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Abstract: Plasmon-induced photocatalysis on noble metal surfaces has attracted broad attention due
to its application in sunlight energy conversion, while the selectivity of plasmonic platforms remains
unclear. Herein, we present the controlled plasmon-mediated oxidation of para-aminothiophenol
(p-ATP) by employing Au@Ag core–shell nanostars with tunable tip plasmons in visible–near-infrared
range as reactors. In-situ Raman measurements indicate that Au@Ag core–shell nanostars essentially
promote the conversion of p-ATP to 4,4′-dimercaptoazobenzene (DMAB) due to hot carriers excited
by localized surface plasmon resonance. Au@Ag nanostars with plasmon modes under resonant light
excitation suggested higher catalytic efficiency, as evidenced by the larger intensity ratios between
1440 cm−1 (N=N stretching of DMAB) and 1080 cm−1 shifts (C–S stretching of p-ATP). Importantly,
the time-dependent surface-enhanced Raman scattering spectra showed that the conversion efficiency
of p-ATP was mainly dictated by the resonance condition between the tip plasmon mode of Au@Ag
core–shell nanostars and the excitation light, as well as the choice of excitation wavelength. These
results show that plasmon bands of metal nanostructures play an important role in the efficiency of
plasmon-driven photocatalysis.

Keywords: plasmon-driven photocatalysis; SERS; nanostars; resonant excitation

1. Introduction

The interaction between light and metals leads to the localized surface plasmon resonance
(LSPR) effect on noble metallic nanostructures, including light scattering/absorbance [1,2],
excitation of transient hot electrons and holes [3,4], plasmon-induced resonance energy
transfer [5,6], near-field enhancement [7], as well as thermal effect [8]. The unique optical
properties of metal nanostructures render them promising candidates in the areas of so-
lar cells [9,10], imaging [11,12], photothermal therapy [13,14], seawater desalination [15],
plasmon-driven photocatalysis [16,17], and surface-enhanced Raman scattering (SERS)-
based signal amplification of trace molecules [18,19]. Plasmon-driven photocatalysis has
attracted lots of attention due to its potential application in sunlight energy conversion [16].
In this process, when metal nanostructures absorb photons, they behave as highly effective
light-trapping centers generating collective oscillation of free electrons. In a time scale
of 10~100 fs, interband electron transitions are excited in the plasmon decay, leading to
the nonequilibrium state electrons and holes [3]. The hot carriers then tunnel out of the
metal surface, resulting in reduction of adsorbed molecules on the metal surface by ac-
cepting such photo-excited electrons or in molecule oxidation by transferring electrons
into adjacent metal nanostructures. In SERS-based detection, enhancement of the localized
electromagnetic field of metallic nanostructures by the LSPR effect will enhance the Raman
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scattering signals of adsorbed molecules by 104~1014 times [20,21], thus, providing vibra-
tional fingerprints of trace molecules. In this regard, specific plasmonic nanostructures
possessing both catalytic activity and SERS enhancement will drive photocatalytic reactions;
the catalytic reaction processes can be monitored by time-dependent SERS spectroscopy,
while the catalytic activities of the utilized material can also be evaluated.

Therefore, a lot of research is emphasized on the design of noble metal and metal/semi-
conductor nanostructures to qualitatively testify the plasmon-driven photocatalysis [22].
The frequently used metal plasmonic catalytic materials [16] include the following: Au, Ag,
Cu, Al, Pt, Pd, Ru [23], and Rh [24], among which Au and Ag exhibit high SERS enhance-
ment. For this reason, Au and Ag nanostructures, as well as their composite nanostructures
with semiconductors, such as Ag microflowers [25], nanoporous Au nanoarrays [26],
Au–Pd nanoparticles [27], Ag–ZnO–CeO2 heterostructures [28], Au/Pt/Au core–shell
nanoraspberries [29], and TiO2–Au nanoparticles [30], were employed as reactors to in-
vestigate both plasmon-mediated catalytic reactions and evolutions of SERS spectra. A
typical example is the plasmon-driven oxidation of para-aminothiophenol (p-ATP) into 4,4′-
dimercaptoazobenzene (DMAB) [31]. In this process, the SERS spectra of p-ATP adsorbed
on Au and Ag nanoparticles present a set of abnormal peaks at 1148 cm−1, 1390 cm−1, and
1432 cm−1 shifts, being ascribed to the evolution of two amine groups (-NH2) into an azoxy
group (-N=N-), forming a new molecule—DMAB [32]. Further study shows that at the
Au/air or Ag/air interface, the plasmon-excited hot electrons can transfer to the adsorbed
O2 molecules and generate O2

− radicals, which then participate in the oxidation of p-ATP
into DMAB [30].

Recently, Au nanostars caught much attention in the plasmon community [33–35]
due to the following reasons: (1) the sharp spikes on Au nanostars can generate a strong
LSPR effect, leading to large SERS enhancement and efficient hot electrons/holes which
can transport to adsorbates on the tips, promoting catalytic reactions; (2) the plasmon of
Au nanostars can be fitted as the core mode (typically in the range of 520~560 nm) and the
tip mode (typically in the range of 600~900 nm), with the latter being tunable in Vis–NIR
range by adjusting the sharpness and length of the nanotips [36,37]; (3) Au is stable and
biocompatible. For example, Sousa-Castillo et al. revealed that Au nanostars endowed
TiO2 with a strongly enhanced photocatalytic efficiency compared to Au nanospheres or
nanorods [35]. However, Ag tends to affiliate more oxygen molecules than Au to generate
more O2

− radicals through electron transfer, which are beneficial for subsequent catalytic
reactions such as oxidation of p-ATP. More importantly, Ag has stronger plasmon effect
and smaller work function than Au (4.26 eV vs. 5.20 eV) [38], making Ag more promising
in plasmon-driven catalysis. However, the strong diffusion of Ag atoms makes it difficult
to form a stellate shape. To achieve superhigh plasmonic properties enhanced by both
spike structure and Ag material, Ye et al. synthesized spiky hollow Ag–Au nanostars
composed of 90% Au, 10% Ag, and a few nanometers thick Ag-rich surface layer in one
step for enhanced catalysis and single-particle SERS [39]. Besides, Kaur and coworkers
reported anisotropic-shaped bimetallic Au/Ag nanostars prepared by coating a thin Ag
layer on the surface of Au nanostars for plasmon-driven photocatalytic oxidation of p-ATP
into DMAB [40]. The core–shell Au@Ag nanostars showed much higher photocatalytic
efficiency compared to Au nanostars alone, which could rapidly trigger the dimerization
of p-ATP even when the concentrations of Au@Ag nanostars were as low as 72, 36, and
9 pM under acidic, neutral, and basic conditions, respectively. Nevertheless, the selective
control mechanism of catalytic activity, as well as the reaction kinetics by means of plasmon
effect from noble metals were few studied in above works and remain unclear. In order
to monitor the plasmon-mediated catalysis, the plasmon of Au and Ag nanostructures
across the visible–near-infrared (Vis–NIR) region needs to be regulated priorly to cater for
different excitation wavelengths. Fortunately, liquid-phase chemistry has been used to tune
the shape and size of the nanostructures so that precise control over the plasmon of Au and
Au@Ag nanostars can be realized [41].
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Based on the above understanding, herein, we demonstrate Au@Ag core–shell nanos-
tars with tunable plasmon modes in the Vis–NIR region and a selective plasmon-driven
photochemical reaction during the conversion of p-ATP into DMAB. We show that Au
nanostars in the size range of 30~90 nm can be fabricated by seed-mediated liquid-phase
chemistry, demonstrating two plasmon modes around 520 nm (core mode) and Vis–NIR
range (tip mode, up to 890 nm). After in-situ coating with a ~2 nm Ag shell, the plasmon
modes blue shifted 30~50 nm accordingly, but the stellate morphology still retained. Under
illumination of different excitation wavelengths (532 nm, 633 nm, and 785 nm) the bare Au
nanostars demonstrated overall stable SERS spectra of p-ATP, indicating poor plasmon-
driven catalytic activities. Nevertheless, the composite Au@Ag core–shell nanostars were
able to induce SERS spectral evolution of p-ATP. More importantly, when samples were
excited within the resonance range of the tip plasmon modes, SERS intensities located
at 1148 cm−1, 1390 cm−1, 1440 cm−1, and 1578 cm−1 of DMAB were essentially signif-
icant, demonstrating enhanced plasmon-driven catalytic effect. The composite Au@Ag
core–shell nanostars showed potential in the conversion of energy and plasmon-driven
catalytic reactions.

2. Results and Discussion
2.1. Characterization of Bare Au Nanostars

The bare Au nanostars were fabricated with a modified liquid-phase chemistry ap-
proach, as described previously [42]. The size of the bare Au nanostars was controlled
by tuning the concentration of injected Au seeds and maintaining the concentration of
chloroauric acid in the precursor. Herein, the amount of chloroauric acid was 0.25 mL
(50 mM) and the dosages of added Au nanoseeds were 45 µL, 129 µL, 240 µL, 450 µL, and
750 µL, respectively. Typical scanning electron microscopy (SEM) images in Figure 1a,b
show that the size of Au nanostars (defined as the moderate horizontal length) was esti-
mated to be 90 nm (Figure 1a, 45 µL Au seeds) and 40 nm (Figure 1b, 450 µL Au seeds).
Each Au nanostar was featured by 6~9 sharp spikes with length of 10~40 nm depending
on the size of the Au nanostars. With the increase of Au seed concentration, the particle
size decreased. In this dynamic growing process, the reduced Au atoms accumulated on
the surface of the spherical Au seeds, while the chains of surfactant PVP k15 selectively
bound to the {111} crystal facets [43], leading to the anisotropic growth of Au spikes. With
varying addition of Au seeds, the length of the Au spikes was adjusted from ~35 nm (45 µL
Au seeds) to 10~15 nm (450 µL Au seeds).
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Figure 1. SEM images of bare Au nanostars prepared with addition of (a) 45 µL and (b) 450 µL
Au seeds in the precursor, showing immediate size change. (c) UV–Vis–NIR absorbance spectra
achieved with varied Au seeds of 45 µL, 129 µL, 240 µL, 450 µL, and 750 µL for sample 1# to sample
5#, respectively.

The plasmon bands of the bare Au nanostars with varied sizes reveal a tunable range
from 587–890 nm (Figure 1c). It can be seen that the core plasmon mode of Au nanostars
blue shifts slightly to around 590 nm due to the size variation of Au cores. The tip plasmon
mode shifts from 890 nm to 667 nm due to the decreased length of the Au spikes. Besides,
with the spheroidization of the Au nanostars (in accordance with small Au nanostars
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achieved at high concentration of Au seeds), the LSPR band of the Au nanotips and the
core plasmon mode degenerated as a broad peak, as presented by curve 5# in Figure 1c.

2.2. Characterization of Composite Au@Ag Core–Shell Nanostars

In order to enhance the plasmonic effect, Ag shells were wrapped on the surface of the
bare Au nanostars by a polyol reduction process, while the thickness of the Ag shells was
tailored by the amount of Ag element [44]. An ultrathin Ag shell (~2 nm) was wrapped
on the Au surface with a small amount of AgNO3 solution (125 µL, 16 mg/mL) added in
one shot of Au nanostar product. In this case, the spiky morphology can be maintained
without over spheroidization with such 2 nm Ag shell. Figure 2a,b shows the SEM images
of the composite Au@Ag core–shell nanostars, corresponding to the 90 nm and 40 nm inner
Au nanostars, respectively. Additionally, a transmission electron microscopy (TEM) image
of Ag-coated 40 nm Au nanostars reveals the thickness of the Ag shell to be ~2 nm and the
radius of curvature to be 5~8 nm (Figure 2c). The broad LSPR band in curve 4#′ can be
decomposed as the core plasmon mode around 530 nm and the tip mode at 573 nm for the
Ag-coated 40 nm Au nanostars (Figure 2c). Generally, the LSPR bands of Au@Ag core–shell
nanostars blue shifted due to the decreased sharpness of the tips and the presence of Ag.
This was especially remarkable for curve 5#′, in which the LSPR band shifted to 517 nm.
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Figure 2. SEM images of the Au@Ag core–shell nanostars obtained by coating ~2 nm Ag shell on
(a) 90 nm and (b) 40 nm Au nanostars. (c) TEM image showing a thin Ag shell on the surface
of 40 nm Au nanostars. (d) UV–Vis–NIR absorbance spectra of Au@Ag core–shell nanostars pre-
pared by coating Ag shell on samples 1#~5#, demonstrated in Figure 1c, showing blue-shifted tip
plasmon mode.

2.3. Plasmon-Mediated Oxidation of p-ATP by Bare Au Nanostars

Firstly, it is necessary to assign the vibrational modes of p-ATP and DMAB molecules,
so the DFT theory included in the Gaussian 09W software was used to simulate the opti-
mized structures and Raman spectra of p-ATP and DMAB molecules. The hybrid density
functional B3LYP method with 6–31G/(d) basis set was used. A scale factor of 0.9613 was
used to correct the basis set superposition errors. Figure 3 shows the optimized molecule
structures of p-ATP and DMAB molecules. The main fingerprints of p-ATP are located at
1076 cm−1 (C–S stretching), 1167 cm−1 and 1488 cm−1 (C–H in-plane bending), 1274 cm−1

(C–N stretching), 1596 cm−1 (parallel C–C stretching), and 1630 cm−1 (amine scissoring).
As for DMAB molecules, the C–S stretching mode slightly shifts to 1073 cm−1, and the C–H
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in-plane bending modes appear at 1129 cm−1 and 1185 cm−1. The bands at 1396 cm−1 and
1453 cm−1 can be assigned to the N=N stretching. To be mentioned, considering the basis
set superposition errors involved in the simulation process, these vibrational assignments
are generally in agreement with subsequent actual SERS measurements.
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Figure 3. Simulated Raman spectra of p-ATP and DMAB molecules and the optimized molecule
structures (B3LYP/6–31+G(d)).

Herein, to examine the plasmon-driven catalytic activity of Au nanostars, Au nanostar
substrates were immersed in p-ATP solutions for 4 h to obtain a self-assembled molecule
layer on the Au nanostar surface. Xe light was used to simulate sunlight and illuminate the
Au nanostar substrates. The output excitation wavelengths were set at 515 nm, 633 nm, and
785 nm to cater for different plasmon bands of Au nanostars. The power density projected
on the Au nanostar substrates was tuned and limited to ~2 mW/cm2 to avoid possible
thermal-induced chemical reactions on the Au nanostars.

Figure 4 shows the wavelength-dependent SERS spectral evolution of p-ATP adsorbed
on Au nanostars. The main peaks in the SERS spectra at 1080 cm−1 (C–S stretching),
1179 cm−1 (C–H in-plane bending), and 1593 cm−1 (ring C–C stretching) can be assigned
to the vibrational fingerprints of p-ATP (highlighted by black lines). Nevertheless, the
fingerprint peaks of DMAB at 1148 cm−1, 1390 cm−1, and 1440 cm−1 were extremely
weak (highlighted by grey rectangles). As the azo-coupling reaction is characterized by the
existence of nitrogen double bonds, hence the catalytic activity was evaluated by comparing
the intensity ratio (RI) of the relative intensities of the main bands at 1440 cm−1 (N=N
stretching of DMAB, in correspondence to the 1453 cm−1 shift in Figure 3) and 1080 cm−1

(C–S stretching of p-ATP) [30]. With the 515 nm, 633 nm, and 785 nm radiation of Xe
light for 1 h, very weak peaks of DMAB appeared from all 5 samples (Figure 4a–c). The
counterpart RI values were all calculated to be less than 0.05, indicating that few p-ATP
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molecules transformed to DMAB. In addition, all the samples demonstrated similar SERS
intensities and peak locations of p-ATP although they have different plasmon bands. This is
quite different from the case of Ag-related samples, which will be discussed later. The low
plasmonic catalytic activity from Au nanostructures may be ascribed to the limited amount
of plasmon-induced O2

− radicals on the Au nanostars because O2 molecules are difficult to
affiliate on Au surfaces, as well as the high work function of Au that makes it difficult for
electrons to escape from the material‘s surface [45]; therefore, few p-ATP molecules were
oxidized into DMAB molecules.
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2.4. Plasmon-Driven Oxidation of p-ATP by Au@Ag Core–Shell Nanostars

The relationship between the plasmon band, excitation wavelength, and catalytic
kinetics of Au nanostars after Ag shell coating is quite different. Similarly, 515 nm, 633 nm,
and 785 nm excitations from Xe light were used to excite the p-ATP molecules adsorbed
Au@Ag core–shell nanostars with different plasmon bands. Specially, sample 5#′, 3#′, and
2#′ were selected to drive the oxidation of p-ATP under illumination of 515 nm, 633 nm,
and 785 nm monochromatic lights, respectively, which were close to the LSPR bands of the
composite Au@Ag core–shell nanostars. Meanwhile, sample 1#′ (plasmon peak at 825 nm)
and sample 4#′ (plasmon peak at 573 nm) were selected for comparison under illumination
of 515 nm monochromatic light, and sample 1#′ and sample 5#′ (plasmon peak at 517 nm)
were selected for comparison under illumination of 633 nm and 785 nm monochromatic
lights. As shown in Figure 5a–c, the fingerprint peaks of p-ATP at 1080 cm−1, 1179 cm−1,
and 1593 cm−1 were observed, meanwhile new peaks appeared at 1148 cm−1 (C–H in-plane
bending), 1390 cm−1 (N=N stretching), 1440 cm−1 (N=N stretching), and 1578 cm−1, which
can be assigned to the vibrational fingerprints of DMAB, being in agreement with the DFT
simulation results. It clearly shows that all 3 samples of Au@Ag core–shell nanostars with
different plasmon bands generally realized partial conversion of p-ATP to DMAB under
515 nm, 633 nm, and 785 illuminations with higher conversion rates in comparison with
that of Au nanostars.

In addition to the lower work function of Ag and higher affinity of Ag to O2, the
electronic charges may transfer from core Au atoms to shell Ag atoms and lead to an increase
in the electron density on the surface of Au@Ag core–shell nanostars, largely improving
catalytic activity [46]. With 515 nm illumination, due to the superposition between the
515 nm wavelength and the plasmon band of sample 5#′, RI value was estimated to be
0.51, larger than that of sample 1#′ (RI = 0.40) and 4#′ (RI = 0.45) (Figure 5a,d). Besides,
with 633 nm radiation, RI value of sample 3#′ was estimated to be 0.52, larger than that of
sample 1#′ (RI = 0.32) and 5#′ (RI = 0.40) (Figure 5b,e), owing to the minimum gap between
the plasmon band of sample 3#′ and the 633 nm wavelength. In addition, Figure 5c clearly
demonstrates that with 785 nm excitation on sample 2#′, the Raman bands of DMAB at
1148 cm−1 and 1440 cm−1 obviously become pronounced with an increased RI value of 0.6
(Figure 5f), indicating an increased conversion rate of p-ATP. Interestingly, unlike the slight
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variation in Figure 5d,e, both sample 1#′ and 5#′ demonstrated a relatively low RI value,
possibly owing to the lowest photon energy of 785 nm light in comparison with the 515 nm
and 633 nm lights, and larger gaps between their tip plasmon bands and the excitation
wavelengths. As the contribution efficiency of hot electrons involved in energy conversions
is typically within 1% [47], these subtle but existing spectral differences indicate that at
resonance condition between illumination light and plasmon band of Au@Ag nanostars,
one can achieve a higher conversion rate of DMAB from p-ATP.
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Figure 5. (a–c) SERS spectral evolutions of p-ATP adsorbed on Au@Ag core–shell nanostars with
varied tip plasmon modes after excitation with (a) 515 nm, (b) 633 nm, and (c) 785 nm monochromatic
lights for 1 h, indicating the formation of DMAB molecules. (d–f) Relative intensity ratios between
the 1440 cm−1 shift (N=N stretching of DMAB molecule) and the 1080 cm−1 shift (C–S stretching of
p-ATP molecule) correspond to (a–c).

Furthermore, the reaction kinetics were in-situ investigated by using a 785 nm excita-
tion from a portable Raman spectrometer. An output power of 10% was used to simulate the
monochromatic light. Sample 2#′ and 5#′ were investigated considering their distinct plas-
mon variation. For sample 5#′, the time-dependent SERS spectra of p-ATP were collected
(Figure 6a). The vibrational fingerprints of DMAB at 1148 cm−1, 1390 cm−1, 1440 cm−1,
and 1578 cm−1 shifts were very weak at exposure of 1 s and enhanced gradually with
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the elongation of the exposure duration. The initial RI value was ~0.07 and it gradually
enhanced to 0.16 after 300 s exposures (Figure 6c). The gradually increased intensity ratio
indicated the formation of few DMAB molecules on the surface of the Au@Ag core–shell
nanostars as the illumination progressed. This was also confirmed by the broaden peak at
1593 cm−1 shift (δ(NH2) of p-ATP) due to the appearance of a shoulder at 1578 cm−1 (ring
C–C stretching of DMAB). However, the vibrational fingerprints of DMAB were much more
remarkable in the case of sample 2#′ (Figure 6b), where DMAB molecules already formed
as the RI value was 0.33 within just 1 s excitation. Subsequently, the RI value increased
slightly and stabilized at ~0.51 in 5 min (Figure 6c), implying that the oxidation reaction of
p-ATP quickly reached equilibrium. The results further indicated optimal plasmon-driven
catalytic efficiency upon the resonance between the tip plasmon band of Au@Ag core–shell
nanostars and the excitation wavelength. In addition, the time-dependent formation of
DMAB molecules was fitted based on Poisson’s equation (I = a + b·exp(−t/τ)) and shown
in Figure 6c [30]. It was calculated that τ is 54 s and 15 s for sample 5#′ and 2#′, respectively,
demonstrating that the plasmon effect essentially controlled the catalytic reaction rate on
the surface of the Au@Ag core–shell nanostars.
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Figure 6. Time-dependent SERS spectral evolutions of (a) sample 5#′ with 517 nm tip plasmon mode
and (b) sample 2#′ with 773 nm tip plasmon mode, which were illuminated by a 785 nm fiber laser
equipped on a portable Raman spectrometer. (c) The time-dependent relative intensity ratios between
the 1440 cm−1 shift of DMAB and the 1080 cm−1 shift of p-ATP.

2.5. The Mechanism of Plasmon Mediated Oxidation of p-ATP to DMAB

The mechanism of the plasmon-mediated catalytic reaction (oxidation of p-ATP to
DMAB) on Au@Ag core–shell nanostars is schematically shown in Figure 7. For Au@Ag
core–shell nanostars without resonant visible light excitation (excitation light not in super-
position with the plasmon band of Au@Ag nanostars), a few hot electrons were excited
by the LSPR effect. Due to the fact that Ag can adsorb more O2 molecules on the surface
than Au (proved by XPS results in Figure 7c), the hot electrons transferred to the adsorbed
O2 molecules, generating O2

− radicals, which then participated in the oxidation of some
adsorbed p-ATP molecules into DMAB (Figure 7a) [30]. With resonant light illumination
(excitation light in superposition with the tip plasmon band of Au@Ag nanostars), a larger
number of LSPR-induced hot electrons can be excited and participate in the activation
step of O2. Therefore, more DMAB molecules were generated on the surface of Au@Ag
core–shell nanostars.
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Figure 7. Proposed mechanism for the plasmon selective oxidation of p-ATP into DMAB by Au@Ag
core–shell nanostars. (a) The case of non-resonant light excitation on Au@Ag nanostars with the tip
plasmon band further from the excitation line, showing a low conversion rate to DMAB. (b) The case
of resonant light excitation on Au@Ag nanostars with the tip plasmon mode of Au@Ag nanostars in
superposition with the excitation wavelength. (c) XPS spectrum measured on the Au surface and Ag
surface, respectively, showing adsorbed oxygen.

3. Conclusions

In conclusion, a seed-mediated synthetic approach was used to obtain Au nanostars
and Au@Ag core–shell nanostars for selective plasmon-driven photocatalytic oxidation
of p-ATP molecules. Au nanostars showed remarkable plasmonic tunability (namely, the
tip mode) at Vis–NIR range (587~890 nm), while the plasmon blue shifted to 517~825 nm
after being coated with ~2 nm Ag shell. The azo-coupling reaction of p-ATP to DMAB was
employed to testify the plasmon-driven catalytic activity, while the conversion rate was
evaluated by monitoring the emerged SERS fingerprints of DMAB. Results indicate that
SERS spectra of p-ATP adsorbed on Au nanostars remained stable after 1 h of resonant exci-
tation, suggesting poor plasmonic catalytic effect. However, the Ag shell on Au nanostars
generally increased the conversion of p-ATP, as evidenced by the largest intensity ratio of 0.6
between the 1440 cm−1 shift (N=N stretching of DMAB) and 1080 cm−1 shift (C–S stretching
of p-ATP). Importantly, the conversion efficiency of composite Au@Ag core–shell nanostars
was dictated by the resonance between the tip plasmon mode and the excitation light.
These subtle yet actual spectral evolutions of p-ATP show that the plasmon bands of metal
nanostructures play an important role in the efficiency of plasmon-driven photocatalysis.

4. Materials and Methods
4.1. Materials

Chloroauric acid (HAuCl4·4H2O), silver nitrate (AgNO3), trisodium citrate, para-
aminothiophenyl, sodium borohydride, N,N-Dimethylformamide (DMF), ethylene glycol,
polyvinylpyrrolidone (PVP k15, Mw ≈ 10,000), ethanol, and deionized water were used for
all preparations.
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4.2. Synthesis of Au Nanostars

The Au nanostars were fabricated by Au seed-mediated approach. To synthesize Au
seeds, aqueous solutions of chloroauric acid (1.2 mL, 20 mM), trisodium citrate (2 mL,
38.8 mM), and sodium borohydride (1 mL, 0.075 wt%) were injected into a beaker in turn,
and stirred at 25 ◦C overnight (10 h). The final Au seed solution showed a light claret
color, and was stocked for further use. Afterwards, aqueous solutions of chloroauric acid
(0.25 mL, 50 mM), PVP k15 (1.5 g), and Au seed solution (45~750 µL) were added into DMF
(15 mL) in turn, and agitated overnight to obtain transparent and blue solutions, indicating
the formation of Au nanostars. Again, the size of Au nanostars can be tuned by controlling
the volume of the injected Au seeds. The products were mixed with ethanol (volume ratio
1:1), separated by centrifugation (6000 rpm, 40 min), and redispersed in DMF. After three
cycles, the Au nanostars dispersed in DMF were obtained.

4.3. Synthesis of Au@Ag Core–Shell Nanostars

The above achieved Au nanostars were sedimented by centrifugation and redispersed
in ethylene glycol (1 mL). Then, the Au nanostars were mixed with ethylene glycol (5 mL)
in a round-bottom flask and heated to 150 ◦C with a stirring speed of 300 rpm. Ethylene
glycol solution of silver nitrate (0.125 mL, 16 mg/mL) was injected and let to react for
40 min. The products were separated in similar way as that for Au nanostars. The final
Au@Ag core–shell nanostars were stocked in DMF or ethanol.

4.4. Structural Characterizations

Field emission-SEM images were taken with a JEOL JSM-7600 scanning electron
microscope with an accelerating voltage of 15 kV. TEM image was taken with a JEOL
JEM-2100F transmission electron microscope (Tokyo, Japan). The UV–Vis–NIR absorbance
spectra were measured by Shimadzu UV-2550 spectrometer equipped with an integrating
sphere (UV 2401/2, Shimadzu, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS)
was collected on Thermo ESCALAB 250 (Waltham, MA, USA). To investigate the plasmon-
mediated catalytic effect from the Au nanostars and Au@Ag core–shell nanostars, aliquots
of the nanostar suspensions (10 µL, ~1 mg/mL) were mixed with p-ATP solution (10 µL,
10−5 M) and sonicated. The mixed solution (5 µL) was dried on a silicon chip (3 × 3 mm2)
for further light radiation and Raman measurements. An Xe light source (300 W) equipped
with a monochromator was used to illuminate the samples. The power density of the
emergent lights projected on the samples was tuned at 2 mW/cm2. SERS spectra were
collected with a portable Raman spectrometer (portable B&W Tek i-Raman Plus, 785 nm,
Newark, DE, USA).

Author Contributions: Design of research and writing, Z.H. and G.M.; supervision and data analysis,
Z.H., B.C. and G.M.; experiments and discussions, Y.K., M.H., N.Z. and Z.H.; data analysis and
refinement of manuscript, Y.K., Z.H. and G.M. All authors contributed to the general discussion. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of China (Grant
No. 52072373, 21673245, 51632009, 91963202, 52102324), Key Research Program of Frontier Sciences,
CAS (No. QYZDJ-SSW-SLH046), The Presidential Foundation of Hefei Institutes of Physical Science,
CAS (Grant No. BJPY2021B04, YZJJZX202019), the Hefei National Laboratory for Physical Sciences at
the Microscale (KF2020109), and the Collaborative Innovation Program of Hefei Science Center, CAS
(No. 2020HSC-CIP013).

Data Availability Statement: The data presented in this paper are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 1156 11 of 12

References
1. Pillai, S.; Catchpole, K.R.; Trupke, T.; Green, M.A. Surface plasmon enhanced silicon solar cells. J. Appl. Phys. 2007, 101, 093105.

[CrossRef]
2. Ma, L.; Yang, D.J.; Song, X.P.; Li, H.X.; Ding, S.J.; Xiong, L.; Qin, P.L.; Chen, X.B. Pt decorated (Au nanosphere)/(CuSe ultrathin

nanoplate) tangential hybrids for efficient photocatalytic hydrogen generation via dual-plasmon-induced strong VIS–NIR light
absorption and interfacial electric field coupling. Solar RRL 2020, 4, 1900376. [CrossRef]

3. Brongersma, M.L.; Halas, N.J.; Nordlander, P. Plasmon-induced hot carrier science and technology. Nat. Nanotechnol. 2015, 10,
25–34. [CrossRef] [PubMed]

4. Zeng, S.; Muneshwar, T.; Riddell, S.; Manuel, A.P.; Vahidzadeh, E.; Kisslinger, R.; Kumar, P.; Alam, K.M.M.; Kobryn, A.E.;
Gusarov, S.; et al. TiO2-HfN Radial Nano-Heterojunction: A Hot Carrier Photoanode for Sunlight-Driven Water-Splitting.
Catalysts 2021, 11, 1374. [CrossRef]

5. Choi, Y.M.; Lee, B.W.; Jung, M.S.; Han, H.S.; Kim, S.H.; Chen, K.; Kim, D.H.; Heinz, T.F.; Fan, S.; Lee, J.; et al. Retarded
charge–carrier recombination in photoelectrochemical cells from plasmon-induced resonance energy transfer. Adv. Energy Mater.
2020, 10, 2000570. [CrossRef]

6. Li, J.; Cushing, S.K.; Meng, F.; Senty, T.R.; Bristow, A.D.; Wu, N. Plasmon-induced resonance energy transfer for solar energy
conversion. Nat. Photonics 2015, 9, 601–607. [CrossRef]

7. Chen, Y.; Hu, Y.; Zhao, J.; Deng, Y.; Wang, Z.; Cheng, X.; Lei, D.; Deng, Y.; Duan, H. Topology optimization-based inverse design
of plasmonic nanodimer with maximum near-field enhancement. Adv. Funct. Mater. 2020, 30, 2000642. [CrossRef]

8. Dubi, Y.; Un, I.W.; Sivan, Y. Thermal effects—An alternative mechanism for plasmon-assisted photocatalysis. Chem. Sci. 2020, 11,
5017–5027. [CrossRef]

9. Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for photovoltaic and photocatalytic
devices. Nat. Photonics 2014, 8, 95–103. [CrossRef]

10. Ghadari, R.; Sabri, A.; Saei, P.S.; Kong, F.T. Marques HM. Phthalocyanine-silver nanoparticle structures for plasmon-enhanced
dye-sensitized solar cells. Sol. Energy 2020, 198, 283–294. [CrossRef]

11. Lee, S.; Sun, Y.; Cao, Y.; Kuang, S.H. Plasmonic nanostructure-based bioimaging and detection techniques at the single-cell level.
Trac-Trends Anal. Chem. 2019, 117, 58–68. [CrossRef]

12. Wu, W.; Yu, X.; Wu, J.; Wu, T.; Fan, Y.; Chen, W.; Zhao, M.; Wu, H.; Li, X.; Ding, S. Surface plasmon resonance imaging-
based biosensor for multiplex and ultrasensitive detection of NSCLC-associated exosomal miRNAs using DNA programmed
heterostructure of Au-on-Ag. Biosens. Bioelectron. 2021, 175, 112835. [CrossRef] [PubMed]

13. Jia, J.; Liu, G.; Xu, W.; Tian, X.; Li, S.; Han, F.; Feng, Y.; Dong, X.; Chen, H. Fine-tuning the homometallic interface of Au-on-Au
nanorods and their photothermal therapy in the NIR-II window. Angew. Chem. Int. Ed. 2020, 132, 14551–14556. [CrossRef]

14. Wang, Z.; Yu, W.; Yu, N.; Li, X.; Feng, Y.; Geng, P.; Wen, M.; Li, M.; Zhng, H.; Chen, Z. Construction of CuS@Fe-MOF nanoplatforms
for MRI-gui. Chem. Eng. J. 2020, 400, 125877. [CrossRef]

15. Zhou, L.; Tan, Y.; Wang, J.; Xu, W.; Yuan, Y.; Cai, W.; Zhu, S.; Zhu, J. 3D self-assembly of aluminium nanoparticles for plasmon-
enhanced solar desalination. Nat. Photonics 2016, 10, 393–398. [CrossRef]

16. Linic, S.; Christopher, P.; Ingram, D.B. Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy. Nat.
Mater. 2011, 10, 911–921. [CrossRef] [PubMed]

17. Zhang, J.; Si, M.; Jiang, L.; Yuan, X.; Yu, H.; Wu, Z.; Li, Y.; Guo, J. Core-shell Ag@nitrogen-doped carbon quantum dots modified
BiVO4 nanosheets with enhanced photocatalytic performance under Vis-NIR light: Synergism ofmolecular oxygen activation and
surface plasmon resonance. Chem. Eng. J. 2021, 410, 128336. [CrossRef]

18. Lai, H.; Li, G.; Zhang, Z. Ti3C2Tx-AgNPs@beta-cyclodextrin SERS substrate for rapid and selective determination of erythrosin B
in dyed food. Sens. Actuat. B-Chem. 2021, 346, 130595. [CrossRef]

19. Yang, S.; Dai, X.; Stogin, B.B.; Wong, T.S. Ultrasensitive surface-enhanced Raman scattering detection in common fluids. Prac.
Natl. Acad. Sci. USA 2016, 113, 268–273. [CrossRef]

20. Pockrand, I.; Billmann, J.; Otto, A. Surface enhanced Raman scattering (SERS) from pyridine on silver-UHV interfaces: Excitation
spectra. J. Chem. Phys. 1983, 78, 6384–6390. [CrossRef]

21. Kneipp, J.; Kneipp, H.; Kneipp, K. SERS—A single-molecule and nanoscale tool for bioanalytics. Chem. Soc. Rev. 2008, 37,
1052–1060. [CrossRef] [PubMed]

22. Kim, M.; Lin, M.; Son, J.; Xu, H.; Nam, J.M. Hot-electron-mediated photochemical reactions: Principles, recent advances, and
challenges. Adv. Opt. Mater. 2017, 5, 1700004. [CrossRef]

23. Zhou, L.; Swearer, D.F.; Zhang, C.; Robatjazi, H.; Zhao, H.; Henderson, L.; Dong, L.; Christopher, P.; Carter, E.A.; Nordlander, P.; et al.
Quantifying hot carrier and thermal contributions in plasmonic photocatalysis. Science 2018, 362, 69–72. [CrossRef] [PubMed]

24. Zhang, X.; Li, P.; Barreda, A.; Gutierrez, Y.; Gonzalez, F.; Moreno, F.; Everitt, H.O.; Liu, J. Size-tunable rhodium nanostructures for
wavelength-tunable ultraviolet plasmonics. Nanoscale Horiz. 2016, 1, 75–80. [CrossRef] [PubMed]

25. Tang, X.; Cai, W.; Yang, L.; Liu, J. Monitoring plasmon-driven surface catalyzed reactions in situ using time-dependent surface-
enhanced Raman spectroscopy on single particles of hierarchical peony-like silver microflowers. Nanoscale 2014, 6, 8612–8616.
[CrossRef] [PubMed]

26. Zhang, L.; Zhang, Y.; Wang, X.; Zhang, D. Plasma-Driven Photocatalysis Based on Gold Nanoporous Arrays. Nanomaterials 2021,
11, 2710. [CrossRef]

http://doi.org/10.1063/1.2734885
http://doi.org/10.1002/solr.201900376
http://doi.org/10.1038/nnano.2014.311
http://www.ncbi.nlm.nih.gov/pubmed/25559968
http://doi.org/10.3390/catal11111374
http://doi.org/10.1002/aenm.202000570
http://doi.org/10.1038/nphoton.2015.142
http://doi.org/10.1002/adfm.202000642
http://doi.org/10.1039/C9SC06480J
http://doi.org/10.1038/nphoton.2013.238
http://doi.org/10.1016/j.solener.2020.01.053
http://doi.org/10.1016/j.trac.2019.05.006
http://doi.org/10.1016/j.bios.2020.112835
http://www.ncbi.nlm.nih.gov/pubmed/33246677
http://doi.org/10.1002/ange.202000474
http://doi.org/10.1016/j.cej.2020.125877
http://doi.org/10.1038/nphoton.2016.75
http://doi.org/10.1038/nmat3151
http://www.ncbi.nlm.nih.gov/pubmed/22109608
http://doi.org/10.1016/j.cej.2020.128336
http://doi.org/10.1016/j.snb.2021.130595
http://doi.org/10.1073/pnas.1518980113
http://doi.org/10.1063/1.444698
http://doi.org/10.1039/b708459p
http://www.ncbi.nlm.nih.gov/pubmed/18443689
http://doi.org/10.1002/adom.201700004
http://doi.org/10.1126/science.aat6967
http://www.ncbi.nlm.nih.gov/pubmed/30287657
http://doi.org/10.1039/C5NH00062A
http://www.ncbi.nlm.nih.gov/pubmed/32260606
http://doi.org/10.1039/C4NR01939C
http://www.ncbi.nlm.nih.gov/pubmed/24980245
http://doi.org/10.3390/nano11102710


Nanomaterials 2022, 12, 1156 12 of 12

27. Boltersdorf, J.; Leff, A.C.; Forcherio, G.T.; Baker, D.R. Plasmonic Au–Pd bimetallic nanocatalysts for hot-carrier-enhanced
photocatalytic and electrochemical ethanol oxidation. Crystals 2021, 11, 226. [CrossRef]

28. Hezam, A.; Wang, J.; Drmosh, Q.A.; Karthik, P.; Bajiri, M.A.; Namratha, K.; Zare, M.; Lakshmmesha, T.R.; Shivanna, S.;
Cheng, C.; et al. Rational construction of plasmonic Z-scheme Ag-ZnO-CeO2 heterostructures for highly enhanced solar
photocatalytic H2 evolution. Appl. Surf. Sci. 2021, 541, 14845. [CrossRef]

29. Xie, W.; Herrmann, C.; Kompe, K.; Haase, M.; Schlucker, S. Synthesis of bifunctional Au/Pt/Au core/shell nanoraspberries for in
situ SERS monitoring of platinum-catalyzed reactions. J. Am. Chem. Soc. 2011, 133, 19302–19305. [CrossRef] [PubMed]

30. Wang, J.; Ando, R.A.; Camargo, P.H.C. Controlling the selectivity of the surface plasmon resonance mediated oxidation of
p-Aminothiophenol on Au nanoparticles by charge transfer from UV-excited TiO2. Angew. Chem. Int. Ed. 2015, 127, 7013–7016.
[CrossRef]

31. Wu, D.Y.; Liu, X.M.; Huang, Y.F.; Ren, B.; Xu, X.; Tian, Z.Q. Surface catalytic coupling reaction of p-Mercaptoaniline linking
to silver nanostructures responsible for abnormal SERS enhancement: A DFT study. J. Phys. Chem. C 2009, 113, 18212–18222.
[CrossRef]

32. Sun, M.; Xu, H. A novel application of plasmonics: Plasmon-driven surface-catalyzed reactions. Small 2012, 8, 2777–2786.
[CrossRef] [PubMed]

33. Nehra, K.; Pandian, S.K.; Bharati, M.S.S.; Soma, V.R. Enhanced catalytic and SERS performance of shape/size controlled
anisotropic gold nanostructures. New J. Chem. 2019, 43, 3835–3847. [CrossRef]

34. Zhang, Y.; Zhao, C.; Wang, X.; Sun, S.; Zhang, D.; Zhang, L.; Fang, Y.; Wang, P. Plasmon-driven photocatalytic properties based on
the surface of gold nanostar particles. Spectrochim. Acta A 2022, 264, 120240. [CrossRef] [PubMed]

35. Sousa-Castillo, A.; Comesaña-Hermo, M.; Rodríguez-González, B.; Pérez-Lorenzo, M.; Wang, Z.; Kong, X.T.; Govorov, A.O.;
Correa-Duarte, M.A. Boosting hot electron-driven photocatalysis through anisotropic plasmonic nanoparticles with hot spots in
Au–TiO2 nanoarchitectures. J. Phys. Chem. C 2016, 120, 11690–11699. [CrossRef]

36. Kedia, A.; Kumar, P.S. Controlled reshaping and plasmon tuning mechanism of gold nanostars. J. Mater. Chem. C 2013, 1,
4540–4549. [CrossRef]

37. Hao, F.; Nehl, C.L.; Hafner, J.H.; Nordlander, P. Plasmon resonances of a gold nanostar. Nano Lett. 2007, 7, 729–732. [CrossRef]
38. Kim, B.S.; Choi, S.H.; Zhu, X.Y.; Frisbie, C.D. Molecular tunnel junctions based on π-conjugated oligoacene thiols and dithiols

between Ag, Au, and Pt contacts: Effect of surface linking group and metal work function. J. Am. Chem. Soc. 2011, 133,
19864–19877. [CrossRef] [PubMed]

39. Ye, Z.; Li, C.; Celentano, M.; Lindley, M.; O’Reilly, T.; Greer, A.J.; Huang, Y.; Hardacre, C.; Haigh, S.J.; Xu, Y.; et al. Surfactant-free
synthesis of spiky hollow Ag–Au nanostars with chemically exposed surfaces for enhanced catalysis and single-particle SERS.
JACS Au 2022, 2, 178–187. [CrossRef]

40. Kaur, G.; Tanwar, S.; Kaur, V.; Biswas, R.; Saini, S.; Haldar, K.K.; Sen, T. Interfacial design of gold/silver core–shell nanostars for
plasmon-enhanced photocatalytic coupling of 4-aminothiophenol. J. Mater. Chem. C 2021, 9, 15284–15294. [CrossRef]

41. Wiley, B.; Sun, Y.; Chen, J.; Chen, H.; Li, Z.Y.; Li, X.; Xia, Y. Shape-controlled synthesis of silver and gold nanostructures. Mrs Bull.
2005, 30, 356–361. [CrossRef]

42. Li, M.; Cushing, S.K.; Zhang, J.; Lankford, J.; Aguilar, Z.P.; Ma, D.; Wu, N. Shape-dependent surface-enhanced Raman scattering in
gold–Raman-probe–silica sandwiched nanoparticles for biocompatible applications. Nanotechnology 2012, 23, 115501. [CrossRef]

43. Koczkur, K.M.; Mourdikoudis, S.; Polavarapu, L.; Skrabalak, S.E. Polyvinylpyrrolidone (PVP) in nanoparticle synthesis. Dalton
Trans. 2015, 44, 17883–17905. [CrossRef] [PubMed]

44. Huang, Z.; Meng, G.; Hu, X.; Pan, Q.; Huo, D.; Zhou, H.; Ke, Y.; Wu, N. Plasmon-tunable Au@Ag core-shell spiky nanoparticles
for surface-enhanced Raman scattering. Nano Res. 2019, 12, 449–455. [CrossRef]

45. Huang, W.; Gao, Y.; Wang, J.; Ding, P.; Yan, M.; Wu, F.; Liu, J.; Liu, D.; Guo, C.; Yang, B.; et al. Plasmonic enhanced reactive oxygen
species activation on low-work-function tungsten nitride for direct near-infrared driven photocatalysis. Small 2020, 16, 2004557.
[CrossRef] [PubMed]

46. Haldar, K.K.; Kundu, S.; Patra, A. Core-size-dependent catalytic properties of bimetallic Au/Ag core–shell nanoparticles. ACS
Appl. Mater. Inter. 2014, 6, 21946–21953. [CrossRef] [PubMed]

47. Leenheer, A.J.; Narang, P.; Lewis, N.S.; Atwater, H.A. Solar energy conversion via hot electron internal photoemission in metallic
nanostructures: Efficiency estimates. J. Appl. Phys. 2014, 115, 134301. [CrossRef]

http://doi.org/10.3390/cryst11030226
http://doi.org/10.1016/j.apsusc.2020.148457
http://doi.org/10.1021/ja208298q
http://www.ncbi.nlm.nih.gov/pubmed/22053855
http://doi.org/10.1002/ange.201502077
http://doi.org/10.1021/jp9050929
http://doi.org/10.1002/smll.201200572
http://www.ncbi.nlm.nih.gov/pubmed/22777813
http://doi.org/10.1039/C8NJ06206D
http://doi.org/10.1016/j.saa.2021.120240
http://www.ncbi.nlm.nih.gov/pubmed/34352503
http://doi.org/10.1021/acs.jpcc.6b02370
http://doi.org/10.1039/c3tc30574k
http://doi.org/10.1021/nl062969c
http://doi.org/10.1021/ja207751w
http://www.ncbi.nlm.nih.gov/pubmed/22017173
http://doi.org/10.1021/jacsau.1c00462
http://doi.org/10.1039/D1TC03733A
http://doi.org/10.1557/mrs2005.98
http://doi.org/10.1088/0957-4484/23/11/115501
http://doi.org/10.1039/C5DT02964C
http://www.ncbi.nlm.nih.gov/pubmed/26434727
http://doi.org/10.1007/s12274-018-2238-y
http://doi.org/10.1002/smll.202004557
http://www.ncbi.nlm.nih.gov/pubmed/33043568
http://doi.org/10.1021/am507391d
http://www.ncbi.nlm.nih.gov/pubmed/25456348
http://doi.org/10.1063/1.4870040

	Introduction 
	Results and Discussion 
	Characterization of Bare Au Nanostars 
	Characterization of Composite Au@Ag Core–Shell Nanostars 
	Plasmon-Mediated Oxidation of p-ATP by Bare Au Nanostars 
	Plasmon-Driven Oxidation of p-ATP by Au@Ag Core–Shell Nanostars 
	The Mechanism of Plasmon Mediated Oxidation of p-ATP to DMAB 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis of Au Nanostars 
	Synthesis of Au@Ag Core–Shell Nanostars 
	Structural Characterizations 

	References

