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ABSTRACT: Bimetallic nanostructures possess unique catalytic reactivity
and selectivity in plasmon-driven reactions. Such nanostructures are
typically composed of plasmonic and catalytic metals. A growing body of
evidence suggests that unique catalytic reactivity and selectivity of bimetallic
nanostructures are determined by the intensity of the rectiﬁed electric ﬁeld,
the nature of the catalytic metals, and the interplay between catalytic and
plasmonic metals at the nanoscale. However, the actual impact of all these
factors remains unclear. In this study, we use tip-enhanced Raman
spectroscopy (TERS) to determine the underlying physical cause of
catalytic reactivity and selectivity of gold−platinum (Au@PtNPs) and
gold−palladium (Au@PdNPs) bimetallic nanoplates. We perform nanoscale imaging of plasmon-driven oxidation of 4-mercapto-phenyl-methanol
(MPM) to 4-mercaptobenzoic acid (MBA) and a reversed plasmon-driven
reduction of MBA to MPM on Au@PtNPs, Au@PdNPs, and their monometallic analogues, AuNPs. Our results show that plasmondriven reduction of MBA to MPM is evident only for Au@PdNPs, whereas Au@PtNPs exclusively possess oxidation properties
enabling MPM to MBA conversion. These results show that the nature of the catalytic metal determines redox properties of
bimetallic nanostructures. At the same time, none of these redox reactions are evident for AuNPs. Instead, we observe only C−C
cleavage of both MPM and MBA that yields thiophenol. These ﬁndings suggest that the rectiﬁed electric ﬁeld determines the
reactivity of plasmon-driven reactions, whereas its intensity can be used to predict chemical transformations on these mono- and
bimetallic nanostructures.
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and yield of the corresponding monometallic nanostructures.
The Halas group showed that copper ruthenium (Cu@Ru)
nanostructures could be used for light-driven dry reforming of
methane with carbon dioxide, a reaction that yields a syngas.14
It should be noted that such reforming could not be performed
by the monometallic counterparts of Cu@Ru or on Au@Pd
nanostructures. Lou et al. found that platinum−gold nanoprisms facilitated hydrogen generation.16 The researchers
investigated several diﬀerent classes of platinum−gold nanoprisms, including Pt-covered, Pt-edged, and Pt-tipped Au
nanoprisms.16 The authors found that Pt-edged bimetallic
nanostructures had nearly ﬁve times more eﬃcient hydrogen
generation, compared to Pt-covered and Pt-tipped platinum−
gold nanoprisms. These ﬁndings suggest that the catalytic
eﬃciency of bimetallic nanostructures also depends on their

old and silver plasmonic nanostructures are highly
eﬃcient in converting visible electromagnetic radiation
into localized surface plasmon resonances (LSPRs), which are
coherent oscillations of conductive electrons at the nanostructure surface.1−3 LSPRs can decay into hot carriers, short-lived
highly energetic species, via direct interband, phonon-assisted
intraband, and geometry-assisted transitions.4−6 Hot carriers
can drive chemical reactions in molecules located near
plasmonic nanostrucutures.7−10 However, noble metal nanostructures only support a limited number of catalytic reactions.
The spectrum of catalytic reactions can be signiﬁcantly
broadened by coupling plasmonic and catalytic metals in the
same nanostructure. Such plasmonic bimetallic nanostructures
can catalyze many chemical reactions, ranging from Suzuki
coupling reactions and light-driven methane dry reforming and
H2 dissociation.11−14
Some experimental evidence suggests that catalytic eﬃciency
and selectivity of bimetallic nanostructures depend on the
nature of the catalytic metal. For instance, Wang and coworkers showed that gold−palladium (Au@Pd) could perform
a plasmon-enhanced Suzuki coupling reaction.15 The researchers reported a 2-fold increase in the reaction rate and yield
provided by these Au@Pd nanostructures compared to the rate
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oxidation reactions or if they possess only reduction properties.
Analogously, we will investigate whether Au@PtNPs demonstrate only oxidation properties in plasmon-driven transformations of MPM to MBA or if these bimetallic
nanostructures can catalyze both oxidation and reduction
reactions. These ﬁndings will allow for answering one of the
most important question of plasmon-driven chemistry: What is
the role of catalytic metals in plasmon-driven chemistry on
bimetallic nanostructures?

nanoscale structural organization, which remains poorly
understood.
Nanoscale structural characterization of mono- and bimetallic nanostructures is a challenging task. It requires the use of
highly sensitive spectroscopic techniques that can overcome
the Abbe diﬀraction limit.17 Classic spectroscopic techniques,
including infrared, ultraviolet−visible, ﬂuorescence, and Raman
spectroscopy, are diﬀraction limited; therefore, they cannot
reveal the nanoscale structural organization of bimetallic
nanostructures. 17,18 Tip-enhanced Raman spectroscopy
(TERS) is a modern analytical technique that can be used to
overcome the diﬀraction limit and probe the nanoscale
structural organization of bimetallic nanostructures.19,20 In
TERS, a metalized scanning probe is positioned above the
sample of interest and illuminated by a laser. This induces
LSPRs at the tip apex that enhance Raman scattering from
molecules located directly under the probe.21 Next, the tip is
rastered above the sample surface to generate a chemical map.
It should be noted that the electromagnetic ﬁeld at the tip−
sample junction is conﬁned to several angstroms.22 Such a high
conﬁnement of the electromagnetic ﬁeld enables singlemolecule sensitivity and sub-nanometer spatial resolution
with TERS imaging.20,23−28 Our group previously utilized
TERS to investigate plasmon-driven reactivity and selectivity
on gold−platinum nanoplates (Au@PtNPs).29 We found that
these nanostructures exhibited a stepwise photo-oxidation of 4aminothiophenol (4-ATP), ﬁrst to 4-nitrobenzenethiol (4NBT) and then to p,p′-dimercaptoazobisbenzene (DMAB).
Such selectivity was not observed on the analogous
monometallic structures, namely gold nanoplates
(AuNPs).29−31 It should be noted that the edges of Au@
PtNPs exhibited higher reactivity in plasmon-driven oxidation
reactions than ﬂat terraces. Core−shell gold−palladium
microplates (Au@PdMPs) also demonstrated unique selectivity in photoreduction reactions that was not evident for their
monometallic analogues (AuMPs). Speciﬁcally, Au@PdMPs
photoreduced 4-NBT to both 4-ATP and DMAB, whereas
only DMAB was found as a plasmon-driven reduction product
on AuMPs. These ﬁndings suggest that the unique catalytic
reactivity and selectivity of bimetallic nanostructures are
determined by the nature of the catalytic metal. In this
study, we used TERS to further investigate the underlying
physical factors that determine the redox reactivity and
selectivity of Au@PtNPs and Au@PdNPs. We also aim to
reveal the relationship between the catalytic reactivity,
selectivity, and nanoscale structural organization of these
bimetallic nanostructures.
Although these studies further enhanced our understanding
about the reactivity of 4-NBT and 4-ATP, the question to ask
is whether plasmon-driven chemistry is limited to these
commonly used molecular reporters. To answer this question,
we want to examine the extent to which other molecular
systems can undergo redox transformations on mono- and
bimetallic nanostructures. In this study, we investigate the
redox chemistry of 4-mercapto-phenyl-methanol (MPM) and
4-mercaptobenzoic acid (MBA) on Au@PtNPs and Au@
PdNPs as well as their monometallic analogues, AuNPs.
Speciﬁcally, we question whether MBA can be reduced to
MPM on Au@PdNPs as well as whether the reversed oxidation
reaction can take place on Au@PtNPs. We also investigate
whether such catalytic transformations are determined by the
nature of the catalytic metal. Speciﬁcally, we will determine
whether Au@PdNPs can perform both reduction and

■

RESULTS AND DISCUSSION
Nanostructure Fabrication Approaches. Au@PdNPs
and Au@PtNPs were prepared via the reduction of aqueous
H2PtCl6 and H2PdCl4 by ascorbic acid (AA) in the presence of
puriﬁed ∼70 nm thick Au nanoplates (Figures 1a, S1, and S2).

Figure 1. Scheme of synthesis of (a) Au@PtNPs and Au@PdNPs and
(b) their monometallic analogues, AuNPs.

Thick AuNPs were prepared with a two-step method (Figure
1b): (1) seed-mediated growth of Au seeds to 15 nm (Figure
S3) and (2) isotropic growth (Figure 1b) of 15 nm AuNPs to
∼70 nm (Figure S4).32 For bimetallic nanostructures, trigonal
and hexagonal AuNPs of 200−300 nm diameter were exposed
to Pt and Pd ions, which resulted in the replacement of the
most catalytically active atoms of Au on Pt and Pd. As a result,
Au@PdNPs formed with a random island of Pd on the surfaces
of AuNPs (Figure S5). These Pd islands exhibited diﬀerent
shapes with ∼1 nm in height. Au@PtNPs primarily have Pt
localized around the perimeter of the nanoplate. (Figures S1
and S6). Vis-NIR spectra of Au@PdNPs, Au@PtNPs, and
AuNPs exhibited an LSPR at ∼980 nm (Figure S7). We also
observed a decrease in the intensity in the absorption of Au@
PdNPs and Au@PtNPs relative to AuNPs, which can be
attributed to the LSPR damping by these bimetallic
nanostructures.29
Plasmon-Driven Oxidation of 4-Mercapto-phenylmethanol (MPM) to 4-Mercaptobenzoic Acid (MBA)
on Au@PtNPs. Au@PtNPs with a monolayer of MPM were
analyzed using a custom-built AIST-NT-HORIBA TERS
system equipped with a 632.8 nm ∼30 μW continuous
wavelength laser. TERS spectrum of MPM exhibited two
distinct vibrational bands at 1074 and 1593 cm−1, which
correspond to C−C−C in-plane bending and C−S stretching
of the benzene ring, respectively (Figure 2b; see more TER
spectra in Figure S8 and SERS of MPM in Figure S9). TERS
B
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Figure 2. Plasmon-driven oxidation of MPM to MBA on Au@PtNPs.
(a) Schematic illustration of the reduction reaction. (b,c) Typical
TERS spectra extracted from chemical maps on Au@PtNPs (d,e)
showing presence of MPM (blue) and MBA (green). (d,e) TERS
image of Au@PtNPs (10 nm per pixel). Intensity of 1593 cm−1 band
(C ring vibration) of MPM is shown in blue, and intensity of 1714
cm−1 (CO vibration) of MBA is shown in green. (f) Overlapping
TERS image of MPM and MBA. (g) In situ AFM image of Au@
PtNPs during TERS imaging.

Article

Figure 3. Plasmon-driven reduction of MBA to MPM on Au@PdNPs.
(a) Schematic illustration of MBA reduction to MPM by Au@PdNPs;
(b,c) TERS images of Au@PdNPs (10 nm per pixel). Intensities of
1570−1750 cm−1 containing C ring vibration and CO vibration of
MBA are shown in green; the 1593 cm−1 band (C ring vibration) of
MPM without showing the CO vibration band (1714 cm−1) is
shown in blue. (d) Overlapping TERS image of MPM and MBA. (e)
In situ AFM image of Au@PdNPs during TERS imaging. (f,g)
Typical TERS spectra extracted from chemical maps on Au@PdNPs
(a,b) showing presence of MPM (blue), MBA (green).

imaging enabled MPM oxidation to MBA, which could be
witnessed by the appearance of new peak at 1714 cm−1 (CO
stretching vibration) in the corresponding TERS images of
Au@PtNPs (Figures 2a,c and S8). One may expect that such
spectral transformations could be due to changes of the
molecule orientation relative to the metallic surfaces. These
ﬁndings demonstrate that Au@PtNPs perform plasmon-driven
oxidation of MPM to MBA. We also found that MPM was
oxidized to MBA primarily at the edges of Au@PtNPs (Figure
2d−g). This observation suggested that the edges and corners
of bimetallic nanostructures were more catalytically reactive
than the ﬂat terraces located in the center of Au@PtNPs.
Plasmon-Driven Reduction of MBA to MPM on Au@
PdNPs. One may expect that a reverse plasmon-driven
reduction of MBA to MPM could occur on Au@PdNPs. To
test this hypothesis, we deposited a monolayer of MBA on the
surface of these bimetallic nanostructures. We found that the
1714 cm−1 band vanished in the spectra collected near the
edges and corners of Au@PdNPs (Figures 3g and S10e−h; see
more TER spectra in Figure S11 and SERS of MBA in Figure
S9). These ﬁndings show that Au@PdNPs exhibit distinct
reduction properties in plasmon-driven reactions. Our results
also showed that, similar to the case of Au@PtNPs, the edges
and corners of Au@PdNPs were more catalytically reactive
compared to the ﬂat terraces of these bimetallic nanostructures
(Figure 3c,d). High resolution AFM imaging revealed that Pd
is localized in nanoislands on the surface of Au@PdNPs
(Figure S12a,c). We compared high resolution AFM images of
the same nanostructure with the corresponding TRES images
(Figure S13, marked by A, B and C) and found that areas with

the highest reactivity on Au@PdNPs correspond to the
interfaces between Pd and Au. These ﬁndings suggest that
the interfaces between plasmonic and catalytic metals have the
highest reactivity in plasmon-driven redox reactions, which is
in a good agreement with experimental results recently
reported by Ren’s group.26
The question to ask is whether MPM oxidation or MBA
reduction can occur on Au@PdNPs or Au@PtNPs,
respectively. To answer these questions, we deposited MPM
on Au@PdNPs (Figure S14a) and MBA on Au@PtNPs
(Figure S14d). TERS imaging revealed no signs of MPM
oxidation to MBA on Au@PdNPs (Figure S14b,c). We also
observed no signs of plasmon-driven reduction of MBA to
MPM on Au@PtNPs (Figure S14e,f). These ﬁndings
demonstrate that the selectivity of bimetallic nanoplates is
dictated by the nature of the catalytic metal.
Reaction Rates of Plasmon-Driven Redox Reactions
on Au@PdNPs and Au@PtNPs. One may wonder whether
the reactivity of bimetallic nanostructures is also determined by
the nature of the catalytic metal. To answer this question, we
investigated kinetics of MPM to MBA reduction on Au@
PtNPs and MBA to MPM oxidation on Au@PdNPs. For this,
we monitored time-dependent changes in the intensity of the
1714 cm−1 (CO) vibration (Figure 4a,b).33,34 We found that
C
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Figure 4. Catalytic property of AuNPs, Au@PtNPs, and Au@PdNPs and kinetic parameters of MPM/MBA conversion. TERS kinetic
measurements of (a) MPM to MBA oxidation on Au@PtNPs and (b) MBA to MPM reduction on Au@PdNPs. (c) Rate constants of both
oxidation and reduction are based on the intensity ratio of the band of 1714 cm−1 (CO) in TERS spectra obtained with Au@PtNPs (blue trace)
and Au@PdNPs (green trace). Each trace was ﬁtted with linear model according to eqs 1 and 2.

TERS imaging of AuNPs revealed the appearance of TP (991,
1026, and 1561 cm−1) around the edges of AuNPs (Figure
5c,d g,h and see more TER spectra in Figure S17 and SERS of
TP in Figure S9). This suggested that the edges of AuNPs have
higher catalytic activity than that of the ﬂat terraces.
The catalyzation probability of the C−C scissoring reaction
for MPM and MBA on AuNPs is summarized in Table 1
(Figure S10). We found that plasmon-driven cleavage of the
C−C bond of MBA resulted in 34.3% TP, whereas analogous
bond cleavage of MPM yielded more TP (39.2%) (Table 1).
These results suggest that the energy for C−C scissoring in
MPM is lower than that in MBA. It should be noted that we
observed no TP formation on Au@PtNPs or Au@PdNPs.
These ﬁndings also demonstrate that redox reactions of MPM
and MBA require the presence of Pd and Pt on the
corresponding bimetallic nanostructures. The lack of MPM
and MPA conversion to TP on Au@PtNPs and Au@PdNPs
further conﬁrms our hypothesis that plasmon-driven reactivity
and selectivity is determined by catalytic metals.
The questions to ask is why can a similar plasmon-driven
redox reaction that yields DMAB from both 4-NBT
(reduction) and 4-ATP (oxidation) can take place on
AuNPs but redox reactions of MPM/MBA are not evident
for these monometallic nanostructures?29,40 Instead, the
oxidation of MPM to MBA and the reversed reduction of
MBA to MPM are observed on Au@PdNPs and Au@PtNPs,
respectively. Previously reported results show that Au@PdNPs
enable a stronger reduction of 4-NBT that in addition to
DMAB yields 4-ATP. On Au@PtNPs, the reversed 4-ATP
oxidation can reach both DMAB and 4-NBT.29,40
Our group showed that AuNPs, Au@PdNPs, and Au@
PtNPs exhibit drastically diﬀerent intensities of the rectiﬁed
electric ﬁeld on their surfaces.36 Optical rectiﬁcation is a
second-order nonlinear eﬀect that originates from damping of
LSPRs on the nanostructures.36,37 Such damping transforms

plasmon-driven reduction and oxidation rates are diﬀerent for
Au@PtNPs and Au@PdNPs: kAu@PtNPs = 9.5 × 10 −3 s−1,
whereas kAu@PdNPs = 2.7 × 10 −3 s−1, eq 1 (Figure 4c).
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where c(MBA)t0, c(MBA)t, c(MBA)t0, and c(MBA)t represent
the concentration of MBA and MPM at diﬀerent reaction
times. I1714 is the intensity of the bands at 1714 cm−1 (CO).
k is the rate constant. t0 and t are the reaction times.
To further evaluate the kinetic variations at diﬀerent points
of the surface, we reproduced the measurements in three other
randomly picked locations on both Au@PtNPs and Au@
PdNPs. Correlated spectrum and kinetics have been
summarized in Figures S15, S16 and Table S1, respectively.
These results demonstrated that the plasmon-driven reduction
rate on Au@PdNPs was greater than the rate of plasmondriven oxidation on Au@PtNPs. Thus, not only the selectivity
but also the reactivity of bimetallic nanostructures are
determined by the nature of the catalytic metal.
Plasmon-Driven Transformation of MPM and MBA on
AuNPs. Our own ﬁndings, as well as results reported by other
groups, show that AuNPs can perform plasmon-driven
reduction of 4-NBT and oxidation of 4-ATP to DMAB.29
Expanding upon these ﬁndings, one could expect that AuNPs
would catalyze plasmon-driven redox reactions of MPM and
MBA. However, we found that neither MPM could be oxidized
to MBA nor MBA could be reduced to MPM on the surface of
AuNPs (data not shown). Instead, we found that both
molecular analytes yielded thiophenol (TP).35 Speciﬁcally,
D
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Figure 5. C−C cleavage in MBA and MPM that leads to the formation of thiolphenyl (TP) on AuNPs. (a) Schematic illustration of the reaction.
(b,c) TERS image of AuNPs (10 nm per pixel). The intensity of the 1593 cm−1 band (C ring vibration) of MPM is shown in blue, and the intensity
of the 1561 cm−1 band (C ring vibration) of TP is shown in red. (d) Overlapping TERS image of MPM and TP. (e) In situ AFM image of AuNPs
during TERS imaging of MPM on AuNPs. (f,g) TERS image of AuNPs (10 nm per pixel). The intensity of the 1593 cm−1 band (C ring vibration)
of MPM is shown in blue, and the intensity of the 1561 cm−1 band (C ring vibration) of TP is shown in red. (h) Overlapping TERS image of MBA
and TP. (i) In situ AFM image of AuNPs during TERS imaging of MBA on AuNPs. (j,k) Typical TERS spectra extracted from chemical maps on
AuNPs (b,c) showing the presence of MPM (blue), TP (red); (l,m) TERS spectra extracted from chemical maps on AuNPs (f, g) showing the
presence of MBA (blue), TP (red).

Table 1. Catalyzed Probability of AuNPs, Au@PtNPs, and Au@PdNPs

AuNPs
percentage
Au@PtNPs
percentage
Au@PdNPs
percentage

MPM

MBA

C−C cleavage
39.2% (1128/2872)
oxidation
25.7% (618/2408)
N/A
0

C−C cleavage
34.3% (1348/3927)
N/A
0
reduction
12.8% (482/3766)

as experimental ﬁndings reported by other groups, show that
the intensity of the rectiﬁed electric ﬁeld depends on the
intensity of the incident laser light.36,37
These ﬁndings suggest that reduction of 4-NBT to DMAB
requires only 12 MW·cm−1, which can be reached on AuNPs
upon nanostructure illumination by electromagnetic radiation.
At the same time, higher rectiﬁed electric ﬁeld intensity that
can be produced on Au@PdNPs allow for stronger reduction
of 4-NBT to 4-ATP. Analogously, the reversed plasmon-driven

the alternating current (AC) into a constant direct current
(DC) ﬁeld that can be quantiﬁed using molecular reporters.
Using TERS and 4-nitrobenzenethiol as a molecular reporter,
we found that Au@PtNPs and Au@PdNPs exhibited 4−6
times larger magnitudes of the rectiﬁed DC ﬁeld compared to
the intensity of electric ﬁeld observed on the surface of AuNPs.
Speciﬁcally, at 30 μW (λ = 633 nm), AuNPs possess ∼12 MW·
cm−1 whereas Au@PdNPs and Au@PtNPs show ∼50 MW·
cm−1 and ∼70 MW·cm−1, respectively. Our own results, as well
E
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oxidation of 4-ATP to DMAB proceeds at ∼12 MW·cm−1
(AuNPs), whereas stronger oxidation of 4-ATP to 4-NBT can
be observed at stronger rectiﬁed ﬁeld possessed by Au@PtNPs.
These ﬁndings help to explain the diﬀerence in the catalyzation
probability of plasmon-driven reactions of MPM and MBA on
Au@PtNPs and Au@PdNPs. We found that reduction
probability of MBA to MPM on Au@PtNPs was 25.7%,
whereas plasmon-driven oxidation of MPM on the surface of
Au@PdNPs was 12.8% MBA (Table 1). These ﬁndings
demonstrated that the catalyzation probability of MPM and
MBA on Au@PdNPs and Au@PtNPs correlates with the
intensity of the rectiﬁed electric ﬁeld on their surfaces.36 Thus,
the stronger the intensity of the rectiﬁed electric ﬁeld
possessed by the nanostructure; the higher the yield of the
performed plasmon-driven reactions can be expected.
This study shows that intensity of the rectiﬁed electric ﬁeld
itself cannot be used to interpret the plasmon-driven reactivity
of bimetallic nanostructures. Our ﬁndings show that the
rectiﬁed electric ﬁeld is likely to be the driving force; however,
the driver of such plasmon-driven reactions is the catalytic
metal. Our results demonstrate that Au@PdNPs exclusively
possess plasmon-driven reduction properties that are determined by Pd. At the same time, Au@PtNPs have unique
oxidation properties due to the presence of Pt on their
surfaces. These observations are further supported by the lack
of MPM to MBA and MBA to MPM transformations on
AuNPs that lack catalytic metals. Instead, AuNPs demonstrate
interesting C−C scissoring reactions that were not evident for
the corresponding bimetallic nanostructures. These pieces of
experimental evidence further prove that redox reactions
cannot be explained by the plasmonic heating, the light-driven
temperature increases on a surface of nanostructures. These
ﬁndings conﬁrm results reported Keller and Frontiera who
found that the temperature in the nanoparticle junction, also
known as “hot spots”, increases on the order of tens of Kelvin
even for extremely high photoexcitation values.38,39
Previously reported results from our group31,41 as well as
experimental ﬁndings reported by other groups42,43 suggest
that MBA and similar molecular analytes can alter their
orientation relative to the metallic surfaces. This is typically
reﬂected by a change in the relative intensities of the
vibrational bands in the corresponding TERS/SERS spectra
of these analytes. Recently reported results by the Pradeep and
El-Khoury groups suggest that the relative ratio of 1074,
∼1180, and 1593 cm−1 can be used to detect such molecular
rearrangements.42,43 Although we did not ﬁnd substantial
changes in the relative intensities of 1074 and 1593 cm−1 in
TERS imaging of both MPM and MBA, we found ﬂuctuations
in the intensity of ∼1180 cm−1 in the collected TERS spectra
(Figures 2 and 3). These ﬁndings support the reported results
by the Pradeep and El-Khoury groups about some conformational ﬂexibility of MBA and MPM on the metallic surfaces.
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bimetallic nanostructures. This work also shows that a dual
approach that is based on (i) a determination of chemical
transformations of molecular analytes and subsequent (ii)
measurements of the intensity of the rectiﬁed electric ﬁeld on
the nanostructures can be used to determine redox potential
and predict chemical transformations of diﬀerent molecular
systems.
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