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Abstract: The compact integration of semiconductor TiO2 nanoparticles (NPs) into the 3D crossed
region of stacked plasmonic Ag nanowires (NWs) enhanced the photocatalytic activities through
synergistic effects between the strong localized surface plasmon resonance (LSPR) excitation at the
3D cross-points of the Ag NWs and the efficient hot electron transfer at the interface between the
Ag NWs and the TiO2 NPs. This paper explored new hybrid nanostructures based on the selective
assembly of TiO2 NPs onto 3D cross-points of vertically stacked Ag NWs. The assembled TiO2 NPs
directly contacted the 3D Ag NWs; therefore, charge separation occurred efficiently at the interface
between the Ag NWs and the TiO2 NPs. The composite nanomaterials exhibited high extinction
across the ultraviolet-visible range, rendering the nanomaterials high-performance photocatalysts
across the full (ultraviolet-visible) and the visible spectral regions. Theoretical simulations clearly
revealed that the local plasmonic field was highly enhanced at the 3D crossed regions of the vertically
stacked Ag NWs. A Raman spectroscopic analysis of probe dye molecules under photodegradation
conditions clearly revealed that the nanogap in the 3D crossed region was crucial for facilitating
plasmon-enhanced photocatalysis and plasmon-enhanced spectroscopy.
Keywords: 3D hybrid nanostructures; localized surface plasmon resonance; hot electrons;
environmental remedy; plasmon-enhanced photocatalysis

1. Introduction
Semiconductor photocatalysts have been widely investigated for use in environmental science
and technology applications, especially toward the degradation of organic pollutants [1–4], the
photocatalytic production of hydrogen [5–7], and the photocatalytic reduction of carbon dioxide [8–10].
However, conventional semiconductor photocatalysts exhibit poor photocatalytic performances under
visible light illumination (λ > 400 nm) due to their wide band gaps. For example, titanium dioxide
(TiO2 ) in the crystalline anatase phase has a band gap of 3.2 eV (λ = 388 nm), and TiO2 semiconductor
nanomaterials are active under ultraviolet (UV) light (over only 7.5% of the full solar spectrum).
Nanomaterials 2019, 9, 468; doi:10.3390/nano9030468

www.mdpi.com/journal/nanomaterials

Nanomaterials 2019, 9, 468

2 of 13

Around 54% of solar power falls within the visible and near-infrared regions (from 400 nm to
800 nm); therefore, significant efforts have been applied toward increasing the photoresponses of
semiconductors in this spectral region and enhancing photocatalytic performances.
Recently, hybrid nanostructures containing semiconductor and plasmonic metal nanomaterials
have been used to enhance photocatalytic activities over the visible range. For example,
integrating TiO2 nanoparticles (NPs) with plasmonic nanostructures can significantly improve
photocatalysis performances by enhancing the localized surface plasmon resonance (LSPR) of
plasmonic nanostructures, enabling efficient hot electron transfer to TiO2 NPs [11–16]. At the LSPR
excitation, plasmonic nanostructures can absorb and concentrate visible light at nanoscale gaps (hot
spots) between metallic nanostructures, and highly energetic hot electrons can be injected into nearby
TiO2 NPs. As a result of this plasmonic sensitization process, a wide band gap TiO2 material that is
inactive under visible light can become active under visible light [11–17].
Here, we report the development of 3D hybrid nanostructures through the compact integration of
TiO2 NPs into the 3D cross-points of vertically stacked Ag NWs. The 3D hybrid nanostructures were
prepared using a simple two-step vacuum filtration process, applied first to Ag NWs and second to
TiO2 NPs, over microfiber filters. We observed that low concentrations of TiO2 NPs selectively localized
at the small nanogap region of the 3D crossed Ag NWs. The resulting 3D composite nanomaterials
exhibited a noticeable absorption across the entire UV and visible region due to a high density of
hot spots in the 3D stacked Ag NWs [18]. At optimized concentrations of the TiO2 NPs and Ag
NWs, the photocatalytic efficiencies were measured to be 49.8% over 10 min illumination and 91.3%
over 60 min illumination under standard air mass (AM) 1.5G conditions. We performed theoretical
simulations of the local field enhancements in the 3D crossed regions using different wavelengths,
and we systematically investigated the Raman spectral changes of organic dyes as a function of
the photodegradation conditions. The results clearly revealed the crucial contribution of the hot
spots (3D cross-points) to the highly enhanced photocatalytic activities and surface-enhanced Raman
spectroscopy (SERS).
2. Materials and Methods
2.1. Fabrication of the 3D Hybrid Nanostructures
The hybrid nanostructures were fabricated using a two-step vacuum filtration process over a
glass microfiber filter (HG00047F, HyundaiMicro, Tokyo, Japan). First, 4 mL of a 0.5 wt% Ag NWs
aqueous solution (N&B Co, Ltd., Daejeon, Korea) was poured onto the microfiber filter, then 4 mL of a
colloidal solution containing TiO2 NPs was applied onto the 3D stacked Ag NWs without breaking the
vacuum. The composite substrate was dried on a hot plate at 150 ◦ C for 3 min. The TiO2 NPs aqueous
solution (Sigma Aldrich, St. Louis, Missouri, MO, USA) used in our experiments was a mixture of the
anatase (80%) and rutile (20%) phases.
2.2. Photodegradation of Methylene Blue
Each substrate was immersed into a petri dish containing 10 mL of a 0.05 mM MB aqueous
solution and remained on the bottom of the petri dish under illumination generated from a Xenon
solar simulator lamp (AM 1.5G, 100 mW/cm2 ) as a UV-visible light source. A UV-cutoff filter was
placed between the lamp and the petri dish during photocatalytic activity testing in the visible
range (λ > 400 nm). The photocatalytic activities of the TiO2 NPs themselves were tested by mixing
a TiO2 colloidal solution with an MB aqueous solution and measuring photodegradation using a
solar simulator.

Nanomaterials 2019, 9, 468

3 of 13

2.3. Characterizations
The surface morphologies of the 3D nanostructures were characterized by field emission scanning
electron microscopy (FE-SEM; JSM-6700F, Joel, Tyoko, Japan) and transmission electron microscopy
(TEM; JEM-2100F, Joel, Tyoko, Japan), respectively. Diffuse reflectance spectra were measured using
a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent Technology, Santa Clara, CA, USA). Visible
light is mainly reflected by glass microfibers; therefore, the extinction spectra were converted directly
from the diffuse reflectance spectra. The SERS spectra were measured using a handheld Raman
spectrometer (CBEx, Snowy Range Instruments, Laramie, WY, USA) equipped with 785 nm and
638 nm lasers. The incident laser power and exposure time were 10 mW and 0.01 s for the SERS
measurements, respectively.
2.4. Numerical Simulations
Numerical simulations were carried out using finite difference time domain analysis (FDTD)
techniques. In these simulations, transverse magnetic polarized incident waves with different
wavelengths (450 nm, 532 nm, 633 nm, and 785 nm, respectively) were applied to the crossed Ag
NW nanostructure. The simulation was simplified by including three crossed Ag NWs (the upper
and lower NWs were perpendicular to the central NW). The Ag NWs were modeled as five-sided
equilateral pentagons, and the radius of the pentagon was fixed at 25 nm. The mesh size was set to
0.2 nm around the junction of the crossed Ag NWs. Perfectly matched layer (PML) formulation was
applied in all directions. The complex permittivity of Ag was adopted from Reference [19].
3. Results and Discussion
3.1. Compact Integration of the TiO2 NPs into the 3D Cross-Points of Vertically Stacked Ag NWs
3D hybrid TiO2 /Ag NW structures were fabricated using a simple two-step vacuum filtration
method. First, 3D-stacked Ag NWs were prepared by vacuum filtering 4 mL of a dispersion containing
0.5 wt% Ag NWs over a glass microfiber filter [20,21]. Then, 4 mL of an aqueous solution containing
TiO2 NPs were poured over the 3D stacked Ag NWs without breaking the vacuum. Figure 1a
shows a scanning electron microscopy (SEM) image of the 3D stacked Ag NWs. Within the 3D
multilayered Ag NWs, small nanogaps formed at the 3D cross-points at which the NWs were vertically
stacked. Transmission electron microscopy (TEM) images clearly revealed that each Ag NW assumed
a pentagonal shape, and small nanogap regions formed at the 3D cross-points, at which the lower
and upper layers were closely spaced (dotted rectangle in Figure 1b). As small pores formed in the
3D crossed region, 22 nm (average diameter) TiO2 NPs were selectively filtered during the vacuum
filtration process. Figure 1c,d show the 3D hybrid nanostructures consisting of TiO2 NPs and 3D
Ag NWs upon application of a 0.002 wt% TiO2 NP solution to the 3D stacked Ag NWs. The small
TiO2 NPs were mainly filtered from the solution and remained on top of the 3D cross-points regions,
resulting in the compact integration of TiO2 NPs into the 3D hot spot region. These interfaces enhanced
the interactions between Ag NWs and the TiO2 NPs. The 3D stacked AgNWs could be also considered
as photocatalytic membranes [22,23]. In addition, the compact hybrid nanostructures embedded on
glass microfiber filter would be easily separated from treated solution, which can be applied in water
treatment [24,25]. The TiO2 NPs covered the entire 3D surface of the Ag NWs when a 0.01 wt% TiO2
NP aqueous solution was used (Figure S1).

cross-points regions, resulting in the compact integration of TiO2 NPs into the 3D hot spot region.
These interfaces enhanced the interactions between Ag NWs and the TiO2 NPs. The 3D stacked
AgNWs could be also considered as photocatalytic membranes [22,23]. In addition, the compact
hybrid nanostructures embedded on glass microfiber filter would be easily separated from treated
solution, which can be applied in water treatment [24,25]. The TiO2 NPs covered the entire 3D
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surface of the Ag NWs when a 0.01 wt% TiO2 NP aqueous solution was used (Figure S1).
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Figure 1. (a) SEM and (b) TEM images of 3D stacked Ag NWs. (c,d) SEM images of 3D hybrid
Figure 1. (a) SEM
and (b)
of 3D
Ag NWs.
(c,d) SEM
images
of the
3D hybrid
nanostructures
consisting
of TEM
TiO2 images
NPs and
3D stacked
Ag NWs.
The image
clearly
shows
compact
nanostructures
consisting
of
TiO
2 NPs and 3D Ag NWs. The image clearly shows the compact
integration of TiO2 NPs onto the crossed region of the 3D Ag NWs.
integration of TiO2 NPs onto the crossed region of the 3D Ag NWs.

3.2. Optical Properties and Local Field Enhancements of the 3D Hybrid Nanostructures
3.2. Optical Properties and Local Field Enhancements of the 3D Hybrid Nanostructures
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Figure 2. Extinction spectra of different nanomaterials and spectral irradiance of AM 1.5G.
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Another prominent property of the 3D plasmonic or hybrid nanostructures is the local field
enhancement due to a coupled LSPR effect at the 3D cross-points [27–31]. Figure 3 shows the
near-field enhancement distribution contours of orthogonal Ag NWs (similar to the Ag NW stack
indicated by the white dotted area in Figure 1b) for different incident wavelengths obtained from
finite-difference time-domain (FDTD) simulations (Figure S3). The strong field was localized and
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Another prominent property of the 3D plasmonic or hybrid nanostructures is the local field
enhancement due to a coupled LSPR effect at the 3D cross-points [27–31]. Figure 3 shows the near-field
enhancement distribution contours of orthogonal Ag NWs (similar to the Ag NW stack indicated by
the white dotted area in Figure 1b) for different incident wavelengths obtained from finite-difference
time-domain (FDTD) simulations (Figure S3). The strong field was localized and confined at the
nanogap region of the cross-points of vertically stacked Ag NWs, regardless of the wavelength of
incident light. The field intensity enhancement could be further increased by increasing the curvature
of the metal nanostructures due to a lightning rod effect, indicating that the pentagonal shape provided
stronger enhancement than the circular shape [32]. The maximum field enhancement was obtained
at the bottom corners of the central pentagonal Ag NW. The maximum field enhancement increased
by
an order2019,
of magnitude
shorter wavelengths (Table 1). The average field enhancement along
Nanomaterials
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Figure 3. Finite difference time domain (FDTD) simulations of the electric field distribution
Figure 3. Finite difference time domain (FDTD) simulations of the electric field distribution
(|E|22 /|E02|2 ) at the junctions of crossed Ag NWs, using the wavelengths (a) 450 nm, (b) 532 nm,
(|E| /|E0| ) at the junctions of crossed Ag NWs, using the wavelengths (a) 450 nm, (b) 532 nm, (c) 633
(c) 633 nm, and (d) 785 nm. The k and E vectors in the figure show the incident direction and
nm, and (d) 785 nm. The k and E vectors in the figure show the incident direction and the
the polarization direction of the illumination, respectively. The white lines are used to indicate the
polarization direction of the illumination, respectively. The white lines are used to indicate the
boundaries of Ag NWs. All scale bars indicate 20 nm.
boundaries of Ag NWs. All scale bars indicate 20 nm.
Table 1. Maximum and average field enhancement of crossed Ag NWs at different wavelengths.
Table 1. Maximum and average field enhancement of crossed Ag NWs at different wavelengths.
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The photocatalytic activities of various nanomaterials were examined using the photodegradation
3.3. Photocatalytic Performance
of an organic dye (methylene blue (MB)). The photocatalytic degradation was carried out under
2 , which are standard
AM 1.5G
1 sun) simulated
illumination
with an intensity
of 100 mW/cm
The (or
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nanomaterials
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light
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solar cell
efficiency
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(MB)). [33].
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(or 1 sun)performance
simulated illumination
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as
high-pressure
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[34].
All photocatalysts
independently
which
are standard
light lamps
illumination
conditions
measuring
solar cell were
efficiency
[33]. This
standard light illumination provided a quantitative photocatalyst performance comparison, unlike
other light sources, such as high-pressure mercury lamps with a high power [34]. All photocatalysts
were independently examined in the presence of 10 mL of a 0.05 mM MB aqueous solution under 10
min illumination. Figure 4a shows the absorbance changes of an MB solution after 10 min light
illumination of each photocatalytic substrate. The main absorbance peak of MB, at 665 nm, was
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examined in the presence of 10 mL of a 0.05 mM MB aqueous solution under 10 min illumination.
Figure 4a shows the absorbance changes of an MB solution after 10 min light illumination of each
photocatalytic substrate. The main absorbance peak of MB, at 665 nm, was found to decrease in
intensity after light illumination of each photocatalyst. Negligible MB degradation was observed
during 10 min illumination in the absence of a substrate, indicating that MB itself did not decompose
under illumination. Interestingly, the 3D stacked plasmonic Ag NWs exhibited higher photocatalytic
activities compared to the TiO2 NPs, primarily due to LSPR-induced hot electron generation and
the direct decomposition of MB [35,36]. The 3D hybrid nanostructures composed of 0.002 wt% TiO2
NPs and 3D stacked Ag NWs showed the highest solution MB absorbance changes in the UV-visible
and visible ranges (Figure 4b). At higher concentrations (i.e., 0.01wt% TiO2 NP solution) of TiO2 , the
Nanomaterials 2019, 9, x FOR PEER REVIEW
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photocatalytic activities decreased due to inefficient charge separation at the Ag NWs and TiO2 interface
and blockage of MB molecular mass transport into the hot spot regions by the large surface coverage
hot spot regions by the large surface coverage of TiO2 NPs (Figure S1). The photocatalytic activities
of TiO2 NPs (Figure S1). The photocatalytic activities of the different nanostructures were examined
of the different
nanostructures were examined by calculating the decrease in MB absorbance after
by calculating the decrease in MB absorbance after illumination (Table 2). The TiO2 photocatalyst
illumination (Table 2). The TiO2 photocatalyst was active only under UV illumination due
to its large
was active only under UV illumination due to its large band gap. No MB degradation was observed
band gap. No MB degradation was observed under visible illumination in the presence of the TiO2
under visible illumination in the presence of the TiO2 photocatalyst (Figure S5). The stacked 3D Ag
photocatalyst (Figure S5). The stacked 3D Ag NWs showed
better activities in both the UV-visible
NWs showed better activities in both the UV-visible and visible ranges compared to the TiO2 NPs.
and visible ranges compared to the TiO2 NPs. The optically excited plasmonic nanostructures
The optically excited plasmonic nanostructures activated the chemical transformations directly on
activated the chemical transformations directly on their surfaces [37–40]. Among the TiO2/Ag NW
their surfaces [37–40]. Among the TiO2 /Ag NW composite nanomaterials, the composite prepared
composite nanomaterials, the composite
prepared with 0.002 wt% TiO2 NPs exhibited the best MB
with 0.002 wt% TiO2 NPs exhibited the best MB photocatalytic activities under both spectral ranges.
photocatalytic activities under both spectral ranges. In the presence of the 3D hybrid nanostructures,
In the presence of the 3D hybrid nanostructures, the MB concentration degraded to one-half of its
the MB concentration degraded to one-half of its original value after only 10 min illumination.
original value after only 10 min illumination.

Figure 4. Photocatalytic performances of 0.05 mM methylene blue (MB) aqueous solutions after 10 min
Figure 4. Photocatalytic performances of 0.05 mM methylene blue (MB) aqueous solutions after 10
light illumination in the presences of different photocatalysts under (a) AM 1.5G simulated illumination
min light illumination in the presences of different photocatalysts under (a) AM 1.5G simulated
and (b) visible and near-infrared illumination (λ > 400 nm).
illumination and (b) visible and near-infrared illumination (λ > 400 nm).

The 3D composite nanostructures composed of 0.002 wt% TiO2 and 3D Ag NWs were examined
The 3D composite nanostructures composed of 0.002 wt% TiO2 and 3D Ag NWs were examined
in time-dependent MB degradation studies under different light illumination conditions. The changes
in time-dependent MB degradation studies under different light illumination conditions. The
in the UV-visible spectra during photodegradation are shown in Figure 5. The main absorption
changes in the UV-visible spectra during photodegradation are shown in Figure 5. The main
peak of MB at 665 nm decreased markedly with the irradiation time (up to 60 min) and almost
absorption peak of MB at 665 nm decreased markedly with the irradiation time (up to 60 min) and
vanished after 90 min (Figure 5a). After 90 min of irradiation, the blue color of the initial MB solution
almost vanished after 90 min (Figure 5a). After 90 min of irradiation, the blue color of the initial MB
became transparent due to the photodecomposition of MB molecules. We observed almost the same
solution became transparent due to the photodecomposition of MB molecules. We observed almost
photocatalytic performance in the presence of the 3D composite under visible light illumination
the same photocatalytic performance in the presence of the 3D composite under visible light
(λ > 400 nm), as shown in Figure 5b. The 3D composite performed effectively under both full spectral
illumination (λ > 400 nm), as shown in Figure 5b. The 3D composite performed effectively under
and visible spectral (λ > 400 nm) illumination.
both full spectral and visible spectral (λ > 400 nm) illumination.

absorption peak of MB at 665 nm decreased markedly with the irradiation time (up to 60 min) and
almost vanished after 90 min (Figure 5a). After 90 min of irradiation, the blue color of the initial MB
solution became transparent due to the photodecomposition of MB molecules. We observed almost
the same photocatalytic performance in the presence of the 3D composite under visible light
illumination (λ > 400 nm), as shown in Figure 5b. The 3D composite performed effectively under
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both full spectral and visible spectral (λ > 400 nm) illumination.

Figure 5. Time-dependent UV-vis spectra of an MB aqueous solution after illumination in the presence
of 0.002 wt% TiO2 /Ag NW composites under (a) UV-visible light and (b) visible light.
Table 2. The photocatalytic efficiencies of different photocatalysts under AM 1.5G and visible and NIR
(the UV was cut off by a filter) light after 10 min illumination*.
Photocatalysts

UV-Visible

Visible

TiO2 0.01 wt%/Microfibers*
3D Stacked Ag NWs/Microfibers*
0.01 wt% TiO2 /3D Ag NWs Composite*
0.002 wt% TiO2 /3D Ag NWs Composite*
0.001 wt% TiO2 /3D Ag NWs Composite*

14.3%
36.3%
32.4%
49.8%
46.7%

0.2%
37.8%
23.7%
46%
45.8%

* 10 mL 0.05 mM MB was used to test the photodegradation of organic dyes during illumination.

The photocatalytic efficiencies of the 3D composite nanomaterials are illustrated in Figure 6. C0
is the initial concentration of MB, and C is its concentration after each irradiation time. About 90%
of the initial MB concentration was photodegraded under UV/visible and visible illumination after
60 min. The rate of MB degradation decreased after 60 min. This decrease was attributed to the fact
that the substrate was placed at the bottom of a petri dish, and the MB molecules in the aqueous
solution were randomly dispersed throughout the 10 mL volume during illumination. The dilution of
intact MB molecules decreased the rate of collision between the organic molecules and the active site.
The diffusion-limited behavior of the dye molecules required longer illumination times to achieve total
decomposition of the organic dyes. Due to the diffusion-limited behavior, we divided the photocatalytic
kinetics into two stages: before 60 min and after 60 min. The photodegradation process was assumed
to follow Langmuir–Hinshelwood kinetics, ln (C/C0 ) = −kt, where C is the MB concentration as a
function of the photodegradation time (t), C0 is the initial concentration, and k is the reaction rate
constant (insets of Figure 6) [41,42]. The rate constant obtained under UV-visible illumination was
measured to be 3.893 × 10−2 min−1 during the initial stage and decreased to 1.438 × 10−2 min−1
after 60 min (Inset of Figure 6a). Under visible light illumination, the values of k were found to be
3.876 × 10−2 min−1 and 1.084 × 10−2 min−1 , respectively (inset of Figure 6b).

process was assumed to follow Langmuir–Hinshelwood kinetics, ln (C/C0) = −kt, where C is the MB
concentration as a function of the photodegradation time (t), C0 is the initial concentration, and k is
the reaction rate constant (insets of Figure 6) [41,42]. The rate constant obtained under UV-visible
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10−2 min−1 after
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3.5. Spectroscopic
Investigation of Plasmon-Enhanced Photocatalysis

We collectedInvestigation
the Raman spectra
of organic dyePhotocatalysis
molecules to investigate their plasmon-enhanced
3.5. Spectroscopic
of Plasmon-Enhanced
photocatalytic degradation by 3D stacked Ag NWs and 3D hybrid nanostructures. First, 3 µL of a 5 µM
We collected the Raman spectra of organic dye molecules to investigate their
MB aqueous solution was applied to each photocatalytic substrate. After drying, SERS spectra were
plasmon-enhanced photocatalytic degradation by 3D stacked Ag NWs and 3D hybrid
nanostructures. First, 3 µL of a 5 µM MB aqueous solution was applied to each photocatalytic
substrate. After drying, SERS spectra were obtained using a portable Raman spectrometer [21,43].
The SERS measurements were collected using a low-power 10 mW illumination beam with a spot
size of 20 µm incident on each substrate for a very short laser exposure time of 0.01 s to avoid
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Figure 8c presents the overall SERS intensity changes at 1620 cm−1 of MB molecules under
different illumination conditions. Figure 8c reveals several important characteristics of the
plasmon-enhanced photocatalysis reaction. First, the 3D stacked Ag NWs displayed higher
photocatalytic activities at shorter illumination wavelengths, in agreement with simulation results
of local field enhancements and the optical extinction spectra of 3D plasmonic Ag NWs. Second,
for a given photocatalyst and incident wavelength of light, increasing the incident light intensity
increased the photocatalytic activity [48]. These results indicated that a quantitative comparison of the
photocatalytic activities of the different catalysts required fixed light irradiation conditions, including
the light source and intensity. Third, the 3D composite structures exhibited superior photocatalytic
activities over the 3D Ag NWs, in good agreement with the photocatalytic performances. Finally,
the photodegradation process mainly occurred at specific sites. We clearly observed that the SERS
intensities of the probe molecules dramatically decreased only during the first cycle, then remained
unchanged during the additional nine cycles. This result was attributed to the fact that prior to the
photodegradation process, MB molecules deposited onto the crossed regions mainly accounted for the
high SERS intensity. MB molecules on the hot spots decomposed during the first photodegradation
process, and the SERS intensity decreased significantly due to the absence of target molecules in the hot
spot. MB molecules deposited onto the non-crossed regions did not decompose, even after ten cycles,
and MB molecules in non-hot spot regions (such as Ag NWs at the non-crossed region) contributed
to a low SERS intensity. That is, hot spots were cross-points in the 3D stacked Ag NWs and hybrid
TiO2 /Ag NWs structures for the SERS and photodegradation process. The spectroscopic studies of
plasmon-enhanced photocatalysis revealed that excess irradiation onto hot spot areas could trigger
the photo-induced elimination of target molecules, reducing the sensitivity (or increasing the limit of
detection) in highly sensitive plasmonic nanostructures during SERS measurements.
4. Conclusions
In this paper, we proposed the use of new composite nanomaterial into which TiO2 NPs were
compactly integrated into the 3D cross-points of vertically stacked Ag NWs for plasmon-enhanced
photocatalysis. The composite nanomaterials improved the photocatalytic activities under UV-visible
and visible illumination due to the synergistic effects of visible light absorption by the 3D Ag
NWs and efficient charge separation at the interface between the Ag NWs and TiO2 NPs. We
performed theoretical simulations of the local field enhancements by the 3D stacked Ag NWs
illuminated at different wavelengths, and we systematically investigated the Raman spectra
during plasmon-enhanced photocatalysis. These results revealed that the organic dyes underwent
photo-induced decomposition mainly at the cross-points of the 3D vertically stacked Ag NWs and 3D
hybrid nanostructures. As the photocatalytic activities were highly localized at specific regions of the
3D nanostructures, it is important to enhance the mass transport of reagents to the hot spot regions to
boost the photocatalytic performance.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/468/s1,
Figure S1: SEM images of 3D hybrid nanostructures upon application of a 0.01 wt% TiO2 NPs solution onto 3D
stacked Ag NWs. Small TiO2 NPs covered entire pores of the 3D stacked Ag NW substrate; Figure S2: Extinction
spectra of different nanomaterials. The black and green dashed lines indicate the interband transitions of Ag and
the band gap of TiO2 , respectively; Figure S3: Simulation setup of the 3D stacked Ag NWs. The inset shows a
region of interest for a simulation of the cross-points between Ag NWs. The TEM image clearly shows that the
Ag NWs were pentagonal in shape; Figure S4: Local electric field intensities at the junctions of crossed Ag NWs.
The FDTD method was used in the calculations, along with 450 nm incident. The maximum field enhancement
was obtained by searching the maximum values in the domain of the figure. The maximum values were located at
the left and right bottom corners of the central pentagon, as shown in (a) and (b). The average field enhancement
along the central Ag NW surface was extracted, as indicated by the green lines (0.5 nm away from the Ag NW
surface to avoid the staircase effect in the simulation); Figure S5: Absorbance changes in the MB solutions after
10 min illumination. 10 mL of 0.05 mM MB aqueous solution were mixed with 4 mL of 0.01 wt% TiO2 NPs
aqueous solution.
Author Contributions: S.-G.P. designed and directed the research; V.T.N.L and H.S.J. fabricated the samples and
performed the photocatalytic experiments; X.F.X., V.G., and S.A.M performed the plasmonic simulation; S.-G.P.,

Nanomaterials 2019, 9, 468

11 of 13

D.-H. K and Y.-I.L. revised and discussed the results; S.-G.P. wrote the manuscript. All the authors read and
commented on the manuscript.
Funding: This research was supported by the Fundamental Research Program (PNK 6070) of the Korean Institute
of Materials Science (KIMS). This work was supported by the “Ministry of Trade, Industry and Energy”. (Grant
N0002310).
Acknowledgments: S. A. Maier acknowledges ONR Global (N00014-16-1-2288), the EPSRSC Reactive Plasmonics
Programme (EP/M013812/1), the Lee-Lucas Chair in Physics, and the Bavarian Solar Technologies Go Hybrid
(SOLTECH) Programme. X. Xiao is supported by Lee Family Scholars.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.

5.

6.
7.

8.

9.
10.
11.

12.
13.
14.
15.
16.

Seh, Z.W.; Liu, S.; Zhang, S.Y.; Bharathi, M.S.; Ramanarayan, H.; Low, M.; Shah, K.W.; Zhang, Y.W.; Han, M.Y.
Anisotropic growth of titania onto various gold nanostructures: Synthesis, theoretical understanding, and
optimization for catalysis. Angew. Chem. Int. Ed. 2011, 50, 10140–10143. [CrossRef] [PubMed]
Cushing, S.K.; Li, J.; Meng, F.; Senty, T.R.; Suri, S.; Zhi, M.; Li, M.; Bristow, A.D.; Wu, N. Photocatalytic
activity enhanced by plasmonic resonant energy transfer from metal to semiconductor. J. Am. Chem. Soc.
2012, 134, 15033–15041. [CrossRef] [PubMed]
Zhang, X.; Zhu, Y.; Yang, X.; Wang, S.; Shen, J.; Lin, B.; Li, C. Enhanced visible light photocatalytic activity of
interlayer-isolated triplex Ag@SiO2 @TiO2 core-shell nanoparticles. Nanoscale 2013, 5, 3359–3366. [CrossRef]
[PubMed]
Meng, X.W.; Li, B.; Ren, X.L.; Tan, L.F.; Huang, Z.B.; Tang, F.Q. One-pot gradient solvothermal synthesis of
Au–Fe3 O4 hybrid nanoparticles for magnetically recyclable catalytic applications. J. Mater. Chem. A 2013,
1, 10513–10517. [CrossRef]
Silva, C.G.; Juárez, R.; Marino, T.; Molinari, H.; García, H. Influence of excitation wavelength (uv or visible
light) on the photocatalytic activity of titania containing gold nanoparticles for the generation of hydrogen
or oxygen from water. J. Am. Chem. Soc. 2011, 133, 595–602. [CrossRef]
Lee, J.; Mubeen, S.; Ji, X.; Stucky, G.D.; Moskovits, M. Plasmonic photoanodes for solar water splitting with
visible light. Nano Lett. 2012, 12, 5014–5019. [CrossRef] [PubMed]
Mubeen, S.; Lee, J.; Singh, N.; Kramer, S.; Stucky, G.D.; Moskovits, M. An autonomous photosynthetic device
in which all charge carriers derive from surface plasmons. Nat. Nanotechnol. 2013, 8, 247–251. [CrossRef]
[PubMed]
An, C.; Wang, J.; Jiang, W.; Zhang, M.; Ming, X.; Wang, S.; Zhang, Q. Strongly visible-light responsive
plasmonic shaped Agx:Ag (x = cl, br) nanoparticles for reduction of CO2 to methanol. Nanoscale 2012,
4, 5646–5650. [CrossRef]
Wang, C.; Ranasingha, O.; Natesakhawat, S.; Ohodnicki, P.R., Jr.; Andio, M.; Lewis, J.P.; Matranga, C. Visible
light plasmonic heating of au-zno for the catalytic reduction of CO2 . Nanoscale 2013, 5, 6968–6974. [CrossRef]
Mankidy, B.D.; Joseph, B.; Gupta, V.K. Photo-conversion of CO2 using titanium dioxide: Enhancements by
plasmonic and co-catalytic nanoparticles. Nanotechnology 2013, 24, 405402. [CrossRef]
Zhang, Q.; Lima, D.Q.; Lee, I.; Zaera, F.; Chi, M.; Yin, Y. A highly active titanium dioxide based visible-light
photocatalyst with nonmetal doping and plasmonic metal decoration. Angew. Chem. Int. Ed. 2011,
50, 7088–7092. [CrossRef] [PubMed]
Hou, W.; Cronin, S.B. A review of surface plasmon resonance-enhanced photocatalysis. Adv. Funct. Mater.
2013, 23, 1612–1619. [CrossRef]
Xiao, M.; Jiang, R.; Wang, F.; Fang, C.; Wang, J.; Yu, J.C. Plasmon-enhanced chemical reactions. J. Mater.
Chem. A 2013, 1, 5790–5805. [CrossRef]
Wang, P.; Huang, B.; Dai, Y.; Whangbo, M.H. Plasmonic photocatalysts: Harvesting visible light with noble
metal nanoparticles. Phys. Chem. Chem. Phys. 2012, 14, 9813–9825. [CrossRef] [PubMed]
Halasi, G.; Kecskeméti, A.; Solymosi, F. Photocatalytic reduction of no with ethanol on Ag/TiO2 . Catal. Lett.
2010, 135, 16–20. [CrossRef]
Wu, F.; Hu, X.; Fan, J.; Liu, E.; Sun, T.; Kang, L.; Hou, W.; Zhu, C.; Liu, H. Photocatalytic activity of Ag/TiO2
nanotube arrays enhanced by surface plasmon resonance and application in hydrogen evolution by water
splitting. Plasmonics 2013, 8, 501–508. [CrossRef]

Nanomaterials 2019, 9, 468

17.
18.
19.
20.

21.

22.
23.

24.
25.

26.
27.
28.
29.

30.

31.

32.
33.

34.
35.
36.
37.
38.

12 of 13

Jiang, R.; Li, B.; Fang, C.; Wang, J. Metal/semiconductor hybrid nanostructures for plasmon-enhanced
applications. Adv. Mater. 2014, 26, 5274–5309. [CrossRef] [PubMed]
Lee, M.; Mun, C.; Kim, D.-H.; Chang, S.-C.; Park, S.-G. Analyte-concentrating 3d hybrid plasmonic
nanostructures for use in highly sensitive chemical sensors. RSC Advances 2016, 6, 92120–92126. [CrossRef]
Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370–4379. [CrossRef]
Park, S.G.; Mun, C.; Lee, M.; Jeon, T.Y.; Shim, H.S.; Lee, Y.J.; Kwon, J.D.; Kim, C.S.; Kim, D.H. 3d hybrid
plasmonic nanomaterials for highly efficient optical absorbers and sensors. Adv. Mater. 2015, 27, 4290–4295.
[CrossRef]
Koh, E.H.; Mun, C.; Kim, C.; Park, S.G.; Choi, E.J.; Kim, S.H.; Dang, J.; Choo, J.; Oh, J.W.; Kim, D.H.; et al.
M13 bacteriophage/silver nanowire surface-enhanced raman scattering sensor for sensitive and selective
pesticide detection. ACS Appl. Mater. Interfaces 2018, 10, 10388–10397. [CrossRef]
Molinari, R.; Palmisano, L.; Drioli, E.; Schiavello, M. Studies on various reactor configurations for coupling
photocatalysis and membrane processes in water purification. J. Membr. Sci. 2002, 206, 399–415. [CrossRef]
Molinari, R.; Pirillo, F.; Loddo, V.; Palmisano, L. Heterogeneous photocatalytic degradation of
pharmaceuticals in water by using polycrystalline TiO2 and a nanofiltration membrane reactor. Catal. Today
2006, 118, 205–213. [CrossRef]
Chong, M.N.; Jin, B.; Chow, C.W.K.; Saint, C. Recent developments in photocatalytic water treatment
technology: A review. Water Res. 2010, 44, 2997–3027. [CrossRef] [PubMed]
Lee, S.-A.; Choo, K.-H.; Lee, C.-H.; Lee, H.-I.; Hyeon, T.; Choi, W.; Kwon, H.-H. Use of ultrafiltration
membranes for the separation of TiO2 photocatalysts in drinking water treatment. Ind. Eng. Chem. Res. 2001,
40, 1712–1719. [CrossRef]
Bavykin, D.V.; Friedrich, J.M.; Walsh, F.C. Protonated titanates and TiO2 nanostructured materials: Synthesis,
properties, and applications. Adv. Mater. 2006, 18, 2807–2824. [CrossRef]
Jeon, T.Y.; Park, S.-G.; Lee, S.Y.; Jeon, H.C.; Yang, S.M. Shape control of Ag nanostructures for practical SERS
substrates. ACS Appl. Mater. Interfaces 2013, 5, 243–248. [CrossRef] [PubMed]
Jeon, T.Y.; Kim, D.J.; Park, S.G.; Kim, S.H.; Kim, D.H. Nanostructured plasmonic substrates for use as sers
sensors. Nano Converg. 2016, 3, 18. [CrossRef]
Jeong, J.W.; Arnob, M.M.; Baek, K.M.; Lee, S.Y.; Shih, W.C.; Jung, Y.S. 3d cross-point plasmonic
nanoarchitectures containing dense and regular hot spots for surface-enhanced raman spectroscopy analysis.
Adv. Mater. 2016, 28, 8695–8704. [CrossRef]
Jeong, J.W.; Yang, S.R.; Hur, Y.H.; Kim, S.W.; Baek, K.M.; Yim, S.; Jang, H.I.; Park, J.H.; Lee, S.Y.; Park, C.O.;
et al. High-resolution nanotransfer printing applicable to diverse surfaces via interface-targeted adhesion
switching. Nat. Commun. 2014, 5, 5387. [CrossRef]
Garnett, E.C.; Cai, W.; Cha, J.J.; Mahmood, F.; Connor, S.T.; Greyson Christoforo, M.; Cui, Y.; McGehee, M.D.;
Brongersma, M.L. Self-limited plasmonic welding of silver nanowire junctions. Nat. Mater. 2012, 11, 241.
[CrossRef]
Sau, T.K.; Rogach, A.L.; Jackel, F.; Klar, T.A.; Feldmann, J. Properties and applications of colloidal nonspherical
noble metal nanoparticles. Adv. Mater. 2010, 22, 1805–1825. [CrossRef] [PubMed]
Jung, H.H.; Kwon, J.-D.; Lee, S.; Su Kim, C.; Nam, K.-S.; Jeong, Y.; Chung, K.-B.; Yoon Ryu, S.; Ocak, T.;
Eray, A.; et al. Doping-free silicon thin film solar cells using a vanadium pentoxide window layer and a
lif/al back electrode. Appl. Phys. Lett. 2013, 103, 073903. [CrossRef]
Mondal, C.; Pal, J.; Ganguly, M.; Sinha, A.K.; Jana, J.; Pal, T. A one pot synthesis of Au–ZnO nanocomposites
for plasmon-enhanced sunlight driven photocatalytic activity. New J. Chem. 2014, 38, 2999–3005. [CrossRef]
Linic, S.; Aslam, U.; Boerigter, C.; Morabito, M. Photochemical transformations on plasmonic metal
nanoparticles. Nat. Mater. 2015, 14, 567–576. [CrossRef] [PubMed]
Brongersma, M.L.; Halas, N.J.; Nordlander, P. Plasmon-induced hot carrier science and technology.
Nat. Nanotechnol. 2015, 10, 25–34. [CrossRef]
Aslam, U.; Chavez, S.; Linic, S. Controlling energy flow in multimetallic nanostructures for plasmonic
catalysis. Nat. Nanotechnol. 2017, 12, 1000–1005. [CrossRef] [PubMed]
Robatjazi, H.; Bahauddin, S.M.; Doiron, C.; Thomann, I. Direct plasmon-driven photoelectrocatalysis.
Nano Lett. 2015, 15, 6155–6161. [CrossRef] [PubMed]

Nanomaterials 2019, 9, 468

39.

40.

41.
42.

43.

44.

45.

46.
47.
48.

13 of 13

Christopher, P.; Xin, H.; Marimuthu, A.; Linic, S. Singular characteristics and unique chemical bond activation
mechanisms of photocatalytic reactions on plasmonic nanostructures. Nat. Mater. 2012, 11, 1044–1050.
[CrossRef] [PubMed]
Linic, S.; Christopher, P.; Xin, H.; Marimuthu, A. Catalytic and photocatalytic transformations on metal
nanoparticles with targeted geometric and plasmonic properties. Acc. Chem. Res. 2013, 46, 1890–1899.
[CrossRef] [PubMed]
Li, X.; Chen, G.; Yang, L.; Jin, Z.; Liu, J. Multifunctional Au-coated TiO2 nanotube arrays as recyclable sers
substrates for multifold organic pollutants detection. Adv. Funct. Mater. 2010, 20, 2815–2824. [CrossRef]
Park, S.-G.; Jeon, T.Y.; Jeon, H.C.; Kwon, J.-D.; Mun, C.; Lee, M.; Cho, B.; Kim, C.S.; Song, M.; Kim, D.-H.
Fabrication of Au-decorated 3d ZnO nanostructures as recyclable sers substrates. IEEE Sens. J. 2016,
16, 3382–3386. [CrossRef]
Park, S.-G.; Mun, C.; Xiao, X.; Braun, A.; Kim, S.; Giannini, V.; Maier, S.A.; Kim, D.-H. Surface
energy-controlled sers substrates for molecular concentration at plasmonic nanogaps. Adv. Funct. Mater.
2017, 27, 1703376. [CrossRef]
Chen, M.; Phang, I.Y.; Lee, M.R.; Yang, J.K.; Ling, X.Y. Layer-by-layer assembly of Ag nanowires into
3d woodpile-like structures to achieve high density “hot spots” for surface-enhanced raman scattering.
Langmuir 2013, 29, 7061–7069. [CrossRef]
Politano, A.; Di Profio, G.; Fontananova, E.; Sanna, V.; Cupolillo, A.; Curcio, E. Overcoming temperature
polarization in membrane distillation by thermoplasmonic effects activated by ag nanofillers in polymeric
membranes. Desalination 2019, 451, 192–199. [CrossRef]
Herzog, J.B.; Knight, M.W.; Natelson, D. Thermoplasmonics: Quantifying plasmonic heating in single
nanowires. Nano Lett. 2014, 14, 499–503. [CrossRef]
Politano, A.; Cupolillo, A.; Di Profio, G.; Arafat, H.A.; Chiarello, G.; Curcio, E. When plasmonics meets
membrane technology. J. Phys.: Condens. Matter 2016, 28, 363003. [CrossRef]
Kale, M.J.; Avanesian, T.; Christopher, P. Direct photocatalysis by plasmonic nanostructures. ACS Catal. 2013,
4, 116–128. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

