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The ability to synthesize multicomponent nanocomposites (NCs) is important for exploring their functional
properties of not only individual single components but also their combinations in technological applications.
This paper presents an investigation on the synthesis and characterization of water-soluble and bifunctional
ZnO-Au NCs, of which ZnO provides fluorescence and Au is used for organic functionality for bioconjugation.
ZnO nanocrystals were employed as seeding material for nucleation and growth of reduced gold by citrate to
form the water-soluble ZnO-Au NCs. The morphology and components of the ZnO-Au NCs, characterized
by the TEM and XRD, respectively, demonstrate a dumbbell-like shape and crystalline wurtzite ZnO together
with face-center-cubic Au nanoparticles. The surface plasmon absorption band of ZnO-Au NCs in aqueous
solution is distinctly broadened and red-shifted relative to monometallic Au nanoparticles, and the UV emission
intensity is higher by about 1 order of magnitude in ZnO-Au NCs than in pure ZnO nanocrystals; these
observations reflect the strong interfacial interaction between ZnO and Au. Moreover, multiphonon Raman
scattering of ZnO is also largely enhanced by the strongly localized electromagnetic field of the Au surface
plasmon.

Introduction

Over the past several years, colloidal semiconductor nanoc-
rystals have attracted considerable attention owing to their
unique size-dependent optical and electronic properties, based
on the quantum confinement effect of the electronic states. Most
research has focused on optical, electronic, optoelectronic, and
magnetic properties and corresponding technology applications,
such as light-emitting diodes (LED), optical data storage devices,
sensors, and microlasers.1-3 Lately, a new direction has emerged
in potential biotechnological applications such as luminescence
tagging, immunoassay, drug delivery, and cellular imaging.4-7

Especially, fluorescent semiconductor nanocrystals (such as
CdSe, CdTe, CdS), as a new type of biolabel, have advantages
over conventional chemical fluorophores and visible fluorescent
proteins in photostability and sensitivity as well as in other
aspects.7 As a fluorescent semiconductor material, ZnO nanoc-
rystals exhibit much higher chemical stability and safety relative
to the toxic Cd element semiconductor nanocrystals. Thus,
fluorescent ZnO nanocrystals have become a biofriendly
candidate for biological technology applications.8

Generally, the synthesis of high-quality ZnO nanocrystals is
performed in organic media. However, water-solubility and
biocompatibility of ZnO nanocrystals remain a challenge to
researchers, which are primary prerequisites for their biological
application. Surface modification to resolve the non-biocom-
patibility of inorganic materials was usually realized by func-
tionalization with water-soluble ligands, silanization, and en-

capsulation within block-copolymer micelles.9,10Although these
surface modifications brought little or no improvement of the
electronic, optical, and magnetic functionality of the nanocrys-
tals, a complicated chemical synthesis could not be avoided in
these processes. As is well-known, nanosized gold possesses
many excellent properties, such as easy reductive preparation,
water-solubility, high chemical stability, and significant bio-
compatibility and affinity.11 Moreover, it has also been well-
established that efficiently functional amine/thiol terminal groups
are able to bind stably to the gold surface for conjugation with
bioactive molecules such as antibody, nucleic acid, peptides,
protein, and DNA.11,12 The prospect of developing new multi-
functional nanocomposites (NCs) of metal gold hybridized with
inorganic components boosts relevant research.13-22 The ad-
vanced functionalities appear only in the hybridized hetero-
structure composites but not in their individual single-component
counterparts. In the case of multifunctional Au composites,
examples include Fe/Au,12 Fe-oxide/Au,14,15Fe3O4-Au,16,17Ag/
Au,18 CdSe-Au,19,20 Cu2S/Au,21 PbSe-Au-Fe3O4,22 etc.

In our efforts to develop multifunctional NCs with solubility
and biocompatibility in aqueous solution, we have recently
demonstrated a significant strategy of biocompatible Au growing
on the surface of seeding ZnO to form water-soluble ZnO-Au
NCs in which the ZnO and Au components are combined to
provide fluorescence and further organic functionality for
bioconjugation. The dumbbell-shaped ZnO-Au NCs are formed
through nucleation and growth of reduced Au at suitable sites
on the ZnO surface. The structural and optical properties are
studied in detail by XRD, TEM, and spectroscopy, such as UV-
vis absorption, photoluminescence (PL), and Raman scattering.
The investigation on the functional multicomponent composites
is motivated not only by their application in biology but also
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by the fundamental interest to better understand the physical
mechanism of interfacial interaction of metal Au and semicon-
ductor ZnO components.

Experimental Section

Preparation of ZnO Nanocolloids. A ZnO nanocolloidal
suspension was prepared following, with minor modification,
the method described by Anderson.23 Briefly, an amount of 50
mL ethanol containing 1.10 g zinc acetate dihydrate (98+%,
Beijing Chemical) was refluxed while stirring at about 80°C
for 180 min. After this procedure, a clear precursor solution
was obtained followed by gradual cooling to room temperature
under a nitrogen atmosphere (to prevent ambient moisture). The
precursor was hydrolyzed by adding 0.29 g lithium hydroxide
monohydrate power (from Fluka) in an ultrasonic bath at 0°C
for 20 min. Through a 0.1µm glass fiber filter the ZnO colloid
suspension became transparent.

Preparation of Water-Soluble ZnO-Au NCs. To realize
water-soluble and stable ZnO-Au NCs, a general and simple
aqueous-based synthesis was introduced in this paper. The as-
prepared ZnO suspension in ethanol (6.0 mL) was precipitated
by adding a very dilute trisodium citrate aqueous solution, and
the obtained precipitate by centrifugation was washed with the
trisodium citrate solution several times. For preparation of ZnO-
Au NCs, the washed ZnO nanocrystals were redispersed in a
30 mL stock solution of trisodium citrate (3.0 mM) with the
aid of ultrasonic irradiation, and then 20 mL aq 0.5 mM HAuCl4

solution was added while vigorously stirring at room temper-
ature. During vigorous stirring for at least 48 h, these hydro-
phobic ZnO nanocrystals were converted into water-soluble
ZnO-Au NCs, followed by a color-change from pale yellow
to deep pink. These ZnO-Au nanocomposites homogeneously
dispersed in aqueous solution are able to remain stable for half
a year or even longer. For comparison, monometallic gold
nanoparticles in the absence of ZnO were also prepared via the
same method of citrate reduction in dilute HAuCl4 aqueous
solution at about the boiling point of water following the known
method.24,25

Characterizations of ZnO-Au NCs. The crystal structure
and phase identification of the NCs were determined from the
X-ray diffraction patterns recorded on a Bruker D8 Advanced
diffractometer using monochromatized Cu KR radiation (λ )
1.5418 Å). The morphology and size of the NCs were
determined utilizing transmission electron microscopy (TEM,
Hitachi H-8100IV, 200 kV) at a magnification factor of
200 000×. The high-resolution TEM images were acquired
using a JEOL JEM-3010 (acceleration voltage of 300 kV). TEM
samples were prepared by placing one drop of the suspended
nanocomposite solution onto a carbon-coated copper grid and
allowing it to dry in air. The UV-visible optical absorption
and photoluminescence spectra were recorded on Shimadzu UV-
3103PC and Hitachi F4500 spectrophotometers, respectively,
using a 1 cmlight path quartz cuvette. The resonant Raman
spectra were measured on a Jobin-Yvon LabRam Raman
microspectrometer system equipped with 1800 grooves/mm
holographic gratings in the backscattering configuration under
the excitation of a 325 nm line out of a 20 mW He-Cd laser.

Results and Discussion

Synthesis of ZnO-Au NCs. An aqueous-based synthetic
method is utilized to produce heterostructure NCs under ambient
conditions. The formation of water-soluble ZnO-Au NCs is
based on nucleation and growth of reduced Au by citrate on
the selective and suitable surface sites of ZnO that could serve

as seeds for the formation of heterogeneous nanostructure
composites. The precipitated ZnO nanocrystals were redispersed
in trisodium citrate aqueous solution and were mixed by adding
HAuCl4 solution during vigorous stirring at room temperature.
This turbid mixture solution became gradually clear and
eventually deep pink after 48 h, which indicated the formation
of Au nanoparticles. The synthetic mechanism of ZnO-Au NCs
is proposed and illustrated in Scheme 1, which comprises three
major steps and starts with ZnO seed formation. In detail, first,
gold precursor locates selectively at suitable sites on the surface
of ZnO seeds surrounded with citrate groups. Subsequently,
those sites on the ZnO surface act as centers for the reduction
of Au3+ by citrate and then form nucleation sites for reduced
Au atoms. Finally, reduction of Au3+ occurs at the preexisting
nucleation sites followed by nucleation and growth of reduced
Au atoms or nanoclusters. Note that the nucleation and growth
of Au nanoparticles are performed at room temperature, different
from the previous reported process that occurs at water-boiling
temperature.24 In the control experiment, no reaction was
observed in the absence of ZnO in the solution mixture. This
unambiguously reveals that ZnO nanocrystals redispersed in the
trisodium citrate solution play an important role in the room
temperature reduction of the Au precursor by citrate. The
reaction at room temperature requires a long growth time,
suppressing rapid nucleation of monometallic Au nanoparticles
that are unassociated with the ZnO nanocrystals. In recent
studies, Xu et al.18 have reported the formation of Ag het-
erodimer nanoparticles by Fe3O4 or Au acting as catalyst for
the reduction of Ag+ and self-catalyzed reduction of Ag+.
Similarly, ZnO nanocystals in the solution mixture can also
promote the reduction of Au3+ by citrate to Au atoms or
nanoclusters. In the above process, nonepitaxial nucleation and
growth of Au are realized on the ZnO-seed surface without
additional binding chemical agents, resulting in a dumbbell-
shape heterogeneous nanostructure instead of a core-shell
nanostructure because of the lattice mismatch between ZnO and
Au. The obtained ZnO-Au NCs still remain stably dispersed
in the aqueous media for more than 6 months (Figure 4A). In
the trisodium citrate solution (pH) 8.0) ZnO nanoparticles are
positively charged because the PZC (point of zero charge) of
ZnO is 11,26 and the negatively charged Au nanoparticles are
attached to the ZnO nanocrystals through electrostatic affinity,
which probably enables the citrate-stabilized ZnO-Au NCs to
be stable in aqueous solution. Recently, there have been reports
on two or more distinct composition heterostructures with a large
lattice mismatch, such as Fe3O4 (Fe or Fe2O3)/Au,12-17 (Fe3O4)/
Ag,18 PbSe-Au-Fe3O4,22 Co/CdSe,27 γ-Fe2O3/CdS,28 and FePt/
Ag(CdS),29 whereas their formation mechanism remains to be
further elucidated.

Previous attempts to form nanostructure composites contain-
ing an Au component were based on the aminosilane-coated
nanoparticle surface (Fe oxide and SiO2) acting as an attachment
point for small colloidal Au through chemical binding
affinity.15,30-32 Growth of these attached gold nanoparticles was
then performed to achieve the formation of Au-containing NCs
following the subsequent reduction of Au3+ by the reducing

SCHEME 1: Schematic Illustration of the Formation of
ZnO-Au NCs
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agent. However, in the synthesis of ZnO-Au NCs no binding
agents were employed to bind the Au precursor on the surface
of ZnO for the growth of Au nanoparticles, and therefore gold
nanoparticles, as well as Ag heterodimer nanoparticles,18 can
also directly nucleate and grow on the metal or metal oxide
nanoparticle surface without chemical binding agents.13

Structure and Morphology of ZnO-Au NCs.The structure,
crystalline phase, size, and morphology of ZnO-Au NCs were
determined by power X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The well-resolved XRD patterns
of the final ZnO-Au NC samples are displayed in Figure 1A,
where two additional diffraction peaks (as marked with arrow)
appear compared to pure hexagonal-wurtzite ZnO nanocrystals
(Figure 1B). The two additional peaks at 2θ ) 38.33 and 44.21°
are assigned to the diffraction lines of (111) and (200) planes
of the face-center-cubic (fcc) gold, respectively. Their position
and relative intensities are in agreement with the JCPDS (No.
65-2870) of bulk gold, which further proves the formation of
crystalline Au. The crystalline domain sizes, estimated from the
broadening of X-ray diffraction peaks according to the Scherrer
equation, are about 4.3 and 6.8 nm for ZnO and Au nanopar-
ticles, respectively.

Representative low-magnification TEM images of the ZnO-
Au NCs are illustrated in Figure 2A, where the measured
average diameter is 4.9 and 7.1 nm for ZnO and Au, respec-
tively, consistent with the above X-ray results. As shown in
the image, the ZnO-Au NCs are fairly monodispersive, and
their shapes are different from the spherical ZnO nanoparticles

due to the incorporation of Au components. In the sample shown
in Figure 2A, about 82% of the particles have dumbbell-like
structures with Au attached on the ZnO surface. Figure 2B and
2C show typical high-resolution TEM (HRTEM) images of
dumbbell-like ZnO-Au NCs, in which the high contrast
difference between ZnO and Au is distinguishable because of
the higher electron density of metal Au. The distance between
two adjacent planes in wurtzite ZnO is determined to be 0.28
nm, corresponding to (100) planes, and that in fcc structured
Au is 0.24 nm, resulting from a group of (111) planes. Here,
these crystal planes are not parallel to each other, and the angles
between them vary from one nanocrystal to the next. These
indicate that the epitaxial growth for the formation of ZnO-
Au NCs is less obvious, which is similar to the reported result.22

Note that the average size of Au is 7.1 nm in the NCs, much
smaller than that of monometallic Au colloids ranging from 10
to 30 nm prepared by the same citrate reduction method (TEM
image is not shown here).

Optical Properties of ZnO-Au NCs. In this study, the
optical properties of ZnO-Au NCs were characterized by UV-
visible absorption, PL, and Raman scattering spectroscopy,
respectively. Figure 3 shows the absorption spectra of the ZnO-
Au NCs (solid line) and pure ZnO nanocrystals (dash-dot line).
It is well-known that the band-edge absorption of semiconductor
in the quantum-confined size regime (e7.0 nm for ZnO) is
dependent on the particle size, which was examined in detail
by Haase et al.33 In the range of 300-450 nm, no distinct
variation of absorption characteristics of ZnO in the ZnO-Au
NCs was found compared with that of pure ZnO nanocrystals,
which implies that no apparent growth of ZnO particles occurred

Figure 1. XRD patterns of (A) ZnO-Au NCs and (B) pure ZnO
nanocrystals. Two additional diffraction peaks (marked with arrow)
corresponding to face-center-cubic structure Au nanoparticles. (Two
main diffraction peaks of bulk gold shown in solid line at the bottom.)

Figure 2. Typical transmission electron microscopy (TEM) image and high-resolution TEM images of ZnO-Au NCs. Inset: Size distribution for
ZnO and Au in ZnO NCs, respectively.

Figure 3. Normalized optical absorption spectra of ZnO-Au NCs
(solid line) and pure ZnO nanocrystals (dash dot line). Inset: The
surface plasmon absorption band in (A) ZnO-Au NCs and (B)
monometallic Au nanoparticles.
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during the formation of the aqueous ZnO-Au NCs. Therefore,
the partial aggregation and shape variation shown in the TEM
image (Figure 2A) probably comes from the incorporation of
Au composition. Furthermore, a surface plasmon band resulting
from the noble metal Au in the ZnO-Au NCs as well as a
characteristic absorption of ZnO nanocrystals appears in UV-
visible spectra. For comparison, monometallic Au nanoparticles
(Figure 4A) were also prepared with the same citrate reduction
method that produced monometallic Au of 10-30 nm in
diameter. The inset of Figure 3 shows the absorption spectra in
400-800 nm for the aqueous solution of ZnO-Au NCs and
monometallic Au nanoparticles, respectively. The surface plas-
mon absorption of citrate-stabilized monometallic Au nanopar-
ticles in water is centered at 524 nm, independent of the

concentration of the particles. However, absorption of ZnO-
Au NCs is not a simple superposition of the characteristic
absorptions of ZnO and Au. In fact, the surface plasmon band
of ZnO-Au NCs is distinctly broadened and red-shifted by
about 17 nm relative to monometallic Au in water medium. It
is well-known that the size increase of Au particles causes a
red shift of the surface plasmon band.25 However, the average
size of Au here is much smaller in the ZnO-Au NCs than in
monometallic Au nanoparticles, which would result in a blue
shift instead of the observed red shift if the size effect were
responsible. Other factors that might affect the position of the
surface plasmon band have also been considered based on the
Mie theory, including stabilizing ligands and solvent dielectric,
which, however, turned out not to be the primary ones. The
change of optical properties was then directed to the strong
interfacial coupling between the metal Au and semiconductor
ZnO parts in the new heterostructure NCs. Since the Fermi
energy level of gold is higher than that of ZnO, a consequence
of the fact that the work function is smaller for gold (5.1 eV)
than for ZnO (5.2-5.3 eV),34 electron transfer occurs from Au
to ZnO during the formation of ZnO-Au NCs, as shown in
Scheme 2, resulting in a uniform Fermi energy level in the
ZnO-Au NCs. The transferred electrons subsequently ac-
cumulate at the interface of ZnO and Au, causing a downward
band bending of the ZnO side. These deficient electrons on the
Au surface consequently induce the broadening and red shifting
of the surface plasmon band, consistent with previous reports
that Au electron deficiency shifts the surface plasmon band to
a longer wavelength.12,16,35,36

As shown in Figure 4C, the room-temperature PL spectrum
of ZnO-Au NCs comprises two emission bands in the UV/
visible regions under above band-edge excitation. The corre-
sponding fluorescence image is also given in Figure 4B. The
narrow UV emission band centered at 369 nm is assigned to
exciton recombination. Despite the intensive studies on the broad
visible emission of ZnO, its nature remains controversial; for
example, Vanheusder et al. attributed the visible emission to
the recombination of holes with the electrons occupying singly
ionized oxygen vacancy in ZnO,37 whereas Dijken et al. ascribed
it to the recombination between a deeply trapped hole in a
Vo**center and a shallowly trapped electron.38 Among them,
these oxygen vacancies were widely accepted to be responsible
for the visible emission of ZnO. It should be noted that the
integrated UV emission intensity of ZnO-Au NCs is higher
by about 1 order of magnitude than that of pure ZnO nanoc-

Figure 4. Sample photographs of (A) monometallic Au nanoparticles
and ZnO-Au NCs in aqueous solution; the corresponding fluorescent
images of (B) monometallic Au nanoparticles (no fluorescence) and
ZnO-Au NCs in aqueous solution under UV lamp radiation; the
photoluminescent spectrum of (C) the ZnO-Au NCs (solid line) and
pure ZnO nanocrystals (dash dot line) (λex ) 340 nm).

SCHEME 2: The Band Structure of Au and ZnO with
Uniform Fermi Level Induced by Electron Transfer
between Au and ZnO

Figure 5. Enhanced multiphonon Raman scattering of (A) ZnO-Au
NCs relative to (B) pure ZnO nanocrystals using a He-Cd laser (λ )
325 nm). Then LO refers to thenth longitudinal optical phonon.
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rystals. We infer that the enhancement is related to the strong
interfacial interaction between ZnO and Au. As mentioned
above, the transfer of Au surface electrons to ZnO nanocrystals
causes an increase of the Fermi energy level in the ZnO
nanocystals, which promotes electron density in the conduction
band of ZnO. Moreover, considering that surface plasmon
energy of metal Au matches well the emitted visible photon
energy of the ZnO nanocrystals, the emitted photons can produce
the surface plasmon through energy transfer,39 which promotes
electrons in gold to an excited-state by a surface plasmon wave.
The excited electrons will subsequently tunnel into the conduc-
tion band of ZnO nanocrystals. Consequently, the increased
electron density in the conduction band leads to an increase in
the hole-electron recombination rate that enhances the UV
emission of ZnO-Au NCs. Accompanying this process, the
visible emission in the ZnO-Au NCs is weakened slightly
compared with that of the pure ZnO nanocrystals. In addition,
the fact that the interfacial interaction between ZnO and Au
might lead to charge variation of the Au surface is also the cause
of the red shift of the Au surface plasmon band in the ZnO-
Au NCs mentioned above.

Resonant Raman spectroscopy can, as a powerful technique,
achieve sensitive detection of optical phonon modes and relevant
vibration properties. When the excitation energy of 325 nm out
of a He-Cd laser is in resonance with the band gap of the
wurtzite ZnO, the cross-section of Raman scattering is pro-
foundly enlarged. Therefore, multiphonon scattering is easily
observed in the resonant Raman spectra of ZnO-Au NCs and
pure ZnO nanocrystals, as shown in Figure 5A and 5B,
respectively, where four major sharp bands of longitudinal
optical (LO) phonons exist and the frequency shifts are multiples
of 1-LO zone-center frequency of 577 cm-1. In the wurtzite
structure ZnO with space groupC6V, both A1 and E1 modes are
polar and Raman active. The frequency of the first-order Raman
mode at 577 cm-1 is between the A1 (LO) mode (574 cm-1)
and the E1 (LO) mode (591 cm-1), which is a simple sum of
both Raman signals. The A1 (LO) phonon mode at 574 cm-1

can only be observed when thec-axis is parallel to the sample
face, whereas the observation of the E1 (LO) mode at 591 cm-1

is only possible when thec-axis is perpendicular to the sample
face.40 The line widths of multiphonon scattering are much
greater than that of previously reported single-crystalline bulk
ZnO samples and do not follow the relation∆ω ) 9n cm-1

(∆ω andn are the line width and ordinal number of multiphonon
scattering, respectively).41 The observed broadening of phonon
lines should probably account for the phonon confinement effect,
which has been investigated in detail in the wurtzite ZnO
nanocrystals and nanocrystalline silicon.42-44

It is interesting to note that the multiphonon scattering is
greatly enhanced in the ZnO-Au NCs relative to pure ZnO
nanocrystals. As shown in Figure 5A, the enhancement is
predominant for the first-order LO phonon mode and then
descends with increasing ordinal number of the phonon mode,
including the 4LO phonon with slight variation. The 1LO
phonon mode of the ZnO-Au NCs shows a 2-fold enhancement
compared to that of pure ZnO nanocrystals. Surface-enhanced
Raman scattering (SERS) has also been reported in CdS-Ag
hybrid particles and CdSe nanobelts (or CdS nanowires) growing
epitaxially on the Au (or Ag) surface.45-46 Theoretical and
experimental studies on SERS mechanisms in many cases reveal
that the SERS signals are primarily attributed to the electro-
magnetic excitation of strongly localized surface plasmon of
noble metals.47 In the ZnO-Au NCs, we also count the localized
electromagnetic effect of the Au surface plasmon mostly

responsible for the enhancement of multiphonon Raman scat-
tering. In addition, based on the fact that surface plasmon energy
of metal Au matches well the emitted visible photon energy
from the ZnO nanocrystals, the surface plasmon of the Au
nanoparticles might be resonantly excited through energy
transfer in the near field and create a stronger local electro-
magnetic field.39,48The incident light field coupling to the local
surface plasmon field might induce stronger localized electro-
magnetic field in the ZnO-Au NCs, which further enhances
the multiphonon Raman scattering of ZnO.

Conclusion

The present report demonstrates the chemical synthesis of
water-soluble ZnO-Au NCs by a simple and effective route to
obtain semiconductor and metal heterostructure composites that
are soluble in aqueous media and have expanded functionalities
of nanostructured materials. The structures and sizes of ZnO-
Au NCs with dumbbell-like shape were identified to be wurtzite
ZnO and fcc Au with 4.9 and 7.1 nm diameters, respectively.
The surface plasmon band of the ZnO-Au NCs is broadened
and red-shifted by about 17 nm relative to monometallic Au
nanoparticles. The UV emission of the ZnO-Au NCs is about
1 order of magnitude stronger than that of pure ZnO nanoc-
rystals, which is ascribed to the strong interfacial interactions
between ZnO and Au. Furthermore, multiphonon Raman
scattering of the ZnO-Au NCs is distinctly enhanced by the
strongly localized electromagnetic field of the Au surface
plasmon. The water-soluble ZnO-Au NCs with dumbbell-like
shape provide a distinct dual functionality: the Au surface can
be conjugated, applying well-established Au-thiol chemistry,
with thiol-termination or charge-opposite biomolecules, whereas
ZnO can be used for fluorescent biolabeling of biomolecules,
nanolaser, nanodevices, and efficient catalysts by virtue of its
characteristic functional properties.
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