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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 Zn©Au NCs. The morphology and components of the 27 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 6fAZnRCs in aqueous
solution is distinctly broadened and red-shifted relative to monometallic Au hanoparticles, and the UV emission
intensity is higher by about 1 order of magnitude in Zn@u 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 capsulation within block-copolymer micell&%° Although these

Over the past several years, colloidal semiconductor nanoc-Surface _modifipations brought I_ittle or no improvement of the
rystals have attracted considerable attention owing to their electronic, optical, and magnetic functionality of the nanocrys-

unique size-dependent optical and electronic properties, basec}ﬁls’ a compllcatedAchgm|cza|1|I Eynthess COUl.d n(;)t deavmded n
on the quantum confinement effect of the electronic states. Most \N€S€ proc«lsisses. S 1S welk nﬁwn, nanosge 9010 POSSESSES
research has focused on optical, electronic, optoelectronic, and"any ex;:eb_(la_nt pr:_o;?]ertLes, ?‘u? asbfT_asy re duc_tlvgf_prepabratlon,
magnetic properties and corresponding technology applications,water's%_lf_ Hity, q Igﬁ_ ¢ flml\'/fa sta ||t_y,han |S|gnk;|cant '”0
such as light-emitting diodes (LED), optical data storage devices, compatibility and affinity. Moreover, it has also been well-
sensors, and microlasérg Lately, a new direction has emerged established that efficiently functional amine/thiol terrnma[ groups

in potential biotechnological applications such as luminescence are aple to bind stably to the golo! surface for ponmgaﬂon W'th
tagging, immunoassay, drug delivery, and cellular imadifg. bloac_t|ve moIecuI?sizsuch as antibody, nuclel_c acid, peptlgles,
Especially, fluorescent semiconductor nanocrystals (such asProtein, and DNA'12The prospect of developing new multi-

CdSe, CdTe, CdS), as a new type of biolabel, have advantagegunctional nanocomposites (NCs) of metal gold hybridized with

over conventional chemical fluorophores and visible fluorescent morga(;n(; compor;gnts boosts reIFvgnt r:esﬁézdz',-rhg ﬁd'
proteins in photostability and sensitivity as well as in other V3NC€ unctionalities appear only in the hybridized hetero-

aspectd.As a fluorescent semiconductor material, ZnO nanoc- Structure composites but not in their individual single-component
rystals exhibit much higher chemical stability and safety relative counterparts. In the case of_mult|fu4n§t|onal Au (ieogr;posnes,
to the toxic Cd element semiconductor nanocrystals. Thus, exalrgplesmcludlegI;OeIA{?,Fe-ogllde/Aul,v Fe304_A2l;' HAg/
fluorescent ZnO nanocrystals have become a biofriendly Au,® CdSe-Au,>#? ClpS/Au PbSe-Au—Fe;04, etc.
candidate for biological technology applicatichs. In our efforts to develop multifunctional NCs with solubility
Generally, the synthesis of high-quality ZnO nanocrystals is and biocompatibility in aqueous solution, we have recently
performed in organic media. However, water-solubility and demonstrated a significant strategy of biocompatible Au growing
biocompatibility of ZnO nanocrystals remain a challenge to ©On the surface of seeding ZnO to form water-soluble Z#@
researchers, which are primary prerequisites for their biological NCs in which the ZnO and Au components are combined to
application. Surface modification to resolve the non-biocom- provide fluorescence and further organic functionality for

patibility of inorganic materials was usually realized by func- bioconjugation. The dumbbell-shaped Zr@u NCs are formed
tionalization with water-soluble ligands, silanization, and en- through nucleation and growth of reduced Au at suitable sites
on the ZnO surface. The structural and optical properties are
*To whom correspondence should be addressed. Te86-431- studied in detail by XRD, TEM, and spectroscopy, such as-UV
ﬁlzigilz”@u‘:‘;";5n|+86'431'4627031? e-mail: - xgkongl4@ciomp.ac.cn; ;s absorption, photoluminescence (PL), and Raman scattering.
Tt Chignese Academy of Sciences. The investigation on the functional multicomponent composites

* Universiteit van Amsterdam. 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 Anders&Briefly, an amount of 50
mL ethanol containing 1.10 g zinc acetate dihydrate™098
Beijing Chemical) was refluxed while stirring at about 80
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). Th
precursor was hydrolyzed by adding 0.29 g lithium hydroxide
monohydrate power (from Fluka) in an ultrasonic bath 40
for 20 min. Through a 0.km glass fiber filter the ZnO colloid
suspension became transparent.

Preparation of Water-Soluble ZnO—Au NCs. To realize
water-soluble and stable Zr@Au NCs, a general and simple
aqueous-based synthesis was introduced in this paper. The a
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
30 mL stock solution of trisodium citrate (3.0 mM) with the
aid of ultrasonic irradiation, and then 20 mL ag 0.5 mM HAuCI
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 Zn©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 th
same method of citrate reduction in dilute HAyGlqueous
solution at about the boiling point of water following the known
method?425

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 CwKadiation ¢ =
1.5418 A). The morphology and size of the NCs were
determined utilizing transmission electron microscopy (TEM,
Hitachi H-81001V, 200 kV) at a magnification factor of
200 000x. 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 suspende
nanocomposite solution onto a carbon-coated copper grid and
allowing it to dry in air. The U\~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 HEd laser.

a

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 Zr@u NCs is

based on nucleation and growth of reduced Au by citrate on t
the selective and suitable surface sites of ZnO that could servef

€
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SCHEME 1: Schematic lllustration of the Formation of
ZnO—Au NCs
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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
HAuCI, 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 2 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,

Sthose sites on the ZnO surface act as centers for the reduction

of Au3t by citrate and then form nucleation sites for reduced
Au atoms. Finally, reduction of AU 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
temperaturé* 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 hanoparticles
that are unassociated with the ZnO nanocrystals. In recent
studies, Xu et al® have reported the formation of Ag het-
erodimer nanopatrticles by g, 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 A 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—shedl
nanostructure because of the lattice mismatch between ZnO and
Au. The obtained Zn©Au NCs still remain stably dispersed
in the aqueous media for more than 6 months (Figure 4A). In
he trisodium citrate solution (pH 8.0) ZnO nanoparticles are
ositively charged because the PZC (point of zero charge) of
ZnO is 1126 and the negatively charged Au nanoparticles are
attached to the ZnO nanocrystals through electrostatic affinity,

which probably enables the citrate-stabilized Znu 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 &y (Fe or FeOgz)/Au,2-17 (Fes04)/

Ag,18 PbSe-Au—Fe04,22 Co/CdSe y-Fe04/CdS28 and FePt/
AgQ(CdS)?° 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 9i@cting as an attachment
point for small colloidal Au through chemical binding
affinity.1539-32 Growth of these attached gold nanoparticles was
hen performed to achieve the formation of Au-containing NCs
ollowing the subsequent reduction of Auby the reducing


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp064118z&iName=master.img-000.jpg&w=222&h=59

3838 J. Phys. Chem. C, Vol. 111, No. 10, 2007 Wang et al.

22000 A ——2nO-Au NCs with baseline
1 . -, -~ baseli
20000 (101) A: ZnO-Au NCs 1.01 - =L Zn0-Au NCs without baseline
1 S B: pure ZnO 3
18000 - g :
16000 — _. 084 E’
J e £
14000 - s =
1 2 s
= 12000 @ 0.6 B |B - - baseline
s‘/ 10000 % § - = _Au colloids without baseline
2 8000 5 <
@ ] = 04
S 6000 5
= 1 8
4000 <
1 0.2
2000
E B
2003 ] E § 0.0 Purezn0 nanocrystals
- T T T T T T T
] | = | NAu 320 360 400 440 480 520 560 600
-4000 T T U T T 1 J Wavelength (nm)
24 30 36 42 48 54 60 66 72 - - - -
Two Theta Figure 3. Normalized optical absorption spectra of Zr@u NCs
—

(solid line) and pure ZnO nanocrystals (dash dot line). Inset: The
surface plasmon absorption band in (A) Zza®u NCs and (B)
monometallic Au nanoparticles.

Figure 1. XRD patterns of (A) ZnG-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.)  due to the incorporation of Au components. In the sample shown

in Figure 2A, about 82% of the particles have dumbbell-like
agent. However, in the synthesis of Zr@u NCs no binding structures with Au attached on the ZnO surface. Figure 2B and
agents were employed to bind the Au precursor on the surface2C show typical high-resolution TEM (HRTEM) images of
of ZnO for the growth of Au nanoparticles, and therefore gold dumbbell-like ZnG-Au NCs, in which the high contrast

nanoparticles, as well as Ag heterodimer nanopartiélesn difference between ZnO and Au is distinguishable because of
also directly nucleate and grow on the metal or metal oxide the higher electron density of metal Au. The distance between
nanoparticle surface without chemical binding agé#ts. two adjacent planes in wurtzite ZnO is determined to be 0.28

Structure and Morphology of ZnO —Au NCs. The structure, nm, corresponding to (100) planes, and that in fcc structured
crystalline phase, size, and morphology of Zn@u NCs were Au is 0.24 nm, resulting from a group of (111) planes. Here,
determined by power X-ray diffraction (XRD) and transmission these crystal planes are not parallel to each other, and the angles
electron microscopy (TEM). The well-resolved XRD patterns between them vary from one nanocrystal to the next. These
of the final ZnO-Au NC samples are displayed in Figure 1A, indicate that the epitaxial growth for the formation of ZnO
where two additional diffraction peaks (as marked with arrow) Au NCs is less obvious, which is similar to the reported re&ult.
appear compared to pure hexagonal-wurtzite ZnO nanocrystalsNote that the average size of Au is 7.1 nm in the NCs, much
(Figure 1B). The two additional peaks & 2 38.33 and 44.21 smaller than that of monometallic Au colloids ranging from 10
are assigned to the diffraction lines of (111) and (200) planes to 30 nm prepared by the same citrate reduction method (TEM
of the face-center-cubic (fcc) gold, respectively. Their position image is not shown here).
and relative intensities are in agreement with the JCPDS (No. Optical Properties of ZnO—Au NCs. In this study, the
65-2870) of bulk gold, which further proves the formation of optical properties of Zn©Au NCs were characterized by UV
crystalline Au. The crystalline domain sizes, estimated from the visible absorption, PL, and Raman scattering spectroscopy,
broadening of X-ray diffraction peaks according to the Scherrer respectively. Figure 3 shows the absorption spectra of the-ZnO
equation, are about 4.3 and 6.8 nm for ZnO and Au nanopar- Au NCs (solid line) and pure ZnO nanocrystals (dash-dot line).
ticles, respectively. It is well-known that the band-edge absorption of semiconductor

Representative low-magnification TEM images of the ZnO  in the quantum-confined size regime 4.0 nm for ZnO) is
Au NCs are illustrated in Figure 2A, where the measured dependent on the particle size, which was examined in detalil
average diameter is 4.9 and 7.1 nm for ZnO and Au, respec-by Haase et & In the range of 308450 nm, no distinct
tively, consistent with the above X-ray results. As shown in variation of absorption characteristics of ZnO in the Zn&u
the image, the Zn©Au NCs are fairly monodispersive, and NCs was found compared with that of pure ZnO nanocrystals,
their shapes are different from the spherical ZnO nanoparticles which implies that no apparent growth of ZnO particles occurred
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Figure 2. Typical transmission electron microscopy (TEM) image and high-resolution TEM images of Za®ICs. Inset: Size distribution for
ZnO and Au in ZnO NCs, respectively.
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60 concentration of the particles. However, absorption of ZnO
:2: Au NCs is not a simple superposition of the characteristic
. g : absorptions of ZnO and Au. In fact, the surface plasmon band
203— . : - : . : of ZnO—Au NCs is distinctly broadened and red-shifted by
o A - A about 17 nm relative to monometallic Au in water medium. It
Mevelengh () is well-known that the size increase of Au particles causes a

Figure 4. Sample photographs of (A) monometallic Au nanoparticles red shift of the surface plasmon baffdHowever, the average
and ZnO-Au NCs in aqueous solution; the corresponding fluorescent size of Au here is much smaller in the Zr@u NCs than in

images of (B) monometallic Au nanoparticles (no fluorescence) and . . . .
ZnO—Au NCs in aqueous solution under UV lamp radiation; the monometallic Au nanoparticles, which would result in a blue

photoluminescent spectrum of (C) the Za@u NCs (solid line) and shift instead of the observed red shift if the size effect were

pure ZnO nanocrystals (dash dot ling)(= 340 nm). responsible. Other factors that might affect the position of the
) surface plasmon band have also been considered based on the
SCHEME 2: The Band Structure of Au and ZnO with Mie theory, including stabilizing ligands and solvent dielectric,
Uniform Fermi Level Induced by Electron Transfer which, however, turned out not to be the primary ones. The
between Au and ZnO _ change of optical properties was then directed to the strong
3 E, interfacial coupling between the metal Au and semiconductor
ZnO parts in the new heterostructure NCs. Since the Fermi
il ® 5 D= 52|V energy level of gold is higher than that of ZnO, a consequence
b=51eV [ Yoona E of the fact that the work function is smaller for gold (5.1 eV)
i defedt level ~° than for ZnO (5.2-5.3 eV)3* electron transfer occurs from Au
s I A T ) to ZnO during the formation of ZnGAu NCs, as shown in
E;, 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
e E, Au surface consequently induce the broadening and red shifting
s of the surface plasmon band, consistent with previous reports
that Au electron deficiency shifts the surface plasmon band to
a longer wavelengtf?-16.35.36

As shown in Figure 4C, the room-temperature PL spectrum
Au ZuO of ZnO—Au NCs comprises two emission bands in the UV/
during the formation of the aqueous Zr@u NCs. Therefore, visible regions under above band-edge excitation. The corre-
the partial aggregation and shape variation shown in the TEM sponding fluorescence image is also given in Figure 4B. The
image (Figure 2A) probably comes from the incorporation of narrow UV emission band centered at 369 nm is assigned to
Au composition. Furthermore, a surface plasmon band resulting exciton recombination. Despite the intensive studies on the broad
from the noble metal Au in the Zn©Au NCs as well as a  visible emission of ZnO, its nature remains controversial; for
characteristic absorption of ZnO nanocrystals appears irrUV example, Vanheusder et al. attributed the visible emission to
visible spectra. For comparison, monometallic Au nanoparticles the recombination of holes with the electrons occupying singly
(Figure 4A) were also prepared with the same citrate reduction ionized oxygen vacancy in Zn&whereas Dijken et al. ascribed
method that produced monometallic Au of 480 nm in it to the recombination between a deeply trapped hole in a
diameter. The inset of Figure 3 shows the absorption spectra inVo**center and a shallowly trapped electré&hAmong them,
400-800 nm for the aqueous solution of Zr@u NCs and these oxygen vacancies were widely accepted to be responsible
monometallic Au nanoparticles, respectively. The surface plas- for the visible emission of ZnO. It should be noted that the
mon absorption of citrate-stabilized monometallic Au nanopar- integrated UV emission intensity of Zr€Au NCs is higher
ticles in water is centered at 524 nm, independent of the by about 1 order of magnitude than that of pure ZnO nanoc-
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rystals. We infer that the enhancement is related to the strongresponsible for the enhancement of multiphonon Raman scat-
interfacial interaction between ZnO and Au. As mentioned tering. In addition, based on the fact that surface plasmon energy
above, the transfer of Au surface electrons to ZnO nanocrystalsof metal Au matches well the emitted visible photon energy
causes an increase of the Fermi energy level in the ZnO from the ZnO nanocrystals, the surface plasmon of the Au
nanocystals, which promotes electron density in the conduction nanoparticles might be resonantly excited through energy
band of ZnO. Moreover, considering that surface plasmon transfer in the near field and create a stronger local electro-
energy of metal Au matches well the emitted visible photon magnetic field*®#8The incident light field coupling to the local
energy of the ZnO nanocrystals, the emitted photons can producesurface plasmon field might induce stronger localized electro-
the surface plasmon through energy trandtevhich promotes magnetic field in the Zn©Au NCs, which further enhances
electrons in gold to an excited-state by a surface plasmon wave the multiphonon Raman scattering of ZnO.

The excited electrons will subsequently tunnel into the conduc-

tion band of ZnO nanocrystals. Consequently, the increasedConclusion

electron density in the con_duc_tion band leads to an increase in The present report demonstrates the chemical synthesis of
the_ hc_)Ie—eIectron recombination rate t_hat er_lhances the UV ater-soluble Zn@-Au NCs by a simple and effective route to
emission c_>f Z_nG_Au NCs. Accompan_ylng this process, the  ,ptain semiconductor and metal heterostructure composites that
visible emission n the ZnBAu NCs is weakened sllght_ly are soluble in aqueous media and have expanded functionalities
compared with that of the pure ZnO nanocrystals. In addition, ¢ hanastructured materials. The structures and sizes of-ZnO
the fact that the interfacial interaction between ZnO and Au a(, NCs with dumbbell-like shape were identified to be wurtzite
might lead to charge variation of the Au surface is also the cause 7, and fcc Au with 4.9 and 7.1 nm diameters, respectively.
of the red shift of the Au surface plasmon band in the ZnO  The gyrface plasmon band of the Za@u NCs is broadened
Au NCs mentioned above. and red-shifted by about 17 nm relative to monometallic Au
Resonant Raman spectroscopy can, as a powerful techniquenanoparticles. The UV emission of the Za®u NCs is about
achieve sensitive detection of optical phonon modes and relevant] order of magnitude stronger than that of pure ZnO nanoc-
vibration properties. When the excitation energy of 325 nm out rystals, which is ascribed to the strong interfacial interactions
of a He-Cd laser is in resonance with the band gap of the between ZnO and Au. Furthermore, multiphonon Raman
wurtzite ZnO, the cross-section of Raman scattering is pro- scattering of the Zn©Au NCs is distinctly enhanced by the
foundly enlarged. Therefore, multiphonon scattering is easily strongly localized electromagnetic field of the Au surface
observed in the resonant Raman spectra of ZA0 NCs and plasmon. The water-soluble Zr@\u NCs with dumbbell-like
pure ZnO nanocrystals, as shown in Figure 5A and 5B, shape provide a distinct dual functionality: the Au surface can
respectively, where four major sharp bands of longitudinal be conjugated, applying well-established Au-thiol chemistry,
optical (LO) phonons exist and the frequency shifts are multiples with thiol-termination or charge-opposite biomolecules, whereas
of 1-LO zone-center frequency of 577 cin In the wurtzite ZnO can be used for fluorescent biolabeling of biomolecules,
structure ZnO with space gros,, both A, and & modes are nanolaser, nanodevices, and efficient catalysts by virtue of its
polar and Raman active. The frequency of the first-order Raman characteristic functional properties.
mode at 577 cmt is between the A(LO) mode (574 cm?)
and the k (LO) mode (591 cm?), which is a simple sum of Acknowledgment. The work is financially supported by the
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