.21,31,32

To understand the electronic state of the alloy catalysts,
XANES of Ni K-edge and Fe K-edge was performed for the
Ni1.5Fe1.0-alloy/(MgO)3.5 and Ni2.5Fe1.0-alloy/(MgO)3.5 catalysts,
in comparison with Ni and Fe foils as reference samples. As
shown in Fig. 7A, the intensity of the Ni K pre-edge peak (at
∼8335 eV) for NiFe-alloy catalysts decreases while the white
line (at ∼8350 eV) intensity increases relative to the Ni foil,
demonstrating the strong hybridization between Ni and
Fe.33,34 In addition, it should be noted that the absorption
edge of NiFe-alloy catalysts moves toward a slightly higher
energy region compared with the Ni foil (Fig. 7A), while toward
a slightly lower energy region relative to the Fe foil (Fig. 7B).
This indicates the electron transfer from Ni to Fe, resulting in
electron-enriched Fe in the NixFe1.0-alloy/(MgO)3.5 catalysts
and the changes in extended-edge spectra.35–37 Fig. 7C and 7D
show the Fourier transform of Ni K-edge and Fe K-edge EXAFS
oscillations for the corresponding samples. Obviously, the first
nearest-neighbor distance for the NiFe-alloy catalysts is shorter
than the Ni–Ni bond, implying the existence of a Ni–Fe
bond.20 Curve-fitting results of the two alloy catalysts are listed
in Table 3. The coordination number (CN) of the Ni–Fe bond
in Ni1.5Fe1.0-alloy/(MgO)3.5 and Ni2.5Fe1.0-alloy/(MgO)3.5 is 3.7
and 2.7, respectively, which was smaller than that of the Ni–Ni
bond (6.8 and 7.2), indicating that Fe atoms are prone to be on
the surface of the alloy particles. A similar behavior was also
observed in previous reports.20,38 Based on the above results,

Fig. 5 (A) Time profiles for the hydrous hydrazine decomposition tests
at 26 °C over the Ni1.5Fe1.0-alloy/(MgO)z catalysts with various MgO
content; (B) the recycling tests of the Ni1.5Fe1.0-alloy/(MgO)3.5 catalyst at
26 °C: (a) the first time; (b) the second time; (c) the fifth time; and (d) the
eighth time.

Fig. 6 TPR profiles of: (a) NiO/MgO, (b) Ni3.7Fe1.0Mg3.5-MMO, (c)
Ni2.5Fe1.0Mg3.5-MMO, (d) Ni1.5Fe1.0Mg3.5-MMO, (e) Ni0.4Fe1.0Mg3.5-MMO,
(f ) Fe2O3/MgO.
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the improved catalytic activity and H2 selectivity of NixFe1.0-
alloy/(MgO)3.5 catalysts in comparison with Ni/MgO and Fe/
MgO can be attributed to the strong electronic interactions
between Ni and Fe. In this work, the electron-enriched Fe in
the NixFe1.0-alloy/(MgO)3.5 catalysts contributes to the catalytic
hydrolysis of N2H4·H2O, by providing excess electrons required
for hydrogen atoms to detach from the catalyst surface.9,28,39

This Ni–Fe synergistic effect may decrease the barrier for N–H
dissociation, establishing an easier way to produce hydrogen
instead of ammonia, because further N–N bond cleavage
needs more energy than the dissociation of N2H4·H2O to form
H2 and N2.

28,39

H2-TPD studies were performed to investigate the H2 de-
sorption behavior from the NixFe1.0-alloy/(MgO)3.5 catalysts to
obtain further insights into the structure–function corre-
lations. As shown in Fig. 8, the H2-TPD profile for the mono-
metallic Ni/MgO sample (curve a) displays a desorption peak
centered at 210 °C, which is attributed to the H2 desorption
from Ni particles.40 For NixFe1.0-alloy/(MgO)3.5 catalysts (curves
b–e), it is worth noting that the temperature of H2 desorption
decreases gradually upon increasing the content of Fe, indicat-
ing a weaker metal–H bonding on the NiFe alloy surface com-
pared with the Ni surface.35,41,42 A previous work reported that
hydrogen desorption is one of the rate-determining steps in
hydrazine decomposition and the decrease in activity is due to
the strength of Ni–H bonds.35 Obviously, the synergistic effect
of Ni and Fe facilitates the release of produced hydrogen from
the NiFe alloy catalyst surface, thus improving the reactivity of
hydrous hydrazine decomposition.

3.4. The effect of a MgO support

To better understand the catalyst basicity resulting from the
MgO matrix, CO2-TPD measurements on the supported

Ni1.5Fe1.0-alloy/(MgO)z samples were carried out, in compari-
son with the unsupported Ni1.5Fe1.0-alloy (without MgO) as a
reference sample. As shown in Fig. 9, only one small peak at
125 °C for the Ni1.5Fe1.0-alloy sample is observed (curve a),
which is assigned to a weak Brønsted basic site.43 In contrast,
the CO2-TPD profiles of all the Ni1.5Fe1.0-alloy/(MgO)z samples
(curves b–f ) can be deconvoluted in three desorption peaks.
The peak centered at low temperature (50–210 °C) is generally
attributed to the surface hydroxyl groups (weak Brønsted base
site); the one at moderate temperature (210–450 °C) is corre-
lated to the oxygen in Mg2+ and O2− pairs (moderate Lewis
base site); the one registered at high temperature (450–850 °C)
corresponds to the O2− ion with low coordination derived from
the surface defects of MgO (strong Lewis base site).43 It has
been proved that the strong basic site contributes to the
H2 selectivity by inhibiting the formation of NH3 (side

Fig. 7 XAFS spectra of Ni1.5Fe1.0/(MgO)3.5 and Ni2.5Fe1.0/(MgO)3.5 cata-
lysts, Ni and Fe foils: (A) XANES spectra of Ni K-edge, (B) XANES spectra
of Fe K-edge, (C) Fourier transforms for EXAFS spectra of Ni K-edge, (D)
Fourier transforms for EXAFS spectra of Fe K-edge. All EXAFS spectra are
k3-weighted.

Fig. 8 H2 TPD profiles of: (a) Ni/MgO catalyst, (b) Ni3.7Fe1.0-alloy/
(MgO)3.5 catalyst, (c) Ni2.5Fe1.0-alloy/(MgO)3.5 catalyst, (d) Ni1.5Fe1.0-alloy/
(MgO)3.5 catalyst, (e) Ni0.4Fe1.0-alloy/(MgO)3.5 catalyst.

Fig. 9 CO2 TPD profiles of: (a) Ni1.5Fe1.0-alloy catalyst, (b) Ni1.5Fe1.0-
alloy/(MgO)0.6 catalyst, (c) Ni1.5Fe1.0-alloy/(MgO)1.4 catalyst, (d) Ni1.5Fe1.0-
alloy/(MgO)3.5 catalyst, (e) Ni1.5Fe1.0-alloy/(MgO)5.0 catalyst, (f ) Ni1.5Fe1.0-
alloy/(MgO)10.0 catalyst.
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reaction).8,27 As shown in Fig. 9, no strong basic site on the
surface of the Ni1.5Fe1.0-alloy sample was found, whereas
the contribution of strong basic site is predominant for the
Ni1.5Fe1.0-alloy/(MgO)z samples. In addition, the number of
strong basic sites increases with the increase of Mg concen-
tration, indicating that the basicity of Ni1.5Fe1.0-alloy/(MgO)z
catalysts can be manipulated by changing the Mg concen-
tration in NiFeMg-LDH precursors.44 As shown in Fig. 5A and
Table 2, the Ni1.5Fe1.0-alloy/(MgO)3.5 sample with a moderate
number of strong basic sites exhibits maximum H2 selectivity
(99%). Further enhancement of the Mg concentration leads to
a decrease in H2 selectivity, which might be due to the
decrease in active species content (Ni and Fe) in the supported
catalyst.45 The above results indicate that the Ni1.5Fe1.0-alloy/
(MgO)3.5 catalyst shows the combination of a Ni–Fe synergistic
effect and necessary strong basic sites, accounting for its excel-
lent catalytic behavior towards hydrogen generation from
N2H4·H2O decomposition.

4. Conclusions

In summary, a bifunctional NiFe-alloy/MgO catalyst containing
both the NiFe-alloy active center and the solid base was pre-
pared through calcination–reduction of NiFeMg-LDH precur-
sors, which displays high catalytic performance towards the
decomposition of hydrous hydrazine. The sample of Ni1.5Fe1.0-
alloy/(MgO)3.5 exhibits 100% conversion and 99% H2 selectivity
at room temperature, comparable to the most reported noble
metal catalysts (e.g., Rh–Ni, Pt–Ni). The desirable activity of the
bifunctional Ni1.5Fe1.0-alloy/(MgO)3.5 catalyst is attributed to a

remarkable Ni–Fe synergistic effect as well as the strong basicity
of the MgO support. This work provides a facile method for the
preparation of bifunctional NiFe-alloy catalysts via the approach
of the LDH precursor, which serves as a good candidate in
N2H4·H2O decomposition. It is expected that this strategy can
be extended to the fabrication of other bifunctional multi-metal
alloy catalysts with significantly enhanced behavior.
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