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Design rules for catalysis in single-particle
plasmonic nanogap reactors with precisely
aligned molecular monolayers

Gyeongwon Kang 1,2, Shu Hu 1, Chenyang Guo1, Rakesh Arul 1,
Sarah M. Sibug-Torres 1 & Jeremy J. Baumberg 1

Plasmonic nanostructures can both drive and interrogate light-driven catalytic
reactions. Sensitive detection of reaction pathways is achieved by confining
optical fields near the active surface. However, effective control of the reaction
kinetics remains a challenge to utilize nanostructure constructs as efficient
chemical reactors. Here we present a nanoreactor construct exhibiting high
catalytic and optical efficiencies, based on a nanoparticle-on-mirror (NPoM)
platform. We observe and track pathways of the Pd-catalysed C-C coupling
reaction of molecules within a set of nanogaps presenting different chemical
surfaces. Atomic monolayer coatings of Pd on the different Au facets enable
tuningof the reaction kinetics of surface-boundmolecules. Systematic analysis
shows the catalytic efficiency of NPoM-based nanoreactors greatly improves
on platforms based on aggregated nanoparticles. More importantly, we show
Pdmonolayers on the nanoparticle or on themirror play significantly different
roles in the surface reaction kinetics. Our data provides clear evidence for
catalytic dependencies on molecular configuration in well-defined nanos-
tructures. Such nanoreactor constructs therefore yield clearer design rules for
plasmonic catalysis.

Plasmonic gaps constructed from assemblies of metallic nanos-
tructures are an emerging tool for directly studying catalytic
reactions1–4 since they confine optical fields far below the sub-
diffraction limit5–7. These trapped optical fields trigger photocatalytic
reactions with higher efficiency and sensitivity and allow for tracking
reaction pathways at molecular scales. Common plasmonic metals
such as Au or Ag have been employed for a wide range of plasmonic
catalysis applications8–11 due to their strong electromagnetic field
enhancements near the surface. However, these metals are, in many
cases, chemically inert, leaving major questions about how to access
high chemical selectivity and efficiency. To overcome this, the
antenna-reactor concept was developed to combine both plasmonic
and catalytic metals in hetero-nanostructures12–19. A significant issue
has been the imprecision of these nanostructures, with the active
surface sites remaining generally unknown.

Here we adopt a precision approach to construction that offers
mechanistic understanding. In recent decades it has become possible
to modify metallic surfaces by depositing an atomic layer of catalyti-
cally active metals such as Pd, Pt, or Cu onto them20–27. These metals
show surface-sensitive catalytic activities toward specific chemical
reactions because of the interaction between d-band electrons and the
adsorbates. The depositionmethod used here is the atomicmonolayer
coating of metal onto colloidal nanoparticles (NPs) through chemical
reduction, to obtain core-shell bimetallic NPs20,22,27. Mild-reducing
reagents such as ascorbic acid and hydroxylamine hydrochloride are
used to reduce metallic anions on the surface of particles and to
achieve conformal growth of an atomically thin shell. The second
approach adopted is to electrochemically reduce metallic anions onto
an electrode surface through underpotential deposition (UPD)21,23–26.
Atomic monolayer deposition of Pd onto Au surfaces is readily
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achieved, due to the separation ofmonolayer andmultilayer reduction
peaks, as well as the near-matched lattice constant of Pd to Au26. We
notemany other transitionmetals can be similarly alchemically glazed
onto plasmonic nanocavities using these techniques. In comparison to
previous concepts using >1 nm-thick Pd structures, the <1 nm coating
retains the plasmonic optical properties while transforming the sur-
face chemistry.

The Suzuki–Miyaura C–C cross-coupling reaction is one of the
most important chemical reactions catalysed by Pd28,29. Traditional
reaction studies of C–C cross-coupling have focused on soluble
organometallic Pd catalysts with high chemo- and stereo-
selectivity28–32. Surface-mediated heterogeneous catalytic reactions
towards adsorbates bound by chemical bonds offer increased sensi-
tivity and selectivity. Recent efforts to engineer efficient plasmonic
catalysis for Suzuki coupling focus on improving catalytic efficiency
with different nanostructure assemblies13–18,33,34. However, a detailed
understanding of the molecular mechanisms and role of nearby sur-
faces is still missing, so that reaction pathways at the surface are not
yet fully understood or controlled.

Here, we demonstrate tuneable plasmonic catalytic reactors to
study the Suzuki–Miyaura reactionmechanism of precisely assembled
molecularmonolayers within nanogaps between facingmetal facets at
a single particle and a metallic mirror. The chemical activity of the
facets coated by a single monolayer of Pd catalyses C–C coupling of
surface-bound molecules assembled on the Au mirror substrate.
Suzuki–Miyaura reactions are selectively catalysed by the Pd mono-
layer surface while retaining the plasmonic properties of metallic Au
known to provide thermal energy and hot electrons that boost the
reaction1,3,15,35. These nanoreactors localize optical fields inside the
nanogap that both promote the reaction whilst simultaneously track-
ing the photochemistry using surface-enhanced Raman scattering
(SERS) spectroscopy. The SERS molecular fingerprints detect reaction
progress in real-time, across a range of nanoreactor designs. Surpris-
ingly, different surfaces show different characteristic “surface” reac-
tion kinetics that involve mass transfer into the nanogap.
Implementing a monolayer Pd surface above the molecular layer
improves reaction kinetics, whereas Au or Pd surfaces below the
molecular layer seem to control mass diffusion by tuning the

polarizability of the nanogap. Such specific design rules for plasmonic
photocatalysis improve prospects for applications of plasmonic
nanostructures in chemical synthesis and energy conversion.

Results
Nanogap reactor preparation
To build robust and well-controlled nanometre-scale reactors, a
nanoparticle-on-mirror (NPoM) construct is used where a flat metallic
surface is coated with a molecular self-assembled monolayer (SAM) to
form the reactant layer. Subsequently, combining decorated NPs and
metallic surfaces gives a variety of chemically active nanostructures
(Fig. 1). Colloidal Au NPs of 80 nm diameter act as the top photo-
catalytic surface. To enhance their catalytic activity, a monolayer of Pd
atoms is deposited onto the Au NP surface through the chemical
reduction of Pd2+ in solution, resulting in Au@Pd core–shell NPs
(Fig. 1a, see the “Methods” section)27. Homogeneous deposition of Pd
onto the AuNP surface is confirmedwith TEM images and EDS analysis
(Supplementary Fig. 1). Comparisons of cyclic voltammograms on Au
NPs and Au@Pd NPs with different Pd coverage show from the oxi-
dation peak position (which varies for the first Pd atomicmonolayer to
subsequent ones because of their different coordination) that
deposition of monolayer Pd on Au NPs is achieved as well as on planar
Au (Supplementary Fig. 2). Atomically smooth gold surfaces prepared
by template-stripping36 offer well-defined binding sites for thiol SAMs.
This gold surface can be pre-coated with a monolayer of Pd atoms
through electrochemicalUPD (Fig. 1b, see the “Methods” section)24,26,37.
For the model reaction here, a SAM of 4-bromothiophenol (4-BTP) is
adsorbed on the metallic mirror (see the “Methods” section) and then
sandwiched inside theNPoM structure to form the plasmonic nanogap
reactor (NR). The combination of two different surfaces for NP and
mirror results in four different NPoM types (Fig. 1c): Au NP on Au
mirror (Au-on-Au), Au NP on Au@Pdmirror (Au-on-Pd), Au@Pd NP on
Au mirror (Pd-on-Au), and Au@Pd NP on Au@Pd mirror (Pd-on-Pd).
Due to plasmonic field confinement and direct chemical contact
between molecules and metal within the nanogap, catalytic reactions
within NRs are rapidly triggered under laser illumination. Here the
Suzuki–Miyaura C–C cross-coupling of surface-bound 4-BTP is boos-
ted and tracked by 633 nm laser light. We aim to observe the C–C
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Fig. 1 | Nanogap reactor construct for Suzuki-coupling catalytic reaction.
a Monolayer (ML) of Pd deposited onto 80nm Au NPs. b ML of Pd electro-
chemically reduced via UPD onto the mirror of template-stripped Au substrate.
c Molecular-thick (d = 1.2 nm) nanogap formed by SAM of 4-BTP sandwiched
between NP and mirror from (a, b). Four NR types are Au NP on Au mirror (Au-on-

Au), Au NP on Au@Pdmirror (Au-on-Pd), Au@Pd NP on Au mirror (Pd-on-Au), and
Au@Pd NP on Au@Pd mirror (Pd-on-Pd). d Light-driven Suzuki–Miyaura C–C
coupling reaction of 4-BTP andCPBA in theNR, resulting inC–CcoupledNC-BPT as
a product (Au: yellow, Pd: grey).
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coupling reaction of 4-BTP within the gap with in-diffusing 4-cyano-
phenylboronic acid (CPBA) in the presence of base (here K2CO3) to
form the desired surface-bound product (4-cyanobiphenylthiol; NC-
BPT, where NC refers to the cyano group) (Fig. 1d)28–32. The well-
defined molecular monolayer within NPoM constructs enables sim-
plified mechanistic analysis at the single-particle scale for an area of
<100 × 100nm2.

Characterization of nanogap reactors
Formation of NRs with different types of NP-mirror is confirmed by
dark-field and SEM images (Supplementary Figs. 3 and 4) and white-
light scattering spectra, which can identify the wavelength position of
the dominant coupled plasmon (Fig. 2a–d). Introducing a Pd mono-
layer on the surface of either the NP or themirror slightly redshifts the
coupled mode (by 2–14 nm), most likely due to increases in NP facet

size38,39. No significant differences in the dark-field images are
observed with and without a PdML on the Au surface (Supplementary
Fig. 3). Dark-field spectra of representative single NPoMs for each type
of NR are spectrally similar (Fig. 2e). The role of the Pd monolayer is
insignificant in the optical resonances of the NRsdue to its single-atom
thickness. This is also confirmed with simulated optical scattering
spectra of the NRs using finite-difference time-domain (FDTD) simu-
lations (Supplementary Fig. 5). Indeed this is a crucial difference to
using either Pd NPs or bulk: the resonant surface plasmon in the NRs
penetrates ≈5 nm into themetal, nearly 20-fold further than the PdML,
thus giving the optics of Au but the surface chemistry of Pd40. In order
to confirm the plasmonic activity and presence of reactant (4-BTP),
SERS spectra are first measured in ambient conditions from different
NPoMs without the boronic acid (so no reactions can take place).
Averaged SERS spectra of 4-BTP from >20 NPoMs for each type of NR
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Fig. 2 | Plasmonic activity of the four NR types. Histograms of the dominant
coupled mode wavelengths from dark-field spectra of >200 NRs and average
spectra from each bin of a Au-on-Au, b Au-on-Pd, c Pd-on-Au, and d Pd-on-Pd NRs.
Black dotted curves are Gaussian fits of histograms, and the centre wavelength
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(brown), Pd-on-Pd (grey), and DFT-simulated spectrum of isolated molecule
(dashed).
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(Fig. 2f) show SERS bands at 502, 1037, and 1532 cm−1, which are
characteristic modes of 4-BTP attributed to symmetric stretching
between phenyl and Br, symmetric phenyl ring breathing, and phenyl
ring stretching vibrations. Likewise, averaged SERS spectra of NC-BPT
for each type of NR (Fig. 2g) showcharacteristic doubletmodes at 1550
and 1572 cm−1 of the biphenyl and CN modes at 2255 cm−1. Experi-
mentally measured SERS spectra match well with density functional
theory (DFT)-simulated Raman spectra for both 4-BTP and NC-BPT
(details in the “Methods” section) and this confirms the reliable
detection of reactant and product molecules in NRs. Stronger peak
intensities below 1100 cm−1 of 4-BTP are observed with Au NPs,
whereas slight peak broadening of SERS bands at 1532 cm−1 of 4-BTP
and 2255 cm−1 of NC-BPT is observed with Pd NPs due to the non-
bonding interaction between the polarizable functional group (Br or
CN) and Pd surface through a back-donation of d electrons41–44. No
other significant differences in SERS are observed from the different
NRs. Additionally, similar SERS spectral shapes are observed from
differentNPoMs for the same type ofNR, indicating the variation of the
dark-field spectra is not directly related to relative SERS peak inten-
sities. Representative SERS spectra from each NPoM further confirm
there is no indication of side reactions and photodegradation during
5min of laser illumination under ambient conditions for both reactant
and product (Supplementary Figs. 6, 7). We also note that additional
shifted vibrational peaks (known as ‘picocavities’) or surface-
dependent vibrational spectra are not observed, indicating no ada-
toms or defects are affecting the measurements.

Tracking reactions with nanogap reactors
The C–C cross-coupling reaction is then initiated by illuminating NRs
in a liquid flow cell under an aqueous solution of CPBA along with
K2CO3 (which acts as a hole scavenger). Cyano-functionalized phe-
nylboronic acid is used, unlike previous studies12,13,16–18,33, to distinguish
molecule–NP interactions from molecule–mirror interactions,
through the surface sensitivity of the easily-observed CN vibrational
mode, which is next to the NP facet. To dynamically track the progress
of the reaction, time-series SERS spectra from each NR are recorded
(Fig. 3a). The strong SERS amplification of the NPoM construct pro-
vides >104 countsmW−1 s−1 from the few hundred reactant/product
molecules in each nanogap hotspot, enabling short (1 s) exposure
times. For the Au-on-Au NR, no product NC-BPT peaks are seen. It is
notable that these 4-BTP spectra remain completely stable during
5min of laser illumination, evidencing that no side reactions can occur
and that hot electrons from Au or thermal effects are not directly
involved.

By contrast, from all the other NRs, new SERSmodes are observed
due to the reaction of 4-BTPwithCPBA in solutionwhich givesNC-BPT.
A comparison between SERS spectra at t = 1 s and t = 5min shows the
resulting relative SERS peak intensities are strikingly different before/
after the reaction for the differentNRs (Fig. 3b). Similar spectral shapes
of SERS spectra are observed from individual NPoM for the same type
of NR, indicating that local surface site effects are negligible in our
measurements. We stress that NC-BPT peaks are only observed in the
presence of Pd, as expected since the Suzuki–Miyaura reaction is
preferred for Pd catalysis. These results convincingly prove the need
for Pd in catalysing this reaction and that it can be directly tracked in
such precision nanoreactors. Key spectral evidence for the role of the
NP surface is the difference in 502 cm−1 mode intensity, which DFT
shows is a symmetric stretchbetweenphenyl andBr. This peak ismuch
weaker using Au@Pd NPs than with Au NPs, because of the debromi-
nation by the Pd surface in the transmetallation step. This further
emphasizes the importance of precisely aligned molecular mono-
layers, since the debromination ismuch less obvious when using Pd on
themirror surface. For Au-on-Pd NRs, the shift in 1532 cm−1 peak is less
evident and instead, a shoulder on the 1532 cm−1 peak slowly grows
along with the 1550 and 1572 cm−1 peaks. For Pd-on-Pd the peak is

notably broader than from the other NRs throughout the entire reac-
tion. In this case, the relative intensities of the product peaks (com-
pared to the reactant) are already significantly higher at the beginning
of the reaction (t = 1 s). This implies the reaction in Pd-on-Pd NRs
proceeds immediately upon laser illumination. In contrast, the tem-
poral evolution of SERS during laser illumination of Pd-on-Au NRs
shows a clear increase in the C–N peak at 2255 cm−1 along with other
phenyl vibrations from 1100 to 1300 cm−1. Furthermore, the sharp
4-BTP peak at 1532 cm−1 rapidly drops in intensity during the ongoing
reaction, while two overlapping peaks at 1550 and 1572 cm−1 from NC-
BPT increase.

Despite this, other adducts are sometimes observed in SERS as a
collection of broad C–C modes at 1100–1600 cm−1 when using laser
powers above 0.2mW, due to polymerization induced by the excess
thermal energy (Supplementary Fig. 8). At such high powers, these
adducts are more visible for Au-on-Au NRs than Pd-on-Pd NRs. At low
powers, our data instead shows monolayer Pd efficiently converts
plasmonic energy fromAu into chemical energy at the Pd surface. Four
well-distinguished SERS peaks from NC-BPT are observed and are
assigned using averaged SERS spectra from >20 NPoMs for each type
of NR (Fig. 3c). Averaged SERS spectra of NRs with surface Pd show
both reactant (4-BTP) and product (NC-BPT) peaks, and the peaks at
1246, 1550, 1572, and 2255 cm−1 are attributed to symmetric
phenyl–phenyl stretching, symmetric and asymmetric in-plane defor-
mations, and C–N breathing modes of NC-BPT, respectively (Supple-
mentary Fig. 9). Here we label the 1532 cm−1 peak of 4-BTP as ν1 and
1572 and 2255 cm−1 peaks of NC-BPT as ν2 and ν3, respectively, for
further peakanalysis. It is noticeable that relative peak intensities in the
1450–1550 cm−1 range aredistinctlydifferent for all NRs (blue shaded in
Fig. 3c). The intensities of 1550 and 1572 cm−1 peaks from NC-BPT are
stronger for Pd-on-Au > Pd-on-Pd >Au-on-Pd > Au-on-Au, when com-
pared to the 1532 cm−1 4-BTP peak (Fig. 3d). Different intensities of the
C–N mode of NC-BPT at 2255 cm−1 reveals a similar trend in relative
catalytic activity of NRs. We note this data also confirms that CPBA is
able to diffuse into these nanogaps and react, despite the confined
geometry. Similar trends in the reaction kinetics are observed for a
solution of phenylboronic acid (PBA), indicating the reaction is not
affected by the addition of the cyano group (Supplementary Fig. 10).

Interpretation of SERS spectra
To investigate the detailed kinetics and surface chemistry of different
NRs, the SERS peak intensities are analysed over time. The peak ana-
lysis is carried out with averaged SERS spectra over multiple NPoMs to
disregard any local surface site effects so that the peak intensity trends
are only dependent on the type of the surface metals. Each peak of
interest is fitted to a Lorentzian curve to yield the peak area. Fitting
results are shown in Supplementary Fig. 11 and Supplementary
Tables 1–3. The intensity ratio R21 of 1572 cm−1 (I2) to 1532 cm−1 (I1)
peaks is used to track the relative reaction progress among NRs.
Intensity ratio values are shown in Supplementary Note 1. Surprisingly,
the progress of R21 varies for each NR type (Fig. 4a, c). First, the initial
yield of NC-BPT is quantified from the peaks observed at t = 1 s (1st
SERS frame). This is most significant for Pd NR surfaces, and this rate
doubles for two Pd surfaces in the Pd-on-Pd NR geometry. This is likely
because the initial hot carriers generated by the PdML surface are fully
converted into chemical energy when reactants are precisely assem-
bled into the ideal alignment for reaction. This is not seen in previous
reactor-antenna geometries45–49, because they do not align molecules
and metal surfaces with the precision developed here. Moreover, the
precise molecular alignment in the nanogap provides direct van-der-
Waals contact between Br and Pd atoms that facilitates light-driven
oxidative addition (Fig. 4h). Furthermore, this homogeneous mole-
cular alignment yields an oriented gap environment that seems to
facilitate diffusion of reactants in solution. Comparison of R21 to the
intensity ratio of 1550–1532 cm−1 peaks show similar trends in the
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relative peak intensity for all NRs, except that the trend of Pd-on-AuNR
is higher than that of Pd-on-Pd NR due to significant spectral overlap
between two peaks for Pd-on-Pd NR (Supplementary Fig. 12).

Two distinctively different kinetic behaviours are observed for
NRs with either Au- or Pd-coated mirrors. In the former, the intensity
ratio initially grows non-linearly before entering a slower linear regime
after ≈2min of laser illumination. By contrast, NRs with a Pd-
monolayer-coated mirror show a slow linear growth regime right

from the start. Several efforts to unveil the heterogeneous catalytic
mechanism of Suzuki coupling have been reported50–52. Among them,
the utilization of Au–Pd complex nanostructures to investigate sur-
face-‘bound reactions suggests detailed mechanistic insights into the
reaction12,15,18. However detailed discussion on different surface kinet-
ics depending on the molecular orientation at different surrounding
metal facets at the single-gap scale has been missing, and here is
clarified by the precision nano-assembly. To provide an additional
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comparison, a monolayer of aggregated NPs assembled with 4-BTP
between theNPs (termed an ‘MLagg’53) is also prepared, againwith and
without Pd atomic coatings (details in the “Methods” section and ref.
53). SEM images of Au and Pd MLaggs show the densely packed 2D
nanoparticle array with a large number (>20) of nanogaps illuminated
within the laser focus area of ≈0.5 × 0.5mm2 (Supplementary Fig. 13).
Note these MLaggs preserve gap sizes of <1 nm53 which are well cou-
pled with the 633 nm laser (details in Supplementary Note 2)54. The
SERS spectra of both Au and PdMLaggs after 30min of the same laser
illumination show significantly (>ten-fold) less catalytic activity com-
pared to NRs (Supplementary Figs. 14, 15), despite similar in-coupling
efficiencies. Repeating the analysis on these MLaggs to extract R21

(Supplementary Fig. 16 and Fig. 4b, note different axis scales) shows
similar dynamics (with fast and slow components) but is surprisingly
slower, even with Pd monolayers on both facets. When 785 nm exci-
tation is instead used, almost no reaction is observed (Supplementary
Fig. 17), indicating the much greater efficiency of 633 nm excitation in
triggering the catalysed reaction. This indicates that the plasmonic
coupledmode is not directly related to the catalytic activity in the gap,
but instead, lower excitation wavelengths show higher efficiency in
triggering the reaction by supplying more optical energy8,55–57.

This data provides intriguing evidence for unexpected catalytic
dependencies on molecular configuration in well-defined

nanostructures, which has been hard to obtain previously58–60. Addi-
tional information is providedby the appearance of theCN vibration at
2255 cm−1 (I3) in both NRs and MLaggs (Fig. 4c, d). This mode is
decoupled from other phenyl vibrations below 1600 cm−1 and directly
measures the diffusion of CPBA into the nanogap where it can react,
specifically at the top facet. Unlike the dynamics ofR21 which increases
non-linearly for reactants bound to the Aumirror, the intensity ratio of
I3 to I1 (R31) increases linearly with time for every NR type, at rates Pd-
on-Au > Pd-on-Pd > Au-on-Pd ≈Au-on-Au (Fig. 4c). Again, in both Au
and Pd MLaggs (Fig. 4d), R31 increases linearly far slower than in the
NRs, with again Pd faster than Au. In all MLaggs, both R21 and R31

saturate after ≈20min of laser illumination, suggesting the reaction
within these gaps between neighbouring NPs now terminates. In
addition, the t =0 product peaks for both Au and Pd MLaggs are sig-
nificantly smaller than those for NRs, suggesting the reaction energy
barrier is much higher for MLaggs than NRs.

SERS peak fitting
To understand these unusual kinetics and surface dependencies, the
dynamics ofR21 andR31 arefit to a two-component kineticmodel: (i) an
exponential increase at early times and (ii) a linear increase at later
times, to extract the relative catalytic yields and rate constants (details
in Supplementary Note 3). Note here catalytic yields refer to relative
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yields between different reactors, because the reactant/product spe-
cies are surface-bound. From these fits, the initial and final relative
yields, as well as the slow dynamics, are obtained and compared
(Fig. 4e–g). As noted above, the precision alignment of molecules
between active metal surfaces (in NPoMs) induces an initial reaction
faster than the SERS measurement timescale. The surface-mediated
catalytic reaction seems to be enhanced by precise molecular align-
ment (Br-facet alignment) and happens immediately in the presenceof
excess CPBA. Subsequently, further reaction is possible, controlled by
the diffusion of additional CPBA and CO3

2− into the nanogap, and this
seems to be faster for Pd NP facets. Here, the role of the diffusion
process is emphasized for the surface-bound reaction, which would be
totally different from the kinetics of molecules unbound from the
surface. Power-dependent measurements reveal that both rates and
relative yields increase with increasing power confirming the reaction
is optically driven (Supplementary Fig. 18). We suggest that the thiol
binding of the 4-BTP to the mirror produces a stable dense SAM that
allows diffusion only at the upper NP facet surface (Fig. 4h) so that the
CPBA is optimally positioned to react. This is seen for the Pd-on-Au,
while for Pd-on-Pd much of the 4-BTP has already reacted after t = 1 s.
To further understand the role of reactant diffusion into the gap, the
number of reactant and product molecules is estimated at the begin-
ning and end of the reaction (Supplementary Fig. 19, Supplementary
Note 4, and Supplementary Table 4). From this, we conclude that ≈2–3
molecules s−1 diffuse into the gap of Pd-on-Au NR, which would thus
result in ≈24min saturation time until all reactantmolecules inside the
gap are consumed. The low initial and final yields in MLaggs, and their
slow rates, likely arise from the interleaved attachment of 4-BTP to
either facet in eachnanogap (Fig. 4h). Allowing the thiols to bind either

way around in the nanogaps clearly gives very different behaviours.
Notably, NPoM-based NRs show greatly superior catalytic yields and
rate constants than MLaggs.

Molecular alignment in nanogaps
The surprising catalytic efficiency and the variations in efficiency of
theseNRs can be considered through a combination of factors (Table 1
and Fig. 5). A well-definedmolecularmonolayer spacer of 4-BTP allows
effective physical contact of the Br to the Pd NP surface, and the 1st-
order kinetic process becomes highly efficient. This process seems to
be completed even before the end of the first SERS spectra for Pd-
coated mirrors (Au-on-Pd and Pd-on-Pd), indicating a relatively fast
coupling reaction catalysed by the Pdmirror surface. Subsequent slow
ratesmay originate from the control ofmolecular diffusion barriers by
local polarization. A weak dipole is present within precisely aligned
self-assembled molecular layers because the thiol becomes negatively
charged. For Au-on-Pd NRs, the molecular dipole is opposed by the
dipole moment from an electronegativity (EN) difference between Pd
(EN = 2.20) and Au (EN = 2.54). This is further confirmed by calculating
the projected density of states (PDOS) using DFT for the Au(111) sur-
face and Pd(111) ML surface on the Au slab (Supplementary Fig. 20 and
details in the “Methods” section). Calculation results indicate that the
Pd ML surface on Au has an electron-donating character with higher
PDOS near the Fermi level. Conversely, the total gap dipolemoment is
maximized for Pd-on-AuNRwhen ENandmolecular dipoles are added.
For Au-on-Au and Pd-on-Pd NRs, this dipole cancels since they have
identical but inverted surfaces. The net nanogapdipole seems to affect
the mass diffusion of surrounding reactants (CPBA, CO3

2−, and water),
leading to variable 0th-order kinetics, which is slower than the light-

Table 1 | Summary of factors affecting C–C coupling reaction kinetics in the nanogaps of NRs and MLaggs

Nanogap reactor type Au-on-Au NR Au-on-Pd NR Pd-on-Au NR Pd-on-Pd NR Au MLagg Pd MLagg

Scheme Fig. 5a Fig. 5b Fig. 5c Fig. 5d Fig. 5e Fig. 5f

Access to Pd surface None 1× 1× 2× None 2×

Pd–Br contact X X O O X O

Molecular alignment O O O O X X

Gap dipole moment weak X strong weak X X

(X)O = (in)capable of causing reaction.

Au

Au
a

S

Br

S

Br

S

Br

S

Br

b

Pd

Au

S

Br

S

Br

S

Br

S

Br

c

Au

Pd

S

Br

S

Br

S

Br

S

Br

d

Pd

Pd

S

Br

S

Br

S

Br

S

Br

Au

Au
S

Br

S

BrS

Br

S

Br

e f
Pd

Pd
S

Br

S

BrS

Br

S

Br

Fig. 5 | Molecular schematics of NRs andMLaggs. Schematics showmolecular alignments in the nanogap and gap dipole moment strengths of a Au-on-Au, b Au-on-Pd,
c Pd-on-Au, d Pd-on-Pd NRs, e Au and f Pd MLaggs.

Article https://doi.org/10.1038/s41467-024-53544-3

Nature Communications |         (2024) 15:9220 7

www.nature.com/naturecommunications


mediated rates. By contrast, in the nanogaps of MLaggs, all C–C cou-
pling kinetics seem suppressed because no dipole develops due to the
randomly oriented 4-BTP layers on both sides of the gap. It is only by
comparing catalytic rates in precision nanoreactors that these
dependencies can start to be teased apart, offering ways to develop a
mechanistic description of photocatalytic reactions and design rules
for developing efficient and selective plasmonic photocatalysis.

Discussion
We note that the mechanism of photocatalytic enhancement for this
reaction is not yet well understood, however the literature shows a
clear role for plasmonic effects in enhancing the reaction rate beyond
thermal effects13,57,61. Specifically, the usage of hot-carrier sacrificial
agents allowsmodulation of plasmonic hot-carriers of Au@NP surface
which leads to decreased activation energy of the coupling reaction
that allows facile reaction at room temperature61. Our aim here in
precisely defining both the gapmorphology andmolecular orientation
is to show that other effects besides plasmonic heating and hot elec-
trons can significantly alter reaction rates. Further work in this area has
thus to proceed by carefully constructing these configurations, which
should open up improved ways to prove specific mechanisms.

To conclude, efficient nanogap reactors are developed based on
precision plasmonic nanocavity constructs and used to probe the
photo-catalytic Suzuki-Miyaura coupling reaction. Plasmonically active
Au surfaces are coated with a monolayer of Pd to boost the catalytic
activity of these surface nanogap reactors while maintaining their
enhanced optical properties. Unusual directional control of the het-
erogeneous catalytic reaction is demonstrated by assembling four
different nanogap reactors with combinations of Au or Pd atomic
surfaces on the NP and mirror surfaces. The reaction kinetics of each
nanogap reactor reveal a two-step reaction pathway within the con-
fined nanogaps from fast catalytic surface-driven and diffusion-limited
processes. We find that surface modification of Au NPs with an atomic
monolayer of Pd cangivedirect contact between the catalytic sites and
Br, leading to enhanced reaction rates. Monolayer coatings of Pd onto
the Au substrate instead play an important role in polarizing the
nanogap to activate the diffusion of the second reactant, base, or hole
scavenger. Such control of reaction kinetics and mass diffusion by
different nanogap reactor designs are distinguished from traditional
plasmonic catalysis experiments due to the facility to control reaction
kinetics by selectively aligning specific molecular sites. The sig-
nificance of nanogap reactors implies a broad range of future appli-
cations, including atom-efficient and single-molecule photocatalysis,
understanding reactant diffusion in nano-constrained environments,
unusual molecular light-emitters, heterogeneous light-driven electro-
catalysis and various sensing technologies. These applications can be
further expanded towards the design of bulk scale catalysis through
metasurface engineering capable of then delivering a broader indus-
trial impact.

Methods
Materials
All chemicals are purchased from Aldrich-Merck, unless stated
otherwise.

Preparation of Au@Pd NPs
Au@Pd colloidal NPs are synthesized following ref. 27. with slight
modification. 10mL Au NP colloidal solution with AuNP diameter of
80 nm (BBI Solutions) is first cleaned by centrifuging at 419 × g for
several min followed by redispersing the precipitated nanoparticle
pellet in 1% sodium citrate (≥99%) aqueous solution. This process is
repeated three times. The solution of cleaned Au NPs capped with
citrate is cooled in an ice bath for 10min. 14 µL of 1% ascorbic acid
(pharmaceutical primary standard) solution is slowly added to the Au
NP solution with thorough stirring, and the solution is then cooled in

an ice bath for 20min. 10 µL of 1mM H2PdCl4 aqueous solution (PdCl2
(≥99.9%) +HCl (37%)) is added to the Au NP solution while shaking
thoroughly, followed by 2min of cooling in an ice bath. This is repe-
ated 10 times to add a total volume of 100 µL of H2PdCl4 solution and
cooled in an ice bath for 2 h. The colloidal solution slowly turns from a
dark pink to purple colour upon the reduction of Pd2+ onto Au.
Monolayer deposition of Pd is demonstrated on the initial AuNPs and
characterized using cyclic voltammetry measurements (Supplemen-
tary Fig. 2).

Preparation of Pd ML on Au mirror
A monolayer of Pd is electrochemically deposited onto a template-
stripped-Au substrate from 0.1M H2SO4 (95-98%) + 0.1mM H2PdCl4
aqueous solution using UPD26. Pd and Pt wires are used as pseudo-
reference and counter electrodes, respectively. The appliedpotential
is swept from0.2 to 0.02 V vs. Pdwith a scan rate of 1mV s−1 to reduce
the Pd2+. The clear appearance of a reduction peak at 0.05 V vs. Pd
before the rise of the overpotential Pd reduction peak at <0 V vs. Pd
indicates the deposition of monolayer Pd (Supplementary Fig. 21).
The calculated area under the potential sweep peak corresponds to
the amount of charge that is indeed predicted to be transferred
during the reduction of a single monolayer of (111) Pd surface across
the sample.

Nanogap reactor assembly
Au substrates with, and without the Pd ML are incubated in 2mM of
4-BTP ethanolic solution for 16 h to form self-assembled monolayers
(SAMs) on the surface. Incubated substrates are rinsed with ethanol to
remove excess unboundmolecules anddriedwithN2. AuorAu@PdNP
colloidal solutions are centrifuged at 419 × g for 3min and redispersed
in water twice to remove extra capping ligands. 2 µL of NP solution is
drop-cast onto SAMs with an additional drop of 10mM NaNO3 (≥99%)
aqueous solution to facilitate the adsorption of NPs onto the hydro-
phobic 4-BTP SAM surface. The substrates are then rinsed with water
immediately and dried with N2.

NP monolayer aggregate preparation
Monolayer aggregates of Au or Au@Pd NPs are prepared using a
liquid–liquid interfacial self-assembly method53. 500 µL of NP solution
is added to 500 µL of chloroform in an Eppendorf tube. 300 µL of 2mM
4-BTP ethanolic solution and 10 µL of 1M NaNO3 aqueous solution are
added to initiate the aggregation of NPs. After shaking, the solution is
left to settle for another minute, causing the separation of the
immiscible chloroform (≥99.8%) and aqueous phases. The aggregated
NPs settle to thewater–chloroform interface. The upperwater/ethanol
layer is slowly removed to concentrate the Au aggregate droplet that is
formed on the chloroform liquid interface. The droplet is then
deposited onto a glass substrate and left to dry. Dried samples are
rinsed with excess water and ethanol and dried with N2.

SERS measurements
All SERS spectra are acquired on a home-built setup based on an
Olympus BX51 microscope coupled to a 633 nm diode laser and a
white-light source. SERS excitation and collection are achieved
through a 633 nm dichroic beam splitter and a ×100 objective (Olym-
pus NA 0.9), and the spectra are recorded by an Andor CCD camera
coupled to a Triax 320 spectrometer. A 3D-printed liquid-flow cell is
used for all measurements under liquid. The cell is covered with a #1
(thickness = 0.15mm) coverslip to provide a ≈300 µm-thick liquid layer
on top. This design allows high numerical-aperture (NA) SERS mea-
surements with top illumination through glass and liquid layers.
6.7mM CPBA and 100mM K2CO3 aqueous solutions are mixed with a
1:1 volume ratio, and the mixed solution is injected through the flow
cell as reactant and base to initiate the coupling reaction with 4-BTP.
Substrates are illuminated by white-light through a dark-field
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condenser to track each NPoM construct for subsequent SERS mea-
surements with a tight laser focus down to a 0.5 µm spot.

DFT calculations
Raman scattering cross sections are simulated with DFT using Gaus-
sian 09 software62. Full geometry optimization, frequency, and Raman
activity calculations are carried out with PBE functionals63,64 and the 6-
311++G(d,p) basis set and the Los Alamos ECP double-z basis set for Au
atoms. In the geometry optimization, a thiolate anion of 4-BTP or NC-
BPT is bound to an Au atom. The differential Raman scattering cross
sections for the nth vibrational mode are calculated according to the
following equation:

dσ
dΩ

=
π2

ϵ20
ω� ωn

� �4 h
8πcωn

Sp
1

45 1� exp hcωn
kBT

� �� � ð1Þ

whereω is the incident laser frequency (633 nm) andωp and Sp are the
frequency and Raman activity of the nth mode, respectively. The
temperature is assumed to be 298K, and each Raman peak is broa-
dened with a Lorentzian function with a full width at half-maximum of
10 cm−1. A scale factor of 0.935 for vibrational frequencies is used to
better match experimental frequencies.

PDOS calculations
Spin unpolarized DFT calculations are carried out using the Vienna ab
initio simulation package (VASP)65. PBE functionals63,64 are used to
describe exchange-correlation effects. The ionic cores are described
using theprojected augmentedwave (PAW)method,with aplanewave
up to an energy cutoff of 230 eV. The gold and palladium fcc unit cells
are optimized, and the resulting lattice constants are 0.411 and
0.394 nm, respectively, which agree well with experimental values of
0.408 and 0.390 nm. An Au(111) slab structure is built by repeating
three layers of (3 × 3) Au unit cell followed by adding 2 nm of vacuum
space along the zdirection. The topAuatomsare replacedbyPd atoms
to obtain the PdML surfaceonAu. For the slabgeometry optimization,
only the top layer Au or Pd atoms are relaxed while other layers are
frozen. The Brillouin zone of slab structures is sampled on a (4× 4 × 4)
Monkorst–Pack k-point grid. The same calculation conditions are
applied to obtain the PDOS.

SEM and TEM measurements
SEM images are takenwith a FEI Helios NanoLab 650 SEM. TEM images
and EDS data are measured with a JEOL JEM-2100FF field-
emission TEM.

Data availability
The data that support the findings of this study are available from the
Cambridge Open Data archive65 and from the corresponding author
upon request.

References
1. Nan, L. et al. Investigating plasmonic catalysis kinetics on hot-spot

engineered nanoantennae. Nano Lett. 23, 2883–2889 (2023).
2. Baumberg, J. J. Hot electron science in plasmonics and catalysis:

what we argue about. Faraday Discuss. 214, 501–511 (2019).
3. Zhou, L. et al. Quantifying hot carrier and thermal contributions in

plasmonic photocatalysis. Science (1979) 362, 69–72 (2018).
4. Cortés, E. et al. Plasmonic hot electron transport drives nano-

localized chemistry. Nat. Commun. 8, 1–10 (2017).
5. Jain, P. K. & El-Sayed, M. A. Plasmonic coupling in noble metal

nanostructures. Chem. Phys. Lett. 487, 153–164 (2010).
6. Hubert, C. et al. Near-field photochemical imaging of noble metal

nanostructures. Nano Lett. 5, 615–619 (2005).

7. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon sub-
wavelength optics. Nature 424, 824–830 (2003).

8. Aslam, U., Chavez, S. & Linic, S. Controlling energy flow in multi-
metallic nanostructures for plasmonic catalysis. Nat. Nanotechnol.
12, 1000–1005 (2017).

9. Zhou, X., Xu, W., Liu, G., Panda, D. & Chen, P. Size-dependent cat-
alytic activity and dynamics of gold nanoparticles at the single-
molecule level. J. Am. Chem. Soc. 132, 138–146 (2010).

10. Xie, W., Walkenfort, B. & Schlücker, S. Label-free SERS monitoring
of chemical reactions catalyzed by small gold nanoparticles using
3D plasmonic superstructures. J. Am. Chem. Soc. 135, 1657–1660
(2013).

11. Khalavka, Y., Becker, J. & Sönnichsen, C. Synthesis of rod-shaped
gold nanorattles with improved plasmon sensitivity and catalytic
activity. J. Am. Chem. Soc. 131, 1871–1875 (2009).

12. Zhao, Y., Du, L., Li, H., Xie,W. &Chen, J. Is the Suzuki–Miyaura cross-
coupling reaction in the presence of Pd nanoparticles hetero-
geneously or homogeneously catalyzed? An interfacial surface-
enhanced Raman spectroscopy study. J. Phys. Chem. Lett. 10,
1286–1291 (2019).

13. Feng, H. S., Dong, F., Su, H. S., Sartin, M. M. & Ren, B. In situ
investigation of hot-electron-induced Suzuki–Miyaura reaction by
surface-enhanced Raman spectroscopy. J. Appl. Phys. 128,
173105 (2020).

14. Verkaaik, M. et al. Suzuki–Miyaura cross-coupling using plasmonic
Pd-decorated Au nanorods as catalyst: a study on the contribution
of laser illumination. ChemCatChem 11, 4974–4980 (2019).

15. Wang, F. et al. Plasmonic harvesting of light energy for Suzuki
coupling reactions. J. Am. Chem. Soc. 135, 5588–5601 (2013).

16. Trinh, T. T. et al. Visible tonear-infraredplasmon-enhancedcatalytic
activity of Pd hexagonal nanoplates for the Suzuki coupling reac-
tion. Nanoscale 7, 12435–12444 (2015).

17. Sarhid, I. et al. Plasmonic catalysis for the Suzuki–Miyaura cross-
coupling reaction using palladium nanoflowers. N. J. Chem. 43,
4349–4355 (2019).

18. Wang, D. et al. In situ monitoring of palladium-catalyzed chemical
reactions by nanogap-enhanced Raman scattering using single Pd
cube dimers. J. Am. Chem. Soc. 144, 5003–5009 (2022).

19. De Cattelle, A., Billen, A., Brullot, W., Verbiest, T. & Koeckelberghs,
G. Plasmonic heating using an easily recyclable Pd-functionalized
Fe3O4/Au core–shell nanoparticle catalyst for the Suzuki and
Sonogashira reaction. Appl. Organomet. Chem. 34, e5648 (2020).

20. Lee, S. et al. Core–shell bimetallic nanoparticle trimers for efficient
light-to-chemical energy conversion. ACS Energy Lett. 5,
3881–3890 (2020).

21. Tadjeddine, A., Guay, D., Ladouceur, M. & Tourillon, G. Electronic
and structural characterization of underpotentially deposited sub-
monolayers andmonolayer of copper ongold (111) studiedby in situ
x-ray-absorption spectroscopy. Phys. Rev. Lett. 66, 2235 (1991).

22. Zhang, J. et al. Platinummonolayer on nonnoblemetal-noblemetal
core–shell nanoparticle electrocatalysts for O2 reduction. J. Phys.
Chem. B 109, 22701–22704 (2005).

23. Vukmirovic, M. B. et al. Platinum monolayer electrocatalysts for
oxygen reduction. Electrochim. Acta 52, 2257–2263 (2007).

24. Shao, M. H. et al. Palladium monolayer and palladium alloy elec-
trocatalysts for oxygen reduction. Langmuir 22, 10409–10415
(2006).

25. Zhang, J. et al. Platinum monolayer electrocatalysts for O2 reduc-
tion: Pt monolayer on Pd(111) and on carbon-supported Pd nano-
particles. J. Phys. Chem. B 108, 10955–10964 (2004).

26. Mrozek, M. F., Xie, Y. & Weaver, M. J. Surface-enhanced Raman
scattering on uniform platinum-group overlayers: preparation by
redox replacement of underpotential-deposited metals on gold.
Anal. Chem. 73, 5953–5960 (2001).

Article https://doi.org/10.1038/s41467-024-53544-3

Nature Communications |         (2024) 15:9220 9

www.nature.com/naturecommunications


27. Hu, J. W. et al. Synthesis of Au@Pd core–shell nanoparticles with
controllable size and their application in surface-enhanced Raman
spectroscopy. Chem. Phys. Lett. 408, 354–359 (2005).

28. Miyaura, N. & Suzuki, A. Palladium-catalyzed cross-coupling reac-
tions of organoboron compounds. Chem. Rev. 95, 2457–2483
(1995).

29. Miyaura, N., Yamada, K. & Suzuki, A. A new stereospecific cross-
coupling by the palladium-catalyzed reaction of 1-alkenylboranes
with 1-alkenyl or 1-alkynyl halides. Tetrahedron Lett. 20,
3437–3440 (1979).

30. Matos, K. & Soderquist, J. A. Alkylboranes in the Suzuki−Miyaura
coupling: stereochemical and mechanistic studies. J. Org. Chem.
63, 461–470 (1998).

31. Walker, S. D., Barder, T. E., Martinelli, J. R. & Buchwald, S. L. A
rationally designed universal catalyst for Suzuki–Miyaura coupling
processes. Angew. Chem. 116, 1907–1912 (2004).

32. Barder, T. E., Walker, S. D., Martinelli, J. R. & Buchwald, S. L. Cata-
lysts for Suzuki−Miyaura coupling processes: scope and studies of
the effect of ligand structure. J. Am. Chem. Soc. 127, 4685–4696
(2005).

33. Heo, J. et al. Electro-inductive effect: electrodes as functional
groups with tunable electronic properties. Science (1979) 370,
214–219 (2020).

34. Li, Z., Wang, R. & Kurouski, D. Nanoscale photocatalytic activity of
gold and gold-palladium nanostructures revealed by tip-enhanced
Raman spectroscopy. J. Phys. Chem. Lett. 11, 5531–5537 (2020).

35. Shin, H.-H., Koo, J.-J., Lee, K. S. & Kim, Z. H. Chemical reactions
driven by plasmon-induced hot carriers. Appl. Mater. Today 16,
112–119 (2019).

36. Hegner, M., Wagner, P. & Semenza, G. Ultralarge atomically flat
template-stripped Au surfaces for scanning probe microscopy.
Surf. Sci. 291, 39–46 (1993).

37. Kibler, L. A., Kleinert, M., Randler, R. & Kolb, D. M. Initial stages of Pd
depositiononAu(hkl) Part I: PdonAu(111).Surf. Sci.443, 19–30 (1999).

38. Benz, F. et al. Nanooptics of molecular-shunted plasmonic nano-
junctions. Nano Lett. 15, 669–674 (2015).

39. Elliott, E. et al. Fingerprinting the hidden facets of plasmonic
nanocavities. ACS Photonics 9, 2643–2651 (2022).

40. Baumberg, J. J., Aizpurua, J.,Mikkelsen,M.H. &Smith, D. R. Extreme
nanophotonics from ultrathin metallic gaps. Nat. Mater. 18,
668–678 (2019).

41. Schatz, G. C., Young, M. A. & Van Duyne, R. P. Electromagnetic
mechanism of SERS. In Surface-enhanced Raman scattering: Phy-
sics and Applications (eds Kneipp, K., Moskovits, M. & Kneipp, H.)
Vol 103 19–45 (Springer, Berlin, Heidelberg, 2006). https://doi.org/
10.1007/3-540-33567-6_2.

42. Zhao,H. et al. SERS forprobinghighly reactivePdsiteswith elongated
Pd–Pd bonds on the Au surface. ACS Catal. 13, 9190–9200 (2023).

43. Zou, S., Williams, C. T., Chen, E. K.-Y. & Weaver, M. J. Surface-
enhanced Raman scattering as a ubiquitous vibrational probe of
transition-metal interfaces: benzene and related chemisorbates on
palladium and rhodium in aqueous solution. J. Phys. Chem. B 102,
9039–9049 (1998).

44. Han, H. S., Han, S. W., Joo, S. W. & Kim, K. Adsorption of 1,
4-phenylene diisocyanide on silver investigated by infrared and
Raman spectroscopy. Langmuir 15, 6868–6874 (1999).

45. Zhou, L. et al. Light-driven methane dry reforming with single
atomic site antenna-reactor plasmonic photocatalysts. Nat. Energy
5, 61–70 (2020).

46. Yuan, L. et al. Plasmonic photocatalysis with chemically and spa-
tially specific antenna–dual reactor complexes. ACS Nano 16,
17365–17375 (2022).

47. Li, K. et al. Balancing near-field enhancement, absorption, and
scattering for effective antenna–reactor plasmonic photocatalysis.
Nano Lett. 17, 3710–3717 (2017).

48. Kang, M., Jeon, B. & Young Park, J. Catalytic boosting by surface-
plasmon-driven hot electrons on antenna–reactor Schottky nano-
diodes. Nano Lett. 23, 5116–5122 (2023).

49. Han, C., Gómez, D. E., Xiao, Q. & Xu, J. Near-field enhancement by
plasmonic antennas for photocatalytic Suzuki–Miyaura cross-
coupling reactions. J. Catal. 397, 205–211 (2021).

50. Pérez-Lorenzo, M. Palladium nanoparticles as efficient catalysts for
Suzuki cross-coupling reactions. J. Phys.Chem.Lett.3, 167–174 (2012).

51. Sun, B., Ning, L. & Zeng, H. C. Confirmation of Suzuki–Miyaura
cross-coupling reactionmechanism through synthetic architecture
of nanocatalysts. J. Am. Chem. Soc. 142, 13823–13832 (2020).

52. Davis, J. J. & Hanyu, Y. Mechanistic studies of AFM probe-driven
Suzuki and Heck molecular coupling. Nanotechnology 21,
265302 (2010).

53. Grys, D. B. et al. Controlling atomic-scale restructuring and clean-
ing of gold nanogap multilayers for surface-enhanced Raman
scattering sensing. ACS Sens 8, 2879–2888 (2023).

54. Arul, R. et al. Giantmid-IR resonant coupling tomolecular vibrations
in sub-nm gaps of plasmonic multilayer metafilms. Light Sci. Appl.
11, 281 (2022).

55. Wilson, A. J. & Jain, P. K. Light-induced voltages in catalysis by
plasmonic nanostructures. Acc. Chem. Res. 53, 1773–1781 (2020).

56. Jiao, Z., Zhai, Z., Guo, X. & Guo, X.-Y. Visible-light-driven photo-
catalytic Suzuki–Miyaura coupling reaction on Mott–Schottky-type
Pd/SiC catalyst. J. Phys. Chem. C 119, 3238–3243 (2015).

57. Xiao, Q. et al. Efficient photocatalytic Suzuki cross-coupling reac-
tions on Au–Pd alloy nanoparticles under visible light irradiation.
Green Chem. 16, 4272–4285 (2014).

58. Cai, Z. F. et al. Molecular-level insights on reactive arrangement in
on-surface photocatalytic coupling reactions using tip-enhanced
Raman spectroscopy. J. Am. Chem. Soc. 144, 538–546 (2022).

59. Sun, J. J. et al. Role of adsorption orientation in surface plasmon-
driven coupling reactions studied by tip-enhanced Raman spec-
troscopy. J. Phys. Chem. Lett. 10, 2306–2312 (2019).

60. Rizevsky, S. & Kurouski, D. Tip-enhanced Raman imaging of pho-
tocatalytic processes at the nanoscale. J. Phys. Chem. C 126,
14781–14790 (2022).

61. Wei, Y. et al. Investigation of the plasmon-activated C–C coupling
reactions by liquid-state SERS measurement. ACS Appl. Mater.
Interfaces 14, 54320–54327 (2022).

62. Frisch, M. Gaussian 09, Revision d. 01 Vol. 201(Gaussian Inc., Wall-
ingford CT, 2009).

63. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

64. Adamo, C. & Barone, V. Toward reliable density functional methods
without adjustable parameters: the PBE0model. J. Chem. Phys. 110,
6158–6170 (1999).

65. Kang,G. et al. Design rules for catalysis in single-particle plasmonic
nanogap reactors with precisely aligned molecular monolayers.
Camb. Open Data https://doi.org/10.17863/CAM.112618 (2024).

Acknowledgements
We acknowledge support from the European Research Council (ERC)
(861950 POSEIDON and 883703 PICOFORCE). G.K. acknowledges
support from a 2024 research grant from Kangwon National University
and National Research Foundation of Korea (NRF) grant (MSIT No. RS-
2024-00342233). S.H. acknowledges funding from the Fundamental
Research Funds for the Central Universities (Xiamen University: No.
20720240137).

Author contributions
G.K., S.H. and J.J.B. conceived and designed the experiments. C.G.
carried out SEM imagingexperiments. R.A. performedFDTD simulations.
MLagg substrates were designed and assembled by S.M.S.-T. G.K. and
J.J.B. wrote the manuscript with input from all authors.

Article https://doi.org/10.1038/s41467-024-53544-3

Nature Communications |         (2024) 15:9220 10

https://doi.org/10.1007/3-540-33567-6_2
https://doi.org/10.1007/3-540-33567-6_2
https://doi.org/10.17863/CAM.112618
www.nature.com/naturecommunications


Competing interests
The authors declare no competing interest.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53544-3.

Correspondence and requests for materials should be addressed to
Jeremy J. Baumberg.

Peer review information Nature Communications thanks Wei Xie and
theother, anonymous, reviewers for their contribution to thepeer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53544-3

Nature Communications |         (2024) 15:9220 11

https://doi.org/10.1038/s41467-024-53544-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Design rules for catalysis in single-particle plasmonic nanogap reactors with precisely aligned molecular monolayers
	Results
	Nanogap reactor preparation
	Characterization of nanogap reactors
	Tracking reactions with nanogap reactors
	Interpretation of SERS spectra
	SERS peak fitting
	Molecular alignment in nanogaps

	Discussion
	Methods
	Materials
	Preparation of Au@Pd NPs
	Preparation of Pd ML on Au mirror
	Nanogap reactor assembly
	NP monolayer aggregate preparation
	SERS measurements
	DFT calculations
	PDOS calculations
	SEM and TEM measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




