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ABSTRACT: We successfully synthesized Au—ZnO hy-
brid nanoparticles with a novel hexagonal pyramid-like
structure. The growth process of the as-prepared hybrid
nanopyramids is clearly discussed. Because of their homo-
geneous composition and controlled morphology, the
Au—ZnO hybrid nanopyramids demonstrate better photo-
catalytic efficiency than pure ZnO nanocrystals.

Colloidal hybrid nanostructures have attracted particular
attention because of their unique shape- and composition-
dependent properties.' > Multicomponent hybrid nanomater-
ials with tunable composition and morphology often exhibit
multiple functionalities and even novel properties, thus achieving
potential applications in diverse areas such as multimodal
biological detection, catalysis, solar energy conversion, and
optoelectronic applications.”® In recent years, significant ad-
vances in the controlled synthesis of hybrid nanocrystals (NCs)
have been made.®”® Sun and co-workers” have reported a general
method for producing noble-metal magnetic heterostructures
based on thermal decomposition of metal carbonyls. More
recently, shape-controlled binary heterostructures have been
explored using faceted nanocrystals as seeds.'® In particular, as
a class of important hybrid nanomaterials, Au—semiconductor
hybrid nanoparticles have become an active frontier because of
their remarkable optical, electrical, and catalytic properties.'"'*
Among these hybrid nanomaterials, Au—ZnO nanocomposites
with unique physical and chemical properities have been applied
to dye-sensitized solar cells, photocatalysis, and biological
detection.'>'*® However, in comparison with other semiconduc-
tors, the synthesis of Au—ZnO hybrid nanostructures has
achieved limited success. Therefore, there is still a lot of potential
to explore facile and rational synthetic strategies for obtaining
Au—ZnO hybrid NCs. In addition, hybrid NCs with homoge-
neous composition and controlled morphology may potentially
offer enhanced photocatalytic properties.

In this work, we successfully prepared Au—ZnO hybrid nano-
particles with a novel hexagonal pyramid-like structure. The as-
prepared hybrid nanopyramids (NPs) possess uniform size and
morphology and interesting optical properties. The controlled
synthesis of Au—ZnO hybrid NPs was based on a seed-mediated
growth process. Briefly, monodisperse Au NCs (~60 mg in 10 mL
of hexane) to serve as seeds were added under agitation to a mixture
of zinc acetate dihydrate (0.5 mmol), oleylamine (OAm, 3 mL),
and dodecanol (DDL, 6 mL). Next, the temperature was slowly
raised to 120 °C to remove water and hexane. After that, the above
solution was further heated to 180 °C and kept at this temperature
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Figure 1. TEM image of the Au—ZnO nanopyramids. The inset shows
a single Au—ZnO nanoparticle.

for a few minutes. The as-obtained products were washed with
ethanol and dispersed in hexane. It is noteworthy that the hybrid
materials were prepared using the common inorganic salt zinc
acetate dihydrate as the metal precursor and that the reaction was
conducted under mild experimental conditions without inert
gas protection. Figure 1 shows a representative transmission
electron microscopy (TEM) image of the Au—ZnO hybrid NPs
obtained using Au NCs'"* (~5.6 nm; see Figure S1 in the
Supporting Information) as seeds. It can be seen that the nanopyr-
amids possess a narrow size distribution and consist of a pure Au
nanoparticle as the tip and a hexagonal ZnO nanopyramid as
the tail (see Figure S2).

The TEM images display the ZnO nanopyramids with a side-
edge length of ~25 nm and the gold nanoparticles with an average
diameter of ~8 nm. The Au—ZnO hybrid NPs were also
characterized by powder X-ray diffraction (XRD). It was found
that the products are composed of wurtzite hexagonal-structured
ZnO (JCPDS no. 36-1451) and cubic-phase Au (JCPDS no. 04-
0784) (see Figure S4a). As shown in Figure S3, high-resolution
TEM (HRTEM) images reveal that the lattice fringes correspond
to the (111) and (200) planes of Au NCs and the (110), (100), and
(101) planes of ZnO NCs. The high-angle annular dark-field
scanning TEM (HAADF-STEM) image (Figure 2a) clearly shows
the as-obtained hybrid NPs (the brighter contrast demonstrates
Au). The energy-dispersive spectroscopy (EDS) mapping results
(Figure 2b—e) further confirm the composition of an individual
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Figure 2. (a) HAADF-STEM image and (b—e) EDS maps of the as-
prepared Au—ZnO nanopyramids.
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Figure 3. (a) HRTEM image of a single Au—ZnO nanoparticle. (b)
FFT pattern of the selected area shown by the red square in (a). (c)
TEM image of an individual particle.

hybrid nanoparticle with a head of Au and a tail of ZnO. Figure S4b
shows the UV —vis absorption spectra of Au and Au—ZnO hybrid
NPs. The as-prepared Au seeds exhibit strong plasmon absorption
at 518 nm. It is noteworthy that in comparison with pure Au NCs,
the characteristic gold plasmon peak of the Au—ZnO hybrid NPs is
apparently red-shifted and broadened; this results from the size and
structure of Au—ZnO hybrid NPs and the interface communica-
tion between Au and the metal oxide.” The absorption peak around
A =361 nm for the Au—ZnO hybrid NPs is assigned to the ground
excitonic state of pure ZnO. Moreover, the room-temperature
photoluminescence (PL) was also investigated (Figure S4b inset).
The Au—ZnO hybrid NPs show UV emission around 4 = 393 nm,
which is related to the band-edge emission of ZnO due to the
recombination of excitons.

To validate the feasibility of this strategy, presynthesized Au NCs
with an average diameter of ~3 nm were employed for the
synthesis. Figure SS suggests that Au—ZnO NPs were also
obtained in this case. Figure 3a presents an HRTEM image of an
individual Au—ZnO hybrid particle viewed along the hexagonal
basal plane. Interestingly, it can be observed that the gold NC is
located on the center of the basal surface, which shows that the Au
seeds may selectively anchor onto the hexagonal basal surface of the
ZnO NP. The corresponding fast Fourier transform (FFT) pattern
(Figure 3b) demonstrates that the basal plane of the ZnO NP is
perpendicular to the [0001] direction, the ¢ axis of the wurtzite
hexagonal structure.

In order to further investigate the growth process, aliquots of the
reaction solution at different stages were withdrawn for character-
ization (using the ~3 nm Au seeds as an example). Figure 4
presents UV—vis spectra and typical TEM images of the products
at different reaction temperatures. Interestingly, when the tem-
perature in the system was raised to 120 °C, the maximum
absorption was red-shifted to ~519 nm (see Figure S6) relative
to that of the Au seeds (4 = S00 nm). The corresponding TEM
image (Figure 4b) indicates that only Au NCs with an average
diameter of ~6 nm are produced. Hence, the red shift of the
absorption peak shows the increasing size of the Au NCs via
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Figure 4. (a—c) TEM images (scale bars: 20 nm) and (bottom)
UV—vis spectra during the growth process (the products were redis-
persed in hexane and then washed with ethanol).

e®e zn2* nucleation
i e Ry
[ ] OAm/DDL  growth

©AuNCs  ¥b Au-ZnO hybrid NCs

Figure 5. Schematic illustration of the formation of the Au—ZnO
hybrid NPs.

Ostwald ripening during the process. After that, when the system
was further heated to 170 °C, the UV—vis spectrum presents two
absorption bands. To our knowledge, the absorption peak around 4
= 360 nm is attributed to the ground excitonic state of pure ZnO,
which may imply the presence of Au—ZnO hybrid NPs. As
expected, the TEM image of the products is also consistent with
the results. Herein, the monomer concentration of Zn*" was low.
When a high concentration of OAm was added, the nucleation
occurred quickly over the presynthesized Au seeds at high tem-
perature, and the ZnO NCs were capped by ligands of OAm less
selectively. Thus, the growth along the (0001) direction would be
reduced, resulting in the formation of ZnO with a hexagonal
pyramid-like structure. Figure 4c displays the as-obtained Au—ZnO
hybrid NPs with an average size of ~15 nm (side-edge length) at
170 °C. After nucleation of ZnO on the presynthesized Au seeds,
the final particles with larger size can be produced with the elevated
temperature.

From the above experiment results, a possible mechanism can
be deduced. As described in Figure S, when OAm and DDL were
employed as solvents and capping agents, the ZnO NPs epitaxi-
ally grew over the presynthesized Au seeds. Thus, the pyramid-
shaped Au—ZnO hybrid nanoparticles were formed with the Au
seeds located at the basal surface. To our knowledge, the energy
barrier plays an important part in the synthesis of hybrid NCs.
Herein, the lower energy barrier favors the heterogeneous
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Figure 6. Photocatalytic performance of rhodamine B under UV
irradiation.

nucleation of the ZnO NCs onto the Au seeds.®® The hexagonal
basal surface of the ZnO NPs is the {0001} polar plane.'®
Because of the lower interface energy for the polar/metal
interface,* the Au NCs were preferentially decorated at the
basal surface of ZnO. Meanwhile, possible surface defects may
also exist in this region. On the other hand, the relatively large
lattice mismatch (~5%), which is the lowest mismatch between
{101} facets of ZnO and {111} facets of Au (Figure S3), leads to
the formation of the hybrid nanostructures rather than core—-
shell particles.

Because of the homogeneous composition and controlled
morphology, the hybrid NPs may potentially offer enhanced
functions. In this work, the Au—ZnO hybrid NPs were used as
an example to explore their photocatalytic property (see the
Supporting Information for details). Figure 6 shows the photo-
catalytic degradation of rhodamine B (RhB) under UV irradiation.
For comparison, the single-component of pure ZnO NCs was
chosen for testing, which was achieved by etching Au—Zn0O hybrid
NPs with KI/I, solution.'*® It is worth noting that the as-obtained
ZnO NCs possess the same size distribution and morphology as the
ZnO in the hybrid NPs (see Figure S7). As a result, the hybrid NPs
indeed demonstrate better photocatalytic efficiency than pure ZnO
NCs. It can be observed that RhB (~5 ppm) were completely
degraded by the Au—ZnO hybrid NPs within 10 min (see Figure
S8). In contrast, it took the pure ZnO NCs more than 20 min to
achieve RhB degradation. The homogeneous component of gold
NCs in the hybrid nanoparticles plays a vital role in the photo-
catalytic process. The enhanced photocatalytic efficiency may be
attributed to the synergetic effect and specific charge-transfer
kinetics in the as-prepared Au—ZnO hybrid NPs."®

In summary, we have prepared Au—ZnO hybrid nanoparticles
with a hexagonal pyramid-like structure by regulating the hetero-
geneous nucleation and selective growth of ZnO on presynthesized
Au seeds. It is notable that the hybrid materials were prepared using
a common inorganic salt and that the reaction was conducted at
mild temperatures. Moreover, the Au—ZnO hybrid NPs show
higher photocatalytic efficiency than the individual ZnO NCs.
Because of the simplicity and feasibility of the process, it is believed
that this strategy will be suitable for scalable fabrication. On the
other hand, because of their unique structure, the as-prepared
hybrid NPs with uniform shape and composition are expected to
provide new insights in various applications such as biological
detection, solar cells, and photocatalysis.
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