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ABSTRACT
Localized surface plasmon resonances (LSPR) generated in a particle-film nanocavity enhance electric fields within a nanoscale
volume. LSPR can also decay into hot carriers, highly energetic species that catalyze photocatalytic reactions in molecular
analytes located in close proximity to metal surfaces. In this study, we examined the intensity of the electric field (near-field) and
photocatalytic properties of plasmonic nanocavities formed by single nanoparticles (SNP) on single nanoplates (SNL). Using 4nitrobenzenethiol (4-NBT) as a molecular reporter, we determined the near-field responses, as well as measured rates of 4-NBT
dimerization into 4,4-dimercaptoazobenzene (DMAB) in the gold (Au) SNP on AuSNL nanocavity (Au-Au), as well as in AuSNP
on AgSNL (Au-Ag), AgSNP on AuSNL (Ag-Au), and AgSNP on AgSNL (Ag-Ag) nanocavities using 532, 660, and 785 nm
excitations. We observed the strongest near-field signals of 4-NBT at 660 nm in all examined plasmonic systems that is found to
be substantially red-shifted relative to the LSPR of the corresponding nanoparticles. We also found that rates of DMAB formation
were significantly greater in heterometal nanocavities (Au-Ag and Ag-Au) compared to their monometallic counterparts (Au-Au
and Ag-Ag). These results point to drastic differences in plasmonic and photocatalytic properties of mono and bimetallic
nanostructures.
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1 Introduction
Localized surface plasmon resonances (LSPR) created by
plasmonic nanomaterials have been the subject of extensive
research due to their potential applications, such as biosensing [1],
data storage [2], and photocatalysis [3, 4]. Two closely-localized
plasmonic nanostructures can generate a nanocavity, which
produces substantially greater electric fields compared to those
observed on individual nanoparticles (NPs) [5–7]. This nanocavitybased gap-mode effect is broadly utilized in various plasmonic
systems to reach the highest fluorescence, Rayleigh and Raman
scattering [8–10]. Owing to the tiny volume of the nanocavity, the
gap-mode effect allows for the detection of molecular analytes
down to the single-molecule level.
LSPRs can decay via non-radiative damping producing heat. At
the same time, LSPRs can decay non-radiatively forming hot
carriers, highly energetic species via direct interband, phononassisted intraband, or geometry-assisted transitions. Hot carriers
are highly energetic species that persist for a few tens of
femtoseconds to picoseconds. They can catalyze chemical
reactions in molecules located in the close proximity to metallic
Address correspondence to dkurouski@gmail.com

surfaces, including hydrogen dissociation [11], propylene
epoxidation [12], dimethyl disulfide dissociation [13], as well
as 4-nitrobenzenethiol (4-NBT) reduction into 4,4dimercaptoazobenzene (DMAB) [14, 15].
The intensity of the electric field (near-field), as well as the
efficiency and selectivity of photocatalysis directly depend on
several factors, including the chemical nature of the metal [16],
nanomaterial geometry [17], gap distance [7], and excitation
wavelength [18, 19]. For instance, recently reported studies
showed that hot carriers generated by light of a shorter wavelength
can provide higher photocatalysis abilities. Specifically, Jain et
al. [20] showed that 488 nm excitation favors higher product
turnover frequency and selectivity compared to 532 nm excitation
in the photoreduction of carbon dioxide to methane and ethane
hydrocarbons. At the same time, the 532 nm wavelength was
closer to the LSPR of the utilized plasmonic system. Bald et al. [21]
found the highest photo-reduction rates of 4-NBT to DMAB on
Au nanoparticles (AuNPs) assembled film at 488 and 532 nm,
rather than with the wavelength (785 nm) that matched the
plasmon resonance of such plasmonic systems. These studies
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suggested that higher electric fields and greater photocatalytic
reactivity can be observed at wavelength located “off” instead of
“on” the LSPRs of the plasmonic systems.
Several groups previously demonstrated that wavelengthscanned surface-enhanced Raman spectroscopy (WS-SERS) can
be used to examine the near- and far-field properties of
nanostructures. Using WS-SERS, McFarland and co-workers
observed that the near- and far-field profiles of silver nanoparticle
arrays (AgNPA) would overlap if the substrate was annealed at
300 °C for 1 h [22]. WS-SERS was also used to investigate the nearfield properties of paper- and fabric-based three-dimensional (3D)
SERS substrates. Kurouski and co-workers found that
nanoparticle dimers and trimers and higher-order nanoparticle
clusters are the primary contributors to the near-field properties of
these SERS substrates. They additionally found that SERS
excitation spectral shapes are affected by the near-field optical
profiles of hot spots which differ from the far-field profile of the
bulk plasmonic substrates. At the same time, the far-field response
of 3D SERS substrates was shown to either primarily originate
from nanoparticle monomers, or could not be clearly defined [23].
Using WS-SERS, Doherty et al. demonstrated that highly uniform
SERS substrates exhibit a ~ 50 nm red-shift of their near-field
maximum compared to the maximum of their optical scattering
profile [24]. Similar conclusions were drawn by using WS-SERS to
probe the plasmonic properties of gold and silver film-overnanosphere SERS substrates [25].
In this work, we utilized WS-SERS and 4-NBT as the molecular
reporter to examine the near-field and photocatalytic properties in
single plasmonic nanocavities created by a single NP (SNP) on a
single nanoplate (NL) (SNL) geometry (SNSL) with various metal
combinations, including AuSNP on AuSNL (Au-Au), AuSNP on
AgSNL (Au-Ag), AgSNP on AuSNL (Ag-Au), and AgSNP on
AgSNL (Ag-Ag) (Scheme 1(a)). We first performed WS-SERS
measurements of 4-NBT using 532, 660, and 785 nm excitations
intensity at low laser light intensities that are insufficient to enable
photocatalytic conversion of 4-NBT to DMAB to determine the
near-field properties of these mono and bimetallic nanocavities.
Next, we measured rates of photocatalytic conversion of 4-NBT to
DMAB at the elevated laser intensities to examine the relationship
between catalytic reactivity and the metallic composition of these
nanocavities.

2 Methods
Chemicals and Au/Ag NPs and Au/Ag NLs synthesis protocols
can be found in the Electronic Supplementary Material (ESM).

2.1 Formation of the 4-NBT monolayer on the Au/Ag
NLs and SNSLs fabrication
The as-synthesized Au/Ag NLs were first deposited on a
precleaned Si wafer. Typically, 10 μL of Au/Ag NLs stock solution
was drop-casted on a ~ 1 cm × 1 cm Si wafer for 10 min. The
supernate was removed, followed by ethanol rinsing. After that,
the Au/Ag NLs deposited Si wafer were immersed in a 5 mM
ethanolic 4-NBT solution for 12 h to form a monolayer of 4-NBT
on Au/Ag NLs. Sonication in ethanol for 5 min was performed to
remove any uncoordinated 4-NBT molecule.
To fabricate SNSLs, 5 μL of Au/Ag NPs stock solution was dropcasted on the abovementioned Au/Ag NLs substrate for 10 min.
The supernate was removed, followed by ethanol rinsing before
use.
2.2 SERS measurement
Atomic force microscopy (AFM) imaging and SERS spectra
acquisition were done on an AIST-NT-HORIBA system equipped
with 532, 660, and 785 nm continuous-wave lasers. SNSLs were
located by AFM first; then, laser light was brought to the SNSLs of
interest by focusing the laser on the end of the Si AFM probe. A
side-illumination geometry with a 100× Mitutoyo (NA 0.7)
microscope objective was used for the laser alignment. Scattered
electromagnetic radiation was collected using the same objective
and directed to a fiber-coupled Horiba iHR550 spectrograph
equipped with a Synapse EM-CCD camera (Horiba, Edison, NJ).

3 Results and discussion
The AuNPs and AgNPs were synthesized by the modified
Turkevich–Frens method [26] and Lee–Meisel method [27],
respectively. Both AuNPs and AgNPs had spherical shapes with
diameters around 30 nm (Fig. 1(a)). The optical responses of
AuNPs and AgNPs show absorption peaks at 530 and 400 nm,
respectively (Fig. 1(c)). Meanwhile, the AuNLs and AgNLs were
synthesized by a modified seed-mediated growth method reported
previously [28, 29], followed by isotropic growth to produce
AuNLs and AgNLs with ~ 17 nm thicknesses. As shown in Fig.
1(c), the sizes of the obtained AuNLs and AgNLs were ~ 280 and
~ 380 nm, respectively. The corresponding LSPR peaks of these
NLs are around 1,035 and 1,392 nm, respectively (Fig. 1(f)).
AuNLs and AgNLs were then deposited on a Si wafer and exposed
to ethanolic solution of 4-NBT to build a monolayer of the
molecular analyte of their surfaces. Thereafter, SNSLs were formed
by drop casting AuNPs and AgNPs on AuNLs and AgNLs with 4NBT on their surfaces. This sample preparation procedure

Scheme 1 (a) The sample preparation procedure of the SNSL nanocavities. SNSL with four metal combinations were prepared separately, including Au-Au, Au-Ag,
Ag-Au, and Ag-Ag. (b) A sketch depicts the hot electrons tunneling and photocatalysis in the nanocavity.
| www.editorialmanager.com/nare/default.asp
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Figure 1 AFM images of (a) AuNPs and (b) AgNPs; (d) and (e) AFM images of AuNLs (a) and AgNLs (b); (c) and (f) are corresponding ultraviolet–visible–near
infrared ray (UV–vis–NIR) absorption spectra of (c) Au/AgNPs and (f) Au/AgNLs, respectively. The insets in (a), (b), (d), and (e) show the corresponding height
profiles along the dashed lines.

ensured the minimization of 4-NBT presence on AuNPs and
AgNPs that were localized on AuNLs and AgNLs, which
consequently, lowered the SERS background of the analyzed
samples.
We ended up having four groups of SNSLs: AuNP on AuNL
(Au-Au), AuNP on AgNL (Au-Ag), AgNP on AuNL (Ag-Au),
and AgNP on AgNL (Ag-Ag). WS-SERS measurements were
conducted in an AFM-coupled Raman system (AIST-NTHORIBA). Continuous wavelength (CW) 532, 660, and 785 nm
lasers were used to generate corresponding electromagnetic
radiation, which was focused by a 100× objective at an incident
angle of 45° onto the samples. To ensure the proper sample
localization and Z focusing, we used the feedback of a Si AFM
probe in the AFM-based confocal Raman system. Specifically, the
scanning probe was approached on the surface to acquire the
AFM image of the analyzed sample. After an appropriate SNSL
was found, the probe was positioned a few nanometers off the
nanoplate surface for WS-SERS measurements.
We first examined the near-field properties of the mono- and
bimetallic nanocavities at 532, 660, and 785 nm excitations by
measuring the intensity of the 1,335 cm−1 band of 4-NBT at laser
intensity insufficient for 4-NBT dimerization to DMAB (Fig. 2).
The near-field responses at 532, 660, and 785 nm were consistent
for at least three different Au-Au nanocavities studied
independently in our study. The strongest near-field signal was
observed for Au-Au SNSLs at 660 nm and no signal was observed
for Au-Au at 785 nm, as shown in Figs. 2(a)–2(c) and Fig. S1 in
the ESM. Additionally, we found that nanocavities formed by AuAg, Ag-Au, and Ag-Ag SNSLs exhibited similar near-field
properties (Figs. 2(d)–2(l), and Figs. S2–S4 in the ESM), which has
the strongest signal of 4-NBT at 660 nm and no near-field signal
at 785 nm. Nonetheless, the catalysis effect at 532 nm is
comparable to 660 nm, and the average intensity of the 1,335 cm−1
band of 4-NBT at 532 nm is 1.6 times less than that at 660 nm.
Thus, the near-field maxima for Au-Au, Au-Ag, Ag-Au, and AgAg SNSLs occur at 660 nm, which is substantially red-shifted
compared to the resonant response of the NPs (Fig. 1(c)), in good
agreement with previously reported behavior of similar plasmonic
nanostructures. Specifically, Wustholz and co-workers [30]
observed ~ 200 nm red-shift of the LSPRs of AuNPs upon their

coupling into dimers and trimers, whereas Kleinman and coworkers [31] reported that near-field maxima were always redshifted relative to the LSPRs of the NPs.
To ensure the gap distance consistency in each plasmonic
system, for each metal combination (i.e., Au-Au, Au-Ag, Ag-Ag,
and Ag-Au), we selected three independent nanocavities and
compared their SERS spectra at the same conditions. As shown in
Fig. S5 in the ESM, single-cavity SERS showed close intensity (less
than 20% difference) in the same group. Because SERS using a
nanocavity is sensitive to the gap distance, we can conclude that
the gap distance in each plasmonic system is consistent.
In the following, we investigated the photocatalytic properties of
mono- and bimetallic nanocavities at 532 and 660 nm for Au-Ag,
Ag-Au, and Ag-Ag, and 660 nm for Au-Au. Upon illuminating
the sample, we collected SERS spectra of 4-NBT at different light
intensities for two minutes. The photocatalytic activity of Au-Au
SNSL was weak at 30 μW, 660 nm excitation, as shown in Figs.
3(a)–3(c). As the laser power increased to 90 μW, new peaks
appeared at 1,150, 1,390, and 1,440 cm−1, which can be assigned to
C–N symmetric stretching and N=N stretching modes of DMAB
(Fig. S6(a) in the ESM). In the presence of 30 μW of 660 nm
excitation, Ag-Au, Ag-Au, and Ag-Ag SNSLs have not
demonstrated any photocatalytic reactivity (Figs. S7 and S8 in the
ESM). In contrast to the other two SNSLs, Ag-Ag SNSLs can
catalyze with 90 μW of 660 nm excitation (Fig. S9 in the ESM).
Also, we found that on Ag-Ag SNSLs, the intensity of DMAB
bands tends to stabilize rapidly, while for Au-Ag and Ag-Au, the
intensity of DMAB bands increases steadily over time (Figs. 3(d),
3(g), and 3(j)). On the other hand, the formation of DMAB was
observed immediately at the same laser intensity of 532 nm (Figs.
3(d)–3(i), and Figs. S2 and S3 in the ESM), where the DMAB
peaks appear 12–24 s after the sample illumination. There is a
gradual increase in the DMAB peaks with a concurrent decrease
in the intensity of the 1,335 cm−1 band (Figs. 3(d)–3(i)). Some
cases of DMAB have been observed within the first second of the
imitation of sample illumination with 532 nm light (Au-Ag SNSLs
in Fig. S2 in the ESM and Ag-Au SNSLs in Figs. S3(g) and S3(h)
in the ESM). Occasionally, unexpected peaks are observed during
catalysis, such as 1,520 and 1,540 cm−1 on Au-Ag, and 1,420 cm−1
on Ag-Ag. We believe that these peaks are Raman-inactive IR
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Figure 2 AFM images of (a) Au-Au, (d) Au-Ag, (g) Ag-Au, and (j) Ag-Ag SNSLs. (b), (e), (h), and (k) show the corresponding height profiles along the dashed lines
in (a), (d), (g), and (j), respectively. (c), (f), (i), and (l) are the Raman spectra of SNSLs in (a), (d), (g), and (j) with different excitations, respectively. The power of all the
lasers was adjusted to 15 μW. The corresponding power density of 532, 660, and 785 nm were 3.6, 2.4, and 1.7 kW·cm−2 when the diffraction limit was reached. The
acquisition time of all the spectra is 10 s.

modes emanating from the creation and destruction of
“picocavities” on metal surfaces [32].
We also compare the catalytic efficiencies of the four SNSLs by
plotting the time-dependent signal intensity ratio (SIR) between
the N=N and Nitro peaks (Figs. 3(c), 3(f), 3(i), and 3(l)). The SIRs
of homogeneous nanocavities (Ag-Ag and Au-Au) remain stable
over time, and the SIR of Ag-Ag is an average of 2.5 times greater
than that of Au-Au, indicating photocatalysis on Ag-Ag has a fast
dynamic feature and reaches equilibrium quickly. Conversely,
both heterogeneous (Au-Ag and Ag-Au) have higher SIRs than
the homogeneous nanocavities during the whole catalysis process.
After 2 min of photocatalysis, the SIRs of Au-Ag and Ag-Au can
reach 1.8 and 1.4, which are about 3 times greater than those of AgAg (0.5) and Au-Au (0.2). Additionally, we observed huge
fluctuations in the fitted results in Figs. 3(f) and 3(i), which may be
explained by changes in molecular orientation during the
photocatalytic process. Since we were observing a limited number
of molecules in the nanocavities, a tiny change in the orientation
would hugely impact the SERS signal. To verify our hypothesis, we
plotted the time-dependent signal intensity ratio between the
1,575 and 1,080 cm−1 bands of Au-Ag and Ag-Au. As shown in
Fig. S10 in the ESM, regardless of the metal species, the intensity
ratio between 1,575 and 1,080 cm−1 fluctuates significantly,
consistent with the fluctuations we observed in Figs. 3(f) and 3(i).

Since both 1,575 and 1,080 cm−1 bands are related to the phenyl
ring of the 4-NBT molecule, which underwent no chemical
change during the photocatalysis, the only plausible explanation
would be the molecular orientation change to accommodate the
photocatalytic reaction.
The bimetallic catalyst and 4-NBT can be viewed as a metalmolecule-metal structure, where quantum tunneling of hot
electrons occurs between the SNP and SNL as a result of the
bimetallic surface plasmon. The 4-NBT molecular monolayer
functions as an insulator barrier and absorbs partial tunneling
electrons for reduction reactions. Therefore, the reaction rate
depends on the probability of the electrons tunneling through the
molecules. As to the molecular barrier, the lowest unoccupied
molecular orbital (LUMO) can participate in the charge transfer,
thus leading to the tunneling through molecules other than direct
tunneling [33]. Direct tunneling would be the dominant effect
when the nanocavity is in the quantum tunneling regime [34]. In
Fig. S11 in the ESM, we simulate the absorption cross section of
the nanocavity with different gap distances and show that the
quantum limits for all four combinations are less than 0.7 nm. As
the direct tunneling is suppressed in all four cases, the electron
tunneling through the molecules should be considered. The
tunneling current I is given by the Landauer formula of the
electron transmission [35, 36]
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Figure 3 Color-coded SERS intensity maps of (a) Au-Au, (d) Au-Ag, (g) Ag-Au, and (j) Ag-Ag SNSLs shown in Figs. 2(a), 2(d), 2(g), and 2(j), respectively. The
excitation wavelength was 660 nm Au-Au and 532 nm for Au-Ag, Ag-Au, and Ag-Ag. The laser intensity was 30 μW, whereas the power densities of 532 and 660 nm
were 7.2 and 4.8 kW·cm−2 when the diffraction limit was reached. Acquisition time was 3 s. Each spectrum took 4 s, and 30 spectra were recorded. (b), (e), (h), and (k)
are selected SERS spectra from (a), (d), (g), and (j), respectively. (c), (f), (i), and (l) are peak intensity ratio between N=N and Nitro peaks shown in (b), (e), (h), and (k)
as a function of excitation time. The arrows in (d), (e), (g), and (h) show some unexpected peaks discussed in the main text.

I=

e w +∞
T (E) [fNP (E) − fNL (E)] dE
h −∞

(1)

where E is the electron energy, fNP and fNL donate the Fermi
distributions of SNP and SNL, which are related to the materials
and the excitation; h is the Plank constant; e is the electron charge.
T (E) = ∑Ni Ti (E) is the transmission function, and Ti denotes the
transmission through the i ’s molecule. N is the total number of
molecules between the SNP and SNL. The transmission function
depends on the charge transfer efficiency through SNP-molecule,
SNL-molecule junctions, and molecules, which is denoted by
T (E) = ΓNP (E) Γmol (E) ΓNL (E)

(2)

where ΓNP and ΓNL are charge transfer efficiency at the SNPmolecule and SNL-molecule junctions. Γmol is the charge transfer
efficiency through the molecule, which can be given by
Γmol (E) = exp (−βl)

(3)

where l is the width of the molecular barrier and approximates the
gap distance of the nanocavities; β is the tunneling decay
parameter. The exact contact of the SNP(SNL) and the molecular
monolayer can be complex to model. The ΓNP (E) and ΓNL (E) tend
to have a single resonant peak the energy levels ENP and ENL , which
are determined by the alignment of the molecular orbit relative to
the Fermi levels of SNP and SNL [37, 38].
For a heterogeneous SNSL, the different Fermi distribution
fNP (E) − fNL (E) of Ag and Au produces an electric field to drive
the electron tunneling, increasing the tunneling current. On the
other hand, for a homogeneous SNSL, the difference in Fermi
distributions fNP (E) − fNL (E) of SNP and SNL (Eq. (1)) is mainly
determined by the excitation, which is usually smaller than that for
a heterogeneous SNSL and usually leads to a lower tunneling
current. Thus far, as shown in Figs. 3(c), 3(f), 3(i), and 3(l), the
catalysis rate of Au-Ag and Ag-Au nanocavities is higher than that
in the Au-Au and Ag-Ag nanocavities due to the larger tunneling
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current. Using different materials for SNP and SNL may cause
different resonant peaks for ΓNP and ΓNL , which could reduce the
transmission rate T (E). However, according to the previous
study [38], the resonance peaks of ΓNP and ΓNL are close to each
other, allowing electrons with resonant energies to tunnel through
both junctions. Since we use a molecular layer, ΓNP and ΓNL
depend on the materials and the scales of the SNP-molecule and
SNL-molecule junctions. As the two junctions are of different
scales even with the same material, Au-Ag and Ag-Au
nanocavities are expected to show different transmission functions
and catalysis rates, which are shown in Figs. 3(f) and 3(i). The
charge transfer efficiency Γmol is relative to the molecular levels and
the gap distance in the classical regime [34]. As is shown in Eq.
(3), Γmol decreases exponentially while increasing the gap distance
l . In the classical regime, the tunneling decay parameter β is
related to the molecular levels, while in the quantum tunneling
regime, β would be determined by the mixed modes of molecules
and quantum plasmons [33]. In Section S1 in the ESM, we
demonstrate the energy dependence of the charge transfer
efficiencies and roughly estimate the total current under proper
assumptions.
Experimental findings recently reported by Jain and Brus
groups show that light induces a steady-state charge on the surface
of nanostructures [20]. The steady-state potential is caused by
unequal rates of dissipation of hot electrons and holes from the
metal surface. This asymmetry results in an accumulation of hot
carriers with “slower” transfer rates between the nanostructure
and a surrounding medium. Jain group proposed that such an
electrostatic potential could alter the energies and kinetics of
chemical reactions [18]. Considering discussed above differences
in the phonon energies of green and red light, one can expect that
532 nm photons induce a higher steady-state charge on the
surface of nanostructures compared to the 660 nm photons.
Using 4-mercaptobenzonitrile (4-MBT) as the molecular
reporter, our group recently determine intensities of steady-state
potential on the surface of mono and bimetallic nanostructures [4,
39]. Our findings show that monometallic nanostructures
exhibited substantially lower intensities of the rectified electric
field, which can be used to quantify the steady-state potential on
their surfaces compared to bimetallic nanostructures. Expanding
upon these findings, one can expect that higher near-field
intensities and greater rates of photocatalytic processes observed
on Au-Ag and Ag-Au SNSLs in this work are due to higher
intensities of the rectified electric fields on their surfaces.

4 Conclusions
We utilized WS-SERS approach to examine the near-field
properties of Au-Au, Au-Ag, Ag-Au, and Ag-Ag SNSLs
nanocavities at 532, 660, and 785 nm excitations. We found that
the near-field maxima of all these plasmonic nanocavities are redshifted with respect to the plasmon resonances of the NPs. 532 nm
light enables nearly instantaneous DMAB formation at very low
laser light intensities, whereas 660 nm light requires a significantly
higher intensity to achieve such photocatalytic transformation. At
the same time, 532 nm light yields higher rates of plasmonic
reactions than 660 nm light. Furthermore, our findings show that
bimetallic nanostructures exerted higher catalytic reactivity
compared to their monometallic counterparts. The reason for this
might be the larger values of rectified electric fields that can be
expected on the surfaces of bimetallic nanostructures as opposed
to the intensity of the electric field on their monometallic
counterparts. This superior catalytic reactivity of bimetallic
nanostructures can be also attributed to the enhanced electron
tunneling by heterogeneous Fermi distributions of the bimetallic

components that are not evident for monometallic nanostructures.
In summary, our findings helped to establish the relationship
between excitation wavelength, near-field profiles, and catalytic
reactivity of mono and bimetallic nanostructures.
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