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Highlights
•
The fabricated photocatalysts have high number density of plasmonic hot spots.
•
The hot spot effect between plasmonic particles is depicted by 3D FDTD
simulation.
•
The electromagnetic fields are strengthened by plasmonic hot spots.
•
The enhancement of photoactivity due to plasmonic hot spot effect is confirmed.
•
We realize how interparticle gap will induce the strong plasmonic hot spot effect.

Abstract
Plasmonic hot spots located among closely dispersed plasmonic nanoparticles (NPs)
are intensively studied for efficient conversion of solar to chemical or electrical energy
applications. Here, a successful method to synthesize high-density unaggregated
plasmonic Ag or Au NPs (AgNPs or AuNPs) onto nanostructured semiconductors with
3D densely organized NPs is demonstrated. The densely dispersed plasmonic AgNPs
or AuNPs are assembled chemically on the entire surface of the ZnO nanorods through
bifunctional thioctic acid bridging linkers. The fabricated NPs possessing small
interparticle gaps generate numerous plasmonic hot spots which boost catalytic
activities of the photocatalysts. As depicted by exact 3D finite-difference time domain
simulations, the electromagnetic fields are magnified exponentially among interparticle
gaps, hot spots, due to the plasmonic coupling effects of the neighboring AgNPs. The

electromagnetic fields are strengthened by decreasing the interparticle spacing of
coupled AgNPs. It is consistent with the result that the photocatalytic reaction rate
increases non-linearly with the Ag content under full-spectrum light irradiation. Using the
spectral characterizations and electromagnetic field simulations, we unambiguously
confirm the enhancement of photoactivity due to coupling of plasmonic hot spot effect to
nanostructured semiconductors. Moreover, diverse heterostructures based on the
plasmonic NPs on various ZnO nanostructures (films, nanorod arrays, branched
nanowires, and mesoporous structures) or functional materials (CuInGaSe 2 absorber
films, multiferroic BiFeO3 films, visible-light photoactive Cu2S and CdS nanorods) are
successfully fabricated using the present synthesis methodology.
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1. Introduction

Recently, surface plasmon resonance (SPR) is intensively studied for application in
solar energy harvesting, conversion, and storage as well as environmental pollutant
purification [1], [2], [3], [4], [5], [6], [7], [8]. Plasmonic nanostructures especially for the
Ag or Au nanoparticles (AgNPs or AuNPs) support the formation of SPRs in response to
a visible light flux and localize the electromagnetic energy to their surfaces [9]. For
visible-light-driven photocatalytic applications, the interaction of the plasmonic AgNPs or
AuNPs with their neighboring semiconductor allows for an enhanced generation of
electron–hole pairs in the near-surface region of the semiconductor [10]. These charge
carriers are readily separated and easily migrate to the surface (short exciton diffusion
length), where they can perform photocatalytic transformations. The SPR-induced
enhancement in the generation rate of electron–hole pairs through the near-field
mechanism is dependent on the intensity of local electromagnetic fields [11], [12], [13].
Both experimental and theoretical works have demonstrated that a high local
electromagnetic field leads to increased light absorption and effective generation of
electron–hole pairs at the surface of the Ag-TiO 2[14], Ag-Cu2O [15], Ag-AgCl [16], AgZnO [17], Au-TiO2[18], [19], [20], [21], Au-Fe2O3[22], [23], [24], [25], Au-Si [26], AuSiO2[27], Au-GaP [28], or Au-ZnO [29] heterostructures for plasmonic enhancement of
photocatalytic reactions.
Interaction of light with nanostructures gives rise to a variety of interesting optical
phenomena in nanoscale. SPR concentrates the light flux (the energy of incoming
photons) in small volumes surrounding the nanostructure. Duan and
coworkers [30] reported that the calculated electromagnetic field enhancement (E2/E02)
of more than 1 order of magnitude can be achieved around the plasmonic AgNPs or
AuNPs near the surface of the Si photodiodes. The enhancement quickly decays to a
much smaller enhancement factor of 1.5–5 at a distance of 15 nm from the plasmonic
NPs. The wavelength and the intensity of the SPR of metal particles are highly sensitive
to the metal species, size, shape, interparticle spacing, and the dielectric
environment [31], [32]. Most importantly, numerous experimental and theoretical efforts
have confirmed that the local “hot spot”, which locates in the gap region between closely
dispersed plasmonic particles in 2D-patterned plasmonic particle arrays, can enhance
the local electromagnetic field by several orders of magnitude higher than that by
isolated particles [3], [21], [33], [34], [35], [36], [37]. Very recently, Mangelson et
al. [38] developed a procedure for synthesizing Au nanorod dimers embedded within
TiO2sheets as case study for the incorporation of plasmonically active materials into
generic semiconductor films. They showed that this composite amplifies the electric field
of incident light within the gap between nanorod segments. These studies stimulated

keen interests in fabricating 3D heterostructures composed of closely dispersed
plasmonic NPs decorating on the surface of semiconductor nanostructures, aiming for
high number density plasmonic hot spots with high electromagnetic field to overcome
the limited efficiency of photocatalysts and photovoltaic devices.
With the pertinent motivation, we firstly develop a controlled synthesis of remarkable 3D
photocatalysts composed of high-density unaggregated plasmonic AgNPs or AuNPs
chemically bound to one dimensional ZnO nanorods (ZNRs) through thioctic acid (TA)
as a bifunctional molecular linker, as shown in Fig. 1a. The hence successfully
fabricated new materials of plasmonic metal-semiconductor 3D heterostructures have
high number density of plasmonic hot spots with ultrahigh electromagnetic field. As
depicted by 3D finite-difference time domain (FDTD) simulations, significant incoming
photon confinement and enhancement around the metal-semiconductor interfacial
plasmon hot spots contribute to efficient conversion of light energy to electron–hole
pairs. We unambiguously confirm the enhancement of photocatalytic activity due to
coupling of plasmonic hot spot effect to nanostructured semiconductors. It thus
contributes mainly to the SPR-induced enhancement of photocatalytic activity.
Additionally, photoconductive measurements of AgNPs- and AuNPs-decorated single
ZnO nanorod agree well with the discussion on the plasmonic enhancement of
photoactivity. Moreover, various hybrid structures based on the plasmonic NPs and
diverse nanostructures or functional materials can be successfully constructed using the
bifunctional TA linkers. The plasmonic NPs can be stably anchored on a diverse range
of materials with varied surface properties. Multifunctional plasmonic heterostructures
adopting the synthesis methodology described in this study will facilitate the current, or
even enable new, applications in photocatalysts, photovoltaics, photonic sensors, and
so forth, in a controllable and scalable manner.
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Fig. 1. (a) Schematic of the synthesis methodology for ZNRs-NPs heterostructures
using TA linkers. (b) Optical absorption spectra of AgNPs and AuNPs before and after
modification with TA. (c) Photographs of AgNPs, AuNPs, TA-functionalized AgNPs, and
TA-functionalized AuNPs before and after adding HCl solution. TEM images of (d) TAfunctionalized AgNPs and (e) TA-functionalized AuNPs. SEM images of (f) ZNRs, (g)
ZNRs-AgNPs (30 wt.%), and (h) ZNRs-AuNPs (30 wt.%) heterostructures. (For
interpretation of the references to color in the text, the reader is referred to the web
version of this article.)

2. Experimental
2.1. Preparation of ZNRs by a hydrothermal method
Zn(NO2)2·6H2O and C6H12N4 precursors were individually added to deionized water to
form two 0.01 M precursor solutions. These two solutions were mixed together in a
glass bottle. The glass bottle was then sealed and maintained at 90 °C for 2 h in order
to grow ZNRs. After the growth of ZNRs, the sample was removed from the solutions,
rinsed with distilled water, and dried at room temperature.
2.2. Synthesis of 10 nm sized TA-AgNPs
A solution of 1.0 mM silver nitrate (60 mL, 10.2 mg, 0.06 mmol) was added dropwise to
2.0 mM sodium borohydride solution (180 mL, 13.62 mg, 0.36 mmol) which was chilled
in an ice bath. The reaction mixture was stirred vigorously on a magnetic stir plate. The
solution turned light yellow after the addition of 10 mL of silver nitrate. The color became
bright yellow when all of the silver nitrate had been added. The entire addition took
about ten minutes. To improve the stability of AgNPs, Na citrate (141 mg, 0.48 mmol)
was added to the NaBH4 stabilized AgNPs solution. The resulting yellow colloidal silver
was stable which could be stored in a transparent vial for several months. To a solution
of NaBH4 or citrate stabilized AgNPs (240 mL), of which the basicity was pre-adjusted to
pH 11 by 0.5 M NaOH, was added thioctic acid (49.2 mg in 1 mL MeOH, 0.24 mmol)
and left for self-assembling for 48 hrs. Excess TA was removed via three cycles of
centrifugation and resuspension with H2O (pH > 11).
2.3. Synthesis of 10 nm sized citrate-stabilized AuNPs (c-AuNPs)
To an aqueous solution (200 ml) of sodium citrate (140 mg, 0.476 mmol) with stirring
was added 440 μl of 5% HAuCl4·3H2O solution (20 mg, 0.051 mmol) at 100 °C. The

solution was refluxed for additional 15 mins, then cooled to room temperature and
stored in 4 °C for future functionalization.
2.4. Synthesis of 35 nm sized c-AuNPs
To an aqueous solution (200 ml) of HAuCl4·3H2O (79 mg, 0.2 mmol) with stirring was
added 10 ml of 1% sodium citrate (100 mg, 0.34 mol) at 100 °C rapidly. The solution
was refluxed for additional 15 mins, then cooled to room temperature and stored in 4 °C
for future functionalization.
2.5. Synthesis of 10 nm and 35 nm sized TA-AuNPs
To a solution of c-AuNPs (200 ml), which basicity was pre-adjusted to pH 11 by 0.5 M
NaOH, was added thioctic acid (50 mg in 1 ml MeOH, 0.24 mmol) and left for selfassembling for 48 hrs. Excess TA was removed via centrifugation (minispin, Eppendorf;
11000 and 4500 rpm for 10 and 35 nm c-AuNPs, respectively) and resuspension with
H2O (pH > 11) for three times.
2.6. Preparation of chemically assembled ZNRs-AgNPs and ZNRs-AuNPs
The ZNRs were placed in a vial containing TA-functionalized AgNPs or AuNPs, which
have been dispersed for 1 h. The ZNRs-AgNPs or ZNRs-AuNPs heterostructures were
then washed with distilled water to remove excess TA-functionalized AgNPs or AuNPs.
2.7. Materials characterization
The optical properties were measured by a Hitachi U-3010 spectrometer. A high
resolution transmission electron microscope (HRTEM, JEM-3000F) was used to
determine structures and phases formed in the samples. The photoluminescence (PL)
spectroscopy was gathered by exciting the samples with a continuous wave He-Cd
laser (325 nm). The crystalline structures were analyzed by X-ray diffraction (XRD,
PANalytical X'Pert Pro). The morphology and chemical composition of the samples were
observed with a field-emission scanning emission microscopy (SEM, JEOL-6500). We
have used the inductively-coupled plasma mass spectrometry (ICP-MS, Agilent 7500ce)
measurements to quantitatively determine the metal loadings. X-ray photoelectron
spectroscopy (XPS, VG Scientifi c-Microlab 350) was used to examine the chemical
states of the samples. The photoconductive characteristics were analyzed with a
semiconductor parameter analyzer (Agilent, B1500A) under full-spectrum light
illumination.
2.8. 3D finite-difference time-domain (FDTD) Simulation

We calculated the electromagnetic field distributions 10 nm sized AgNPs or AuNPs
which are coated on ZnO surfaces with 5, 10, 15, and 20 nm interparticle gaps. Since it
is extremely difficult to precisely probe the molecular length of the bifunctional TA linkers
containing the carboxylate groups for ZNRs attachment and thiols as strong AgNPs or
AuNPs binding functional groups, we simulated electromagnetic field distributions of the
ZNRs-NPs heterostructures without involving the relatively short (should be less than
1 nm) TA molecules. According to the photocatalytic experimental data in the supporting
information file, the ZNRs-NPs heterostructure with or without the TA linkers shows
almost identical photocatalytic property. Thus, we reasonably believe that the presence
of the relatively short TA molecules would not influence the plasmonic interaction of the
NPs with their neighboring ZnO semiconductors under light illumination. The electric
fields affected by ZnO-NPs immersing in water with refractive index n=1.333 simulated
by 3D FDTD (Fullwave 6.1, Rsoft) under 410 or 530 nm monochromatic light
illuminations. In the simulation, the normal incident linearly X-polarized plane waves
were selected to estimate the interaction between the propagating plane waves and the
heterostructures. ZnO was considered as a dielectric material with refractive
index n = 2.03.
2.9. Photocatalysis measurements
The photoinduced degradation of rhodamine B (RhB) or methylene blue (MB) as the
test pollutant under UV (λ = 254 nm, UV source), visible (λ > 420 nm or λ > 590 nm,
xenon lamp with pass filter), or full-spectrum light irradiation (λ > 200 nm, xenon lamp) is
utilized to investigate the photocatalytic activity of the photocatalysts. For photocatalytic
studies, 10 mg samples containing photocatalysts were dispersed in 30 mL of 5 ppm
RhB or MB aqueous solution. Prior to irradiation, the photocatalysts were immersed in
the RhB or MB solution and kept in the dark for 30 min to establish an adsorptiondesorption equilibrium between the dye and the surface of the catalysts. The solutions
which contained photocatalysts were subsequently irradiated. The reaction mixtures
were exposed to light irradiation (power density ∼2 mW−1 cm2) under vigorous stirring.
The concentration of RhB and MB was determined by the UV–vis absorption of the dye
at λmax of 554 nm and 665 nm, respectively.
2.10. Preparation of the single NPs-decorated ZnO nanorod photoconductive device:
The ZNRs were synthesized in the solution using the hydrothermal method as
mentioned before. They were placed in a vial containing TA-functionalized AgNPs or
AuNPs, which have been dispersed for 1 h for preparation of chemically assembled

ZNRs-AgNPs or ZNRs-AuNPs heterostructures. After that, the ZNRs-AgNPs or ZNRsAuNPs heterostructures in the aqueous solution were transferred to Si-based
substrates. The individual ZnO nanorod decorated with AgNPs or AuNPs was
subsequently used for the fabrication of the photoconductive device. A full-spectrum
light (λ > 200 nm, xenon lamp) was illuminated on a single NPs-decorated nanorod
which was connected to one pair of Pt electrodes deposited by focusing ion beam
technique, and the photocurrent was measured using a two-probe method.

3. Results and discussion
3.1. Synthesis of ZNRs-AgNPs and ZNRs-AuNPs Heterostructures Using Bifunctional
Linkers
The decoration of metal NPs (Ag or Au) on nanostructured semiconductors has been
demonstrated by reducing metal salt precursors directly (e.g., AgNO 3, HAuCl4, and so
forth) [19], [39], [40], [41]. However, aggregation of NPs usually occurred on the
supporting substrates, especially at high particles loading, which leads to significantly
decrease the metal-support active sites on both the metal and the support which are
needed for the photocatalytic simultaneous reduction and oxidation reactions to occur.
In addition, other works have reported that the aggregated plasmonic NPs on 2D
semiconductors led to the distortion of plasmonic effect, which produced a counter
effect of suppressing the photocurrent in the optoelectronic devices [42], [43]. Thus,
aggregation of NPs on the semiconductors hinders the realization of highly efficient
photocatalysts and photovoltaics. To improve the plasmonic NPs-semiconductors
interaction, we have prepared a bifunctional TA linker containing the carboxylate groups
for ZnO nanorods attachment and thiols as strong AgNPs or AuNPs binding functional
groups, as shown in Fig. 1a. Such molecular linker acts as an effective bridge between
two materials enabling the preparation of diverse hybrids using different strategies that
might affect their plasmonic properties. The TA-functionalized NPs with sufficient steric
stabilization perform as “spacer” to prevent the particles from aggregating, even at high
NPs loading due to repulsive electrostatic force exerted by the negatively charged TAfunctionalized NPs.
Briefly, the AgNPs and AuNPs were synthesized by controlling the concentration ratio of
AgNO3 to NaBH4 and HAuCl4 to Na3C6H5O7·2H2O, respectively. After that, the TA
molecules were added to AgNPs or AuNPs solutions, of which basicity was pre-adjusted
to pH 11 by 0.5 M NaOH, and left for self-assembling for 48 h. Fig. 1b shows the optical
absorption spectra of AgNPs and AuNPs before and after modification with TA. We
found that the SPR peaks of the AgNPs and AuNPs both exhibited red-shift from 388 to

398 nm and 516 to 521 nm, respectively. The shift in the position of the SPR peaks,
which results from a change in the dielectric property of the environment, suggests the
attachment of a layer of adsorbed TA surfactant around the AgNPs or AuNPs by
formation of strong S Ag or S Au bonds [44]. In comparison with the bare AgNPs
and AuNPs, the TA-functionalized AgNPs and AuNPs exhibit different response to pH of
solution, as shown in Fig. 1c. After adding HCl solution (10 μl, 1.0 M), the TAfunctionalized AgNPs and AuNPs solutions immediately appeared to be of purple and
orange color, respectively. This phenomenon suggests particle aggregation [45]. The
aggregation can be attributed to the formation of strong intermolecular hydrogen
bonding in the presence of the carboxylate-terminated functionalized NPs in the acidic
environment. Transmission electron microscopy (TEM) observation reveals the TAfunctionalized AgNPs and AuNPs are well dispersed, uniformly sized, and spherical in
shape (Fig. 1d and e). The sizes of the TA-functionalized AgNPs and AuNPs were
estimated by measuring 100 NPs, indicating that the average size and standard
deviation of the TA-functionalized AgNPs and AuNPs are 9.65 nm ± 1.42 and
10.46 nm ± 0.76, respectively.
The ZNRs were synthesized by hydrothermal reaction of Zn(NO 2)2.6H2O and
C6H12N4precursors in an aqueous solution at 90 °C for 2 h. Fig. 1f displays field emission
scanning electron microscopy (SEM) image of the ZNRs with a well-defined
morphology. The high-resolution TEM (HRTEM) and photoluminescence (PL) results
indicate that the ZNRs obtained in this investigation possess excellent quality
(Supporting information, Figs. S1 and S2). The surface Zn-atom sites of ZnO have a
strong affinity for the carboxylate group of the molecular linkers [46]. The carboxylaterich surfaces of the TA-functionalized AgNPs or AuNPs were exposed to the ZNRs, the
particles chemisorbed gradually, forming a monolayer and conformal coating on the
surface of the ZNRs, as shown in Fig. 1g and h. Fig. S3 shows the SEM images of the
ZNRs-AgNPs and ZNRs-AuNPs heterostructures with AgNPs and AuNPs prepared by
the self-assembly method at various AgNPs and AuNPs concentrations of 10, 20, 30,
and 60 nM for 1 h. The formation of a monolayer of arranged NPs without aggregation
on the ZNRs is commonly observed. We used the inductively-coupled plasma mass
spectrometry (ICP-MS) measurements to quantitatively determine the metal loadings,
as shown in Fig. S4. Both the Ag and Au content increased linearly with an increase of
the TA-functionalized AgNPs and AuNPs concentration within 0–30 nM. By controlling
the initial concentration of NPs at 30 nM, the high-density unaggregated NPs were
linked molecularly to the entire surface of the ZNRs. Therefore, the maximal NP loading
content in the ZNRs-NPs heterostructures can reach approximately 30 wt.%. Above

30 nM, the loading content of NPs on ZNRs remained essentially unchanged, revealing
that the TA-functionalized NPs possessing sufficient steric stabilization can prevent the
particles from aggregating.
Fig. 2a and b shows the corresponding photograph of aqueous dispersions of the bare
ZNRs, ZNRs-AgNPs, and ZNRs-AuNPs samples. The heterostructures with an
extensive range of Ag or Au loadings resulted in the significant difference in the color of
the suspensions. Diffuse reflectance absorption spectra of the bare ZNRs, ZNRs-AgNPs
and ZNRs-AuNPs heterostructures with different NPs loading are shown in Fig. 2c. The
intense UV absorption band below 400 nm could be assigned to the intrinsic bandgap
absorption of the ZnO (band gap 3.31 eV). Compared with the bare ZNRs, the ZNRsAgNPs and ZNRs-AuNPs heterostructures have much higher absorption in the visible
region. It is caused by the SPR of the AgNPs or AuNPs, as expected. As the NPs
loading increased, the absorbance that originated in the SPR of AgNPs (at 409 nm) or
AuNPs (at 529 nm) considerably increased, suggesting that the NPs loading could be
effectively controlled, enabling the conditions of the photocatalytic reaction to be
optimized. Note that the maximum resonant wavelength of the ZNRs-AgNPs and ZNRsAuNPs heterostructures are distinctly red-shifted by approximately 11 nm and 8 nm
relative to the TA-functionalized AgNPs and AuNPs, respectively. The observed shifts
can be attributed to the close proximity of the TA-functionalized NPs to the ZNRs
surface, which can alter the Ag or Au SPR feature because of the change in the
dielectric property of the environment [37], [44]. It should be emphasized that the size of
AgNPs or AuNPs on ZNRs was all preserved after the anchoring process. The
described methodology of heterostructure synthesis allows the adjustment of the NPs
loading while keeping the same size distribution of NPs. This enables us to investigate
only the influence of the NPs loading on photocatalytic properties of the
heterostructures as the size is controlled. We have developed a very simple synthetic
method to accurately control the loading of the NPs without aggregation onto the
surface of nanostructured ZnO in a very wide range (0–30 wt.% for Ag or Au loading).
Other methods used in heterostructure synthesis often do not allow the precise control
of the NPs size distribution when the NPs loading is changed, therefore introducing too
many variable factors that might be responsible for catalytic changes [47], [48].
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Fig. 2. Photographs of aqueous dispersions of (a) ZNRs-AgNPs and (b) ZNRs-AuNPs
samples. (c) Diffuse reflectance absorption spectra of the bare ZNRs, ZNRs-AgNPs and
ZNRs-AuNPs heterostructures.
Fig. 3a shows the X-ray diffraction (XRD) spectra of the ZNRs, ZNRs-AgNPs (30 wt.%),
and ZNRs-AuNPs (30 wt.%) heterostructures. All diffraction peaks of the ZNRs can be
indexed to the hexagonal wurtzite structures. For the ZNRs-AgNPs and ZNRs-AuNPs
heterostructures, the presence of Ag (1 1 1) and Au (1 1 1) planes in the diffraction
spectra confirms the coverage of the AgNPs and AuNPs on the ZNRs, respectively. Fig.
3b displays the S 2p peaks of high-resolution X-ray photoelectron spectroscopy (XPS)
of the ZNRs-AgNPs (30 wt.%) and ZNRs-AuNPs (30 wt.%) heterostructures. The S 2p
region exhibits the S 2p doublet with binding energies of 160.6–160.7 eV (S 2p3/2) and
162.3–162.4 eV (S 2p1/2), implying the presence of the S Ag or S Au covalent
bonds [49], [50]. The result corresponds to the chemical state of the sulfur in the TAfunctionalized AgNPs or AuNPs. Fig. 3c and d presents the typical TEM image and highangle annular dark field image of the well dispersed AgNPs on the ZnO nanorod (ZNRsAgNPs (30 wt.%)). Fig. 3e is a magnified TEM image of the side region of a single ZnO
nanorod with AgNPs decoration. It is observed that the densely dispersed AgNPs have
a uniform size of about 10 nm. A HRTEM image (Fig. 3f) from the square area in Fig. 3e
reveals an atomic plane spacing of 0.23 mm corresponding to the (1 1 1) plane of
polycrystalline Ag. EDX elemental mappings of the ZNRs-AgNPs (Ag, S, Zn, and O)
heterostructures from TEM analysis are shown in Fig. 3g, respectively. The similar TEM
results of the ZNRs-AuNPs (30 wt.%) heterostructures are also seen in Fig. S5.
Accordingly, these results further confirm that the TA-functionalized NPs distribute
uniformly on the surface of the one dimensional ZnO nanostructures.
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Fig. 3. (a) XRD spectra of the samples. (b) The S 2p region of the XPS spectra of
ZNRs-AgNPs and ZNRs-AuNPs heterostructures. (c)-(f) TEM analysis of ZNRs-AgNPs
heterostructures. (g) EDX elemental mappings of ZNRs-AgNPs.
3.2. Photocatalytic Activities of ZNRs-AgNPs and ZNRs-AuNPs Heterostructures
The photocatalytic degradation of organic pollutant is of great significance in
environmental purification and represents a commonly used approach to characterize
the catalytic performance of photocatalysts [11], [12], [15], [16], [30]. To this end, in the
present study the photoinduced decomposition of rhodamine B (RhB) as the test
pollutant under UV (λ = 254 nm), visible (λ > 420 nm or λ > 590 nm), or full-spectrum
light irradiation (λ > 200 nm) with power density of ∼2 mW−1 cm2 are utilized to evaluate
the photoconversion efficiency of the samples. The photocatalytic activities of the ZNRs,
ZNRs-AgNPs, and ZNRs-AuNPs under different light irradiations are obtained in Fig. 4.
The catalytic kinetics of heterogeneous photocatalysis can be analyzed using the
Langmuir–Hinshelwood model with first-order kinetics [51]:
(1)ln(C0C)=kat
where C0 and C are the concentrations of the RhB before and after light irradiation,
respectively. The photocatalytic degradation can be quantitatively evaluated by the
reaction rate constant (ka), which can be obtained from the plots of ln(C0/C) versus
irradiation time (t). For example, Fig. S6 shows the ln(C0/C) versus irradiation time
curves of the RhB photodegradation using the ZNRs, ZNRs-AgNPs (30 wt.%), and
ZNRs-AuNPs (30 wt.%) photocatalysts under full-spectrum light irradiation. The curves
shown in Fig. S6 are nearly linear, which indicates that the kinetic data of the RhB
photodegradation fit well to the first-order reaction model. The (blank) RhB without
catalysts showed immeasurable photolysis. Additionally, the control experiments for the
photocatalytic measurements of the mixed AgNPs (30 nM) or AuNPs (30 nM) and ZNRs
(10 mg) without using bifunctional TA linkers were performed, as shown in Fig. S6. In
comparison with the ZNRs-AgNPs (30 wt.%) or ZNRs-AuNPs (30 wt.%)
heterostructures using the TA linkers, samples without using TA linkers exhibited
considerably low photocatalytic reaction rates under full-spectrum light irradiation. This
result clearly indicated that the uniform distribution of the AgNPs or AuNPs linked
molecularly to the entire surface of the ZNRs to form the hybrid nanostructures played a
positive role on the photocatalytic activity.

1. Download high-res image (1MB)
2. Download full-size image
Fig. 4. Photocatalytic reaction rates of the photocatalysts under (a) UV (b) full-spectrum
light irradiation. (c) SPREF of ZNRs-AgNPs and ZNRs-AuNPs photocatalysts. (d) Cyclic
photodegradation of RhB using ZNRs-AgNPs and ZNRs-AuNPs photocatalysts.
Photocatalytic reaction rates of the photocatalysts under (e) λ > 420 nm and
(f) λ > 590 nm light irradiation.
Under UV irradiation, the ZNRs-AgNPs and ZNRs-AuNPs photocatalysts both show a
proportional increase in photocatalytic reaction rate with increasing NPs loading content
(Fig. 4a). In our study, the SPR peaks of the AgNPs and AuNPs on the ZNRs were
observed at 409 nm and 529 nm (Fig. 2), respectively. Therefore, there is no plasmonic
effect induced by the ZNRs-AgNPs or ZNRs-AuNPs under UV light irradiation since the
frequency of UV light could not match the frequency of the surface electrons of the
AgNPs or AuNPs. It is well known that the metal NPs deposited on semiconductor
retards the electron–hole recombination by serving as an electron sink (electron
trapping) [52], [53], [54]. With increasing NPs loading, more photoinduced electrons will
transfer from the conduction band of the ZNRs to the NPs as driven by the energy
difference, which improves the separation of the photoexcited electron–hole pairs,
increases the surface area for the photocatalytic reactions, and consequently enhances
the photoactivity for decomposition of RhB compounds. In the earlier reports, the
decrease of the photoconversion efficiency for higher metal NPs loadings was observed
in ZnO-NPs or TiO2-NPs composites [39], [55], [56], which is directly connected to the
merging of metal agglomerates with the formation of the continuous metal film. It
hinders the metal-support active sites, on both the metal and the support, which are
needed for the photochemical reaction to occur. In our cases, 10 nm AgNPs or AuNPs
without aggregation have been uniformly dispersed on the surface of the ZNRs even at
maximal NPs loading. The ZNRs-NPs photocatalysts proposed in this work thus exhibit
superior photoactivity without causing any negative effect in the photochemical
reactions. It must be emphasized that the ZNRs-AuNPs deliver a RhB degradation rate
higher than the ZNRs-AgNPs with the same particle loading under UV irradiation. This
result can be attributed to the positioning of the AuNPs on the surface of the ZNRs
which shifts the apparent Fermi level of the composite to the more negative values than
that of the AgNPs, which enables the AuNPs to act as more efficient electron sinks for
the storage of photogenerated electrons and to make the catalytic system more
reductive [55], [56], [57]. It therefore increases the rate of RhB degradation under UV
irradiation. To confirm the analytical results discussed above, the charge separation

efficiency of the bare ZNRs, ZNRs-AgNPs (30 wt.%), and ZNRs-AuNPs (30 wt.%) was
investigated by PL spectra with an excitation wavelength of 325 nm, as shown in Fig.
S7. The main emission peak is centered at about 374 nm in each spectrum, in which the
luminescence corresponds to the ZnO band gap recombination of electron–hole pairs.
PL emission originated from the recombination of excited electrons and holes so that
the intensity of the PL spectrum indicates the charge recombination rate. Fig. S7 shows
that the bare ZNRs sample exhibits the strongest intensity of PL emission, confirming
the fastest charge recombination rate of the bare ZNRs sample among all investigated
photocatalysts. Importantly, the ZNRs-AuNPs (30 wt.%) heterostructure exhibited the
lowest recombination rate of the excited electrons and holes, as indicated by the
weakest PL emission (at 374 nm). Hence, the result in Fig. S7 proves that the ZNRsAuNPs (30 wt.%) heterostructure can inhibit the charge recombination between
photoinduced electron–hole pairs better than that of the ZNRs-AgNPs (30 wt.%)
heterostructure. It is consistent with the discussion on the charge carrier separation and
photocatalytic experimental data (Fig. 4a) in this study.
As it can be seen in Fig. 4b, the promotion effect of the AgNPs or AuNPs on the
photoactivity of the ZNRs under full-spectrum light irradiation is significantly higher than
that under UV irradiation. It could be attributed to the localized SPR effects of the
plasmonic NPs. In addition, the ZNRs-AgNPs samples show high photocatalytic activity
under full-spectrum light irradiation, exceeding the corresponding ZNRs-AuNPs
samples. The ZNRs-AgNPs (30 wt.%) exhibits a photoreaction rate ∼3.1 times higher
than that recorded for the ZNRs-AuNPs (30 wt.%) under full-spectrum light illumination.
According to the photocatalytic results (Fig. 4), the loading of the plasmonic NPs on the
ZNRs can enhance the photocatalytic performances, which could be attributed to the
cocatalyst effect (charge separation and SPR effects). Furthermore, we define a SPR
enhancement factor (SPREF), which can clearly reveal the plasmonic effect on the
photocatalytic promotion excluding UV light induced improvement of charge separation
in the ZNRs-NPs heterostructures, as follows:
(2)SPREF=kfull−spectrum(ZNRs−NPs)/kfull−spectrum(ZNRs)kUV(ZNRs−NPs)/kUV(ZNRs)
where kfull-spectrum and kUV are photocatalytic reaction rate constants under full-spectrum and
UV light irradiation, respectively. The calculated SPREF of the ZNRs-AgNPs and ZNRsAuNPs photocatalysts are summarized in Fig. 4c. The SPREF of the ZNRs-AgNPs and
ZNRs-AuNPs are higher than 1 and increase with the NPs content. It is due to the
contribution of SPR effect induced enhancement of photocatalytic activity.
The robustness of the ZNRs-NPs photocatalysts was confirmed by repeated
photocatalytic experiments using a recycled catalyst sample under the same reaction

conditions. As shown in Fig. 4d, the photocatalysts maintain relatively steady
photocatalytic activity. Fig. S8 displays the SEM images of the ZNRs-AgNPs and ZNRsAuNPs photocatalysts after 6 catalytic cycles, indicating that the morphologies are
unchanged after 6 cycles of reuse. The stability of the TA molecules after photocatalysis
was investigated by Fourier-transform infrared (FTIR) spectroscopy and XPS, as shown
in Figs. S9 and S10. The chemical bonding of sulfur of the ZNRs-NPs heterostructures
after 6 photocatalytic cyclic is also almost the same as that of the freshly prepared
heterostructures. These results reveal that the photocatalysts demonstrated in this study
exhibit superior stability under full-spectrum light irradiation. In order to further confirm
the performance of the ZNRs-AgNPs and ZNRs-AuNPs photocatalysts, their
photocatalytic properties for methylene blue (MB) degradation are also conducted under
full-spectrum light irradiation. Of note, as depicted in Fig. S11, the experimental results
for the MB degradation are fairly consistent with the above results for the RhB
degradation. Moreover, according to the XPS and photocatalytic analysis (Supporting
information, Figs. S12–S15), we confirm that that the TA molecular linkers in the ZNRsNPs samples would not cause the poisoning effect of the photocatalytic activities.
In order to study the plasmonic enhanced mechanism, we have performed the action
spectral analysis on the plasmonic effects by means of incident photon-to-current
conversion efficiency (IPCE) which exhibited a clear wavelength dependence of the
photocurrent enhancement. Fig. S16 shows the IPCE curves of the bare ZNRs, ZNRsAgNPs (30 wt.%), and ZNRs-AuNPs (30 wt.%). The ZNRs-AgNPs (30 wt.%) and ZNRsAuNPs (30 wt.%) both exhibited improved photoactivity compared with the bare ZNRs in
the UV region, which suggests that the AgNPs or AuNPs on the ZnO semiconductors
improves the charge carrier separation, and consequently enhances the photocurrent in
the UV region. It is consistent with its photocatalytic enhancement observed under UV
light irradiation (Fig. 4a) and PL results (Fig. S7). Clearly, for the ZNRs-AgNPs (30 wt.
%), an observable shoulder at around 400–410 nm was present and a substantial
photoactivity in the visible light region from 400 to 500 nm. Additionally, the ZNRsAuNPs (30 wt.%) have obvious IPCE peak centered at 520 nm. The results are wellmatched with the corresponding AgNPs and AuNPs SPR absorption peaks in the visible
region (Fig. 2c). This SPR wavelength-dependent IPCE feature signifies that the
plasmonic effect of the AgNPs or AuNPs is responsible for the improved photoactivity of
the ZNRs-NPs samples. Several possible mechanisms may contribute to the enhanced
photoconversion efficiency in a plasmonic-photocatalyst system involving: (1) scattering
and anti-reflection effects [2], [37]; (2) plasmon-induced heating [58]; (3) plasmoninduced hot electron–hole pairs (hot electron transfer) [15], [18], [27]; and (4)

electromagnetic field mechanism [14], [17], [21], [22], [25], [28], [30]. First, we can
exclude scattering and anti-reflection mechanisms for the 10 nm-sized plasmonic NPs
decorated ZNRs in our cases, because it normally occurs in metals with particle sizes
larger than 100 nm in diameter [2], [37]. In order to ensure that the enhanced
photocatalytic activity was not caused by plasmon-induced heating in the NPs, the
degradation of RhB was tested under full-spectrum light irradiation in the presence of
the bare AgNPs or AuNPs, as shown in Fig. S17. Both AgNPs and AuNPs were unable
to thermally activate the degradation of RhB under light irradiation. The plasmoninduced heating effect thus can be ruled out for the present ZNRs-NPs systems.
Several groups have confirmed that hot electron transfer mechanism should be the
contributor to the enhanced photocatalytic performance of the plasmonic metalsemiconductor heterostructures under visible light illumination [15], [18], [27]. This
previously proposed model treats the plasmon excitation as similar in nature to an
electron–hole pair. As shown in Fig. 4e and f, the visible light photocatalytic activity
(λ > 420 nm or λ > 590 nm) caused by the SPR effect of Au is insignificant compared to
the full-spectrum light activity for the ZNRs-AuNPs samples. This clearly indicates that
hot electron transfer mechanism is not the major contributor to the improved
photoactivity for the ZNRs-AuNPs samples. Due to the spectrum overlap of the AgNPs
SPR and the ZNRs absorption, it is critical to distinguish the photocatalytic activity of the
SPR induced effect from that of the excited ZnO semiconductor. However, since the
conduction band energy of the ZnO is higher than the Fermi energy of Ag, the direct
transfer of plasmon-induced hot electrons from Ag to ZnO is energetically
unfavorable [21], [57].
The photocatalytic enhancement observed under light illumination can be understood by
simulating the electromagnetic response of the ZNRs-AgNPs and ZNRs-AuNPs
photocatalysts using the 3D FDTD method. The electromagnetic fields affected by ZnONPs immersed in water with refractive index n = 1.333 simulated by 3D FDTD under
410 or 530 nm monochromatic light illuminations are illustrated in Fig. 5a. We simulated
the electromagnetic field distributions of coupled 10 nm sized AgNPs or AuNPs which
are coated on ZnO surfaces with 5, 10, 15, and 20 nm interparticle gaps. In the
simulation, the normal incident linearly X-polarized plane waves with wavelength 410
and 530 nm were selected to estimate the interaction between the propagating plane
waves and the heterostructures. The selected wavelengths were in close proximity to
the plasmonic peak positions of the AgNPs (410 nm) and AuNPs (530 nm) according to
the UV–vis spectra (Fig. 2c). Simulation results clearly confirm the presence of localized
SPR enhanced electromagnetic field for the ZNRs-AgNPs and ZNRs-AuNPs

photocatalysts. The SPR of the plasmonic metallic NPs can be described as the
resonant photon-induced collective oscillation of valence electrons, established when
the frequency of photons matches the natural frequency of surface electrons oscillating
against the restoring force of positive nuclei [37]. Therefore, the resonant photon
wavelength is different for different metals. In our work, the SPR peaks of the AgNPs
and AuNPs on the ZNRs were observed at 409 nm and 529 nm (Fig. 2), respectively.
The AgNPs support the formation of the SPRs in response to higher energy light flux
and localize higher electromagnetic energy to their surfaces than that of the AuNPs.
Therefore, the ZNRs-AgNPs are found to produce high intensity of electromagnetic
field, which explains the high enhancement of photocatalytic activity of the ZNRs-AgNPs
than the ZNRs-AuNPs under full-spectrum light irradiation, as shown in Fig. 4b. The
electromagnetic field mechanism is based on the interaction of the semiconductor with
the strong SPR-induced electromagnetic fields located nearby the plasmonic
nanostructures. The enhanced electromagnetic field improves the light absorption of
ZnO and facilitates the selective formation of electron–hole pairs in the near-surface
region of the neighboring semiconductor, which has gained acceptance [21]. As the
generation rate of electron–hole pairs in a semiconductor is proportional to the local
intensity of the electric field (more specifically |E|2), the generation rate of electron–hole
pairs in the semiconductor increases by a few orders of magnitude. It means that the
probability of photoreaction can be enhanced effectively.
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Fig. 5. (a) The simulation model of the 3D FDTD simulation of the ZNRs-NPs
heterostructures. Electromagnetic field distributions (z–y plane) of coupled 10 nm sized
(b–e) AgNPs and (f–i) AuNPs which are coated on ZnO surfaces with 20, 15, 10, and
5 nm interparticle gaps.

Most importantly, in high AgNPs loading region, the obtained SPREF of the ZNRsAgNPs photocatalysts significantly increase with Ag content. Regarding this result, we
have determined the average gap distance between the NPs (edge to edge separation)
of the ZNRs-NPs heterostructures with the various NPs loading content. Figs. S18 and
S19 show the high-magnification SEM images and corresponding histograms
representing the interparticle spacing distribution of the ZNRs-AgNPs and ZNRs-AuNPs
heterostructures at the various AgNPs and AuNPs of 5, 10, 20, and 30 wt.%,
respectively. The calculated mean and the corresponding standard deviation of the
interparticle spacing are summarized in Table 1. It clearly indicates that the increase of
the NPs content in the ZNRs-NPs heterostructures results in a decrease in the
interparticle spacing simultaneously. The possible mechanism to decrease the
interparticle spacing as increasing the NPs coverage on the ZNRs by controlling the
initial concentration of the TA-functionalized AgNPs or AuNPs in the reaction is depicted
in Fig. S20. When the low concentration of the carboxylate-rich surfaces of the TAfunctionalized NPs were exposed to the ZNRs, for example 5 and 10 nM, the small
amount of the NPs were distributed on the surface of the ZNRs. It results in the larger
gap distance between the NPs. With a further increase in the concentration of the TAfunctionalized NPs to 20 or 30 nM, the ZNRs were successfully decorated by many
uniformly dispersed NPs, leading to the small interparticle gaps (<10 nm). The SEM
images of the ZNRs-NPs (20 wt.%) and ZNRs-NPs (30 wt.%) revealed that the average
distances between NPs are approximately 9.1–9.7 and 6.2–7.1 nm, respectively. Fig. 5d
represents the electromagnetic coupling effect between the AgNPs with a 10 nm
interparticle gap. The plasmon coupling effect is responsible for the high
electromagnetic field intensity in the gap between the coupled AgNPs. When a
plasmonic particle is placed in close proximity to one another, much higher localized
electromagnetic fields than that for a single particle are generated in the interparticle
gap, called “hot spot” [3], [21], [33], [34], [35], [36], [37]. When the interparticle spacing
decreases to 5 nm, the electromagnetic response of the ZNRs-AgNPs (as shown in Fig.
5e) is dominated by local “hot spot” which can be observed between the coupled AgNPs
around the ZnO surfaces. In the case of the AuNPs, the electromagnetic field intensity
due to the plasmon coupling effect (hot spot region) is comparatively weak.
Table 1. The calculated mean and the corresponding standard deviation of the interparticle spacing.
Samples

Average
Distance (nm)

Samples

Average
Distance (nm)

ZNRs-AgNPs
(5 wt.%)

59.3 ± 30.4

ZNRs-AuNPs
(5 wt.%)

54.9 ± 29.2

Samples

Average
Distance (nm)

Samples

Average
Distance (nm)

ZNRs-AgNPs
(10 wt.%)

27.8 ± 14.2

ZNRs-AgNPs
(10 wt.%)

29.5 ± 13.9

ZNRs-AgNPs
(20 wt.%)

9.7 ± 4.9

ZNRs-AuNPs
(20 wt.%)

9.1 ± 4.8

ZNRs-AgNPs
(30 wt.%)

7.1 ± 4.2

ZNRs-AuNPs
(30 wt.%)

6.2 ± 4.0

We further calculated the electromagnetic field enhancement as a function of distance
from the surface of the NPs alone line a and b (Fig. S21, schematic diagram) for the
ZNRs-AgNPs and ZNRs-AuNPs samples, as shown in Fig. 6. Most importantly, for the
AgNPs coated on ZnO surfaces with a 5 nm gap, the stronger plasmon coupling effect
between the AgNPs (line a) results in significant increases of the electromagnetic field
inside the ZnO, as shown in Fig. 6a. The corresponding maximal electromagnetic field
enhancement is 8-fold around the local hot spots near the surface of the ZnO. The
enhancement quickly decays to a much smaller value of 1 at a distance of 5 nm from
the local hot spots. In addition, the electromagnetic field enhancement, as a function of
distance alone line b from the surface of the AgNPs with a 5 nm gap, is also higher than
that of the coupled AgNPs with larger interparticle spacing, as shown in Fig. 6b. The
localized electromagnetic fields are strengthened by decreasing the interparticle
spacing of coupled AgNPs, as described above. In addition, as depicted by FDTD
simulations, the plasmon coupling effect of AgNPs is more significant than that of
coupled AuNPs, as shown in Fig. 6. Therefore, the superior photocatalytic properties
achieved in this study can be attributed mainly to the localized electromagnetic field
enhancement of the neighboring ZnO by the SPR effect of the AgNPs. Especially, the
hot spot resulting from the coupling effect of the neighboring AgNPs magnifies the
localized electromagnetic fields exponentially. It also explains that the observed
photoreaction rate increases non-linearly with the Ag content under full-spectrum light
irradiation.
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Fig. 6. The electromagnetic field enhancement as a function of distance from the
surface of AgNPs along line (a) a and (b) b for ZNRs-AgNPs heterostructures. The
electromagnetic field enhancement as a function of distance from the surface of AuNPs
along line (c) a and (d) b for ZNRs-AuNPs heterostructures.
Furthermore, we have constructed the exact 3D electromagnetic simulation model
based on the morphologies of the ZNRs-AgNPs heterostructures from SEM image, as
shown in Fig. 7. Fig. 7a shows a SEM image of the ZNRs-AgNPs (30 wt.%)
heterostructures, which reveals the well dispersed AgNPs on the ZNRs. The
electromagnetic simulation cell is constructed in Fig. 7b based on the morphologies of

the ZNRs-AgNPs heterostructures from the square area of SEM image in Fig. 7a. The
local electromagnetic fields of the AgNPs on the ZNRs, as shown in Fig. 7b, are
significantly enhanced by plasmonic hot spots at the gap between the close AgNPs
under 410 nm light illumination. The importance of the intense local electromagnetic
fields can be seen in Fig. 7c, which displays a cross-sectional plot of the
electromagnetic field distribution of one of these hot spot regions in the z-dimension. In
this hot spot region, we further calculated the electromagnetic field enhancement as a
function of distance from the surface of the ZnO alone line a, which indicates the
electromagnetic field coupling between the AgNPs leads to an electromagnetic field
enhancement inside the ZnO, as shown in Fig. 7d. It is consistent with the simulated
results in Fig. 5. The more exact electromagnetic field simulation cell which is similar to
the morphologies of the heterostructures in Fig. 7 reveals the formation of numerous
plasmonic hot spots with high electromagnetic field. The calculated electromagnetic field
enhancement as a function of interparticle gap in Fig. 5 is helpful to systematically
evaluate the electromagnetic field intensity at different NPs gaps and to realize how
interparticle gap will induce the strong plasmonic hot spot effect. Even though the
statistical interparticle gap distribution is a normal distribution (Fig. S18), the observed
probability of formed plasmonic hot spots (interparticle gap <10 nm) drastically
increases with the increasing Ag content for the ZNRs-AgNPs samples. For example, a
statistical fraction of the interparticle gap less than 10 nm for the ZNRs-AgNPs (30 wt.
%) is about 90%. In comparison with the ZNRs-AgNPs (10 wt.%), the fraction of the
interparticle gap less than 10 nm is about 20%. According to the above simulations, we
have confirmed that, when the interparticle spacing decreases to less than 10 nm for
the ZNRs-AgNPs heterostructure, the stronger plasmon coupling effect (hot spot effect)
between AgNPs results in significant increase of electromagnetic fields. Therefore, we
accordingly believe that the successfully fabricated the ZNRs-AgNPs (30 wt.%)
heterostructures with the small interparticle gaps have high number density of
plasmonic hot spots with high electromagnetic field. It must be emphasized that the
above results give one successful example to synthesize high-density unaggregated
plasmonic NPs onto nanostructured semiconductors to generate numerous plasmonic
hot spots, which can boost the catalytic activities of the plasmonic coupling
photocatalysts.
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Fig. 7. (a) SEM image and (b) Electromagnetic field distribution on the x–y plane of
ZNRs-AgNPs heterostructures. (c) The cross-sectional plot of the electromagnetic field
distribution (y–z plane) alone the white dashed line in (b). (d) The electromagnetic field
enhancement as a function of distance from the surface of ZnO alone line a in (c).
3.3. Photoconductive Characteristics of Single ZnO Nanorod Decorated with Plasmonic
NPs
In order to further understand the interaction between the plasmonic NPs and the ZnO
materials, the photocurrent of a single ZnO nanorod with AgNPs or AuNPs decoration
was recorded by a current-voltage (I-V) measurement system under full-spectrum light
irradiation. A bare ZnO nanorod was used for comparison. The schematic of the
photoconductive device for the I-V measurements on a single NPs-decorated nanorod
is shown in Fig. 8a. A full-spectrum light was illuminated on the nanorod which was
connected to one pair of Pt electrodes deposited by focusing ion beam technique, and
the photocurrent was measured using a two-probe method. Fig. 8b is a representative
SEM image of the plasmonic AgNPs-decorated ZnO nanorod photoconductive device.

The high-magnification SEM image in the inset of Fig. 8b reveals the uniform
distribution of the 10 nm sized AgNPs on the single ZnO nanorod surface.
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Fig. 8. (a) Schematic of a photoconductive device for the I–V measurements on an
individual ZnO nanorod with NPs decoration. (b) SEM image of the photoconductive
device. The inset is a high-magnification SEM image of the uniform distribution of
AgNPs on ZnO nanorod surface. (c) Photocurrent and dark current of the samples.
Photocurrent and dark current of the samples are shown in Fig. 8c. For the bare ZnO
nanorod, a photoexcited current of 24.8 μ A was recorded at a bias of 1.0 V, whereas
high photocurrent of 155.6 and 57.7 μ A for the AgNPs- and AuNPs-decorated ZnO
nanorods were achieved at the same bias voltage, respectively. The dark current for the
bare and the NPs decorated samples remains invariable. The photocurrent
improvement ratio of the AgNPs- and AuNPs-decorated ZnO nanorod, as compared
with the bare ZnO nanorod, was about 6.3 and 2.3 fold, respectively. It agrees well with
the photocatalytic improvement ratio observed under full-spectrum light irradiation, as
shown in Fig. 4b. It can be elucidated according to the above FDTD simulation, the
enhancement is caused by localized SPR enhanced local electromagnetic field for the
plasmonic NPs-decorated samples.
3.4. Synthesis of heterostructures based on Plasmonic NPs and Diverse
Nanostructures or Functional Materials
One of the unique features of the synthesis methodology developed in this study is its
excellent scalability. Using the bifunctional TA bridging linkers, heterostructures derived
from plasmonic AgNPs on various ZnO nanostructures grown on solid substrates
including films, nanorod arrays, branched nanowires, and mesoporous structures, are
successfully prepared, as shown in Fig. 9a–d. The ZnO nanostructures-containing

substrates with diversely unique morphologies were placed in a vial containing TAfunctionalized AgNPs, which have been dispersed for 1 h. The produced
heterostructures were then washed with distilled water to remove excess TAfunctionalized AgNPs. It resulted in high-density AgNPs on various ZnO
nanostructures/substrates.
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Fig. 9. SEM images of AgNPs on ZnO (a) film, (b) nanorod arrays, (c) branched
nanowires, and (d) mesoporous structures. SEM images of AuNPs on (e) CIGS, (f)
BFO, (g) Cu S, and (h) CdS. Low-magnification SEM images of (i) ZnO nanorod arraysAgNPs and (j) Cu S nanorods-AuNPs heterostructures. (k) SEM image of ZnO film35 nm sized AuNPs heterostructures. (l) Tilt-angle and top-view (m) SEM images of
ZnO nanorod arrays-35 nm sized AuNPs heterostructures.
In addition, the carboxylate-terminated functionalized NPs were stably anchored on a
diverse range of functional materials with varied surface properties. The hybrid
structures with plasmonic AuNPs and functional materials including CuInGaSe 2 (CIGS)
absorber layers [59], multiferroic BiFeO3 (BFO) films [60], visible-light photoactive
Cu2S [61] and CdS [62]nanorods could be fully constructed by the present chemical
assembly method, as shown in Fig. 9e–h. The representative low-magnification SEM
images of the ZnO nanorod arrays-AgNPs and Cu 2S-AuNPs nanorods are observed
in Fig. 9i and j, respectively. These results demonstrate that high-quality hybrid
structures can be synthesized in large scale. Moreover, the size of plasmonic NPs on
semiconductors, which is an important factor for improving the photocatalytic activities,
can also be easily controlled. For example, the 35 nm sized TA-functionalized AuNPs
were synthesized by controlling the ratio of HAuCl 4 to Na3C6H5O7.2H2O
concentrations. Fig. 9k–m reveal that the 35 nm sized TA-functionalized AuNPs
distribute uniformly on the surface of the ZnO films or nanorod arrays. The flexible
synthesis could simplify the synthesis of plasmonic heterostructures and optimize their
properties.
2

2

4. Conclusions
We successfully synthesized closely dispersed plasmonic NPs onto nanostructured
semiconductors for 3D densely organized particles with small interparticle gaps to
produce plasmonic hot spots. The hence constructed plasmonic metal-semiconductor
3D heterostructures have high number density of plasmonic hot spots with high
electromagnetic field, which can boost the photocatalytic activity. As depicted by 3D
FDTD simulations, in the case of densely dispersed AgNPs on ZNRs, the stronger hot
spot effect between AgNPs results in significant increase of electromagnetic field inside
the ZNRs. Consequently, the ZNRs-AgNPs heterostructures exhibit an 8.26-fold
enhanced photocatalytic reaction rate under full-spectrum light illumination in
comparison with the bare ZNRs. Moreover, hybrid structures based on the plasmonic
NPs on various nanostructures or functional materials were successfully prepared. We
envisage that our approach will be potentially useful for creating highly efficient

plasmonic-coupled heterostructures in various areas, particularly in the conversion of
solar to chemical or electrical energy applications.
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