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Introduction

Global energy consumption is expected to increase steadily
in the next few decades. Hydrogen is one of the energy car-
riers that is useful for energy saving and conservation of the
global environment. To meet the US Department of Energy
(DOE) target for on-board applications, hydrogen storage
materials must have a low weight and high gravimetric hy-
drogen storage capacity with a rapid hydrogen release rate.
There have been a large number of reports on hydrogen-
storage materials[1,2] and on on-board reforming of hydrocar-
bons to yield hydrogen.[3] However, big challenges still
remain. Among the potential candidates for effective chemi-
cal hydrogen storage, ammonia borane (AB; NH3BH3) has

a hydrogen content of 19.6 wt %, which exceeds that of gas-
oline, and is accordingly an attractive candidate for chemical
hydrogen-storage applications.[4–6] The development of effi-
cient catalysts to further improve the kinetic properties in
the hydrolytic dehydrogenation of ammonia borane under
moderate conditions is therefore important for the practical
application of this system.[5] We have thus been exploring
low-cost and high-efficiency catalysts and are systematically
investigating nickel-based catalysts that exhibit high efficien-
cy in hydrogen generation.[7]

On the other hand, catalysis by gold nanoparticles (NPs)
has attracted increasing attention because supported gold
catalysts have been found to have a surprisingly high activity
in CO oxidation.[8] The catalytic activity depends not only
on the size of the gold nanoparticles, but also on the nature
of the support and even the preparation methods of the cat-
alysts.[9–11] Compared with those metal oxides with high iso-
electric points (IEPs), for example, TiO2, Fe2O3, and Co3O4,
it is generally accepted that silica is an inert support and
gold NPs are prone to aggregate due to their weak interac-
tions with the surface of SiO2. Many approaches have been
developed for solving this problem, most often confining
gold NPs within mesoporous silica,[12–14] modifying the silica
support,[15] or alloying gold with a second metal.[16] Recently,
different routes have been developed for coating gold NPs
with silica to form well-dispersed silica nanospheres. Howev-
er, as far as we know, all the gold NPs produced so far are
still larger than 10 nm to date.[17,18]
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In this work, to address the problem of gold aggregation
on the surface of silica, we have adopted two strategies that
are executed simultaneously: Coating the gold NPs with
silica and stabilizing them with nickel species. Herein, for
the first time, we report the preparation of core–shell-struc-
tured Au–Ni@SiO2 nanospheres with small Au–Ni particles
(3–4 nm diameter) by a reversed-micelle method and by in
situ reduction in an aqueous NaBH4/NH3BH3 solution. The
nickel-stabilized gold NPs exhibit remarkable resistance to
aggregation and maintain their original sizes even after the
generation of hydrogen. Moreover, the catalyst shows high
activity towards hydrolytic dehydrogenation of ammonia
borane and is recyclable. For comparison, the corresponding
core–shell-structured Ni@SiO2 and Au@SiO2 nanospheres
were also prepared by an analogous method. The nickel-
free gold NPs show a high propensity towards coalescence
and much lower catalytic activity, whereas the monometallic
nickel catalyst exhibits poor durability. To the best of our
knowledge, this is the first report of small Au–Ni NPs as
cores within silica nanospheres prepared by a facile synthe-
sis and of gold and nickel acting synergetically to catalyze
the hydrolytic dehydrogenation of NH3BH3 with high activi-
ty.

Results and Discussion

Powder X-ray diffraction (XRD) was performed on all the
as-synthesized core–shell-structured nanospheres. The
strong and broad peaks in the range of 2q=15–358 can be
assigned to amorphous SiO2 with no nickel or gold diffrac-
tions being detected in the XRD profiles (Figure 1), proba-
bly due to the nickel and gold loadings being too low or be-
cause the gold or nickel or Au–Ni particles are too small.
The latter is supported by TEM observations for all these
samples (Figure 2 and the Supporting Information). The
TEM images (Figure 2) of the Au–Ni@SiO2 sample reveal
that the core–shell structures consist of well-proportioned
spherical particles of silica of 15–20 nm diameter in which
Au–Ni NPs of around 3–4 nm are embedded in the center of
these SiO2 spheres. It is assumed that the nucleation and

growth of metal–ammine complexes in the reversed-micelle
system are responsible for the formation of the core–shell
structures. Metal supported on SiO2 was obtained when
metal chloride was used in place of the metal–ammine com-
plex as a precursor.[19] To increase the understanding of the
form of nickel and gold, high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
combined with energy-dispersive X-ray (EDX) spectrometry
experiments were carried out. As can be seen from Figure 3
(left), there are many spherical substances with diameters of
around 15 nm containing white spots with diameters of 2–
4 nm. The EDX spectra (Figure 3, right) for points 3–7

Figure 1. Powder XRD profiles for the as-synthesized a) Ni@SiO2,
b) Au@SiO2, and c) Au–Ni@SiO2 nanospheres.

Figure 2. Representative high-magnification (a, b) and low-magnification
(c, d) TEM images of the as-synthesized Au–Ni@SiO2 nanospheres.

Figure 3. HAADF-STEM images (left) and the corresponding EDX spec-
tra (right) for the as-synthesized Au–Ni@SiO2 nanospheres.
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marked on the left-hand side of Figure 3 exhibit the follow-
ing features. 1) The EDX spectra of all the white spots ex-
hibit peaks corresponding to both gold (M and La peaks)
and nickel (Ka and La peaks) elements, although the ratios
of these peaks for each particle are not absolutely uniform.
This shows that gold and nickel coexist in each spot/particle,
but are not separate. 2) Most of the bimetallic NPs are lo-
cated in the center of the SiO2 spheres, whereas a few much
smaller NPs are displaced from the center.

The as-synthesized nanospheres with different metal NPs
in the core show distinct catalytic activities in the hydrolytic
dehydrogenation of ammonia borane. Figure 4 shows the

time course of the hydrogen evolution from an aqueous so-
lution of NH3BH3 in the presence of Ni@SiO2, Au@SiO2,
and Au–Ni@SiO2 catalysts and a small amount of NaBH4.
The reaction rate and the amount of hydrogen evolution
depend significantly on the catalyst. The evolution of 60.5,
55.0, and 64.0 mL of hydrogen was completed in 23, 143,
and 14 min, respectively, in the presence of the Ni@SiO2,
Au@SiO2, and Au–Ni@SiO2 catalysts.

As shown in Figure 5a, in the absence of NaBH4, ammo-
nia borane with the Ni@SiO2 catalyst produced several milli-
liters of hydrogen at the onset of the reaction but produced
only negligible H2 after 1 min, which indicates that NaBH4

is required to activate the catalyst/catalytic reaction. The
effect of NaBH4 on an iron catalyst in the hydrolysis of am-
monia borane has also been reported.[5a] However, it is inter-
esting that hydrogen can be produced from NH3BH3 cata-
lyzed by Au–Ni@SiO2 even in the absence of NaBH4 (Fig-
ure 5b) although the activity is not as high as that in the
presence of NaBH4. These results indicate that the gold
component in the catalyst not only improves the catalytic
activity, but also plays a role in the activation of the catalyst.
In the reaction system reported herein NaBH4 was mixed
with H2O, NH3BH3, and the catalyst. Hydrogen evolves ac-
cording to reactions (1) and (2): About 10 mL of hydrogen
is generated by reaction (1) and about 56 mL of hydrogen is

generated by reaction (2). Hence, the theoretical yield of hy-
drogen is 66 mL. The hydrogen productivity (experimental
amount of H2 produced/calculated H2) from NaBH4 and
NH3BH3 catalyzed by Ni@SiO2, Au@SiO2, and Au–Ni@SiO2

nanospheres is around 91.7, 83.3, and 97.0 % in 23, 143, and
14 min, respectively. It is clear that the Au–Ni@SiO2 nano-
sphere is the most active of the three catalysts. Excluding
experimental errors, the Au–Ni@SiO2 catalyst generates a
nearly stoichiometric amount of hydrogen in the hydrolysis
of ammonia borane. The incomplete dehydrogenation cata-
lyzed by the monometallic nanospheres is possibly a result
of side-reactions that occur in addition to the hydrolysis of
ammonia borane, as characterized by 11B NMR spectroscopy
of the reaction solution catalyzed by Au@SiO2 (see the Sup-
porting Information).[2b, 20]

NaBH4 þ 2H2O! Naþ þ BO2
� þ 4H2 ð1Þ

NH3BH3 þ 2H2O! NH4
þ þ BO2

� þ 3H2 ð2Þ

Clearly less hydrogen is generated by the side-reactions
than by the hydrolysis of ammonia borane from the same
amount of starting ammonia borane. It has been observed
for many catalysts, for example, palladium black,[21a] plati-
num- and nickel-based alloys,[21b] and gold- and copper-
based catalysts,[5c,21c] that less than a stoichiometric amount

Figure 4. Generation of hydrogen by the hydrolysis of ammonia borane
(AB, 0.152 m, 5 mL) in the presence of the as-synthesized Ni@SiO2,
Au@SiO2 and Au–Ni@SiO2 catalysts (Au/AB =0.019, Ni/AB=0.065) at
18 8C in air (inset: enlarged curves for Ni@SiO2 and Au–Ni@SiO2).

Figure 5. Hydrogen generation by hydrolysis of aqueous AB (0.152 m,
5 mL) catalyzed by a) Ni@SiO2 and b) Au–Ni@SiO2 in the presence and
absence of NaBH4.
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of hydrogen is generated from the incomplete hydrolysis of
ammonia borane.

In addition to the higher rate of generation and productiv-
ity of hydrogen, the Au–Ni@SiO2 nanosphere also shows
better durability than the monometallic catalysts. As shown
in Figure 6, the yield of hydrogen decreases significantly for

the Ni@SiO2 catalyst after the first run: The hydrogen pro-
ductivity is reduced to around 50 % in the second cycle and
remains at the same level in the following runs. In contrast,
with Au–Ni@SiO2, after the first cycle, the ability to gener-
ate hydrogen in the first several minutes is lowered slightly,
but the final productivity remains at around 90 % even after
10 runs. These observations further demonstrate the regen-
erating function of the gold component for the catalyst.

The three catalysts were analyzed by powder XRD after
the reaction (Figure 7). The nickel species could not be de-
tected after the catalytic reaction, which indicates that the
nickel NPs in Ni@SiO2 are very small before and after the
reaction, which was also confirmed by TEM observations
(see the Supporting Information). In addition to the diffrac-
tion from the amorphous SiO2 sphere, broad diffractions of
2q�38.28 assigned to AuACHTUNGTRENNUNG(111) were clearly detected in the
Au@SiO2 and Au–Ni@SiO2 nanospheres, which indicates
that the metal particles in the core were reduced to Au0/Ni0

and/or became larger after the catalytic reaction and were
responsible for the XRD lines observed. The {111} diffrac-
tion of gold (2q=38.28) was clearly observable whereas that
of fcc Ni–Au (2q=40.78) was absent from the Au–Ni@SiO2

sample, which reveals that gold and nickel do not coexist as
an alloy. Although the XRD patterns mainly provide infor-
mation on larger particles, EDS and XPS analyses can give
details of both large and small particles of Au–Ni. As dis-
cussed above, the EDS results indicate that gold and nickel
coexist but are not separate in each spot/particle. Mean-
while, the XPS investigations show that Au–Ni is possibly
phase-segregated but not an alloy as the nickel peak is not
shifted to a lower energy than pure Ni0 (852.7 eV; see
below).[22] Moreover, we believe that most of the larger par-
ticles can be attributed to the aggregation of small particles;
their compositions should be similar or the same. Therefore,
all Au–Ni NPs in Au–Ni@SiO2 are probably phase-segregat-
ed with Au–Ni interactions but not an Au–Ni alloy. Further-
more, compared with Au–Ni@SiO2, in addition to the sharp
diffraction at 38.28, the other weaker characteristic peaks lo-
cated at around 44.4, 64.6, and 77.78 for gold species could
also be observed in the Au@SiO2 sample. The results indi-
cate that gold or Au–Ni NPs in Au–Ni@SiO2 are smaller
than gold NPs in Au@SiO2 nanospheres and that the pres-
ence of nickel stabilizes gold NPs in a small size range
during the reaction. TEM performed on the Au@SiO2 and
Au–Ni@SiO2 nanospheres after catalytic reaction further
confirmed the estimation based on powder XRD studies.
Although most of the gold NPs in the Au@SiO2 sample are
in the range of 3–5 nm, quite a few gold NPs escape from
the SiO2 spheres to form very big agglomerations (over
10 nm) after the reaction (see the Supporting Information).
As shown in the TEM images of Au–Ni@SiO2 (Figure 8),
the size of Au–Ni NPs located inside SiO2 spheres remains
constant after hydrogen generation, with very few agglomer-
ations of Au–Ni NPs being found, as shown in Figure 8d,
probably due to the splitting of a few SiO2 spheres during
the violent generation of hydrogen. Clearly there is less and
slighter aggregation of particles in the core of Au–Ni@SiO2

nanospheres than those in Au@SiO2 nanospheres after reac-

Figure 6. Hydrogen productivity vs. reaction time for the generation of
hydrogen from an aqueous ammonia borane solution (0.152 m, 5 mL) cat-
alyzed by the as-synthesized a) Ni@SiO2 and b) Au–Ni@SiO2 nano-
spheres at 18 8C in air after addition of the same amounts of AB.

Figure 7. Powder XRD profiles for a) Ni@SiO2, b) Au@SiO2, and c) Au–
Ni@SiO2 nanospheres after the catalytic reaction.
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tion. Based on the facts described above, we assume that
the broad gold diffractions observed at around 38.28 in Au–
Ni@SiO2 samples are not because of the growth of most
Au–Ni NPs, but due to the appearance of a small quantity
of aggregates of Au–Ni NPs.

X-ray photoelectron spectroscopy (XPS) on Au–Ni@SiO2

nanospheres before and after reaction in combination with
argon-sputtering were also performed to examine the struc-
tures of the Au–Ni NPs and to confirm the presence of gold
and nickel inside the SiO2 nanospheres (see the Supporting
Information). The peak intensities of gold 4f and nickel 2p
increase gradually with prolonged sputtering time. More-
over, the peaks from both gold and nickel become slightly
stronger after hydrogen generation, possibly due to the few
agglomerations of Au–Ni NPs after the reaction based on
the TEM observations reported above. The silicon 2p and
oxygen 1s bands of the Au–Ni@SiO2 nanosphere before and
after the reaction could be observed during the argon-sput-
tering, but the intensities clearly became weaker and
weaker. Based on these observations, it can be concluded
that the gold and nickel NPs are well coated by the SiO2

nanospheres.

Conclusion

We have successfully prepared nickel, gold, and gold–nickel
NPs with small diameters (3–4 nm for Au–Ni NPs) within
silica nanospheres (around 15 nm) by using a reversed-mi-
celle method. After in situ reduction in aqueous NaBH4/
NH3BH3 solution, nickel NPs in Ni@SiO2 remain small
whereas quite a few gold NPs in Au@SiO2 readily aggregate,
possibly due to their different surface energies. The nickel
stabilizes the gold NPs to give Au–Ni NPs that remain small
and form fewer agglomerations. Compared with monometal-
lic nanospheres, the Au–Ni@SiO2 catalyst exhibits superior
performance in the hydrolytic dehydrogenation of ammonia
borane in the following ways.

1) Au–Ni@SiO2 presents the best activity in the generation
of hydrogen, giving the greatest hydrogen productivity in
the shortest time of all three catalysts, whereas Au@SiO2

shows the lowest activity. The supported gold catalysts
were shown to be less active for the hydrolytic dehydro-
genation of ammonia borane, even the 2 nm gold NPs,[5c]

which is usually regarded as the most active size.[23]

2) The hydrogen productivity of Ni@SiO2 is greatly reduced
after the first run, whereas it remains almost constant
even after over 10 runs with the Au–Ni@SiO2 catalyst.

3) As-synthesized Ni@SiO2 is almost inactive for hydrogen
generation without NaBH4, whereas it has no great influ-
ence on the catalytic activity of Au–Ni@SiO2 either in its
presence or absence.

Based on the results described above, the synergetic effect
between nickel and gold is very clear, not only benefiting
the stability of Au–Ni NPs but also leading to high catalytic
activity and recyclability. These findings are encouraging
and could be extended to other systems or reactions, open-
ing up a new avenue to high-performance catalysts in heter-
ogeneous catalysis.

Experimental Section

Characterizations : The morphologies and sizes of all the samples were
determined by using a transmission electron microscope (TEM, JEOL,
JEM-3000F) equipped with an energy-dispersive X-ray detector (EDX)
at an acceleration voltage of 300 kV. The dried powder samples were di-
rectly dispersed on a holey carbon film supported by a copper grid (Mi-
crogrid Type-A STEM150Cu, Okenshoji, Japan) without solvent and the
whole procedure was carried out in air. Elemental analyses were per-
formed on a Perkin–Elmer 2400 Series II analyzer. Powder X-ray diffrac-
tion (XRD) was performed on a RINT-2000 X-ray diffractometer with a
CuKa source (40 kV, 40 mA). 11B NMR spectra were recorded on a JEOL
JNM-AL400 spectrometer operating at 128.15 MHz. Liquid samples of
the filtrates, in which D2O was included as a lock, were contained in
sample tubes of 5 mm o.d. in which coaxial inserts of BF3· ACHTUNGTRENNUNG(C2H5)2O were
placed as an external reference. The 11B chemical shifts are given in d

units (parts per million) downfield from BF3· ACHTUNGTRENNUNG(C2H5)2O. The nitrogen
sorption isotherms were measured by using an automatic volumetric ad-
sorption equipment (Mircomeritics, ASAP 2010). Before the measure-
ments, the sample were evacuated by using the “outgas” function of the
surface area analyzer at room temperature until the outgas pressure
reached 3 mmHg or below. X-ray photoelectron spectra were acquired
with an ESCA-3400 spectrometer (Shimadzu Corp.) equipped with a
MgKa X-ray exciting source (1253.6 eV) operating at 10 kV and 10 mA.
The binding energies (BE) were referenced to the carbon 1s peak at
285.0 eV. After collecting the initial data, a 2 kV Ar+ sputter beam was
used for depth-profiling of the in situ synthesized samples.

Preparation of bis(ethylenediamine)gold ACHTUNGTRENNUNG(III) trichloride [Au(en)2Cl3]:[24]

A solution of ethylenediamine (1.0 mL) in diethyl ether (5.0 mL) was
slowly added to a solution of HAuCl4·4H2O (1.0 g) dissolved in diethyl
ether (10 mL). The reaction proceeded to form a yellow precipitate,
which was decanted. Then distilled water (2.8 mL) was added to dissolve
the precipitate, which was again recovered as a pale-yellow precipitate by
adding ethyl alcohol (20 mL). This solid was dissolved in distilled water
(2.3 mL) and reprecipitated with ethyl alcohol (15 mL). The resulting
pale solid was filtered and dried under vacuum overnight. Its purity was
confirmed by powder XRD (see the Supporting Information).

Catalyst preparation : The Ni@SiO2, Au@SiO2, and Au–Ni@SiO2 nano-
spheres were prepared in a similar manner by a reversed-micelle tech-

Figure 8. Representative high-magnification (a, b) and low-magnification
(c, d) TEM images of Au–Ni@SiO2 nanospheres after the catalytic reac-
tion. The only agglomeration of Au–Ni NPs is highlighted by dashed
black ellipse.
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nique[19, 25] as follows: Calculated amounts of aqueous solutions of
[Au(en)2Cl3] or/and [Ni ACHTUNGTRENNUNG(NH3)6Cl2] (typically 3.6 mL, the concentrations
of [Au(en)2Cl3] and [Ni ACHTUNGTRENNUNG(NH3)6Cl2] were 80 and 267 mmol L�1, respective-
ly) were rapidly injected into a cyclohexane solution of NP-5 (polyethy-
lene glycol mono-4-nonylphenyl ether; 800 mL). The gold and nickel con-
tents of the products (Au/(Au+Ni+SiO2) and Ni/(Au+Ni+SiO2)) were
theoretically determined from the concentrations of the metal ammine
complexes to be 1.4 wt % in all the samples. After stirring at room tem-
perature for about 15 h, an aqueous ammonia solution (28 wt %, 3.6 mL)
was injected rapidly and after 2 h TEOS (tetraethoxysilane, Si ACHTUNGTRENNUNG(OC2H5)4;
4.16 mL) was added rapidly. The solution was stirred for 2 days. The re-
sulting solution was phase-separated by the addition of methanol, fil-
tered, and washed with cyclohexane and acetone. After drying in a desic-
cator overnight, the solids obtained were used as as-synthesized catalysts.
Elemental analyses found for Au@SiO2: C 5.06, H 2.17, N 1.77; for
Ni@SiO2: C 2.55, H 1.67, N 3.31; for Au–Ni@SiO2: C 3.73, H 1.89, N
4.13.

Procedure for the hydrolysis of ammonia borane : A mixture of sodium
borohydride (NaBH4, 5 mg), ammonia borane (NH3BH3, 26 mg, Sigma–
Aldrich, 90%), and the catalyst (207.5 mg) was placed in a two-necked
round-bottomed flask. One neck was connected to a gas burette and the
other was connected to a pressure-equalization funnel to introduce dis-
tilled water (5 mL). The reaction started when distilled water was intro-
duced into the mixture. The evolution of gas was monitored by using the
gas burette (CAUTION! a certain ratio of air/H2 could be explosive).
For durability experiments, only NH3BH3 was added again. In the
NaBH4-free control experiments, only ammonia borane, catalyst, and dis-
tilled water were introduced. In addition, the molar ratio of Au/NH3BH3

and Ni/NH3BH3 were theoretically fixed at 0.019 and 0.065 for all the
catalytic reactions. All the reactions were carried out at 18 8C in air. Var-
iations in the pH and temperature were monitored during the reactions
in the presence of different catalysts (see the Supporting Information).
The catalysts after reaction were centrifugally separated from the reac-
tion solution and dried in air for characterization.
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