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ABSTRACT

Magnetically recyclable Au/Co/Fe core-shell nanoparticles (NPs) have been successfully synthesized via a
one-step in situ procedure. Transmission electron microscope (TEM), energy dispersive X-ray spectroscopic
(EDS), and electron energy-loss spectroscopic (EELS) measurements revealed that the trimetallic Au/Co/Fe NPs
have a triple-layered core—shell structure composed of a Au core, a Co-rich inter-layer, and a Fe-rich shell. The
Au/Co/Fe core-shell NPs exhibit much higher catalytic activities for hydrolytic dehydrogenation of ammonia

borane (NH;BH;, AB) than the monometallic (Au, Co, Fe) or bimetallic (AuCo, AuFe, CoFe) counterparts.
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1. Introduction

Heterometallic nanoparticles (NPs) have attracted
growing attention in recent years owing to their
unique and novel properties, which are often very
different from those of the monometallic counterparts
[1-16]. The incorporation of magnetic elements in
NPs will expand their applications to biomedical
operations, information storage, and heterogeneous
catalysis [15, 16]. Therefore, studies of the synthesis
and applications of magnetic alloy NPs are of great
interest in terms of seeking synergistic structural and
electronic effects combined with the intrinsic pro-
perties of the magnetic element. There have been a
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considerable number of investigations of core-shell
structured bimetallic magnetic NPs [16-18], whereas
magnetic core-shell NPs with a triple-layered structure
are, to the best of our knowledge, rare [18-20].
Triple-layered trimetallic NPs might have superior
physicochemical (especially catalytic) performances
to their monometallic/bimetallic counterparts because
their electronic structures are more tunable [6, 21].
Toshima and coworkers have fabricated ~3 nm
Au/Pt/Rh trimetallic NPs by simple mixing of bimetallic
Au/Pt NPs and monometallic Rh NPs [18]. Sun and
coworkers have obtained ~6 nm Pd/Au/FePt core—shell
NPs via a multi-step synthetic approach [19]. Yamauchi
and coworkers have reported the one-step synthesis
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of multifunctional Au/Pd/Pt core-shell NPs with an
average particle diameter of 35 nm [20]. Developing a
facile one-step route to construct triple-layered non-
noble metal-containing core-shell NPs with small
particle sizes and with high catalytic activities still
remains a considerable challenge, however.

Currently, a great deal of work has been devoted to
the development of effective hydrogen storage materials
for hydrogen fuel cells and hydrogen energy systems.
Ammonia borane (NH;BH;, AB) has a hydrogen
capacity as high as 19.6 wt.%, which exceeds that of
gasoline, and is accordingly an attractive candidate
for chemical hydrogen-storage [22-36]. Hydrogen can
be generated by thermal decomposition of AB [23-26],
but catalytic hydrolysis provides an alternative route
for hydrogen generation under milder conditions [12,
27-36]. One of the major requirements for practical
application of the catalytic decomposition is to develop
efficient, economical, and easily recyclable catalysts.

Herein, we report a facile one-step seeding-growth
method for preparing magnetically recyclable Au/Co/Fe
triple-layered core—shell NPs around 10 nm in diameter
under ambient conditions. Compared with their mono-
metallic and bimetallic counterparts, the Au/Co/Fe
triple-layered core-shell NPs exhibit remarkably
enhanced catalytic activity for the hydrolytic dehydro-
genation of aqueous AB.

2. Experimental details
21 Chemicals

Ammonia borane (NH;BH;, AB, JSC Aviabor, 97%),
iron (IT) chloride hexahydrate (FeCly;6H,O, Sigma-—
Aldrich Japan, 99.0%), cobalt (1) chloride hexahydrate
(CoCl,'6H,O, Wako Pure Chemical Industries, Ltd.,
>99%), hydrogen tetrachloroaurate (Ill) tetrahydrate
(HAuCl,;4H,0O, Wako Pure Chemical Industries, Ltd.,
>99%), polyvinylpyrrolidone K 30 (PVP, (C;HsNO),,
Mw: av. 40,000, Tokyo Chemical Industry Co., Ltd.),
platinum (IV) dioxide (PtO,'nH,O, Mitsuwa Chemicals
Co., Ltd., Pt >78.8%), and ethanol (CH;CH,OH, Kishida
Chemical Co., Ltd., >99.8%) were used as received.
Deionized H,O with a specific resistance of 17.5 M-Q
cm was obtained by reversed osmosis followed by
ion-exchange and filtration (RFD250NB, Toyo Roshi

Kaisha, Ltd., Japan).
2.2 Physical characterization

Ultraviolet-visible (UV-Vis) absorption spectra were
recorded on a Shimadzu UV-2550 spectrophotometer
in the wavelength range 300-800 nm and corrected
using aqueous PVP (1 wt.%) solution as background
absorption. Transmission electron microscope (TEM,
JEOL JEM-3000F), high-angle annular dark-field
scanning TEM (HAADF-STEM), energy-dispersive
X-ray spectroscopy (EDS), and electron energy-loss
spectroscopy (EELS) were used for the determination
of detailed microstructure and composition. The
TEM (HAADF-STEM, EDS, EELS) samples were
prepared by depositing one or two droplets of the NPs
suspended in the reaction solution onto amorphous
carbon-coated copper grids, which were then dried
in an argon atmosphere. Powder X-ray diffraction
(XRD) was performed on a Rigaku RINT-2000 X-ray
diffractometer with Cu Ka radiation. A glass substrate
holding the powder sample was covered by an
adhesive tape on the surface to prevent the sample
from exposure to air during the measurements. Mass
analysis of the generated gases was performed using
a Balzers Prisma QMS 200 mass spectrometer.

2.3 Synthesis of Au/Co/Fe triple-layered core-shell
NPs

In a typical experiment, 5.0 mg of HAuCl,4H,O
(0.012 mmol), 2.9 mg of CoCl,'6H,O (0.012 mmol), and
48.1 mg of FeCly6H,O (0.176 mmol) were dissolved
along with PVP (100 mg) in 10.0 mL of water (giving
a molar ratio of Au:Co:Fe=6:6:88). The solution of
metal salt precursors was shaken (220 r/min) at room
temperature for 2 min and then 55.0 mg of NH;BH,
was added while shaking. Magnetic stirring was not
employed because of the aggregation of the prepared
magnetic particles caused by the strong magnet.
The synthetic progress was monitored by UV-Vis
spectroscopy. The as-prepared samples were used for
XRD and TEM measurements.

2.4 Synthesis of bimetallic NPs

A similar procedure to that described above for the
preparation of triple-layered NPs was employed. For

Nano Research W EEEEE 49— EE—



Nano Res. 2011, 4(12): 1233-1241

1235

Au/Fe NPs, 5.0 mg of HAuCl,4H,O (0.012 mmol) and
48.1 mg of FeCly6H,O (0.176 mmol) were used. For
the synthesis of Au/Co NPs, 5.0 mg of HAuCl,4H,O
(0.012 mmol) and 2.9 mg of CoCl,"6H,O (0.012 mmol)
were used. For the synthesis of Co/Fe NPs, 2.9 mg of
CoCl,'6H,0 (0.012 mmol) and 48.1 mg of FeCl;6H,O
(0.176 mmol) were used.

2.5 Synthesis of monometallic Au, Co, and Fe NPs

5.0 mg of HAuCl,(0.012 mmol), 2.9 mg of CoCl, (0.012
mmol), and 48.1 mg of FeCl; (0.176 mmol) were used
for the syntheses of Au NPs, Co NPs, and Fe NPs,
respectively. The procedure was similar to those for
the triple-layered NPs and the bimetallic NPs.

2.6 Catalytic hydrolysis of AB

The in situ synthesized mono- and heterometallic
NPs were directly used for catalytic hydrolysis of AB.
Typically, 55.0 mg of AB was fed into a two-necked
round-bottom flask, with one neck connected to a
gas burette, and the other connected to a pressure-
equalizing funnel to introduce the metal salt

precursor(s) in 1 wt.% aqueous PVP solution (10.0 mL).

The reaction started when the starting material in
aqueous PVP solution was added to AB with vigorous
shaking. The evolution of H, which was identified
by mass spectrometry, was monitored using a gas
burette. The reactions were carried out at room
temperature under ambient atmosphere (Eq. (1)).

NH,BH; + 2H,0 —> NH,*+BO, +3H, (1)

2.7 Durability tests of the in situ synthesized
Au/Co/Fe triple-layered core-shell NPs

The prepared Au/Co/Fe triple-layered core—shell NPs
were isolated from the reaction solution by a magnet
when hydrogen generation was complete. A new
catalytic run was started by adding an additional
equivalent amount of aqueous AB solution (55.0 mg
AB in 10.0 mL of water) and the evolution of gas was
monitored as described above.

2.8 Heat treatment of the as-synthesized Au/Co/Fe
triple-layered core—shell NPs

The synthesized Au/Co/Fe triple-layered core—shell

NPs were washed twice by water and once with
ethanol. The sample was dried in a vacuum oven at
room temperature and was then transferred into a
furnace where a continuous He gas flow was introduced
at the rate of 90 mL/min. The furnace temperature
was elevated to 873 K and maintained at this value
for 5 h. XRD patterns of the material before and after
heat treatment were recorded.

3. Results and discussion

The one-step synthetic method for the Au/Co/Fe triple-
layered core-shell NPs involved exposing a mixture
of Au*, Co*, and Fe* precursors to the reducing
agent at the same time. The basic concept is to take
advantage of the difference in the reduction potentials
of the three soluble metal cations (E°e(yre(n) = +0.77 V
vs. the standard hydrogen electrode (SHE); Eope(yyre =
—0.44 V vs. SHE; E°coyyco = —0.28 V vs, SHE; Eayqyau =
+0.93 V vs. SHE), which are a measure of their
tendency to undergo reduction. Alcohols and ascorbic
acid have been used as the reducing agents for the
one-step synthesis of core-shell NPs of three noble
metals [18, 20], but these are not applicable to non-
noble metal-containing trimetallic core—shell NPs. In
this work, AB was employed as the reducing agent,
since the core Au NPs can be formed within a few
seconds and then serve as in situ seeds for the
successive catalytic reduction leading to the growth
of the outer layers. Without Au cores, Fe and Co NPs
cannot be formed because of their lower standard
reduction potentials and the weak reduction capability
of AB (even though Fe® can be reduced to Fe%).
Formation of the Au cores leads to the slow release
of H,, inducing the reduction of Co** and growth of
a Co-rich layer. Finally, the presence of the Au/Co
core—shell NPs results in the rapid generation of H,,
which reduces Fe* to form a Fe-rich outer shell. The
Au/Co/Fe triple-layered core—shell NPs are thus formed
through successive reduction processes. On the basis
of the difference in the reduction potentials of the
three metal ions, a moderate reducing agent such as
AB is essential.

The synthesis process can be monitored by the
evolution of the solution color (Fig. 1). Under typical

experimental conditions, once the aqueous solution
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Figure 1 Color evolution during the formation of Au/Co/Fe
core—shell NPs via a one-step seeding-growth method at room
temperature. (a) Before, and (b) 10 s and (c) 1 min after adding
AB to the aqueous PVP solution containing Au*t, Co*', and Fe**
precursors

of HAuCl,, CoCl,, and FeCl; with a molar ratio of
6:6:88 in the presence of PVP (1 wt.%) as the
stabilizing agent was mixed with the solid AB, the
color of the mixture immediately changed from its
original light-yellow color (Fig. 1(a)) to wine-red
(Fig. 1(b)) in a few seconds, indicating that Au®
cations are preferentially reduced to Au’ NPs prior to
reduction of Co* and Fe®" cations. Then the Au NPs
serve as seeds for successive growth of Co and Fe
shells during the H, generation. Accordingly, the
solution color darkened to black within 1 min (Fig. 1(c)).
Based on this color evolution and their intrinsic
difference in reduction potentials, we can reasonably
assume that the resulting particles have a core—shell
architecture.

This assumption has been confirmed by monitoring
the UV-Vis spectra (Fig. 2). No peaks can be observed
before the addition of AB (Fig. 2(a)), whereas 10 s after
introducing AB a distinct peak appears at 540 nm
(Fig. 2(b)). This peak arises from the surface plasmon
absorption of Au NPs. Then this characteristic peak
broadens quickly and disappears completely in 2 min
(Fig. 2(c)) due to the broad and strong absorption of the
Co and Fe layers in the same spectral region with Au
cores. The consistent evolution of color and UV-Vis
spectra present strong evidence for the formation of a
Au/Co/Fe core-shell architecture.

TEM images of the Au/Co/Fe triple-layered core-shell
NPs with different magnification are shown in Fig. 3.
The NPs are roughly spherical in shape and ~10 nm
in size. The observed contrast in the NP structure
indicates the formation of core, inter-layer, and outer
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Figure 2 UV-Vis spectra during the synthesis of Au/Co/Fe core—
shell NPs at reaction times of (a) 0's, (b) 10's, and (c) 120 s
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Figure 3 TEM images of Au/Co/Fe core—shell NPs with (a) low
and (b) high magnification

shell layers. High resolution TEM images (Fig. 4 and
Fig. S-1 in the Electronic Supplementary Material
(ESM)) indicate that the sample consists of a crystalline
Au core and amorphous Co and Fe outer layers. An
HAADEF-STEM image is shown in Fig. 5(a) and the
corresponding EDS spectra are shown in Fig. 5(b).
The EDS analysis reveals the Au:Co:Fe atomic ratio to
be 6:6:88, which agrees well with the atomic ratio in
the precursors. Only the EDS spectrum at the core
part of the NPs (point 1) shows Au peaks, confirming
that Au atoms exist only in the center of the NPs.
Comparing the EDS spectrum at point 2 with the
spectrum at point 3, there is a clear difference in the
Co/Fe peak area ratio. The HAADF-STEM image and
corresponding elemental maps obtained by EELS
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5 nm

Figure 4 High resolution TEM image of the Au core of the
Au/Co/Fe core—shell NPs
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Figure 5 (a) HAADF-STEM of Au/Co/Fe triple-layered core—
shell NPs. The broken line clearly shows the triple-layered structure.
(b) The corresponding EDS spectra at the points indicated in (a)

measurements on the Au/Co/Fe triple-layered core—
shell NPs also provide clear evidence that the core of
the NPs is Au, whilst the inter-layer is Co-rich and the
outer shell is Fe-rich (Fig. 6).

Powder XRD patterns of Au/Co/Fe NPs before and
after heat treatment at 873 K for 5h in a He
atmosphere are shown in Fig. 7. After heat treatment,
the amorphous Co and Fe outer layers became
crystalline metallic Co and Fe (Fig. 7(b)). The weak
XRD peaks characteristic of Fe,O; might be due to the
exposure of the samples to air during the treatment
or/and measurements. The TEM and HAADF-STEM
results revealed that the most of Au/Co/Fe NPs still
retain the triple-layered core-shell structure after
heat treatment (Figs. S-2 and S-3 in the ESM).

The catalytic properties of Au/Co/Fe core-shell NPs
and those of the monometallic Au, Co, Fe and bimetallic
Co/Fe, Au/Fe, Au/Co counterparts were compared
using the hydrolytic dehydrogenation of AB as a
probe reaction [22-36]. Figure S5-4 (in the ESM) shows
the mass analysis of the gases generated from the
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Figure 6 (a) HAADF-STEM image of Au/Co/Fe triple-layered
core—shell NPs and corresponding elemental maps by EELS for
(b) Co and (c) Fe, and (d) the EELS spectra at the areas indicated
in (a). The bright parts in (a) show Au cores. The yellow parts in
(b) indicate that the inter-layer is Co-rich. The yellow parts in (c)
indicate that the outer shell is Fe-rich
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Figure 7 XRD patterns of Au/Co/Fe triple-layered core—shell
NPs (a) before and (b) after heat treatment at 873 K for S hin a
He atmosphere. The reference XRD patterns of (c) Au (powder
diffraction file (PDF) 65-2870), (d) Co (PDF 15-0806), (¢) Fe
(PDF 06-0696), and (f) Fe,O3 (PDF 39-1346)

hydrolysis of AB (0.17 mol/L, 10.0 mL) catalyzed
by Au/Co/Fe triple-layered core-shell NPs (Au =
0.012 mmol, Co = 0.012 mmol, and Fe = 0.176 mmol)
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under an argon atmosphere at 298 K. It is obvious
that the released gas was pure H,. Gas phase ammonia
(NH;) and related species were not detected in the
mass spectrum. The catalytic activities of monometallic
Au, Co, and Fe catalysts are shown in Fig. 8. Only 70%
of the maximum amount of hydrogen was released
after 300 min with Au NP catalysts (Fig. 8(c)), and
almost no H, release was observed with the Co catalyst
and only 25% of the maximum amount of H, was
released with the Fe catalyst in 200 min (Figs. 8(a)
and 8(b)). These results indicate that the monometallic
Co* and Fe* cations are not readily reduced by AB
to Co and Fe to form active catalysts for AB hydrolytic
dehydrogenation.

The catalytic activities of bimetallic Co/Fe, Au/Fe,
Au/Co and trimetallic Au/Co/Fe NPs are displayed in
Fig. 9. Both Co/Fe and Au/Fe catalysts (Figs. 9(a) and
9(b)) show catalytic activities similar to that of the
monometallic Fe catalyst. The bimetallic Au/Co catalyst
shows much better activity (Fig. 9(c)), indicating the
formation of highly active Au@Co core—shell NPs as
reported previously by us [16]: Au®* was readily
reduced by AB to yield Au NPs which catalyze the
decomposition of AB to generate H> and active -H
species, which further induce the reduction of Co?*
to Co seeds to give Au/Co core-shell NPs, which act
as an active catalyst for the hydrolysis of AB [16]. In
contrast, bimetallic Au/Fe and Co/Fe NPs show low
catalytic activities, similar to that of the monometallic
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Figure 8 Hydrogen generation from aqueous AB solution (0.17
mol/L, 10.0 mL) catalyzed by (a) Co (0.012 mmol), (b) Fe (0.176
mmol), and (¢) Au (0.012 mmol) monometallic NPs at room
temperature
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Figure 9 Hydrogen generation from aqueous AB solution (0.17
mol/L, 10.0 mL) catalyzed by (a) Co/Fe (Co = 0.012 mmol, Fe =
0.176 mmol), (b) Au/Fe (Au = 0.012 mmol, Fe = 0.176 mmol), (c)
Au/Co (Au = 0.012 mmol, Co = 0.012 mmol) bimetallic NPs,
and (d) Au/Co/Fe (Au = 0.012 mmol, Co = 0.012 mmol, and Fe =
0.176 mmol) trimetallic core—shell NPs at room temperature

Fe catalyst, indicating that the presence of single-
component Au or Co is not sufficient to facilitate the
reduction of Fe*.

In contrast to the observation that the presence of
Au alone is not effective in facilitating the reduction
of Fe*"and the formation of an active Fe NP catalyst,
the co-existence of small amounts of both Au and Co
enhanced the reduction of Fe* and formed a highly
active catalyst. As shown in Fig. 9(d), the Au/Co/Fe
NPs exhibited the highest activity of all of the catalysts.
In the presence of Au*, Co*, and Fe* cations, based
on their reduction potentials AB can readily reduce
Au’ to Au and Fe** to Fe*. The resulting Au seeds
catalyze the decomposition of AB to form hydrogen
atoms and molecules which reduce Co* to Co to form
the Co-rich layer around the Au core giving the Au/Co
bimetallic core-shell NPs. Hydrogen atoms and
molecules were rapidly produced due to the high
catalytic activity of Au@Co NPs, which further enables
the reduction of Fe** to Fe and the formation of the
Fe-rich outer shell.

The theoretical molar ratio of hydrolytically
generated hydrogen to AB is 3.0, corresponding to
127 mL H, evolution under our reaction conditions.
The observed results indicate that the hydrolytic
dehydrogenation was complete in the presence of
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Au/Co/Fe trimetallic core-shell NPs (Fig. 9(d)),
while in the presence of monometallic Au, Co, and Fe
NPs and bimetallic Au/Co, Au/Fe, and Co/Fe NPs,
the dehydrogenation was not complete. When a
further equivalent amount of AB was added to the
solution after the reaction in the presence of Au/Co
bimetallic NPs, a further H, release of 98 mL was
observed, however, as shown in Fig. 5-5 (in the ESM).
This volume is almost the same as that in the first run,
indicating that the Au/Co bimetallic NPs retain their
catalytic activity during the reaction. Furthermore,
when highly active PtO, [27] was added to the solution
after reaction no hydrogen release was observed
(Fig. S-6(b) in the ESM), confirming that no unreacted
AB was present. These two observations suggest that
the incomplete dehydrogenation observed in the
presence of the monometallic and bimetallic catalysts
may possibly be a result of side-reactions, such as
the dehydrogenation of AB (Egs. (2) and (3)) [37-39];
these are known to occur in addition to the hydrolysis
of AB (as shown by "B nuclear magnetic resonance
(NMR) spectroscopy of the reaction solution in our
previous report [12]).

NH,BH; —> H,NBH, + H, @)
H,NBH, —> HNBH + H, 3)

Smaller amounts of hydrogen (1 or 2 equiv.) are
generated via these reactions than via hydrolysis of
AB (3 equiv. of hydrogen). It has been observed with
many catalysts, for example, palladium black [27],
platinum- and nickel-based alloys [40], and gold-,
nickel-, and copper-based catalysts [12, 41, 42], that less
than a stoichiometric amount of hydrogen is generated,
arising from the incomplete hydrolysis of AB.

High stability and easy recyclability are key require-
ments for practical catalysts. Magnetic NPs have the
advantage of being easily separated by a magnet.
During the reaction, the black particles were suspended
in the aqueous solution (Fig. 10(a)), while after reaction
the magnetic particles can be effectively congregated
and separated by a magnet (Fig. 10(b)). The efficient
magnetic separation is very useful for recycling of the
catalyst, especially in solution systems.

(@) " (b)

Figure 10 Photographs of the Au/Co/Fe core—shell NPs (a) before
and (b) after magnetic separation

After the hydrogen generation reaction was complete,
durability tests of the Au/Co/Fe NPs were conducted
using magnetic decantation. Figure 11 shows the
profiles of hydrogen generation from aqueous AB
solution (0.17 mol/L, 10.0 mL) vs. reaction time catalyzed
by in situ synthesized Au/Co/Fe NPs at room tem-
perature over several runs with the addition of
additional equivalent amounts of AB. Even after the
5% run, the Au/Co/Fe NPs maintained their initial
catalytic activity. The structures and compositions of
the reused catalyst were essentially the same as those
of the initial material as confirmed by TEM, HAADE-
STEM, and EDS measurements (Figs. S-7-5-9 in the
ESM).
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Figure 11 Hydrogen generation from aqueous AB solution (0.17
mol/L, 10.0 mL) catalyzed by Au/Co/Fe (Au = 0.012 mmol, Co =
0.012 mmol, and Fe = 0.176 mmol) trimetallic core—shell NPs at
room temperature in the (a) 1%, (b) 2%, (¢) 3, (d) 4", and (e) 5"
runs carried out by addition of equivalent amounts of AB
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4. Conclusions

We have developed the first one-step seeding-growth
method for the synthesis of magnetic triple-layered
core-shell Au/Co/Fe NPs at room temperature under
ambient atmosphere. The resulting Au/Co/Fe NPs
exhibit much higher catalytic activity for the hydrolytic
dehydrogenation of ammonia borane than the
corresponding mono- and bi-metallic NPs. This simple
technique can be extended to other multi-metallic
systems, which should be useful as optical, magnetic,
and electrical materials as well as in heterogeneous
catalysis.
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