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Introduction

In recent years, functional hybrid nanomaterials have at-
tracted considerable research attention because a hybrid
system that combines two or more compositions can usually
provide novel or enhanced properties, which are not avail-
able from their individual components, for various applica-
tions in optics, magnetics, catalysts, medicine, chemical
sensor, and biomedical applications.[1] Noble metals are
known to have unique electronic and catalytic properties,[2]

and can be further used to enhance the chemical and physi-
cal properties of functional nanomaterials. For instance, by
constructing hybrid nanostructures, the magnetic, catalytic,
cancer therapeutic, and plasmonic properties of metal
oxides can be significantly improved.[1c,2a,3] More important-
ly, through controlling the loading amount of noble metals,
the chemical or physical properties can be finely tuned and
optimized.

To date, extensive progress has been obtained for the syn-
thesis of hybrid nanomaterials. While there has been a large
number of reports on such hybrid materials, the synthetic
procedure has been limited and is still in great need for in-
novation. For example, by using a high-temperature (180 or
300 8C) thermal decomposition method, unique nanostruc-
tures such as dumbbell-like Au- and Pt-Fe3O4 or core-shell
Fe3O4/Au nanoparticles have been synthesized.[1a,3b, 4] Con-
sidering the ease of synthesis, fabrication cost, and potential
for scaleup, a room-temperature, solution-based approach,
especially when using water as the solvent, seems to be
more advantageous. Guo et al.[5] have synthesized diverse
noble-metal/Fe3O4, TiO2, and carbon nanotube hybrids by
using 3-aminopropyltrimethoxysilane (APTMS) as a linker,
and found that the hybrid materials exhibited superior elec-
trochemical properties. In addition, other linker reagents,
such as poly(diallyldimethylammonium chloride),[6] 3-amino-
propyltriethoxysilane,[7] SnCl2,

[8] and 1,6-hexadiamine[9] have
also been explored to fabricate hybrid nanomaterials. For
these synthetic approaches, two steps are usually required,
including, first, functionalization of the support material sur-
face with linker functional groups and, second, attachment
of noble metals onto the functionalized material surface
through interaction with the linker groups. Potentially these
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synthetic processes can be further simplified to a facile one-
pot synthesis by using nontoxic solvent and reagents, as
demonstrated herein.

In this work, a more convenient one-pot procedure is ex-
plored for the synthesis of diverse noble-metal (Au, Pt, Ag,
and Au/Pt)/Fe2O3 hybrid nanomaterials by using lysine as
both a linker and protector for noble metals without addi-
tional functionalization of the support. Lysine, which has
two kinds of functional groups (�NH2 and �COOH), plays
dual and crucial roles in attaching noble metals with a small
size and uniform distribution onto Fe2O3 nanoparticles. In
comparison with the above-mentioned functionalization re-
agents, such as silane coupling reagents or polyelectrolytes,
lysine used in this work is cheap, nontoxic, environmentally
benign, and user friendly. By using this novel and general
method, diverse noble metals can be successfully loaded
onto Fe2O3 nanoparticles to form hybrid nanomaterials,
which should have great potential for applications such as
biochemistry, magnetics, optics, catalysts, and sensors. For
instance, we have fabricated a chemical gas sensor from the
as-synthesized Au/Fe2O3 hybrid nanomaterials and investi-
gated its gas-sensing properties by using ethanol as a probe
molecule. Obtained results showed that the chemical sensor
based on the Au/Fe2O3 hybrid material exhibited significant-
ly enhanced sensing performance. It is further expected that
this general method can be extended to produce other
hybrid functional nanomaterials with enhanced properties
or performances.

Results and Discussion

Peptides and proteins, due to their multifunctional groups,
have recently become increasingly powerful in directing the
synthesis of nanomaterials for various applications.[10] Lysine
(an amino acid that serves as a basic building block for pep-
tides) used in this work has a dual role as both linker and
protecting reagents. In previous work by Sastry et al. ,[11]

lysine has been used as a capping reagent to stabilize small
Au nanoparticles in aqueous solution. Subsequently, Zhong
et al.[12] performed a systematic study on the interaction be-
tween amino acids and Au nanoparticles. They have also
used the lysine-capped Au nanoparticles for preparing a CO
oxidation catalyst.[13] Based on these pioneering works, we
have further developed this lysine-assisted approach for fab-
ricating hybrid materials.

Lysine has two kinds of functional groups, namely, NH2

and COOH. The former is able to bind Au nanoparticles,
thus making Au nanoparticles stable from aggregation and
water dispersible.[11] Interestingly, powder-like lysine-capped
Au nanoparticles can be obtained by evaporating the sol-
vent, and can be redispersed in water,[11] which is highly at-
tractive for use as nanobuiding blocks. In addition, both
amino and carboxylic groups have been reported to be capa-
ble of coordinating with transition-metal ions in oxides,[14]

thus implying that an amino acid can serve as a bridge or
linker to anchor noble metals onto metal oxides to form

hybrid Au/metal oxide nanomaterials. This approach is illus-
trated in Figure 1. The lysine-functionalized a-Fe2O3 nano-
particles can adsorb various noble metals due to the strong
interactions between amino groups and metal particles.

a-Fe2O3, an n-type semiconductor widely used for cata-
lyst, chemical sensor, and magnetic applications, has been
selected as the support material to verify the effectiveness
and feasibility of this novel approach. Figure 2 shows the

Figure 1. Schematic illustration of hybrid Au/Fe2O3 nanoparticle fabrica-
tion. The approach can also be extended to fabricate (Pt, Ag, and Pt/
Au)/Fe2O3 hybrid nanomaterials by changing the noble-metal precursor.

Figure 2. XRD spectrum (a) and SEM image (b) of the hydrothermally
synthesized Fe2O3 nanoparticles.
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XRD spectrum and SEM image of the synthesized Fe2O3

particles derived from a hydrothermal environment. The dif-
fractions peaks of XRD (Figure 2 a) agree perfectly with the
indexation of the pure rhombohedral phase of a-Fe2O3

(JCPDS no. 33-0664). No impurity phase was detected by
XRD analysis, indicating that the only crystallized hematite
a-Fe2O3 was generated in the hydrothermal condition. From
the SEM image (Figure 2 b), it can be seen that the a-Fe2O3

has a pseudo sphere-like shape with a diameter of approxi-
mately 200 nm.

Figure 3 a shows the TEM image of Au nanoparticles
capped by lysine as a protecting agent. A high dispersion of
Au nanoparticles with a small size can be observed from this
picture. Interestingly, as indicated by the white squares in
Figure 3 a, some liner assemblies of Au nanoparticles can
also be seen, which is a direct result of connection by the
amino group of lysine,[12a, 15] because each lysine molecule
has two amino groups that can attach two Au nanoparticles.
This phenomenon in turn confirms the strong interaction be-
tween amino groups and Au nanoparticles, which plays a
crucial role in producing hybrid Au/Fe2O3 materials. Fig-
ure 3 b displays the size histogram of Au nanoparticles,
showing a narrow size distribution in the range of 3–8 nm
with an average particle size of around 5.3 nm. Figure 3 c
shows the FTIR spectrum of lysine-functionalized Fe2O3

nanoparticles. The bands at 482 and 578 cm�1 correspond to
Fe�O vibrations, whereas the bands at 3432 and 1635 cm�1

are ascribed to the N�H stretching from amino groups and
C=O stretching from carboxylic groups;[5a,14d] this strongly
confirms the adsorption of lysine on the surface of Fe2O3

nanoparticles. The amino groups on Fe2O3 nanoparticles are
capable of adsorbing noble metals for constructing hybrid
nanomaterials.

A group of TEM images of as-prepared Au/Fe2O3 hybrid
nanoparticles are shown in Figure 4. From these images, it is
observed that Au nanoparticle have been effectively immo-
bilized onto Fe2O3 nanoparticles. In particular, in Figure 4b–
d it can be seen that these small Au nanoparticles are uni-
formly distributed with a high density and a diameter in the
range of 3–6 nm, irrespective of some individual large Au
nanoparticles (as marked by an arrow in Figure 4 b and c).
The existence of large Au nanoparticles is probably due to
aggregation of on initially small Au nanoparticles that act as
seeds. To further confirm the formation of Au/Fe2O3 hybrid
material, XPS analysis was performed. Figure 5 shows the
high-resolution spectra of Fe 2p and Au 4f. In Figure 5 a, the
binding energy of Fe 2p at 710.5 and 723.8 eV confirms the
oxidation state of Fe3+ in the hybrid material. The Au 4f
spectrum (Figure 5 b) shows two binding energies at 83.6
and 87.2 eV, corresponding to the metallic state of Au. In
addition, the XPS test reveals that the Au loading content in
the hybrid material is 6.83 wt %.

To support the efficient and important role of lysine in
the synthesis of hybrid materials, a control experiment is
conducted in the absence of lysine, while keeping other pa-
rameters unchanged. The TEM images of as-synthesized
Au/Fe2O3 without using lysine are displayed in Figure 6. In

comparison with Figure 4, it can be seen clearly that the Au
nanoparticles show a poor distribution on the Fe2O3 support
surface. Many Fe2O3 nanoparticles still remain a smooth sur-
face, rather than the rough surface of the Au-decorated
Fe2O3 nanoparticles, as shown in Figure 4. This clearly con-
firms the significant role of lysine in attaching Au nanoparti-
cles onto Fe2O3 nanoparticles. Furthermore, in Figure 6 c
and d, the Au nanoparticles also possess a rather poor size
distribution from several to twenty nanometers, which is due
to the lack of capping by lysine.

Figure 3. a) TEM image and b) size distribution histogram of Au nano-
particles capped by lysine, and c) FTIR spectrum of lysine-functionalized
Fe2O3 nanoparticles.
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Nowadays, a general method for fabricating hybrid nano-
materials is highly attractive and is of great significance
from both scientific and applicable perspectives. To eluci-
date the generality of this lysine-assisted approach, we have
attempted to synthesize Pt and Ag hybrid nanoparticles by
using this method. TEM images of the prepared Pt/Fe2O3

and Ag/Fe2O3 hybrid nanoparticles are exhibited in Fig-
ures 7 and 8, respectively. Figure 7a–c shows that Pt/Fe2O3

hybrids have been successfully fabricated by this lysine-as-
sisted method. The Pt nanoparticles also exhibit a highly
uniform dispersion and small sizes of only several nanome-
ters, which is even smaller than that of the Au nanoparticles
shown in Figure 4 c and d. Figure 7 d shows the XPS pattern
of Pt 4f, which has two binding energies located at 71.2 and
74.4 eV, which can be ascribed to metallic Pt. The loading
amount of Pt nanoparticles in the Pt/Fe2O3 hybrid material
detected by XPS is 14.17 wt %. We further extend this
method to synthesize Ag/Fe2O3 hybrid nanoparticles. The
representative TEM images are exhibited in Figure 8 a and
b. It can be seen that the loading density of Ag nanoparti-
cles are not as high as those of Au/Fe2O3 and Pt/Fe2O3 hy-
brids. Furthermore, these Ag nanoparticles have a relatively
large size of approximately 20 nm. Figure 8 c demonstrates
the XPS spectrum of Ag 3d, showing two binding energies

at 367.6 and 373.3 eV. The Ag
loading amount determined by
XPS is only 2.86 wt %.

To date, multicomponent
hybrid materials have received
considerable research attention
due to the synergism interac-
tion between their composi-
tions, which should have superi-
or properties to their individual
counterparts. Very recently,
multicomponent nanomaterials
composed of binary noble
metals have become a hot topic
in the area of materials science
and is currently receiving grow-
ing interest. For example, Guo
et al.[16] have synthesized hybrid
Au/Pt nanoparticles with much
higher catalytic activity for the
oxygen reduction reaction. In
addition, by using APTMS as a
linker, they have also success-
fully attached hybrid Au/Pt and
Au/Ag nanoparticles onto di-
verse support materials.[5a] An

Figure 4. TEM images of hybrid Au/Fe2O3 nanoparticles with different mag-
nifications (scale bars: 0.2 mm (a), 100 nm (b), 50 nm (c), and 20 nm (d))
synthesized in the presence of lysine.

Figure 5. XPS spectra of Fe 2p (a) and Au 4f (b) of hybrid Au/Fe2O3

nanoparticles.
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interesting hybrid Au/Pt hollow
nanospheres has been reported
by Liang and co-workers[17] by
using Co nanoparticles as sacri-
ficial templates. Another exam-
ple is Au/Pt alloy nanoparticles
fabricated by Lou et al.[18] for
applications in methanol oxida-
tion. It should be pointed out
that the idea of hybridization of
noble metals has provided re-
searchers a powerful means to
explore or tune the chemical or
physical properties of nanoma-
terials, thus enlarging their ap-
plications in magnetics, electro-
catalyst, optics, and so forth.
Herein, we have also fabricated
ternary Pt/Au/Fe2O3 hybrid
nanoparticles by using pre-
formed Au/Fe2O3 nanoparticles
as the support. The images are
given in Figure 9 a and b. In
comparison to the Au/Fe2O3

nanoparticles in Figure 4a–d, no
significant difference is ob-
served. However, XPS analysis
clearly confirms that Pt has
been successfully supported on
the preformed Au/Fe2O3 nano-
particles. High-resolution XPS
spectra of Au 4f and Pt 4f are
illustrated in Figure 9 c and d,
showing their respective bind-
ing energies at 83.7 and 87.3 eV
for Au and 71.3 and 74.5 eV for
Pt. Interestingly, it is found that
the binding energies of Au 4f
and Pt 4f in this ternary hybrid
system exhibit a positive shift in
comparison with the above-syn-
thesized binary nanoparticles.
A similar result has been re-
ported for Co/Pt hybrid hollow
spheres by Chen and cowork-
ers.[19] Additionally, the chemi-
cal environment (for instance,
different support materials) of
noble metals also has a signifi-
cant influence on their binding
energies.[4c,20] XPS analyses also
reveal that the loading of Pt
and Au is 5.06 and 5.55 wt %,
respectively. Note that the de-
tected Au content (5.55 wt %)
is lower than that (6.83 wt %)
of preformed Au/Fe2O3 nano-

Figure 6. TEM images of hybrid Au/Fe2O3 nanoparticles with different magnifications (scale bars: 0.2 mm (a),
200 nm (b), 100 nm (c), and 50 nm (d)) synthesized in the absence of lysine.

Figure 7. TEM images (a–c) and XPS spectrum (d) of Pt 4f of the Pt/Fe2O3 hybrid nanoparticles.
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particles. This is probably due to Au nanoparticles acting as
seeds for the growth of Pt nanoparticles[16] and thus is cov-
ered by the Pt composition. On the other hand, this result is
also a strong support for the successful attachment of Pt
onto Au/Fe2O3 nanoparticles in the presence of lysine.

Noble metals, take Au nanoparticles for example, are
highly commended for catalyzing various reactions, such as
hydrochlorination, low-temperature CO oxidation, and se-
lective alcohol oxidation, due to unique catalytic and elec-
tronic activities.[4,21] Nowadays, there is growing interest in
employing noble metals as a promoter for enhancing the
performances of chemical sensors,[22] due to the synergic in-
teraction between noble metals and oxide supports, which

may play an important role in improving the chemical prop-
erties of materials.[23] Herein, we have fabricated a chemical
gas sensor from the prepared hybrid Au/Fe2O3 nanoparticles
and ethanol is tested as a probe molecule to examine the
sensor properties. For comparison, a chemical sensor based
on pristine Fe2O3 nanoparticles is also fabricated. For chemi-
cal resistive gas sensors, it is known that the test gas concen-
tration has a large influence on the sensor response. The
concentration-dependent sensor response behavior was ex-
amined by exposure to 5, 50, 200, and 500 ppm ethanol.
Figure 10 shows the dynamic response-recovery curves of
the two sensors to different ethanol concentrations. It can
be seen that the Au/Fe2O3 sensor is much more sensitive
than the pristine one. The response amplitude of the Au/
Fe2O3 sensor is significantly increased with increasing etha-
nol concentration, while the increase in the response of the
pristine one is almost negligible. Sensitivity is another im-
portant factor of chemical sensors, a higher sensitivity can
usually allow for a lower detection limit. Numerous efforts
have been made to improve the sensor sensitivity and detec-
tion limit, in which the strategy of introducing noble metals
into sensor matrix materials has proven to be very effective.
In Figure 10, take 5 ppm ethanol for example, the pristine
Fe2O3 sensor only gives a negligible response, whereas the
response of the Au/Fe2O3 sensor is significantly enhanced,
which in turn directly verifies the promotion effect of Au
nanoparticles. Reasonably, the detection limit for ethanol
can be down to the ppm level. The sensor sensitivities to dif-
ferent ethanol concentrations are compared in Figure 11,
showing that the Au/Fe2O3 sensor has much higher sensitivi-
ties. On exposure to 5 ppm ethanol, the sensitivity for Au/
Fe2O3 sensor is 6.08, which is nearly four times higher than
that (1.66) of the pristine one. As show in Figure 11, with in-
creasing gas concentration, the sensor sensitivity is further
improved due to the hybridization of Au nanoparticles.
Sensor sensitivities to three other gases have been tested
and compared to demonstrate the selectivity of the sensors.
The result is displayed in Figure 12. Clearly, the sensitivities
of the Au/Fe2O3 sensor to four gases are all improved to
some extent, however, the largest increase in sensor sensitiv-
ity is only observed for ethanol, implying the good sensor
selectivity for alcohol. Stability, that is, the ability to succes-
sively respond to a target gas without a visible decrease in
sensor response, is another important feature of chemical
sensor. Figure 13 illustrates the reproducibility of the Au/
Fe2O3 sensor, revealing that the sensor maintains its initial
response amplitude without a clear decrease upon three suc-
cessive sensing tests to 100 ppm ethanol.

Conclusion

A facile, efficient, and general one-pot method was success-
fully developed for fabricating diverse noble-metal (Au, Pt,
Ag, and Pt/Au)/Fe2O3 hybrid nanomaterials. An environ-
mentally benign and user friendly reagent, lysine, was used
to load diverse noble metals onto Fe2O3 nanoparticles.

Figure 8. TEM images (a, b) and XPS spectrum of Ag 3d (c) of Ag/Fe2O3

hybrid nanoparticles.
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Lysine used in this work has a dual role of both a linker to
attach noble metals to the Fe2O3 matrix and a capping re-
agent to stabilize small Au nanoparticles with uniform dis-
persion. This method has the following advantages: 1) The
synthesis is a facile one-pot method, in which the noble
metals are formed and simultaneously supported on Fe2O3

nanoparticles. For synthesis,
only lysine with its dual role is
used and no other functionali-
zation reagents are needed. A
multicomponent hybrid nano-
material, such as Pt/Au/Fe2O3,
can also be produced by this
approach. 2) Lysine, an essen-
tial amino acid for the human
body, is nontoxic, low cost, and
particularly important in bio-
chemistry. Its perfect compati-
bility with organisms may pro-
vide lysine-capped Au nanopar-
ticles with the potential to act
as powerful nanobuilding
blocks in biological applica-
tions. 3) The as-prepared noble-
metal/Fe2O3 hybrid nanomateri-
als, Au//Fe2O3 nanoparticles, for
example, have shown signifi-
cantly improved sensor per-
formances in terms of high sen-
sitivity, ppm level detection
limits, better selectivity, and
good reproducibility. 4) Most
importantly, this synthetic strat-
egy is general and can be em-
ployed to fabricate other hybrid
nanomaterials based on differ-

ent support materials with either rod-like, hollow, or hier-
archical nanostructures, and progress in this direction is un-
derway.

Figure 10. Dynamic response-recovery curves of the two sensors (pristine
Fe2O3 (a) and Au/Fe2O3 (b)) to different ethanol concentrations.

Figure 11. Comparison in sensor sensitivities to different ethanol concen-
trations for Fe2O3 (&) and Au/Fe2O3 (*).

Figure 9. TEM images (a, b) and XPS spectra of Au 4f (c) and Pt 4f (d) of ternary Pt/Au/Fe2O3 hybrid nano-
particles.
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Experimental Section

Materials : Chemicals such as FeCl3·6H2O, ethanol, lysine, and NaBH4

were of analytical grade and purchased from Guangfu Fine Chemical Re-
search Institute (Tianjin, China). HAuCl4·4H2O, H2PtCl6·6 H2O, AgNO3

were obtained from Yingdaxigui Chemical Reagent Company (Tianjin,
China). Distilled water was used throughout the experiments.

Synthesis of Fe2O3 nanoparticles : Fe2O3 nanoparticles were prepared by
a hydrothermal process. In a typical synthesis, a 0.02 m aqueous solution
of FeCl3 was sealed in Teflon-lined autoclaves with a fill volume of 80 %
and kept at 100 8C for 3 d. After reaction, the autoclaves were cooled to
room temperature naturally. The red precipitate was centrifuged and
washed with distilled water and ethanol several times, then dried at 80 8C
for several hours.

Lysine-capped Au nanoparticles : The synthesis of Lysine-capped Au
nanoparticles followed the literature method[11] with minor modifications.
First, a 0.01 m aqueous solution of HAuCl4 (0.5 mL) together with a
0.01 m aqueous solution of lysine (0.5 mL) was diluted to 50 mL with dis-
tilled water. Then NaBH4 (0.005 g) was added into the above solution.
Within a few seconds, the color of the solution turned from light yellow
to ruby red, indicating the formation of small Au nanoparticles.

Synthesis of Au/Fe2O3 hybrid nanoparticles : As-prepared Fe2O3 nanopar-
ticles (0.8 g) were dispersed into water (10 mL) under stirring, followed
by adding a 0.01 m aqueous solution of lysine (16 mL) and a 0.01 m aque-
ous solution of HAuCl4 (10 mL). After sonication for 30 min, a 0.1 m

aqueous solution of NaBH4 (10 mL) was added into the reaction system.
The reaction was maintained for 2 h and then centrifuged and washed
with water and ethanol several times. The Au/Fe2O3 hybrid material ob-
tained was dried at 80 8C.

Synthesis of Pt/Fe2O3 hybrid nanoparticles : Fe2O3 nanoparticles (0.4 g)
were dispersed into water (10 mL) under stirring, followed by adding a
0.01 m aqueous solution of lysine (10 mL) and a 0.0077 m aqueous solution
of H2PtCl6 (5 mL). After sonication for 30 min, a 0.1 m aqueous solution
of NaBH4 (5 mL) was added into the reaction system. The reaction was
maintained for 2 h and then centrifuged and washed with water and etha-
nol several times. The obtained Pt/Fe2O3 hybrid material was dried at
80 8C.

Synthesis of Ag/Fe2O3 hybrid nanoparticles : Fe2O3 nanoparticles (0.4 g)
were dispersed into water (10 mL) under stirring, followed by adding a
0.01 m aqueous solution of lysine (10 mL) and a 0.01 m aqueous solution
of AgNO3 (5 mL). After sonication for 30 min, a 0.1 m aqueous solution
of NaBH4 (5 mL) was added into the reaction system. The reaction was
maintained for 2 h and then centrifuged and washed with water and etha-
nol several times. The obtained Ag/Fe2O3 hybrid material was dried at
80 8C.

Synthesis of ternary Pt/Au/Fe2O3 hybrid nanoparticles : As-prepared Au/
Fe2O3 hybrid nanoparticles (0.4 g) were dispersed into water (10 mL)
under stirring, followed by adding a 0.01 m aqueous solution of lysine
(6 mL) and a 0.0077 m aqueous solution of H2PtCl6 (2 mL). After sonica-
tion for 30 min, a 0.1m aqueous solution of NaBH4 (2 mL) was added
into the reaction system. The reaction was kept for 2 h and then centri-
fuged and washed with water and ethanol several times. The obtained Pt/
Au/Fe2O3 hybrid material was dried at 80 8C.

Characterization : Prior to characterization, all of the materials were
heated at 300 8C for 1 h to remove organic lysine. The phase composition
and morphology of samples were characterized by XRD analysis (Rigaku
D/max-2500, graphite monochromator, CuKa, l=1.5418 �), SEM (Shi-
madzu SS-550, 15 kV), TEM (Philips FEI Tecnai 20ST, 200 kV), and XPS
(Kratos Axis Ultra DLD spectrometer, AlKa X-ray monochromator).
Gas-sensing properties of the hybrid material were tested on a commer-
cial HW-30A gas-sensing measurement system (HanWei Electronics Co.,
Ltd., Henan, China) at an operating temperature of 320 8C and a relative
humidity of 18–30 %. Details of the sensor fabrication and test can be
seen in our previous works.[24] A calculated amount of the target ethanol
was introduced into the test chamber on the HW-30A instrument by a
microsyringe. The sensor sensitivity is defined as the ratio of Rair/Rgas, in
which Rair and Rgas are the electrical resistance of the sensor in air and in
test gas, respectively.
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