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Abstract: Localized surface plasmon resonance (LSPR),
an important optical property of noble metal nanomate-
rials, is extensively applied in electrochemistry. However,
the specific LSPR effects on metallic nanoparticles are
difficult to unravel and evaluate, owing to simulta-
neous factors like intrinsic electroactivity and surface
interactions. Herein, we designed a series of shell-
isolated nanostructures, with mesoporous silica shells
and plasmonic Au Nanorod cores (AuNR@mSiO,), for
precisely investigating both LSPR and nanoconfine-
ment effects. Single-molecule electrochemiluminescence
(ECL) imaging was employed to monitor the in situ
turnover frequency (TOF) of photon emissions on
individual plasmonic nanoamplifiers to determine the
dominant factors influencing LSPR and nanoconfine-
ment effects. TOF heatmaps and super-resolution ECL
images unveiled distinct hot spot distributions along the
plasmonic nanostructures. Our approach provides insight
into and in-depth understanding of plasmonic effects
during electrochemical reactions, thereby facilitating pre-
cise electrocatalyst design based on the physiochemical
properties of LSPR.

Introduction

Localized surface plasmon resonance (LSPR), a particular
optical property of noble metal materials, draws extensive
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interest in fields such as catalysis, biosensing, bioimaging,
and enhanced optical spectroscopy.l'#! The local electric field
around nanomaterials can be substantially enhanced by inci-
dent photons that match the collective oscillation frequency of
surface electrons, resulting in optical hot spots and high chem-
ical reaction rates.>"? Owing to this intriguing performance,
noble metal nanocrystals have assumed an important role in
the field of electrochemistry for sensing, energy conversion,
and storage functions.['>'?l However, revealing the plasmon-
enhanced electrochemistry and obtaining in situ images of
hot spots along single plasmonic electrocatalysts remain
challenging. Therefore, a high-resolution electrochemical
technique needs to be developed to establish the relationship
between the morphology and performance of plasmonic
electrocatalysts.['313]

Electrochemiluminescence (ECL) microscopy, based on
sensitive electrochemical reactions and high spatial res-
olution optical imaging, is a powerful technique that
can provide insight into single-molecule reactions on
individual plasmonic nanocatalysts.['*° Specifically, vari-
ous noble metal nanocrystals (e.g., Au nanoplates, -]
nanoparticles,??*] nanodisks,/*! films, ?°! as well as bimetallic
nanoparticles(? 1) that exhibit excellent electrochemical
performance have been investigated at nanoscale resolution.
However, the plasmonic properties of these nano or micro-
materials are concealed by their intrinsic electrocatalytic
abilities and affected by electron transfer when plasmonic
nanoparticles directly contact electrodes. These effects hide
the hot spots triggered by LSPR effects during overall
ECL enhancement and prevent their clear identification. In
addition, plasmonic effect triggered by ECL light is relatively
low due to the low efficiency of ECL and is hardly recorded
with high spatiotemporal resolution.

Herein, we designed shell-isolated plasmonic nanostruc-
tures to completely eliminate the interference from elec-
trochemical reactivity. Subsequently, single-molecule ECL
microscopy with high spatiotemporal resolution revealed
the reactivity and distribution of plasmonic hot spots on
single electrocatalysts. Specifically, Au nanorod (AuNR) cores
featuring easily adjustable LSPR properties were coated
with mesoporous silica (mSiO;) shells, which avoided the
direct electron-transfer reaction between the electrode and
the AuNR. This approach allowed to decouple the intrinsic
electroactivity of the AuNR from the plasmonic effects.
In addition, the mesoporous silica shells helped to main-
tain the stability of the plasmonic metal surface during
electrochemical excitation and offered nanoconfined spaces
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Figure 1. a) Schematic of single-molecule ECL imaging approach for
core-shell nanoamplifiers (AuNRs coated with mesoporous silica shells)
with different shell thicknesses. P1, iminium cation. b) Illustration of
adsorption and ECL reactions in the mesopores of a nanoamplifier. c)
Typical analog-to-digital (A/D) counts of a single nanoamplifier and the
corresponding single-event burst.

for electrochemical reactions. Bimolecular reaction collisions
between the ECL reagents (Ru(bpy)s;** luminophore and
tri-n-propylamine TPrA coreactant) in the nanochannels
occurred more frequently under nanoconfinement, resulting
in the generation of abundant ECL photons.***] These
ECL photons subsequently triggered the oscillation of surface
electrons or LSPR effects on the AuNRs. Surface-enhanced
ECL occurred through electric field enhancement, upon
activation of LSPR, amplifying the ECL signals (Figure 1a,b).
Consequently, the ECL signal enhancement due to the
nanoconfinement and plasmonic effects of AuNR@mSiO,
was quantitatively characterized and individually analyzed
via in situ photon emissions. Additionally, both effects can
be analyzed separately by controllable synthesis of the
nanoemitters.

Results and Discussion

Since photon generation in ECL occurred without the
assistance of an external light source, the photodetection
system could reach near-zero background and realize single-
molecule/photon sensitivity (Figure S1A-D).[2%343] Under
appropriate camera acquisition conditions, the analog-to-
digital (A/D) counts of single-pixel displaying individual
photon bursts could be transformed into single-event occur-
rence, as shown in Figures 1c and S1E. Therefore, each
single photon represented the optical product of a single
electron-transfer reaction resulting from a redox collision,
which produced the excited state luminophore. The turnover
frequency of photon emission (TOF) could be calculated
from the statistical dwell time (7,4) between each single
event. In other words, the TOF represented the number
of photons emitted by a single nanoamplifier per second
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andreflected the local ECL reactivity. As shown in Figure
S2A-B, while the ECL reagents freely diffused in solution
and reacted on the electrode, the average off time (<7q¢>)
was dependent on the Ru(bpy);>* concentration at a constant
TPrA concentration. The TOF value (i.e., <t ;>"") increased
along as the Ru(bpy);>* concentration increased from 100 nM
to 200 uM when excess TPrA (10 mM) was present, finally
reaching a plateau. Moreover, the introduction of core-shell
nanoamplifiers effectively accelerated the photon generation
rate. In detail, nanoamplifiers with identical plasmonic AuNR
cores (48 x 12 nm, aspect ratio = 4:1) and diverse mSiO,
thicknesses of shells were synthesized as in previous reports
(Figure S3).3¢3%]1 TEM and SEM images revealed that the
nanoamplifiers with different shell thickness were in the shape
of a cylinder and hemispherical cap (Figures S4-S6). The
corresponding mSiO, shell thicknesses were 60, 42.5, and
27.5 nm (labeled as thick, medium, and thin shells, respec-
tively). Subsequently, AUNR@mSiO, was deposited onto the
electrode surface to achieve single-particle dispersion for
photon kinetics analysis (Figures S7-S8).

A burst of ECL intensity was initially measured on a
single nanoamplifier, as shown in Figure 2a. Enhancement
ECL ratios were calculated by ECL intensity in solution
(Zsolution), and on AuNR@mSiO, nanoamplifier (/pariicic) Using
the following formula (Equation. 1).

. Loarticle — 1
Enhancement ECL ratio = —P2icle — backeround (1)

solution — Ibackground

Enhancement ECL ratios of AuNR@mSiO, are from
5.5 to 21 with increasing shell thickness. Considering that
AuNR@mSiO, with different shell thicknesses contained
similar pore channels (Figure S9), a thicker shell was able to
accommodate additional reactant molecules compared to a
thinner shell and exhibited a greater nanoconfinement effect.
Subsequently, under single photon sensitivity, the TOF values
of AUNR@mSiO, with different thicknesses increased with
increasing Ru(bpy);2* concentration and exhibited nearly
similar trends (Figure 2b). Based on the heterogeneous
catalysis of a bimolecular reaction, the ECL reaction of
Ru(bpy);>* and TPrA in the mesopores was represented by
the Langmuir-Hinshelwood (LH) kinetics model, involving
mainly the adsorption and desorption of two species.[**]
Considering one kind of reactant (TPrA) that is at a constant
and saturation concentration, TOF curves can be fitted by the
simplified LH model (eq. 2).

kKa[A]

TOF = ————
1+ Ka[A]

)

So, the Equation 2 can predict that TOF values will
increase with increasing concentration of Ru(bpy);>* and
finally reach a maximum. By fitting the curve with Equation 2,
the reaction kinetics k constant and equilibrium constant K
of reactant A (Ru(bpy);>* in this system) can be calculated.
The specific photon emission rate (key) obtained by the
fitting curves provided a quantitative measurement, while
the adsorption equilibrium constant (Kg,) indicated the
change in adsorption environment of the reactant (Table 1).
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Figure 2. a) Enhancement ECL ratio on AuUNR@mSiO; nanoamplifiers
(thick, medium, and thin shells from left to right) and corresponding
hollow silica shells. Potential = 1.35 V. b) TEM images and TOF curves
of AuNR@mSiO; nanoamplifiers with three different shell thicknesses.
Scale bar: 50 nm. ¢) Heatmap of sum photons under increasing
Ru(bpy)32t concentrations (from left to right) on AUNR@mSiO,
nanoamplifiers with three different thicknesses (thick, medium, and thin
shells from top to bottom). d) TEM images and TOF curves of hollow
silica shells with three different thicknesses. Scale bar: 50 nm. Error bars
represent the standard deviation (n = 20).

AuNR@mSiO, with the thickest shell possessed the highest
kerr value among the three types, indicating that shell thickness
was an important factor in ECL enhancement. As shown by
the accumulation of photons in Figure 2c, photon emission
mainly occurred at the position of the nanoamplifier and
photon burst occurred at a high reactant concentration on the
nanoamplifier with the thickest shell.

However, the ECL enhancement and accelerated photon
emission on AUNR@mSiO, nanoamplifier are affected simul-
taneously by nanoconfinement and LSPR. To verify the crit-
ical function of the plasmonic AuNR core, nanoconfinement
of mSiO, was separately investigated by completely removing
the AuNR core (Figures 2d and S10). As shown in Figure 2a,
the hollow mSiO, shells continued to play an effective role
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Table 1: Calculated values of reaction kinetics and equilibrium constants
on different types of nanoamplifiers.

Group ket (s7) Kew (uM )
Thick AuUNR@mMSIO, 70+038 0.30 +0.07
Medium AuNR@mMSiO, 534+04 0.40 + 0.09
Thin AUNR@mMSIO, 4.0+0.3 0.79 +0.10
Thick mSiO, 50+0.5 0.38 £0.10
Medium mSiO; 37405 0.45 +0.10
Thin mSiO, 23+0.2 0.53 +0.18

in increasing the ECL signal (enhancement ECL ratio from
3-10), but the effect was weaker than in the corresponding
dual-function nanoamplifiers. Moreover, different particles
with the same type of hollow mSiO,; shell exhibited uniform
enhancement ECL ratio compared with AuNR@mSiO,. The
nanoconfinement effect of mSiO, was derived from the mass
transport ability of the mesopores. Reactive species after
oxidation on the electrode accumulated inside the pores,
resulting in frequent photon emissions.**#-1 Hence, the
nanoconfinement effect totally disappeared when pores were
occupied by surfactant (Figure S11). The adjustment of pore
size also changed nanochannels and subsequently influenced
enhancement ECL ratio, indicating another potential factor
affecting nanoconfinement effect (Figure S12). The kinetics
results demonstrated a discrepancy caused by the shell thick-
ness, with the k¢ value decreasing with decreasing mesopore
nanospace (Figure 3a,b). However, the Kg, value did not
substantially differ in the absence of the AuNR core, which
may be attributed to a similar adsorption environment within
the hollow silica shells. The ratio of k. values before and after
etching of the AuNR core suggested that molecules in the thin
shell located near the plasmonic AuNR core tended to possess
faster photon emission frequency than those in a thicker
shell (Figure 3c). According to previous reports,[*#] the
photon emission of luminophores at intermediate distances
(520 nm) can be enhanced by LSPR effects. The mesoporous
shells could attenuate quenching phenomenon by spatially
separating the luminophore from the plasmonic core. Given
that emitters could diffuse into the mesopores, the shell
thickness was not equivalent to the accurate distance from the
plasmonic core.

Accordingly, the enhanced k. value on a single nanoam-
plifier was attributed to the generation of hot spots due
to LSPR effects. These hot spots principally relied on the
oscillation of electrons of the metal surface and electric field
enhancement.[“*47] Since this oscillation was triggered by
ECL without an external light source, the overlap between
Ru(bpy);>* emission and extinction of the nanoamplifier
determined the plasmonic performance.[?*>*] Hence, the
AuNR aspect ratio was modified via controlled etching of the
AuNR core without changing the shell structure (Figures 4a
and S13). The aspect ratios of AuNR cores were tuned from
4:1 to 3:1 and finally to 2.25:1 relatively for analysis of LSPR
effect while the shell thickness was uniformly maintained at
27.5 nm. The corresponding extinction and scattering peaks
of AUNR@mSIO; shifted to the emission peak of Ru(bpy)s>*
with decreasing aspect ratio resulting in high spectral overlap
(Figures 4b,c, and S14). Among these, the AuNRs with aspect
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Figure 3. a) Fitting results of keg and Kg,, values from TOF curves on AuUNR@mSiO, nanoamplifiers with three different thicknesses (thick, medium,
and thin shells from left to right). b) Fitting results of keg and Kgy, values from TOF curves on hollow silica shells (thick, medium, and thin shells from
left to right). c) The ratio of kg values before and after etching of the AUNR core. Error bars represent the standard error of fitting results.
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Figure 4. a) TEM images of two kinds of nanoamplifiers after controllable etching of AuNR cores. Scale bar: 50 nm. b) Extinction spectrum of
AuNR@mSiO; nanoamplifiers with AuNR cores of varying aspect ratio. c) PL spectrum of Ru(bpy)32™ molecules. d) Enhancement ECL ratio on
AuNR@mSiO; nanoamplifiers with AuNR cores of varying aspect ratio. e) TOF curves of three kinds of AuUNR@mSiO, nanoamplifiers. Error bars
represent the standard deviation (n = 20). f) kg obtained by fitting with LH model. Error bars represent the standard error of fitting results. g)
Simulation results of electric field enhancement on different nanoamplifiers. (Aspect ratio of AuNRs are 4:1, 3:1, 2.25:1 from top to bottom).

ratio of 2.25:1 exhibited an absorption peak at 650 nm,
showing the closest spectral match to the Ru(bpy);>* emission
peak. Although negligible in Figure 2a due to incomplete
matching of the extinction spectrum, LSPR effect became
obvious after etching of the AuNR core, and the enhancement
ECL ratios were averaged 17 and 38, respectively (Figure 4d).
The boost in ECL intensity essentially originated from the
dramatically improved TOF and k. values (Figure 4e,f). The
ks increased from 4.0 to 6.1 s~! and finally to 7.5 s~! with
increasing spectral overlap. Moreover, plasmon resonance
was identified as the dominant factor. In addition, simulation
of the localized electric field confirmed that the proximity
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of the spectral peaks of nanoamplifier and Ru(bpy);>* led
to stronger LSPR effects, which might result in the photon
emission rate (Figure 4g).

Additionally, the plasmonic hot spots exhibited spatial
heterogeneity along the nanostructures with distribution of
enhanced electric field. The location of maximum enhance-
ment of the electric field generally depended on the shape
and size of nanoparticles.[5] Hence, AuUNR@mSiO, with a
high-aspect-ratio was prepared (Figures 5a, S15, and S16).
The aspect ratio of AuNRs is 19:1 (375 x 20 nm) and the
thickness of mSiO, shell is around 44 nm, which exhibited
nanoconfinement to generate ECL photons and trigger LSPR

© 2025 Wiley-VCH GmbH
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Figure 5. a) TEM and SEM images of high-aspect-ratio AuUNR@mSiO, (19:1). Scale bar: 100 nm. b) and c) TOF heatmap and super-resolution ECL
images of AUNR@mMSiO,. Scale bar: 200 nm. d) The probability of photon emission at different segments of AuUNR@mSiO;. e) TEM and SEM
images of high-aspect-ratio mSiO,. Scale bar: 100 nm. f) and g) TOF heatmap and super-resolution ECL images of mSiO;. Scale bar: 200 nm. h) The
probability of photon emission at different segments of mSiO,. The box plot displays the median, interquartile range, and maximum/minimum

values for each group (n = 20).

effect. Single-particle dispersion of AuNR@mSiO, on the
electrode (Figure S17) enabled us to map the accurate
positions of photons by super-resolution ECL imaging and
the obtained TOF distribution images of the nanoamplifier
revealed a discrepancy along the nanostructures (Figures 5b
and S18).**] The TOF images demonstrated that photon
emission hot spots always appeared at the extremities of
AuNR@mSiO,, reflecting the location of plasmonic hot spots
(Figure S19), which aligned with the distribution of the
enhanced electric field (Figure S20). In addition, the accurate
positions of photons were extracted from super-resolution
images and replotted to determine the probability distribution
of molecular reaction collisions along the longitudinal AuNRs
(Figures S21 and S22). Photons with relatively high density of
photons appeared at both ends of the AuNR core, wherein
the probability of photon emission increased (Figure 5c).
By contrast, hot spots were not observed after etching the
AuNR cores and the probability of photon emission showed
no spatial distribution heterogeneity, indicating that the hot
spots originated from the plasmonic effect (Figures 5d—f, S23
and S24).

Based on shell-isolated strategy and nanoconfined
enhancement, it was also capable of wunveiling the
plasmonic performance and hot spot distribution of
diverse nanostructures. Subsequently, AuNanowires and
AuNanoplates were synthesized via step-wise seeded growth
method to serve as plasmonic cores, which were then coated
with a mesoporous silica shell to form AuNanowire@mSiO,
and AuNanoplate@mSiO; nanostructures. The AuNanowires
have an average length of 2.1 pm, enabling improved
visualization of spatially dependent photon emission
patterns (Figure S25). After complete etching, the hollow-
shell nanostructure maintained structural stability and
served as control. As shown in Figures 6a,b, S26, and
S27, AuNanowire@mSiO, possessed higher reactivity than

Angew. Chem. Int. Ed. 2025, 64, 202508266 (5 of 7)

B R T

Figure 6. a) and b) TEM images, super-resolution ECL images and TOF
heatmaps of AuNanowire@mSiO, and related mSiO3, respectively.
Scale bar: 1 pm. c) and d) TEM images, super-resolution ECL images,
photon mapping, and TOF heatmaps of AuNanoplate@mSiO; and
related mSiO,. Scale bar: 1 pm.

hollow mSiO, shell and displayed multiple hot spots along
the nanostructure, especially at the ends. In addition, for
AuNanoplate@mSiO,, the average edge length is 0.88 um
and the maximum plasmonic reactivity appeared at the tip
of the triangle structure, while mSiO, exhibited homogenous
reactivity (Figures 6c,d, S28 and S30). The mesoporous shell
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supplied a nanoconfined spaces to accommodate abundant
reactive species and accelerate electrochemical reactions.
Subsequently, the LSPR effect triggered by the enhanced
ECL could be isolated and analyzed, and it induced a second
burst of photon emissions at hot spots, which could be directly
visualized.

Conclusion

This approach based on single-molecule ECL microscopy
provides an effective route to directly investigate both
LSPR and nanoconfinement effects on core-shell plasmonic
nanoamplifiers. Nonconductive mesoporous silica shells not
only prevent electron transfer process between plasmonic
core and electrode resulting in inhibition of electroactivity but
also enable to accelerate ECL photons emission to effectively
trigger LSPR effect due to nanoconfinement. Hence, for
AuNR@mSiO, core-shell nanoamplifiers, regulation of the
nanoconfined space and plasmonic properties can determine
the final photon emissions to different degrees.

In addition, TOF images and super-resolution ECL
analysis unveiled the plasmonic performance and hot spot dis-
tribution of diverse nanostructures including AuNR@mSiO,,
AuNanowire@mSiO,, and AuNano-plate@mSiO,. This strat-
egy enables general hotspot characterization for plasmonic
nanomaterials during electrochemical process. Hence, our
study contributes to the comprehensive understanding of
shell-isolated plasmonic nanomaterials during electrochemi-
cal reactions and offers insight for the design and fabrication
of reasonable nanoarchitectures or plasmonic electrocatalysts.
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