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Metal-semiconductor Janus nanostructures with asymmetry and directionality have recently aroused significant in-
terest, both in fundamental light-matter interactions mechanism and in technological applications. Here we report the
synthesis of different Au—ZnO Janus nanostructures via a facile one-pot colloid method. The growth mechanism is re-
vealed by a series of designed synthesis experiments. The light absorption properties are determined by both the decrease
of dipole oscillations of the free electrons and the plasmon-induced hot-electron transfer. Moreover, the finite-difference
time-domain (FDTD) simulation method is used to elucidate the electric field distributions of these Janus nanostructures.
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1. Introduction

Metal-semiconductor heterogenous nanostructures have
aroused significant interest, both in fundamental light-matter
interaction mechanism and in technological applications (e.g.,
single-molecule detection, photocatalysis, and optoelectronic
devices) because of their tunable properties by controlling the

1-31' Among those het-

composition and unique morphology.
erogeneous nanostructures, Au—ZnO nanostructures are al-
ways an outstanding focus due to the fascinating light re-
sponse effect from the strong surface plasmon resonance of
Au and wide-band of ZnO. For example, the ultra-violet (UV)
photo response of Au coated ZnO nanorods with a diameter
of 100 nm has shown that the photosensitivity increases 10
times.[*! ZnO thin film incorporated with the Au nano-islands
shows that both the PL and the photoconductivity increase by
an order of magnitude.®! Recently, the controlled design and
preparation of colloidal Janus nanostructures have received
considerable attention because they can greatly influence the
chemical or physical properties due to the special asymmetry
and directionality within a single unit.[®! Typically, Au-ZnO
nanopyramids reported by Li et al. demonstrated better pho-
tocatalytic efficiency than pure ZnO nanocrystals.!”! Mean-
while, Au—ZnO nanoflowers reported by Peng et al. showed
the higher catalytic efficiency than pure ZnO nanocrystals and
other hybrid nanostructures for the photodegradation of rho-

damine B.!®1 Our previous work showed that each Au—-ZnO
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nanoparticle with a break shell has enhanced optic absorp-
tion properties and an obvious SERS effect due to the plasma-
induced hot electron transfer process./'% At present, the major
avenue toward bicomponent inorganic Janus nanostructures
relies on the control of growth or the attachment of a sec-
ond nanostructure onto a primary one via (i) heterogeneous
nucleation, (ii) asymmetric modification at liquid/liquid inter-
face, or (iii) non-epitaxial deposition on the surface of the first
nanostructure and subsequent thermal dewetting into a single
domain. The heterogeneous nucleation in organic solvent has
become an effective and widely used method due to the as-
prepared nanostructures with good crystallinity, monodisper-
sity in size, and good control of the morphology. However,
most of colloidal inorganic Janus nanostructures have been
prepared by a tedious and time-consuming two-step growth
method, with pre-synthesized seeds added.!'!! The shape-
controlled synthesis of the Janus nanostructures via a more
facile way is still a challenge because of the complexity of the
hybrid system and growth mechanism. Thus, a well-designed
and controlled synthesis of Au—ZnO Janus nanostructures with
diverse morphologies is of great importance, not only for de-
veloping a general method of preparing metal-semiconductor
Janus nanostructures but also for investigating the structure—
property—function mechanism.!?!

In this work, we prepare Au—ZnO Janus nanostructures
with matchstick-like, branched, and dumbbell-like morpholo-
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gies through a facile one-pot colloid synthesis method. The
growth mechanism of the Au—ZnO Janus nanostructures is in-
vestigated by designing a serial of experiments with differ-
ent reaction parameters. We explain the red-shift and broad-
ening phenomena in the surface plasma resonance of differ-
ent Janus nanostructures based on the Mie’s theory and hot-
electron transfer effect. Moreover, the electric field distribu-
tions of these Au—ZnO Janus nanostructures are investigated
by finite-difference-time-domain (FDTD) simulations, which
could benefit the studies of SERS enhancement mechanism.
These results can greatly promote the application of functional
metal-semiconductor Janus nanostructures by the controlled

design of diverse asymmetry architectures.

2. Experiment

2.1. Materials and methods

Gold (III) chloride hydrate (99.99% trace metals basis,
Beijing Chemical Factory), zinc acetate dihydrate (99.99%
trace metals basis, Alfa Aesar), benzyl alcohol (99%, Alfa Ae-
sar), octadecene (90%, Alfa Aesar), oleylamine (90%, Alfa
Aesar), were straightly used without further purification prior

to being used.

2.2. Synthesis of matchstick-like Au-ZnO Janus nanos-
tructure

Matchstick-like Au—ZnO hybrid nanostructure was ob-
tained by mixing 20-mg gold (III) chloride hydrate, 110-mg
zinc acetate dihydrate, 4.18-g benzyl alcohol, 1.578-g oc-
tadecene, and 3-g oleylamine in a three-neck flask. Then, the
mixture was heated to 120 °C slowly and kept at this temper-
ature for a short time. The color of the mixture could change
from yellow to brown. After that, the solution was further
heated to 180 °C quickly and maintained at this temperature
for 30 min. When the reaction was finished, the flask was
cooled to room temperature naturally and the product was col-
lected by centrifugation with ethanol and hexane. Finally, Au—
ZnO Janus nanostructure was dissolved in hexane and stored

at room temperature.

2.3. Synthesis of branched Au-ZnO Janus nanostructure

Branched Au-ZnO Janus nanostructure was synthesized
under the similar conditions except for the adding of oc-
tadecene and the reaction temperature that was changed from
180 °C to 200 °C. The remaining procedures were exactly the
same as those for synthesizing the matchstick-like nanostruc-

ture.

2.4. Synthesis of dumbbell-like Au-ZnO hybrid nanos-
tructure

Dumbbell-like Au—ZnO Janus nanostructure was synthe-
sized by changing the temperature from 180 °C to 160 °C. The
other procedures were exactly the same as those for synthesiz-
ing the matchstick-like nanostructure.

2.5. Characterization

Powder x-ray diffraction (XRD) data were collected on
a D2 PHASER x-ray diffractometer (Cu K« radiation, A =
0.154 nm) at 40 kV and 30 mA. The morphologies and struc-
tures of the samples were investigated by transmission elec-
tron microscopy (TEM, JEM-2100F with operation voltage
200 kV). UV-visible spectra were recorded with a Varian Cary

5000 ultraviolet-visible spectrophotometer.

3. Finite-difference time domain (FDTD) simu-
lations

The FDTD simulations (Lumerical Solutions Ltd.) were
carried out to elucidate the electric field distributions of Au—
ZnO Janus nanostructures. The simulation zone consisted of
periodic boundary conditions along the x, y, and z axes, and
then perfectly matched layers (PML) were selected in the sim-
ulation zone to prevent the reflected electromagnetic waves
from being reintroduced. A normal incident plane wave with
a wavelength of 532 nm was used since it was the closest to
the absorption peak of Au nanoparticles. To obtain accurate
results and maximum field enhancement resolution, the mesh
override region was set to be 2 nm, the size of Yee cell was
0.5 nm, the overall simulation time was 10000 fs which was
long enough to ensure calculation convergence, and the geo-
metric size was 300 nmx 300 nm x 300 nm. Furthermore, the
surrounding medium was set to be air and the refractive index
of ZnO was set to be 2.1.

4. Results and discussion

The synthesis of bicomponent Janus nanostructures re-
quires an even higher degree of synthetic control than that
of single-component nanostructures. To create bicomponent
Janus nanostructures, it is crucial to suppress homogeneous
nucleation of the second component as competitive reaction to
heterogeneous nucleation on the preformed or in situ formed
seeds. Thus, the ratio of seed to the second component pre-
cursor, and the adhesive Gibbs free energy at the interface be-
tween the seed and the overgrown particle are the key factors
for the controlled synthesis of bicomponent Janus nanostruc-

tures.
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Figure 1 shows the representative low-resolution TEM
images of Au-ZnO Janus nanostructures with different pre-
cursor ratios of zinc acetate to gold chloride. Without Au pre-
cursors, ZnO nanostructures exhibit a shape like citrus chi-
rocarpus and the longest side can achieve nearly 80.0 nm
as shown in Fig. 1(a). After adding the Au precursors, the
zinc acetate will process a heterogeneous nucleation on the
surfaces of Au nanoparticles as seeds and form the well-
dispersive matchstick-like Au—ZnO Janus nanostructure as
show in Figs. 1(b)-1(d). All of the samples exhibit a uniform
matchstick-like morphology consisting of single Au nanopar-
ticles with a diameter of 8.0 nm. It should be noted that the
diameter of Au nanoparticles is still around 8.0 nm when we
keep the reaction for longer duration at different temperatures.
This indicates that the concentration of Au precursors is low
enough for the seeding growth. As the precursor ratios of
zinc acetate to gold chloride decreasing from 3 to 1, the di-
ameters of ZnO nanorods become smaller and the aspect ra-
tio(length/diameter)increases from 1.9 to 5.1 gradually, while
the sizes of Au nanoparticles are nearly the same. With the in-
crease of the potion of Au precursor, the growth concentration
of Zn ions around each Au seed decreases due to the increasing
of the number of Au nanoparticles for the heterogeneous nu-
cleation, which results in the fact that the ZnO nanorods have
a prior growth direction because the thermal dynamics, other
than the chemical dynamics, dominates the growth process.

Figure 2 shows the as-prepared Au—ZnO Janus nanos-
tructures for different duration at 180 °C. When the duration
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is 15 min, 20 min, and 40 min, the average lengths of ZnO
nanorods are 23.4 nm, 38.1 nm, and 38.7 nm, respectively.
Correspondingly, the aspect ratios of ZnO nanorods are 3.1, to
3.8, and 4.9, respectively. It should be noted that the average
length and aspect ratio of ZnO nanorods reach the maximum
values of 46.0 nm and 5.1 in the duration of 30 min as shown
in Fig. 1(d). This indicates that the atoms of ZnO at the end of
nanorod may diffuse towards the center due to the long heat-
ing time after the Zn precursors have been exhausted about in

30 min.

2

Fig. 1. Transmission electron microscopy (TEM) images of Au—ZnO Janus
nanostructures prepared (a) without gold chloride and with different molar
ratios of hydrate zinc acetate to gold chloride: (b) 3, (c) 2, and (d) 1.

Fig. 2. TEM images of Au-ZnO Janus nanostructures prepared at 180 °C for different durations: (a) 15 min, (b) 20 min, and (c) 40 min.

Figure 3 shows the TEM images of Au—ZnO Janus nanos-
tructures synthesized at the same reaction parameters except
for different temperatures. When the temperature increases
from 160 °C to 180 °C, the Janus nanostructure will change
from dumbbell-like into matchstick-like nanostructure with a
parallel self-assembly tendency due to a uniform morphology
and a good dispersion. At 200 °C, branched Au—ZnO nanos-
tructure is formed in which each one consists of a pure Au

nanoparticle and two or three branched ZnO nanorods. Ad-

justing the temperature from 205 °C to 215 °C, the number of
ZnO nanorods in branched nanostructures presents an increas-
ing tendency as shown in the Figs. 3(e) and 3(f). The maxi-
mum number is five, which is popular in the case of 215 °C.
Meanwhile, the average length of branched ZnO nanorods also
increases with the reaction temperature increasing. The higher
reaction temperature usually supplies higher adhesive Gibbs
free energy at the interface of Au—ZnO Janus nanostructure,

which allows the nucleation of Zn precursor on the multiple
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crystalline planes of Au nanoparticles to grow up a complex
branched Au—ZnO Janus nanostructure. Meanwhile, as a re-
sult of more nucleation sites and the insufficient number of Zn
precursors, some insolated Au nanoparticles can be observed
(as shown in Fig. 3(f)), although the molar mass values of all
precursors and surfactants are the same as those at low tem-
peratures.

Figure 4 shows the high resolution transmission electron
microscope (HRTEM) images of dumbbell-like, matchstick-
like, and branched Au-ZnO Janus nanostructure. The high

resolution transmission electron microscope images indicate
that the plane interspace of Au nanoparticles is 0.235 nm
which belongs to the (111) plane while the lattice spacing of
ZnO nanorods is 0.260 nm which belongs to the (101) plane of
wurtzite-type ZnO. These results are well consistent with the d
values calculated from the XRD patterns in Fig. 5(a). We can
hardly tell any obvious lattice defects based on the high reso-
lution transmission electron microscope images, which means
that the qualities of all three kinds of Au—ZnO Janus nanopar-

ticles are perfect.

Fig. 3. TEM images of Au—ZnO Janus nanostructures prepared at different temperatures: (a) 160 °C, (b) 180 °C, (c) 200 °C, (d) 205 °C, (e)

210 °C, and (f) 215 °C.

Fig. 4. High resolution transmission electron microscopy (HRTEM) images of different Au—ZnO Janus nanostructures: (a) dumbbell-like, (b)

matchstick-like, and (c) branched.

Figure 5(b) shows the UV-vis spectra of different Au—ZnO Janus nanostructures with pure Au nanoparticles and ZnO

nanorods. The pure Au nanoparticles exhibit a strong plasmon absorption at 520 nm that corresponds to its characteristic col-

lectively oscillation frequency.!'3] While the absorption peak in dumbbell-like Au-ZnO Janus nanostructure presents a red-shift

from 520 nm to 538 nm, which arises from an overall increase of the refractive indices of the dielectric surroundings.!*) If the

shape changes from the dumbbell-like into branched and matchstick-like nanostructure, then the plasmon absorptions present a

continuous red-shift to 545 nm and 556 nm, respectively. According to the Mie theory, the red-shift of plasmon absorption is

ascribed to the decrease of dipole oscillations of the free electrons when the effective local dielectric function around Au nanopar-

ticles increases after the ZnO nanorods have been combined together. Meanwhile, the strong interface interaction in the Au—ZnO

Janus nanostructure can lead the plasmon-induced hot electrons to transfer from Au nanoparticles into the valance band of ZnO

nanostructure. The transfer causes the conduction band of ZnO to bend downwards, which results in a slightly red-shift of the

083301-4
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ground excitonic state of ZnO nanoparticles from 358 nm to 364 nm.[!3! Also, the broadening cross-sections of the Au plasmon
resonance absorption peaks results from the variation of electron density of Au nanoparticles due to the plasmon-induced hot-
electron transfer within the Janus nanostructure. Therefore, the dielectric circumstances and hot-electron transfer have a large

influence on the plasmon absorption for different Au-ZnO Janus nanostructures. !¢
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Fig. 5. (a) XRD patterns and (b) UV-vis spectra of different Au—ZnO Janus nanostructures.

The FDTD method is used to simulate the electromag-
netic field distribution around the light-illuminated Au—ZnO
Janus nanostructure by solving the Maxwell’s equations.!!”]
Figure 6 shows the field distribution of matchstick-like,
branched, and dumbbell-like Au—ZnO Janus nanostructures.
When the Au-ZnO Janus nanostructures are excited by the

532-nm polarized light source, the Au nanoparticles can gen-

Fig. 6. Electric field distribution in FDTD simulations for (a) branched and (b) dumbbell-like Au—ZnO Janus nanostructure with incident angle
of 0°; (c) model of the matchstick-like Au—ZnO nanostructure and electric field distribution at different angles of incident light: (d) 0°, (e) 45°,

and (f) 90°.

erate a strong plasmon excitation and electronic field. '8! How-
ever, such enhancements have a definite angle-dependent rela-
tionship. A distinct hot-spot occurs and exhibits the highest
enhancement of the electric field intensity at an incident an-
gle of 90° because of the strongest dipole oscillations of the
free electrons. The enhancements at incident angles of 135°

and 180° are exactly the same as those at 45° and 0°, respec-
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tively. The hot-spots induced by the incident light provides
an increasing number of hot-electrons at the interface between
noble metal and semiconductor nanostructure.!'”! Such hot-
spots will result in a more effective transfer of hot electrons
across the Schottky barrier to the conduction band of ZnO
nanorod.?>?!1 Some literature has reported that these hot-
spots can greatly improve the efficiency of plasmon-enhanced
photocatalytic water splitting by the enhancement of the local

d.[22-241 Of the three structures, i.e., matchstick-

electric fiel
like, branched, and dumbbell-like Au—ZnO Janus nanostruc-
ture, the matchstick-like nanostructure has the biggest exposed
surface of Au nanoparticles and the longest length of ZnO.
The longer ZnO nanorods can provide a longer relaxation path
of hot electrons and prevent the hot electrons from damping,
which is beneficial for the improvement of transfer efficiency.
Meanwhile, the larger surface of Au nanoparticles can gener-
ate stronger plasma resonance and more hot electrons enter-
ing the semiconductor, thus giving rise to the charge-transfer
enhanced SERS effect and photocatalysis required donor elec-
trons.

5. Conclusions

In this work, we propose a facile one-pot colloid method
of synthesizing the matchstick-like, branched and dumbbell-
like Au—ZnO Janus nanostructure through the successive nu-
cleation of Au and ZnO precursors in a continuous heating
process. The adhesive Gibbs free energy at the interface is
a critical factor for the selective growth of ZnO nanostruc-
tures on the Au nanoparticles. Meanwhile, the Mie theory and
hot-electron transfer are used to explain the red-shift and the
broadening of absorption cross section in the light absorption
properties in the UV-vis range. Moreover, we can observe that
the electromagnetic fields in these Janus nanostructures ex-
hibit some enhancements because the dielectric media around
the noble metal have different morphologies and sizes. There-
fore, our experimental results and theoretical simulations are
expected to provide a new insight into the growth mechanism

of Janus nanoparticles and inspire people to fully utilize these
surface plasmon resonance in a variety of areas such as func-
tional photoelectronic devices and highly sensitive SERS ma-
terials.
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