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ABSTRACT: The new paradigm of solid-state catalysis is that coupling of plasmonic and
catalytic metals can be used to achieve much higher catalytic eﬃciency relative to their
counterparts. Chemical reactions on such bimetallic nanostructures are light-driven, which
essentially enables “green catalysis” in organic synthesis. The catalytic eﬃciency of
bimetallic platforms directly depends on their nanoscale structures, which remain poorly
understood. We used tip-enhanced Raman spectroscopy (TERS) to investigate nanoscale
plasmonic and photocatalytic properties of novel gold−palladium microplates (Au@
PdMPs), along with their monometallic counterparts. We found that 4-nitrobenzenethiol
(4-NBT) can be catalyzed to p,p′-dimercaptoazobisbenzene (DMAB) and 4-aminothiophenol (4-ATP) on Au@PdMPs, whereas monometallic AuMPs produce exclusively
DMAB as a result of such photocatalytic reduction of 4-NBT. Using 4-NBT as a molecular
reporter, we found that the eﬃciency of these catalytic reactions has strong correlation with
the nanoscale structure of microplates. Coupling TERS to GC-MS, we also found that
Au@PdMPs were capable of catalyzing the Suzuki−Miyaura coupling reaction.

N

more eﬃcient H2 generation in comparison to Pt-covered and
Pt-tipped TNPs. Guo and co-workers investigated the catalytic
performance of ordered Pd nanoarrays, which were precisely
grown via a solution-based seed-mediated approach on the
surface of Au nanorods.23 These Au nanorod@Pd structures
demonstrated 2-fold enhancement in the plasmon-enhanced
Suzuki-coupling reaction. One can envision that better
understanding of catalytic properties of such nanostructures
at nanoscale can be used to further improve the reaction rates,
optical sensitivity, and product selectivity of these plasmonic
bimetallic systems.
Tip-enhanced Raman spectroscopy (TERS) is a modern
analytical technique that has single-molecule sensitivity and
subnanometer spatial resolution.24−26 In TERS, a single
plasmonic nanostructure is located at the apex of the scanning
probe. The probe can be positioned above the sample of
interest and illuminated with electromagnetic radiation. The
LSPRs of the apex nanoparticle would enhance the Raman
signal from molecules located directly under the tip.27 Next,
the tip is rastered above the sample surface to generate its
chemical map. It should be noted that the electromagnetic ﬁeld
at the tip−sample junction is conﬁned to several angstroms.28

oble metal nanostructures are capable of harvesting solar
irradiation. This results in the appearance of localized
surface plasmon resonances (LSPRs), collective oscillations of
electrons at the surface of nanostructures.1−6 LSPRs depend
on the size, geometry, and material of nanostructures.7−10
LSPRs can decay, forming hot carriers through direct
interband, phonon-assisted intraband, and geometry-assisted
transitions.11−13 These hot carriers are highly energetic species
that persist over a few tens of femtoseconds to picoseconds
time scale.14,15 Hot carriers can decay via electron−electron or
electron−phonon scattering or can populate unoccupied
orbitals in molecules located at the metal surface.16,17 In the
latter scenario, hot carriers can catalyze chemical reactions,
such as O2 and H2 dissociation.18,19 However, noble metal
nanostructures can perform only a limited number of catalytic
reactions.
Catalytic properties of noble metal nanostructures can be
enhanced by their coupling with traditional catalytic metals,
such as palladium (Pd), rhenium (Rh), or platinum (Pt).20 For
instance, Wang and co-workers showed that Au@Pd
nanostructures demonstrated 2-fold enhancement of rates of
Suzuki coupling in comparison to rates of reactions thermally
heated to the same temperature.21 The researchers also
reported a 2-fold increase in the reaction yield provided by
these Au@Pd nanostructures. It should be noted that colocalization of plasmonic and catalytic metals in such
nanostructures is critically important. For instance, Lou and
co-workers investigated rates of H2 generation on Pt-covered,
Pt-edged, and Pt-tipped Au triangular nanoprisms (TNPs).22 It
has been found that Pt-edged TNPs exhibit nearly ﬁve times
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Figure 1. (a) Schematic illustration of TER imaging of Au@Pd and AuMPs. (b and c) TERS image of Au@Pd MPs (20 nm per pixel). Intensity of
1339 cm−1 band (NO2 vibration) of 4-NBT is shown in blue; intensities of 1397 and 1441 cm−1 (N=N vibration) of DMAB are shown in red;
intensity of 1485 cm−1 (NH2 vibration) is shown in green. (d) Corresponding AFM (bottom) images of Au@PdMPs. (e and f) TERS image of
AuMPs (20 nm per pixel). Intensity of 1339 cm−1 band (NO2 vibration) of 4-NBT is shown in blue; intensities of 1397 and 1441 cm−1 (N=N
vibration) of DMAB are shown in red. (g) Corresponding AFM (bottom) images of AuMPs. (h) Nanoscale images (5 nm/pixel) of Au@PdMPs
showing distribution of intensities of NO2 vibration, left panels; overlaid NO2 and N=N vibrations, center panels; and overlaid NO2 and NH2
vibration (1485 cm−1), right panels. (i) Typical TERS spectra extracted from chemical maps on Au@PdMPs (b and c) showing presence of 4-NBT
(blue), DMAB (red), and 4-ATP (green). (j) Typical TERS spectra extracted from chemical maps on AuMPs (e and f) showing presence of 4NBT (blue) and DMAB (red). These TERS spectra are randomly chosen from the corresponding TERS map.

This high conﬁnement of the electromagnetic ﬁeld allows
subnanometer spatial resolution upon TERS imaging.25,29 For
instance, the Datta group recently used TERS as a probe to
capture the buckling distortions in silicene.30 The El-Khoury
group used TERS to investigate spatial variations in optical
ﬁelds on the surface of Ag nanoparticles (NPs).31 It has been
shown that edges of AgNPs exhibit higher signals in
comparison to their center. Similar plasmonic enhancement
has been also observed on the edges of AgNWs. Using
ultrahigh vacuum (UHV) TERS, the Ren group investigated
edge eﬀects on a submonolayer of Pd on a Au surface.32 Using
phenyl isocyanide (PIC) as a molecular reporter, the
researchers showed that in TER spectra collected at Pd
edges, the C≡N vibrational of the PIC was red-shifted by 60
cm−1 relative to molecules located on the Pd terrace. These
results indicated that a degree of back-donation from the d
band of the metal to the antibonding π* orbital of PIC at the
step site is greater than at the terrace sites. This suggests that
molecules located at Pd edges have higher reactivity relative to

Pd atoms in terraces. A recent work from our group33 revealed
that Au@Pt nanoplates (Au@PtNPs) exhibited drastically
diﬀerent catalytic activity and selectivity comparing to their
monometallic analogues. Li and Kurouski showed that
selectivity of Au@PtNPs originated from LSPR damping in
such bimetallic nanostructures due to increased probability of
interband transitions (close energy levels of d-bands and Fermi
levels in Pt). This allowed for stepwise photoconversion of 4ATP ﬁrst to 4-NBT and then to DMAB, whereas on AuNPs, 4ATP reduction proceeded instantaneously to DMAB. These
results show that TERS is ideally suited for visualization of
nanoscale catalytic properties of mono- and bimetallic
nanostructures.
In this work, we used TERS to investigate nanoscale
photocatalytic properties of Au@Pd microplates (Au@
PdMPs) and their monometallic counterpart, AuMPs. We
found that Au@PdMPs exhibit drastically diﬀerent plasmonic
properties than AuMPs. We determined catalytically active and
inactive nanostructures on the surfaces of Au@PdMPs and
5532
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revealed structures of photocatalytic products of 4-nitrobenzenethiol (4-NBT) reduction and Suzuki−Miyaura coupling reaction on this novel class of bimetallic nanostructures.
The TERS spectrum of 4-nitrobenzenethiol (4-NBT) has
three distinct vibrational bands centered at 1083, 1339, and
1575 cm−1. On Au nanostructures, 4-NBT can be photochemically reduced to p,p′-dimercaptoazobisbenzene
(DMAB), which exhibits vibrational bands at 1147 cm−1 and
a doublet at 1397 and 1441 cm−1.34 Macroscale TER imaging
of Au@PdMPs (Figures 1a−d and S3) revealed random spots
of DMAB formation without clear localization of reduction
sites that were observed at the edges and tip of AuMPs (Figure
1e,g). We also found that Au@PdMPs overall exhibited lower
4-NBT-to-DMAB reduction activity in comparison to AuMPs.
This could be explained by LSPRs damping in such bimetallic
nanostructures due to increased probability of interband
transitions. The last can be attributed to close energy levels
of d-bands and Fermi levels in Pd.20
Nanoscale TER imaging of Au@PdMPs revealed spherical
and rod-like patterns of Pd on Au surface, which exhibited high
4-NBT intensity relative to the underlying surface of Au@
PdMPs (Figures 1h and S4). We found that the edges of such
spherical and rod-like Pd nanostructures exhibited high
photocatalytic eﬃciency of 4-NBT reduction to DMAB. It
should be noted that such photocatalytic reactivity has been
previously known only for noble metals, such as Ag and Au. To
the best of our knowledge, this is the ﬁrst experimental
evidence of 4-NBT-to-DMAB reduction on Pd. Our results
suggest that Pd−Au coupling on one microplate allows for a
transfer of photocatalytic properties that has been characterized for noble metals to catalytic metals. It should be noted
that “nanolakes” between the spherical nanoscale structures on
the surface of Au@PdMPs remained catalytically inactive. We
did not observe 4-NBT or DMAB signals on those nanolake
regions.
In addition to DMAB, we also observed spectroscopic
signatures of 4-aminothiophenol (4-ATP) (Figures 1i and S5)
on the surface of Au@PdMPs. Some 4-ATP sites spatially
overlap with the sites of DMAB formation, whereas other do
not have such spatial co-localization. It should be noted that 4ATP was not detected on AuMPs.35 One may wonder what are
the underlying physical factors that determine formation of
DMAB versus 4-ATP on Au@PdMPs surfaces. To answer this
question, we compared the yield of 4-ATP and DMAB on the
surfaces of Au@PdMPs and their monometallic counterparts
(AuMPs) (Figure 2 and Table S2).
We found that reduction of 4-NTP yields around 5.6% of 4ATP on Au@PdMPs, whereas no 4-ATP was formed on
AuMPs. This observation can be explained from a perspective
of the strength of the electric ﬁeld in the tip−sample junction.
A theoretical explanation of this phenomenon was developed
by the Tian and Ren groups.36,37 According to this theory, the
ratio of DMAB to 4-ATP on plasmonic surfaces is determined
by the strength of the electric ﬁeld in the tip−sample junction.
The larger the localized electric ﬁeld, the higher the ratio of
DMAB to 4-ATP should be expected. On the basis of this
theory, one can expect an electric ﬁeld damping on Au@
PdMPs due to interband transitions of Pd.20 At the same time,
no LSPR damping is taking place on monometallic
nanostructures (AuMPs). Indeed, these structures provide
so-called gap-mode eﬀect, enhancing the electric ﬁeld in the
tip−sample junction.38 Thus, high plasmon energy (electric
ﬁeld) results in formation of DMAB from 4-NBT, whereas low
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Figure 2. Catalytic property of AuMPs and Au@PdMPs. The catalytic
probability of each type was obtained by counting the catalytic site
number of azo (blue bar) and amino (orange bar) and calculating the
occurrence ratio of azo or amino in all catalytic events.

plasmon energy in the tip−sample junction leads to formation
of 4-ATP (Scheme 1). It should be noted that a similar LSPR
Scheme 1. Potential Energy Landscape of 4-ATP, 4-NBT,
and DMABa

a

AE is the abbreviation for activation energy.

damping phenomenon was recently reported for Au@PtNPs.33
Li and Kurouski showed that LSPR damping can be used to
enhance the selectivity of bimetallic nanostructures. Speciﬁcally, it has been shown that Au@PtNPs were capable of 4ATP reduction to 4-NBT and then to DMAB, whereas 4-ATP
photoreduction immediately resulted in DAMB on the surface
of AuNPs.
These results also suggest that an increase in the electric
ﬁeld may increase catalytic rates of the plasmonic reactions
discussed above. In fact, the Datta group recently demonstrated that an electric ﬁeld can be used to control the rate of
metal-free azide−alkyne click reaction. Speciﬁcally, the
researchers showed that an increase in the electric ﬁeld
would lower the activation energy of such reaction, facilitating
the catalytic reaction.39 Therefore, we investigated how the
electric ﬁeld changes rates of catalytic reactions on the AuMPs
and Au@PdMPs. We performed kinetic measurements of 45533
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Figure 3. TERS kinetic measurements of 4-NBT to DMAB reduction at diﬀerent laser powers: 30, 90, and 150 μw on (a−c) AuMPs and (d−e)
Au@PdMPs.

intensities of the bands at 1441 cm−1 (DMAB) and 1339
cm−1(NO2), respectively. k is the rate constant, and t is the
reaction time.
Monometallic Pd and Au@Pd bimetallic nanostructures
have a unique property to catalyze Suzuki−Miyaura coupling
reactions.41 As a result of such reactions, organoboron species
and halides are cross-coupled. We investigated whether Au@
PdMPs were capable of catalyzing Suzuki−Miyaura reaction.
We deposited a monolayer of para-bromobenzenethiol (BrBT)
on the surface of Au@PdMPs and added them to the solution
of phenylboronic acid (PHBA). Using gas chromatography
coupled to mass spectroscopy (GC-MS), we detected the
formation of biphenyl-4-thiol (BPT, see Figure S6). The yield
of the product directly correlated with the amount of the
reagent. Speciﬁcally, with 0.5 and 20 mmol of BrBT, we get
0.26 μmol and 14.3 μmol of product, respectively (see Table
S1). This corresponds to 0.5% and 0.7% of reaction yield,
respectively. It should be noted that we did not aim to
compare the yield of the Suzuki−Miyaura coupling reaction on
Au@PdMPs relative to their monometallic analogues
(PdMPs). One can envision that such comparison is nearly
impossible to make because the yield of chemical reactions

NBT-to-DMAB conversion at diﬀerent laser powers: 30, 90,
and 150 μw (Figure 3). We measured a change in intensities of
1441 cm−1 (DMAB) versus 1339 cm−1 (4-NTP) and plotted a
natural logarithm of their ratio at diﬀerent points (eq 1 and
Figure 4).35,40 We found that an increase in the electric ﬁeld
causes the increase in the reaction rate of 4-NBT to DMAB
conversion. We also found that a relationship between the
electric ﬁeld and the rate constants of the above-mentioned
reaction is linear. At the same time, the rate is diﬀerent for
AuMPs and Au@PdMPs at a given laser power: kAu30μw =
0.126 s−1, kAu90μw = 0.343 s−1, and kAu150μw = 0.819 s−1 for
AuMPs; kAu@Pd30μw = 0.071 s−1, kAu@Pd90μw = 0.235 s−1, and
kAu@Pd150μw = 0.477 s−1 for Au@PdMPs. On the basis of these
results, we can conclude that hot-carrier driven reduction rates
of 4-NBT to DMAB are greater on AuMPs than on Au@
PdMPs.
ÄÅ
É
ÄÅ
É
ÅÅ c(4‐NBT)t ÑÑÑ
ÅÅ (I1441/I1339)t ÑÑÑ
Å
Å
0Ñ
0Ñ
Å
Ñ
Å
ÑÑ = kt
lnÅÅ
Ñ = lnÅÅ
ÅÅ c(4‐NBT)t ÑÑÑ
ÅÅ (I1441/I1339)t ÑÑÑ
(1)
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ÅÇ
ÑÖ
where c(4-NBT)t0 and c(4-NBT)t represent the concentration
of 4-NBT at diﬀerent reaction times. I1441 and I1339 are the
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no evidence of BrBT presence on the surface. Instead, we
observed the vibrational band at 1594 cm−1, which can be
assigned to the vibration mode of benzene rings on biphenyl
(Figures S8 and S9). We found that edges of Au@PdMPs
exhibited higher intensity of BPT relative to the ﬂat terrace.
This suggests that Au@PdMPs edges have the highest catalytic
eﬃciency of Suzuki−Miyaura coupling reaction. It should be
noted that Au@PdMPs edges also exhibited the high rates of
4-NBT reduction activity to DMAB and 4-ATP (Figure
S3c,f,i). Additional microscopic examination and theoretical
calculations are required to fully elucidate the facet structure of
these edges to explain their high catalytic activity, which are
beyond the scope of the current work.
Summarizing, we have systematically investigated the
nanoscale plasmonic and photocatalytic properties of novel
bimetallic nanostructures, Au@PdMPs, along with their
monometallic counterparts, AuMPs. We found that 4-NBT
can be catalyzed both to DMAB and 4-ATP on the bimetallic
structures, whereas monometallic AuMPs produce exclusively
DMAB as a result of such photocatalytic reduction of 4-NBT.
The eﬃciency of these catalytic reactions has strong
correlation with nanoscale structure of microplates. Coupling
TERS to GC-MS, we found that Au@PdMPs were capable of
catalyzing the Suzuki−Miyaura coupling reaction. TERS
imaging of these new types of plasmonic nanostructures with
unique catalytic properties allows for establishing a relationship
between nanoscale structural characterization and catalytic
reactivity. Furthermore, our results should aid in enlightening
the design of more bimetallic structures with a more rational
strategy.

Figure 4. Rate constants of 4-NBT to DMAB reduction based on the
intensity ratio of the band of 1441 cm−1(DMAB) and 1339
cm−1(NO2) in TERS spectra obtained with AuMPs (blue trace)
and Au@PdMPs (black trace). Each trace was ﬁtted with a linear
model according to eq 1.

directly depends on the amount of MPs, which is impossible to
measure precisely in the reaction mixture. Nevertheless, this
proof-of-principle study demonstrates that Au@PdMPs can be
used to perform Suzuki−Miyaura coupling reaction.
One may wonder whether TERS can be used to identify
active sites on the surface of Au@PdMPs that perform this
coupling reaction. To answer this question, we used TERS to
image the surface of Au@PdMPs with a monolayer of BrBT
(Figure S7). The TERS spectrum of BrBT has two vibrational
bands at 1065 and 1558 cm−1, which can be assigned to C−Br
and C−C ring vibration, respectively.42 Next, TERS was used
to image the surface of Au@PdMPs after Suzuki−Miyaura
reaction (Figure 5). In the collected TERS spectra, we found
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Figure 5. (a) Chemical equation of Suzuki−Miyaura reaction. (b) Typical TERS spectra of the Suzuki−Miyaura reaction product, BPT. (c) TERS
mapping of BPT on Au@PdMPs (50 nm per pixel). The intensity of the 1594 cm−1 band of BPT is shown in red. (d) Corresponding AFM image
of Au@PdMPs.
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