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CONTEXT & SCALE

An exciting emerging field

involves extracting photon energy

in a hybrid plasmonic

nanostructure across an interface,

converting it into other energy

forms like chemical and electrical

energies. However, a fundamental

understanding of the design

rationale and the underlying logic

behind hybrid plasmonic

heterostructuring, as well as a

general strategy to manipulate

the efficiency of hot-carrier

generation, transfer, and

utilization at the microscale or

even atomic level, is currently

lacking. To address this gap, we

propose a new logic for hot-carrier

energy harvesting in a plasmonic-
SUMMARY

At the core of plasmonic-enhanced applications lies photon energy
harvesting and conversion over plasmonic/non-plasmonic multi-
component hybrid materials. The direct excitation of local interfa-
cial electronic states that arise from the chemical bonding between
plasmonic metal and attached functional entity opens up an excep-
tionally efficient energy transfer channel. However, there is a lack of
a general strategy to manipulate these states and insights into the
impact of such electronic modulations on light-driven functional-
ities. We demonstrate in a plasmonic-metal/molecule hybrid system
that by precisely manipulating microfacets of nanostructures, it is
possible to engineer metal-adsorbate-hybridized interfacial states
in terms of both energy gap opening and permissible electronic ex-
citations. Low-index microfacets feature much more efficient inter-
facial electronic transitions than high-index ones, retarding plas-
monic relaxation and entailing enhanced photocatalytic activity
toward molecular coupling reactions. This study contributes to
pushing forward frontiers of plasmonic research from geometric
control to nanostructure engineering and enlightens new strategies
for plasmonic-enhanced applications.
metal/molecule hybrid system

through microfaceting. It enables

us to engineer metal-adsorbate-

hybridized interfacial states in

terms of both energy gap opening

and permissible electronic

excitations. This study contributes

to pushing the frontiers of

plasmonic research from

geometric control toward

nanostructure engineering and

sheds light on new strategies for

diverse plasmonic-enhanced

applications.
INTRODUCTION

Plasmonic nanostructures feature collective oscillations of free charge carriers upon

resonant interactions with photons, which exhibit large optical cross-sections and

allow the confinement of light energy at the surface.1–5 The energy is dissipated

through the formation of energetic charge carriers (i.e., ‘‘hot carriers’’) within the

nanostructure that are sequentially involved in electron-electron scattering, elec-

tron-phonon (e-ph) scattering, and, finally, thermal equilibration with the environ-

ment at different time scales, spanning from hundreds of femtoseconds to a few

picoseconds to hundreds of picoseconds, respectively.6,7 The plasmon-induced

thermalization leads to the heating of nanostructure and diverse photothermal ap-

plications like photothermal therapy and photothermal microscopy.8,9 On the other

side, plasmon-induced electric field leads to the increased optical scattering rates of

nearby molecules and diverse plasmon-enhanced optical applications such as sur-

face-enhanced Raman spectroscopy (SERS) and plasmon-enhanced fluorescence

sensing.10–13

Amore exciting emerging field that goes beyond the above-mentioned applications

associated with bare plasmonic nanostructures focuses on the extraction of confined

photon energy within a plasmonic nanostructure across an interface formed with
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another non-plasmonic entity in terms of hot-carrier flow and the conversion of the

energy flow into other energy forms like chemical and electrical energies.14–16 These

processes are achieved by photocatalysis and photovoltaics over the hybrid plas-

monic nanostructure consisting of a plasmonic component that performs as a light

absorber and a chemically attached non-plasmonic component that performs as

an energy converter.6,17 Typical hybrid plasmonic nanostructures may include plas-

monic-metal/metal,18 plasmonic-metal/semiconductor,19 and plasmonic-metal/

molecule systems.20 In these systems, a quite small population of plasmon-excited

hot-charge carriers that attain sufficient energy may be able to transfer from the

metallic component to the chemically attached component with functionality before

thermalizing to equilibrium, which is conventionally regarded as an indirect hot-car-

rier transfer mechanism.21–23 This mechanism applies in hybrid plasmonic nanostruc-

tures composed of weakly bonded plasmonic and non-plasmonic entities like sup-

ported-Au/H2 plasmon-enhanced photocatalytic systems (e.g., Au/TiO2 and Au/

SiO2).
24 It has been reported in these systems that by exciting the surface plasmon

(SP) of metallic component, the hot electrons locating at the high-energy tail of the

nonequilibrium Fermi-Dirac distribution formed after dephasing would transfer to

the antibonding states of adsorbed H2 molecules and lead to the formation of meta-

stable transient negative ion (TNI), Hd�
2 .25 The repetitive formation of TNIs allows the

energy accumulation through vibrationally excited states and finally dissociates the

H–H bonds.25 Alternatively, for strongly bonded plasmonic and non-plasmonic en-

tities with covalent bonds formed across their interface, the strong interfacial hybrid-

ization creates local electronic states that open up an energy gap and enable the

direct momentum conserved excitations.26 The resonant and direct charge transfer

from populated hybridized states located at the plasmonic component to unpopu-

lated states located at the non-plasmonic component provides an additional plas-

mon dephasing channel, namely chemical interface damping (CID), to more effi-

ciently dissipate the electromagnetic energy.27–29 The presence of such a direct

interfacial charge transfer mechanism can be straightforwardly proved in plas-

monic-metal/molecule hybrid systems (e.g., Ag-dye and Au-thiol systems20,30) by

measuring the steady-state nonthermalized vibrational heating of chemisorbedmol-

ecules using anti-Stokes and Stokes Raman spectroscopy. The molecular vibrational

temperature elevation as a result of charge transfer becomes dominant at the off-

resonant wavelength of plasmonic metal (close to the resonant condition of metal-

adsorbate-hybridized electronic states), corroborating the direct excitation of inter-

facial electronic states.31 The chemically attached non-plasmonic entities also

dramatically alter the plasmon decay dynamics of the metallic component in return,

which can be investigated by using transient absorption (TA) pump-probe spectros-

copy. It has been widely reported that interfacial states open up a faster energy dissi-

pation channel in plasmonic-metal/semiconductor hybrid systems in contrast to

bare plasmonic metal nanostructures.32,33 Notwithstanding this, in plasmonic-

metal/molecule hybrid systems, the hot adsorbate vibrationally excited through

direct interfacial charge transfer may act as transient energy reservoirs of plasmon

energy and significantly retards the overall thermalization process.34,35 The relaxa-

tion time is tunable and also related with overall electronic heat capacity of the

hybrid system.36 In general, hybrid plasmonic nanostructures potentially provide a

more efficient photon energy harvesting platform that enables the extraction of

hot-carrier energy flow across the plasmonic/non-plasmonic interface.26,37 Over

these hybrid nanostructures, the majority of the photon energy is locally dissipated

across the plasmonic/non-plasmonic interface,38 which entails the fact that instead

of geometric and shape regulation, the precise control and elucidation of nano-

scopic interfacial structure are now the critical factors for designing and developing

high-performance hybrid plasmonic nanostructures.
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Figure 1. Schematic illustration of microscopic strategy to manipulate hot-carrier-mediated

plasmonic enhancement pathways

(A) Pathway I, manipulating surface hybridized states of hybrid plasmonic nanostructures through

microfaceting and associated diagram of hot-carrier generation (denoted for equant-shaped but

diverse-faceted gold nanostructures, SC-NRs and PT-NRs).

(B) Pathway II, manipulating SP near-fields enhancement of hybrid plasmonic nanostructures

through shaping and associated anisotropic distributions of SP near-fields (denoted for equant-

faceted but diverse-shaped ones, IC-NPs and DE-NPs). The spatial distribution of SP near-fields is

derived by using a 3D electromagnetic FDTD simulator with the electric field component of plane

wave perpendicular to the equivalent {111} microfacets of both IC-NPs and DE-NPs.

(C) A proof-of-concept hot-carrier-mediated and plasmonic-enhanced photochemical model

reaction over a plasmonic-metal/molecule hybrid system (i.e., dimerization of 4-nitrothiophenol

[4-NTP] to 4,40-dimercaptoazobenzene [DMAB]).
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To this end, we propose a general strategy to regulate the direct interfacial hot-

carrier transfer in hybrid plasmonic nanostructures by microfacet engineering. Mi-

crofaceting imposes additional degrees of freedom in regulating the competitive

in-plane metal-metal and out-of-plane metal-adsorbate interactions over hybrid

plasmonic nanostructures, thus paving new routes to manipulating metal-adsor-

bate-hybridized states that are associated with direct interfacial hot-carrier excita-

tion events and efficient energy harvesting. We demonstrate this strategy in a plas-

monic-metal/molecule hybrid system as a photocatalyst where microfaceting

imposes a strong and direct impact on the modulation of metal-adsorbate-hybrid-

ized electronic states. A major challenge of this study lies in the decoupling of micro-

structural and geometric effects of plasmonic nanostructures in photocatalysis,

without which the contributions from facet-dependent interfacial electronic states

and geometry-dependent plasmon near-fields are totally indistinguishable. By

designing and synthesizing equant-shaped but diverse-faceted gold nanostructures

(i.e., single-crystal Au nanorod [SC-NR] versus penta-twinned Au NR [PT-NR]) as well

as equant-faceted but diverse-shaped ones (i.e., Au icosahedron versus Au decahe-

dron), we are able to investigate separately the respective roles of direct interfacial

charge transfer and plasmon-induced local electric field enhancement in plasmon-

enhanced photocatalytic coupling of 4-nitrothiophenol (4-NTP) to 4,40-dimercap-

toazobenzene (DMAB) (Figure 1).39,40 Combining electron diffraction and electron
Joule 8, 141–156, January 17, 2024 143
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tomography, the three-dimensional (3D) geometry and associated microfacets of

these Au nanostructures can be unambiguously elucidated. Further integratingmea-

surements of steady-state molecular vibrational heating and associated plasmon

relaxation dynamics, it is concluded that low-index microfacets feature much more

efficient metal-adsorbate interfacial electronic transitions, largely retarded plas-

monic relaxation and thus superior photocatalytic activity than high-index ones.

The physical origin of such difference is attributed to distinct coordination numbers

of these microfacets, which leads to different bonding characters of as-formed

metal-adsorbate-hybridized molecular frontier states, their associated energy gap,

and permissible electronic excitations. The undercoordinated Au high-index micro-

facet entails covalently bonded Au(I)-thiolate across the charge-polarized interface

by attaining hybridized molecular frontier states with parity disallowed s / p*

type electronic excitation, whereas the densely packed Au low-index microfacet en-

tails nonbonded Au(0)-thiyl interaction dominated by dispersion force, thus

enabling efficient parity-allowed d / p* type electronic excitation.
RESULTS AND DISCUSSION

Structural design and elucidation

As a ubiquitous phenomenon, many microstructural and geometric parameters

(e.g., microfacets and shapes) of nanostructures are entangled. These parameters

may simultaneously impose a strong impact on the localized surface plasmonic

properties of metallic nanostructures as well as the energy transfer efficiency toward

an attached functional entity in a hybrid plasmonic/non-plasmonic system.6,33 It is

thus critical to figure out the decisive contribution of the plasmonic/non-plasmonic

interface to the overall plasmonic-enhanced photocatalytic activity, which requires a

complete physical picture of interfacial atomic structure and bonding characters as

well as the underlyingmechanisms of hot-carrier generation and transfer. To discrim-

inate the respective roles of microfacet-dependent direct interfacial hot-carrier

transfer and shape-dependent plasmon-induced local electric field enhancement

in these plasmon-induced events, we propose a scenario for decoupling the micro-

structural and geometric effects by creating two separated groups of Au nanostruc-

tures with precisely controlled microfacets and shapes (Figure 1). On one side,

SC-NRs and the PT-NRs are grouped together on the basis of their identical shapes

and SP field distributions but distinct enclosed microfacets. On the other side, icosa-

hedral Au nanoparticles (IC-NPs) and decahedral Au NPs (DE-NPs) are grouped

together on the basis of their identical enclosed microfacets but distinct shapes

and SP field distributions. In this sense, the microstructural and geometric effects

are decoupled and can be investigated separately. By simple wet-chemistry strate-

gies,41,42 SC-NRs and PT-NRs with an identical size, shape, and aspect ratio of �3.3

(i.e., long and short axes are �66 and �20 nm, respectively) were synthesized and

visualized by transmission electron microscopy (TEM) (Figures S1 and S2). These

NRs are expected to adopt similar anisotropic distributions of SP near-fields as veri-

fied by the finite-difference time-domain (FDTD) simulations (Figures S3A–S3D). The

longitudinal SP dipolar modes of these Au NRs give rise to more intensive electric

near-fields confined in the vicinity of the rod ends compared with that of the trans-

verse SP dipolar modes. Very similar bimodal extinction bands at 520 and 710 nm

associated with these transverse and longitudinal SP modes, respectively, can be

observed in the UV-vis spectra for both types of NRs, which unambiguously confirms

their identical shapes and plasmonic properties (Figure S4). The IC-NPs and DE-NPs

are also synthesized with a similar size of �30 nm (Figures S1 and S2) and extinction

bands located at 560 and 530 nm, respectively (Figure S4).42,43 From the TEM im-

ages, the diffraction contrast arising from the twin boundaries are clearly observed
144 Joule 8, 141–156, January 17, 2024



ll
Article
for both types of NPs, which confirms their multiply-twinned structures. The recon-

structed 3D tomograms of these NPs viewed from different projections further

confirm their icosahedral and decahedral shapes (Figure S5). The IC-NPs generally

have a quite spherical shape from diverse projections, whereas DE-NPs adopt a

rhombic shape along an edge-on projection as observed in TEM images. Accord-

ingly, there is a marked difference in the local electric field enhancement between

these two types of polyhedral NPs according to the FDTD simulations (Figures 1,

S3E, and S3F). The calculated intensities of electric near-fields for the corner,

edge, and face SPmodes of IC-NPs are approximately 3.4, 2.2, and 2.7 times greater

than those of DE-NPs, respectively. Nevertheless, these multiply-twinned DE-NPs

and IC-NPs that differ in shape from each other are well known to expose exactly

identical closest-packed {111} microfacets.44,45 For the SC-NRs and PT-NRs, the en-

closed microfacets can be explicitly elucidated by uniting 3D electron tomography

and nanobeam diffraction. We hereby devise a scheme that accurately registers the

orientation information derived from the nanobeam diffraction over a microtome

cross-section of the Au NRs with the morphological information derived from

the 3D tomogram reconstructed from a tilt series of annular dark-field scanning

transmission electron microscopy (ADF-STEM) images over these nanostructures

(Figures 2C and 2F). The nanobeam diffraction patterns of a microtome cross-sec-

tion of both SC-NRs and PT-NRs (Figures 2E and 2H) can be well indexed by the

[001] zone axis of single crystalline and [011] zone axis of penta-twined face-

centered cubic-structured Au, respectively, which unambiguously confirm the sin-

gle-crystalline and penta-twinned nature of these NRs. By aligning the microtome

cross-sections with the virtual cross-sections sliced from the reconstructed 3D tomo-

gram of both SC-NR and PT-NR, we are able to explicitly identify the enclosedmicro-

facets of these NRs as labeled in Figures 2D and 2G. Specifically, the rod body

of SC-NR is mainly enclosed by {100} microfacets along with bridging {1k0} (0 < k

% 1) ones, whereas the rod end is mainly enclosed by high-index {310} microfacets

along with bridging {110} ones. On the other side, the rod body of PT-NR is mainly

enclosed by {100} microfacets along with bridging {1k0} (0 < k % 1) ones as well,

whereas the rod end is mainly enclosed by low-index {111} microfacets along with

bridging {110} ones. The assigned microfacets can be more vividly visualized and

labeled by 3D Gaussian surface curvature analysis, which permits the precise con-

struction of the 3D structural models for both types of NRs (Figures 2A, 2B, S6,

and S7). Taken together, IC-NPs and DE-NPs that differ in intensities of electric

near-fields adopt identical {111} low-index microfacets, whereas the rod ends of

SC-NRs and PT-NRs that exhibit identical intensities of electric near-fields adopt

distinct microfacets (high index {310} versus low index {111}).

In situ kinetic study of plasmon-enhanced photocatalysis

The above structural design and elucidation of Au nanostructures provide a solid basis

for decoupling the microstructural and geometric effects of hybrid plasmonic nano-

structures in photocatalysis driven by direct interfacial hot electron transfer. As a

proof-of-concept study,we investigate theplasmon-enhancedphotocatalyticdimeriza-

tion reaction over a Au/4-NTP hybrid plasmonic system by in situ SERS after successful

thiol ligand exchange over these as-synthesized Au nanostructures (Figure S8). An

incidence wavelength of 785 nm is selected to avoid the photoluminescence effects

(FigureS9),which lies at the slightly longerwavelength sideof the surfaceplasmon reso-

nance (SPR) peak for both NPs and NRs so as to simultaneously approach the resonant

conditionof thehighest occupiedmolecular orbital (HOMO)-lowestunoccupiedmolec-

ular orbital (LUMO) transition of hybridized interfacial states and maintain SERS sensi-

tivity by near-field enhancement. The proposed reaction mechanism is initiated by

thephoton absorption andhot electron excitation fromAu surface to 4-NTPadsorbates
Joule 8, 141–156, January 17, 2024 145



Figure 2. Three-dimensional structural elucidation andmicrofacets determination of Au nanorods

(A and B) From left to right, volume rendering of 3D tomogram, isosurfaces of Gaussian curvature

and 3D structural model rendered in false color for (A) SC-NRs and (B) PT-NRs, respectively. {110},

{100}, {310}, and {111} microfacets are labeled on the isosurfaces of Gaussian curvature

representation and highlighted in the 3D structural model.

(C–H) Cross-section ortho-slices of reconstructed 3D tomograms, high-resolution scanning

transmission electron microscopy (HRSTEM) image of microtome cross-sections of Au NRs with

enclosed microfacets marked by diverse colors (yellow for {1k0} [0 < k < 1] high-index microfacets)

and nanobeam diffraction patterns of these microtome cross-sections for (C)–(E) SC-NRs and

(F)–(H) PT-NRs.
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and followedbymultiple consecutivephotonabsorption,protonation, anddehydration

steps. These photocatalytic reaction steps lead to the formation of two key intermedi-

ates nitroso-benzenethiol and hydroxyl-aminobenzenethiol, which are subject to a

coupling reaction toward the formation of azoxy-benzenethiol. After twomore electron
146 Joule 8, 141–156, January 17, 2024



Figure 3. Quantitative kinetic measurements of hot-carrier-mediated photochemical dimerization reaction over a plasmonic-metal/molecule hybrid

system by in situ SERS

(A) (Left) Schematic diagram of proposed plasmonic-enhanced reaction mechanism of the coupling of 4-nitrothiophenol (4-NTP) to

4,40-dimercaptoazobenzene (DMAB). (Right) The evolving characteristic Raman bands of PT-NRs are highlighted for 4-NTP and DMAB molecules,

representing the reactant and product, respectively, with a time interval of 45 s.

(B–E) 2D map of surface reaction time-series Raman spectra monitored by in situ SERS measurements over hybrid plasmonic systems involving (B)

SC-NRs, (C) PT-NRs, (D) DE-NPs, and (E) IC-NPs, respectively.

(F and G) The extracted and fitted surface reaction kinetic parameters over these hybrid plasmonic systems.
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injection steps, the final product DMAB is generated (Figures 3A and S10).46,47 The ag-

gregation of nanocrystals is uniformly distributedon the substrate, and the intensities of

Raman bands are similar among randomly chosen probe positions (Figure S11). As

shown inFigure 3B, the chemical reaction rates canbemonitored from the intensity evo-

lutionsof characteristic vibrational bands inSERSspectra forboth4-NTP reactantand its

dimerization product DMAB. Accordingly, by comparing the photocatalytic activities

between IC-NPs and DE-NPs, the contribution of plasmonic near-field enhancement
Joule 8, 141–156, January 17, 2024 147
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arising from the shape effect of these Au nanostructures can be well discriminated from

the contribution of CID energy transfer channel arising from their microfaceting effects.

Although increased catalytic activity due to near-field enhancement effects cannot be

completely ruled out, it is anticipated to have a relativelyminor impact when compared

with the pivotal role of microfacets. In contrast, the photocatalytic contribution of

microfaceting effects can be discriminated from the contribution of shape effects by

comparing the activities between SC-NRs and PT-NRs. Based on the time-series

SERS spectra as shown in Figures 3B–3E, the reaction rates over different hybrid plas-

monic nanostructures are quantitatively evaluated based on the diminishing character-

istic vibrational bands for 4-NTPand increasingones forDMAB,which follows a second-

order reaction kinetics according to Equation S3 (details in supplemental information).

Themore rapid consumption of 4-NTP reactants over PT-NRs in contrast to SC-NRs en-

tails higher photocatalytic activity of PT-NRs than that of SC-NRs (Figures 3B and 3C).

The reaction rate constant of PT-NRs (k1 = 4.15 3 10�3 s�1) derived by fitting the

time-dependent intensity ratios of Raman band at 1,432 cm�1 over that at

1,330 cm�1 is almost twice as high as that of SC-NRs (k2 = 2.413 10�3 s�1). To investi-

gate the microstructural stability of PT-NRs, a comparison was made between the re-

constructed 3D tomograms before and after photocatalysis. The results revealed that

these NRs maintained an identical shape and preserved their enclosed microfacets

throughout the reaction (Figure S12). As the incidence wavelength is close to the reso-

nant wavelength of longitudinal SP dipolar mode of these AuNRs, the SERS signals are

dominated by those coming from the surface reaction at rod ends.48 Given that the two

types of Au NRs exhibit very similar shapes as well as the SPR near-fields distributions,

the observed marked difference in photocatalytic activity mainly arises from their

distinct microfacets at rod ends. The low-index {111} microfacets at the rod ends of

PT-NRs allowmore efficient photon energy harnessing than the high-index {310}micro-

facets at the rod endsof SC-NRs. Thedistinct bonding characteristics of these two types

of microfacets with thiol adsorbates account for such difference in photocatalytic activ-

ities, which originates from the regulated hybridized interfacial states and associated

direct interfacial hot electron transfer efficiency. On the other side, we observe a minor

difference in photocatalytic activity between DE-NPs and IC-NPs enclosed by identical

{111} microfacets. The IC-NPs that adopt stronger SPR near-fields according to FDTD

simulations (Figure S3) are slightly more reactive than DE-NPs with their respective re-

action rate constants of k3 = 7.153 10�3 s�1 and k4 = 6.073 10�3 s�1 (Figures 3D, 3E,

and 3G). It indicates that the SPR near-field enhancement plays a minor role in promot-

ing the photocatalytic dimerization reaction over these NPs, as the excitation wave-

length (785 nm) is far from their SPR resonant conditions. Accordingly, direct hot elec-

tron transfer between hybridized interfacial states formed by chemically bonded thiol

adsorbates on Au {111} microfacets dominates in photocatalysis over these NPs.

Notably, the microfacets at rod ends of Au NRs are generally less reactive than the

{111} microfacets in Au NPs (Figures 3F and 3G), arising from wavelength-dependent

competition between photochemical and photothermal effects (Figures S3 and S13).

Taken together, we corroborate thatmicrofaceting is a new and efficient route for regu-

lating direct hot electron transfer and hot-electron-induced photochemical reactions.

Notably, incomplete conversion of reactants is observed and possibly arises from

competitivehotelectron scavengingofoxygen, the lackof hole scavengers, and the ste-

ric hindrance effects at lower coverage of reactants.49,50

Mechanistic insights into hot-carrier transfer and dynamics

To provide experimentally mechanistic insights into the efficiency of hot-carrier en-

ergy extraction across the metal/adsorbate interface in these hybrid plasmonic

Au nanostructures, we performed steady-state anti-Stokes and Stokes Raman spec-

troscopy (Figure 4). The intensities of anti-Stokes and Stokes background and Raman
148 Joule 8, 141–156, January 17, 2024
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bands can be extracted to evaluate the heating effects of the Au nanostructures

owing to hot electron thermalization and the vibrationally excited hot adsorbates

owing to themetal-adsorbate interfacial hot electron transfer, respectively.30,31 Spe-

cifically, energetic electron and hole pairs are generated by plasmon dephasing in

Landau damping formed and then thermalizes to a hot Fermi-Dirac distribution

that leads to the local heating of NPs. Accordingly, the local temperature of Au

nanostructures can be measured by fitting the anti-Stokes Raman background signal

to the Fermi-Dirac distribution function derived from Equation S7. On the other side,

the vibrational temperatures of adsorbates are calculated through ratios of the anti-

Stokes to Stokes Raman intensities based on the Boltzmann distribution Equation S8

(Figures 4A–4D), arising from the injection of hot electrons via either indirect route

for those attaining sufficient energy before thermalizing to equilibrium or direct

route for those excited between hybridized states respectively. As shown in Fig-

ure 4F, all Au nanostructures exhibit elevated temperatures in the range of

314.7�337.1 K with respect to the environment (298 K) upon laser irradiation as

measured from anti-Stokes background (details in Figure S14 and Equations

S5–S7). It is observed that both types of Au NRs and Au NPs exhibit similar local tem-

peratures (330.5 and 337.1 K for SC-NRs and PT-NRs; 319.9 and 314.7 K for IC-NPs

and DE-NPs). The Au NRs are generally heated more than Au NPs, possibly arising

from the greater contribution from the Landau damping channel and associated hot

electron thermalization. The vibrational temperatures of 4-NTP adsorbates are

calculated from anti-Stokes and Stokes Raman intensities of vibrational modes at

330, 725, and 1,085 cm�1, respectively (Figures 4B–4E). Remarkable hot electron

transfer across the metal/adsorbate interface is characterized by the elevated anti-

Stokes Raman bands under the 785 nm laser excitation, which is not observed under

532 nm excitation (Figure S15). The calculated vibrational temperatures of 4-NTP

adsorbates are significantly elevated with respect to Au nanostructures under the

785 nm excitation (Figure 4F), whereas there lacks a considerable metal/adsorbate

temperature difference characterized for hot electron transfer under the 532 nm

excitation (Figure S16). Provided that the 532 nm excitation is close to the (trans-

verse) SP dipolar modes for (Au NRs) Au NPs, the elevated vibrational temperatures

of 4-NTP adsorbates over Au nanostructures at 785 nm off-resonant excitation

mainly stem from the CID channel and highly efficient direct hot electron transfer

across the metal/adsorbate interface. In addition, the more pronounced vibrational

heating of adsorbates over PT-NRs, IC-NPs, and DE-NPs in contrast to SC-NRs is

observed, which indicates higher energy transfer efficiency over these Au nanostruc-

tures where the active sites for photocatalysis are dictated by low-index {111} micro-

facets rather than the high-index {310} ones. As typical fingerprints of CID effects, the

line broadenings of SPR peaks of extinction spectra for these hybrid plasmonic nano-

structures are also evaluated (Figure S17; supplemental information). After ligand

exchange with thiol adsorbates, the full width at half-maximum (FWHM) of respec-

tive SPR peaks for PT-NRs, DE-NPs, and IC-NPs based hybrid plasmonic nanostruc-

tures are significantly broadened in contrast to that for SC-NRs based one (Fig-

ure 4F), entailing the critical role of low-index {111} microfacets in promoting the

direct interfacial hot electron transfer.

Actually, the hot electron dynamics of the hybrid adsorbate/metal system are also

significantly modulated by the interfacial hot electron transfer mechanism, which

can be directly characterized by ultrafast TA spectroscopy based on a pump-probe

method. With an excitation wavelength at the summit of the transverse extinction

peaks, two ground state bleach (GSB) bands centered at 550 and 750 nm are

observed in the TA 2D maps of both PT-NRs and SC-NRs, which are attributed

to the depletion of plasmonic electrons of the transverse and longitudinal SP
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Figure 4. Quantitative measurement of steady-state hot-carrier-mediated local heating and vibrational heating effects for plasmonic nanostructures

and adsorbed molecules

(A) Schematic illustration of electron-phonon temperature of plasmonic nanostructures and molecular vibrational temperature of adsorbates via

combined Stokes and anti-Stokes Raman spectra.

(B–E) The steady-state Stokes and anti-Stokes Raman spectra measured over (B) SC-NRs, (C) PT-NRs, (D) DE-NPs, and (E) IC-NPs under the excitation of

785 nm.

(F) Calculated electron-phonon and molecular vibrational temperatures for Au nanoparticles and associated 4-NTP adsorbates based on their

characteristic vibrational modes at 330, 725, and 1,085 cm�1 under the excitation of 785 nm. Temperatures of 469.8 (at 330 cm�1), 423.3 (at 725 cm�1),

and 398 K (at 1,085 cm�1) were recorded for PT-NRs. IC-NPs exhibited temperatures of 481.6 (at 330 cm�1), 436.4 (at 725 cm�1), and 412.9 K (at

1,085 cm�1). DE-NPs showed temperatures of 458.1 (at 330 cm�1), 403.7 (at 725 cm�1), and 396.5 K (at 1,085 cm�1). These values contrast with SC-NRs

temperatures of 417 (at 330 cm�1), 372.6 (at 725 cm�1), and 332.3 K (at 1,085 cm�1).

(G) The measured line width broadening (Dl) based on the FWHM of the SPR peak in the extinction spectra over these Au nanoparticles after ligand

exchange.
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Figure 5. Hot-carrier dynamics probed by transient absorption spectroscopy

(A–D) Two-dimensional false-color plot of transient absorption (TA) spectra for (A) SC-NRs, (B) PT-NRs, (C) DE-NPs, and (D) IC-NPs under the excitation

of 530 nm.

(E and F) Traces of bleach kinetics and corresponding fitted curves for (E) longitudinal SP mode of SC-NRs and PT-NRs (750 nm), and (F) SP mode of

DE-NPs and IC-NPs (525 nm).
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modes of these Au NRs, respectively (Figures 5A and 5B). The plasmonic bleach

recovery time profiles probed at longitudinal SP modes GSB bands are visualized

in Figures 5E and S18, which can be well fitted by bi-exponential functions attrib-

uted to e-ph coupling and heat dissipation into environment through phonon-

media (ph-m) coupling, respectively. The fitted lifetimes of relaxation processes

for longitudinal SP mode are te-ph = 3.01/2.19 ps and tph-m = 318.59/314.27 ps

for PT-NRs and SC-NRs, respectively. The direct hot electron transfer mechanism

allows the creation of vibrationally excited hot adsorbates as transient energy res-

ervoirs and significantly retards the overall hot electron thermalization through the

back-and-forth energy transfer between the metal and adsorbates repeatedly.20,34

The prolonged hot electron thermalization time over PT-NRs with respect to

SC-NRs further corroborates the superior direct hot electron transfer efficiency

over the low-index {111} microfacets at the rod ends of PT-NRs. As for DE-NPs

and IC-NPs that attain identical {111} microfacets, they exhibit quite similar hot

electron dynamics from the GSB band at 530 nm (Figures 5C and 5D), of which

the fitted relaxation lifetimes are te-ph = 1.17/1.21 ps and tph-m = 204.85/352.05

ps, respectively (Figure 5F).

Interfacial hybridized electronic states and excitations

To explicitly figure out the physical origin of the microfaceting effects, further in-

sights into the nature of microfacet-dependent metal-adsorbate chemical bonding

and interfacial hybridized electronic states are provided by density functional
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theory (DFT) calculations (details in the supplemental information). Basically, there

is an inherent competition between two pairs of interactions over the microfacets

of hybrid plasmonic nanostructures, the in-plane metal–metal bonding and out-of-

plane metal–adsorbate bonding. Diverse microfacets differ from each other in

coordination environment and packing density of metal atoms and thus provide

additional degree(s) of freedom in regulating these two types of interactions.

This strategy is particularly important for noble metals such as gold, of which

the d10s1 configuration entails the following two distinct bonding scenarios with

thiol adsorbates: (1) Au–S-bonded interaction mainly contributed by 6s valence or-

bitals and produces Au(I)-thiolates species and (2) Au–S-nonbonded interaction

(i.e., aurophilic interaction) dominated by closed-shell 5d valence orbitals and pro-

duces Au(0)-thiyl species (Figure 1).51 Because the Au–Au metallic bonding is

contributed by 6s-6s character, it is possible to select between these two distinct

Au–thiol-bonding scenarios; thus, the hybridized interfacial states by tailoring the

surface packing density of Au microfacets. Specifically, the low-index Au {111} mi-

crofacets are closest packed with strongest in-plane Au–Au 6s-6s bonding, which

favors the nonbonded Au-S interaction in the Au-thiol hybrid system. In contrast,

the loosely packed Au {310} microfacets favor the bonded Au-S interaction with

more contributions from 6s valence orbitals. By extensively investigating different

adsorption configurations over both types of microfacets (Figure S19), we figure

out the most thermodynamically stable adsorption geometries of 4-NTP adsor-

bates over the low-index {111} and high-index {310} microfacets are standing-up

configuration on the 3-fold hollow sites of {111} surface and flat-lying configuration

on the 2-fold bridging sites of the {310} surface, respectively (Figures 6A and 6C).

As expected, the thiol adsorbate binds more strongly with the {310} microfacet

with a binding energy of 3.2 eV than the {111} microfacet with a binding energy

of 2.0 eV. It results in distinct metal-adsorbate interfacial hybridizations that can

be clearly visualized by the projected density of states (PDOS) near the Fermi level

(Figures 6B and 6D) and the spatial distributions of associated frontier molecular

orbitals (MOs) of Au-S active sites as shown in (Figures 6E and 6F). Apparently,

the Au {310} microfacets exhibit very strong bonded-type interfacial hybridization

between Au 5d/6s and S sp2 valence states, characterized by very broad PDOS dis-

tributions. Such hybridization creates an energy gap of 1.22�1.48 eV with a signif-

icant contribution from Au 6s states for both occupied and unoccupied states. As a

result, there is remarkable charge transfer and bond polarization observed across

the Au-thiol interface from the charge density difference maps from both top and

side views (Figure 6G), which validates the Au(I)-thiolate as the descriptor for the

interaction between 4-NTP adsorbates and Au {310} microfacets. Specifically, by

further investigating the spatial distributions of frontier MOs (Figures 6F and

S20), it is concluded that the two occupied states at �1.13 (H0-2) and �0.28 eV

(H0-1), respectively, are composed of Au–Au bonded states with significant s-d hy-

bridization and Au–S bonded states formed by Au s-dz
2 and S sp2 orbital overlap

with s-type bonding characters. There are 2 weak and flat unoccupied states

located at 0.09 eV (L0-1) and 0.35 eV (L0-2), which mainly arise from the Au–Au

6s-6s antibonding interaction and the overlap between Au dxz and 4-NTP p* or-

bitals with p-type antibonding characters (Figures 6D and 6F). On the contrary,

the closest-packed Au {111} microfacets exhibit nonbonded interaction with

4-NTP adsorbates through closed-shell 5d orbitals via strong van der Waals inter-

action (i.e., aurophilic interaction), as the Au 6s valence states are predominantly

involved in forming the in-plane Au–Au bonding. Such interfacial hybridization re-

sults in narrow PDOS distributions for highly localized and nonbonded Au 5d and

S sp2 orbitals within both occupied and unoccupied energy range near Fermi level

and opens an energy gap of 0.83�1.88 eV. Accordingly, there lacks considerable
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Figure 6. Theoretical calculation of metal-adsorbate interfacial hybridized electronic states

(A–D) Optimized geometries and associated PDOS for p states of S atom (upper) and d states of Au atoms underneath (lower) of hybrid systems

composed of 4-NTP molecule adsorbed on (A and B) low-index {111} and (C and D) high-index {310} microfacets of Au by DFT methods. Fermi levels are

marked by dashed lines.

(E and F) The spatial distribution of frontier molecular orbitals of the metal-adsorbate systems for (E) Au {111} and (F) Au {310} microfacets.

(G) The charge density difference maps of 4-NTP molecule adsorbed on (1, 3) Au {111} and (2, 4, 5) Au {310} microfacets from top and side views,

respectively. The blue and orange colors represent charge depletion and accumulation regions.
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bond polarization across the Au-thiol interface, and only a small fraction of charge

transfer is observed in the charge density difference maps (Figure 6G), entailing

the Au(0)-thiyl as the descriptor for the interaction between 4-NTP adsorbates

and Au {111} microfacets. As shown in the spatial distributions of frontier MOs

(Figures 6E and S20) and PDOS distributions (Figure 6B), besides the contributions

from Au–Au 6s-6s bonding, the occupied states at �1.3 eV (H-2) are composed of

nonbonded Au 5d orbitals and a fraction of s-type orbital overlap between Au

s-dz
2 and S sp2. The occupied states at �0.25 eV (H-1) with very narrow PDOS dis-

tributions are attributed to highly localized nonbonded Au 5d orbitals and S sp2

radical orbitals that can be passivated through S-Au-S super-exchange effects.51

The unoccupied states at 0.19 eV (L-1) are assigned to the Au–Au 6s-6s antibond-

ing interaction and those at 0.58 eV (L-2) are contributed by overlapped Au dxz and

4-NTP p* orbitals (Figures 6B and 6E). Taken together, the two types of Au micro-

facets, i.e., the low index {111} and high index {310}, create totally different types

of adsorbates (i.e., Au(0)-thiyl and Au(I)-thiolate) through nonbonded and bonded

interactions, respectively. Their associated metal-centered and adsorbate-

centered interfacial hybridized states that open small energy gaps enable the

direct hot electron transfer process under off-resonant conditions of SP modes

and across the metal-adsorbate interface, which imposes a great impact on the

light-driven photochemical reactions. The undercoordinated Au high-index {310}

microfacets hybridize strongly with the thiol adsorbates, which entails quite a
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low density of unoccupied states and parity disallowed s / p* type electronic

excitation. On the contrary, the densely packed Au low-index {111} microfacets

bind thiol adsorbates by strong dispersion forces, which entails high densities of

both occupied and unoccupied states and at the same time enables efficient par-

ity-allowed d / p* type electronic excitation. As a result, mediated by more effi-

cient direct hot electron transfer, the hybrid plasmonic nanostructures enclosed by

{111} microfacets as active sites convert adsorbates more rapidly under light

irradiation.

In summary, traditional plasmonic nanotechnology has opened an avenue toward

photon energy confinement and spectral fingerprint regulation by rationally

designing and synthesizing plasmonic nanostructures with optimized size, shape,

composition, and dielectric environment. This work has paved a new route for

manipulating the pathways of hot-carrier generation, transfer, and utilization within

hybrid plasmonic nanostructures through microfaceting, by providing both the pre-

cise microstructural elucidation and underlyingmechanistic insights into the hot-car-

rier-driven photochemical reactions. These findings evoke new possibilities in

harvesting more efficiently the confined photon energy within a plasmonic nano-

structure across an interface formed with another non-plasmonic functional entity

through nanostructure engineering.
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