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Metal nanoparticles (NPs), and in particular Au NPs, dis-
persed on an oxide support often show a much higher
catalytic activity than the single-component NPs.[1–6] Such
catalytic enhancement is attributed to the synergetic effect
that occurs at the interface of metal and oxide sup-
port.[1–3, 5, 7–11] It is believed that the electronic structures of
both the metal and the oxide support are modified by electron
transfer across the interface, giving rise to oxygen vacancies
on the interfacial oxide support that become active sites for
oxygen absorption and activation.[7, 10–12] Recent studies seem
to indicate that small Au clusters in the junction structure are
the real active source for catalysis.[5, 13] These small Au clusters
have more low-coordinate Au atoms than extended Au crystal
surfaces, and have higher energy d states, which are more
reactive and absorb/activate O2 molecules more readily. This
hypothesis is further supported by a very recent microscopy
study on an Au/FeOx catalyst system, in which the origin of
the Au activity on CO oxidation is associated uniquely with
Au bilayer clusters that are circa 0.5 nm in diameter and
contain about 10 Au atoms.[13] Despite these efforts in
understanding the synergetic effect in catalyst/support sys-
tems and the general belief that catalyst/support interface
boundary sites are important for the enhanced catalysis, there
is very limited study on monodisperse catalyst/support with
both catalyst and support in nanometer scale,[14] and there is
no direct evidence that the synergetic effect is present in the
composite catalyst.

Herein we show that the dumbbell-like Au-Fe3O4 NPs
indeed show a synergetic effect in catalyzing H2O2 reduction.
Dumbbell-like Au-Fe3O4 NPs were synthesized, and single-
component Au and Fe3O4 NPs were formed from Au-Fe3O4

NPs by a controlled etching of Au-Fe3O4 NPs, which ensures
that the individual Au and Fe3O4 NPs have the same
structural features as the Au-Fe3O4 NPs. We demonstrate
that the dumbbell-like Au-Fe3O4 NPs are catalytically more
active than either Au or Fe3O4 NPs for H2O2 reduction.

The dumbbell-like Au-Fe3O4 NPs were synthesized by
controlled nucleation of Fe3O4 on Au NPs (see the Exper-
imental Section). The Au seeding NPs were made by the
reduction of HAuCl4·3H2O by tert-butylamine–borane
(TBAB) in 1,2,3,4-tetrahydronaphthalene (tetralin) and
oleylamine.[15] The Au NP sizes were controlled by the
temperature at which TBAB was injected. To synthesize
Au-Fe3O4 NPs, [Fe(CO)5] was injected into a 1-octadecene
solution containing these Au seeds. Iron then nucleated and
grew on the Au NPs. Upon exposure to air, the Fe NPs were
oxidized to Fe3O4 NPs, giving Au-Fe3O4 NPs.[16, 17] Figure 1 a,b

shows transmission electron microscopy (TEM) images of
6 nm Au seeding NPs and 6–17 nm Fe3O4 NPs. 3–17 nm Au-
Fe3O4 NPs and 8–20 nm Au-Fe3O4 NPs (Supporting Informa-
tion, Figure S1a,b) were also prepared so that the size-
dependent catalytic properties of Au-Fe3O4 could be com-
pared.

The single-component Au NP catalyst was obtained by
etching Fe3O4 away from the Au-Fe3O4 NPs on carbon
catalyst in 0.5m H2SO4 (Scheme 1).[17] This reaction takes
advantage of the stability difference between Au and Fe3O4 in
acid solution: Fe3O4 can be dissolved while Au stays intact. To
prevent Au NPs from aggregation after acid etching of Fe3O4,
Au-Fe3O4 NPs were first deposited on the Ketjen carbon

Figure 1. TEM images of the as-synthesized a) 6 nm Au NPs, b) 6–
17 nm Au-Fe3O4 NPs obtained by using (a) as Au seeds, c) the 6 nm
Au NPs on carbon obtained by etching Fe3O4 away from (b), and
d) dented 17 nm Fe3O4 NPs obtained by etching Au away from the Au-
Fe3O4 NPs. Scale bars: 20 nm.

Scheme 1. Selected etching of Au-Fe3O4 NPs for the preparation of the
Au NPs and dented Fe3O4 NPs.
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support. (The same support was also used for H2O2 reduction
studies by ultrasonification of the Au-Fe3O4 NPs and carbon
in hexane for two hours followed by hexane evaporation.)
The TEM image shows that the Au-Fe3O4 NPs are well-
dispersed on the carbon support (Supporting Information,
Figure S2). The dried Au-Fe3O4/C was immersed in 0.5m
H2SO4 for 3 h to obtained Au/C. The single-component
Fe3O4 NP catalyst was obtained by a two-phase etching of Au
from Au-Fe3O4 NPs using KI/I2 solution (Scheme 1).[18] KI is
used to improve the solubility of AuI formed by 2 Au + I2!
2AuI. This two-phase system is useful for facile separation
and re-dispersion of the Fe3O4 NPs after the selective Au
etching. We also attempted to separate Au and Fe3O4 from
Au-Fe3O4 NPs by directly heating the NP dispersion in 1-
octadecene at 180 8C. However, the majority of the dumbbell
structure stayed intact, apart from continued Ostwald ripen-
ing seen as some of the Au NPs grew larger and others
became smaller (Supporting Information, Figure S3). After
three hours of the thermal treatment, most of the Au-Fe3O4

NPs aggregated.
Figure 1c,d shows the TEM images of the 6 nm Au/C after

etching Fe3O4 from the Au-Fe3O4/C, and the 17 nm Fe3O4 NPs
obtained from the Au-Fe3O4 NPs after Au etching. Compared
with the Au-Fe3O4 NPs in Figure 1b, both the Au NPs and the
Fe3O4 NPs show no obvious size change during the etching
processes, except that the Fe3O4 NPs obtained from the Au
etching have dents, which confirm that the Fe3O4 NPs indeed
form the side-by-side junctions with the Au NPs in the
dumbbell-like Au-Fe3O4 structure. Figure 2 shows a series of
X-ray diffraction (XRD) patterns of the Au-Fe3O4 and the Au
and Fe3O4 NPs obtained from the etching of Au-Fe3O4 NPs.
The peaks from the Au and Fe3O4 NPs match well with those
in Au-Fe3O4 NPs: there is no peak shift or peak width change,
thus further indicating that crystal structures of Au and Fe3O4

NPs are also preserved during the etching processes.
The etching experiments offer two single-component NPs

of Au and Fe3O4 that are directly from the Au-Fe3O4. The
synergetic effect can be better illustrated by comparing
catalytic properties of the Au-Fe3O4 NPs with Au NPs and/
or Fe3O4 NPs. In these comparative catalytic studies, we did
not select Au seeding NPs and Fe3O4 NPs prepared from the
reductive decomposition of [Fe(acac)3] or thermal decom-
position of [Fe(CO)5] followed by oxidation,[19–21] as the

structure/morphology of these individual NPs are different
from those in Au-Fe3O4 NPs.

We chose the reduction of H2O2 to H2O in neutral
phosphate-buffered saline (PBS) solution as a model reaction
to demonstrate that the synergetic effect present in the Au-
Fe3O4 structure does offer the enhanced catalysis for the
reduction reaction. Such a reaction catalyzed by NP catalysts
has been explored extensively to develop electrochemical
sensor for H2O2 detection[22–38] and for biomedical applica-
tions.[39, 40] The synthetic tuning of the NP catalyst to its
maximum activity is a key step in optimizing the device to
detect H2O2 at ultralow concentrations.

The as-synthesized Au-Fe3O4 NPs were washed with
ethanol to remove as much oleylamine surfactant as possible,
dried under N2 and re-dispersed in hexane. The NP hexane
dispersion (10 mg NPs/10 mL hexane) was mixed with the
Ketjen carbon (30 mg) and ultrasonicated for 2 hours. The
NP/C composite was washed with hexane to remove the
loosely bound NPs and dried under N2 to give 25 wt% of Au-
Fe3O4 NPs on carbon. The composite catalyst was then
suspended in water at a concentration of 2 mgmL�1 and
sonicated for one hour for electrocatalytic studies.

Catalysis of H2O2 reduction was studied by cyclic voltam-
metry (see the Experimental Section). Figure 3a,b shows the
I–V curves reflecting H2O2 reduction catalyzed by Au-Fe3O4,
Au, and Fe3O4 NPs in 0.1m PBS/4 mm H2O2 solution.
Comparing the I–V curves from Au and Au-Fe3O4 NPs
(Figure 3a), we can see that the Au-Fe3O4 NPs are more
active for H2O2 reduction; they have more positive onset
potential and larger reduction current than the Au NPs. H2O2

reduction occurs fairly readily on both Au-Fe3O4 and the
dented Fe3O4 NPs (Figure 3 b), with the two catalysts showing
similar onset potentials, but the Au-Fe3O4 NPs generate much
higher reduction current at the same applied potential. No
activity was observed on just carbon support (Figure 3c) or

Figure 2. XRD patterns of a) Au NPs obtained by etching Fe3O4 away
from Au-Fe3O4, b) Au-Fe3O4 NPs (* Au, # Fe3O4), and c) dented Fe3O4

NPs obtained by etching Au away from Au-Fe3O4 NPs.

Figure 3. I–V curves of a) Au-Fe3O4 (black) and Au NP (gray), b) Au-
Fe3O4 (black) and Fe3O4 NP catalysts (gray) normalized by Au and
Fe3O4 weight, respectively, c) Au-Fe3O4 catalyst (black) and carbon
support (gray), and d) Au-Fe3O4 catalyst with (black) and without
(gray) the addition of 4 mm of H2O2. Recorded in N2-saturated 0.1m

PBS with 4 mm of H2O2; rotation speed: 1600 rpm, scan rate:
50 mVs�1.
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from the Au-Fe3O4/C catalyst in the absence of H2O2

(Figure 3d), thus indicating that the catalytic activity arises
from the NP catalyst.

Au-Fe3O4/C catalysts with different sizes of Au NPs
(8 nm, 3 nm) were also studied for the catalytic H2O2

reduction in the presence of 4 mm of H2O2. (I–V curves of
8–20 nm Au-Fe3O4 NPs and 3–17 nm Au-Fe3O4 NPs are given
in the Supporting Information, Figure S4.) Au-Fe3O4 NPs
with 8 nm Au show higher activity and stability after 100
cycles of reduction than those with 3 nm Au. Combining these
results together with what we observed from 6–17 nm Au-
Fe3O4 NPs, we can conclude that the Au-Fe3O4 NPs indeed
show the enhanced catalysis for H2O2 reduction, and the
larger Au NPs offer even higher activity due to the larger
interconnection area between Au and Fe3O4.

Previous research has shown that Au NPs deposited on
various oxide supports, including iron oxide supports, are
catalytically more active for oxidation reaction due to the
Au NP polarization towards the support at the interface.[1, 3,5]

However, our recent study finds that Au NPs in Au-Fe3O4

NPs are less active for oxygen reduction reaction in alkaline
solution.[17] These studies indicate that there is an interaction
between Au and Fe3O4, but Au NPs in the Au-Fe3O4 structure
should not show the enhanced catalysis for the H2O2

reduction reaction. The enhanced catalysis observed in Au-
Fe3O4 NPs must come from the Fe3O4, for which the
polarization at the interface makes the Fe3O4 NP more
active for H2O2 reduction. This observation was further
confirmed by the control experiments: the mixture of Au and
Fe3O4 NPs[41] exhibited much less activity than the Au-Fe3O4

NPs in the reduction catalysis (Supporting Information,
Figure S5); the solution after Fe3O4 NP removal did not
show any catalytic activity in the current detection conditions.
Therefore, the reduction activity does not arise from the free
Fe ions that can catalyze the H2O2 decomposition, as in
Fenton�s reaction,[42] but rather comes from the surface of the
Fe3O4 NPs;[43] this activity is further enhanced by their
epitaxial link with Au NPs.

Studies on the optical properties of the Au-Fe3O4 NPs
further support a strong interfacial interaction between Au
and Fe3O4 in Au-Fe3O4 NPs. From the surface plasmon
resonance (SPR) absorption spectra of the Au-Fe3O4 NPs, we
observed a red shift of the absorption peak compared to that
of the Au seeds.[16] Our further modeling studies indicate the
absorption peak of the Au-Fe3O4 NPs fits well with the
calculated absorption value of 2.8 nm Au NPs rather than that
of the 6.26 nm (the average size of Au in Au-Fe3O4 NPs
measured from TEM images, Figure 4). The electron config-
uration of the Au NPs is thus modified by the interconnected
Fe3O4, restraining part of the electrons of Au and resulting in
a damping of the collective oscillation.

In summary, we have developed a unique synthesis of Au,
Fe3O4, and Au-Fe3O4 NPs. Different from all previous syn-
thesis, the single-component Au and Fe3O4 NPs are obtained
directly from the Au-Fe3O4 NPs by either Au etching or Fe3O4

etching, which allows the direct comparison of NP catalysis
for H2O2 reduction and shows that the Au-Fe3O4 NPs offer the
enhanced catalysis. By studying the H2O2 reduction catalyzed
by the individual Au and Fe3O4 NPs, we can demonstrate

experimentally that the enhanced catalysis of Au-Fe3O4 arises
from the polarization effect at the Au-Fe3O4 interface, where
Fe3O4 becomes more active. As the sizes of both Au and
Fe3O4 in the Au-Fe3O4 structure can be tuned synthetically,
the Au-Fe3O4 NPs offer an ideal catalyst system for studying
synergetic effects that are controlled not only by Au but also
by Fe3O4. This nanostructure tuning capability should also
allow the development of active Au-Fe3O4 NPs for highly
sensitive H2O2 detection.

Experimental Section
HAuCl4·3H2O (Strem Chemicals), tert-butylamine–borane (TBAB,
97%, Sigma–Aldrich), oleylamine (80–90%, Acros Organics), oleic
acid (80–90%, Acros Organics), 1,2,3,4-tetrahydronaphthalene (tet-
ralin, 99 %, Sigma–Aldrich), 1-octadecene (90%, Sigma–Aldrich),
Nafion 117 (ca. 5%, Fluka), [Fe(CO)5] (98%, Sigma–Aldrich), 0.1m
phosphate-buffered saline (PBS; without Ca, Mg; MP Biomedicals,
LLC), sulfuric acid (Mallinckrodt), potassium iodide (Sigma-
Aldirch), iodine (Sigma-Aldirch), and hydrogen peroxide (50 wt%
in water, Sigma–Aldrich) were used as received.

Au NPs: For a typical synthesis of 6 nm Au NPs, a solution of
tetralin (10 mL), oleylamine (10 mL), and HAuCl4·3H2O (0.1 g) was
prepared at room temperature (20 8C) and initially stirred for 10 min.
TBAB (1 mmol), tetralin (1 mL), and oleylamine (1 mL) were mixed
by sonication and quickly injected into the above solution. The
reaction mixture was further stirred at room temperature for 1 h.
Au NPs were precipitated by ethanol addition and collected by
centrifugation. The product was re-dispersed in hexane and separated
by ethanol addition and centrifugation. This procedure was repeated
three times. The final product, 6 nm Au NPs, was dispersed in hexane.
Different sizes of Au NPs were obtained by controlling the temper-
atures at which the TBAB was injected.

Au-Fe3O4 NPs: Pre-synthesized 6 nm Au NP seeds (20 mg) in
hexane (1 mL) were added to a solution of 20 mL of 1-octadecene
with oleic acid (1 mL) and oleylamine (1 mL). The mixture was
heated up to 120 8C under a gentle N2 flow to remove hexane. Under a
N2 blanket, [Fe(CO)5] (0.1 mL) was injected into the solution. The
solution was heated to reflux (300 8C) and left at that temperature for
30 min. Thereafter, it was cooled down to room temperature and was
exposed to air to form Au-Fe3O4 NPs. Isopropanol was added to
precipitate the Au-Fe3O4 NPs, which were collected by centrifugation.
The product was re-dispersed in hexane and separated by adding

Figure 4. Absorption spectrum of the Au-Fe3O4 NPs, the calculated
absorbance value for 6 nm Au in the Au-Fe3O4 NPs structure (*), and
the calculated absorbance for Au that shows closer value to the Au-
Fe3O4 NPs (~). For both experimental and calculated spectra, a linear
background was subtracted in order to account for other contributions
to the absorption spectrum.
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ethanol and centrifugation. This procedure was repeated three times.
The 6–17 nm Au-Fe3O4 NPs were then dispersed in hexane.

Etching Fe3O4 away from Au-Fe3O4 NPs: 50 wt % of the Au-
Fe3O4 NPs on carbon support (40 mg total) were mixed in hexane
then dried with nitrogen. The carbon support was needed to prevent
aggregation of Au during etching. H2SO4 (0.5m, 10 mL) was added to
the mixture, and the mixture was sonicated for 3 h. The catalysts were
separated and washed with deionized water three times. The final
product was separated by centrifugation.

Etching Au away from Au-Fe3O4 NPs: Two-phase etching was
carried out to remove Au from Au-Fe3O4 NPs. KI (800 mg) and iodine
(200 mg) were mixed in deionized water (10 mL). The KI/I2 solution
(10 mL) was added to a vial containing Au-Fe3O4 NPs (ca. 30 mg) in a
hexane dispersion. The mixture was shaken for one hour, and the
hexane phase was collected in a centrifuge tube. The etched Fe3O4

NPs were separated by adding ethanol and centrifugation.
Electrochemical measurements: NPs were dried under N2 and

deposited on carbon support (Ketjen carbon, surface area 800 m2 g)
by ultrasonification for 2 h in hexane (25 wt % of NPs on carbon). The
dried catalyst (NP/C) was then prepared in water (2 mgmL�1) and
was sonicated for 1 h. 20 mL of the mixture was added to the glassy
carbon rotating-disk working electrode (5 mm in diameter, mirror-
polished), and water was dried in vacuum. Afterwards, the catalyst
was covered with a thin layer of Nafion (0.1% in water, 10 mL) to
ensure that the NP catalyst was tightly attached to the electrode
surface during the electrochemical measurements. The precise weight
percentage of Au in Au-Fe3O4 NPs was obtained by dissolving Au-
Fe3O4 NPs in aqua regia and measuring the Au concentration with
inductively coupled plasma atomic-emission spectroscopy (ICP-
AES). Cyclic voltammetry measurements were performed on a
Pine Electrochemical Analyzer, Model AFCBP1. Ag/AgCl and Pt
wire were used as reference and counter electrodes, respectively. The
reaction was carried out in 0.1m PBS solution (pH 7.4) at room
temperature (22 8C). The catalyst was cleaned to remove the
surfactant residue by pre-scanning in the test solution between
�400 mV and 600 mV for 20 cycles under a saturated N2 atmosphere.
H2O2 reduction was monitored at the rotation speed of 1600 rpm
(rotations per minute) under N2 saturation conditions.

Optical absorption measurements were performed at room
temperature with a Shimadzu 3100 double-beam spectrophotometer
attached with an integrating sphere in the transmission mode.
Samples were deposited onto a glass substrate and placed in the
beam path. The beam spot was 4 � 4 mm at the sample surface.
Calculated spectra were obtained following the Mie theory for
spherical nanoparticles using a dielectric function corrected for small-
size effects. For both experimental and calculated spectra, a linear
background was subtracted to account for other contributions to the
absorption spectrum.

Samples for transmission electron microscopy (TEM) analysis
were prepared by depositing and drying a single drop of diluted
Au NP dispersion in hexane on amorphous-carbon-coated copper
grids under ambient conditions. Images were obtained by a Philips
EM 420 (120 kV). Powder X-ray diffraction (XRD) patterns were
obtained on a Bruker AXS D8-Advanced diffractometer with CuKa

radiation (l = 1.5418 �).
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