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ABSTRACT Hybrid nanoparticles composed of multiple components can offer

unique opportunities for understanding the nanoscale mechanism and advanced

AgNO,

material applications. Here, we report the synthesis of heterodimeric silver—

carbon dot nanoparticles (Ag-CD NPs) where the Ag NP is grown on the surface of

(Ds derived from polysaccharides, such as chitosan and alginate, through the

photoelectron transfer reaction between (D and Ag™ ions. The nanoscale

interface between the Ag NPs and the (Ds is highly tunable depending on the precursor of the (Ds and the amount of additives, resulting in fine

modification of photoluminescence of the (Ds as well as the related surface plasmon resonance of the Ag NPs. This result demonstrates the critical role of

the interface between the hybrid nanoparticles in governing the electrical and optical properties of respective nanoparticles.
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ith advances in the synthesis of

nanoparticles, hybrid nanoparti-

cles that consist of different com-
ponents are emerging as an important
class of materials."? These nanoparticles
are attracting significant interest because
their uniquely integrated multifunctional
properties are difficult or even impossible
to achieve in single-component nanoparti-
cles. These unique features facilitate the
application of hybrid nanoparticles in di-
verse fields, including catalysis,>* sensors,’
electronics,® diagnosis,” and therapy.® How-
ever, the development of facile strategies
for the synthesis of multicomponent hybrid
nanoparticles has been challenging. To date,
there are a number of reports describing the
preparation of complex, multimaterial nano-
particles, including core—shell nanopartic-
les,>'° fused-particle heterostructures,’ '
segmented nanowires,'>'® particles coated
with other particles,'”'® yolk—shell nano-
particles,'~2" and more sophisticated an-
isotropic structures.”>? This recent progress
allows for the fabrication of various nano-
particles with unique heterostructures;
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however, the majority of the hybrid nano-
particles are limited to the combination of
noble-metal nanoparticles with magnetic or
semiconducting nanoparticles.*~%’

As a benign alternative to semiconduct-
ing quantum dots, carbogenic nanoparticles
(also known as carbon dots, CDs) have re-
cently received considerable attention by
virtue of their interesting physical, optical,
and chemical properties, such as their photo-
luminescence, photostability, and electron
transfer behavior.?®~3° By taking advantages
of their interesting photoinduced electron
transfer phenomena, we developed a facile
synthesis of heterodimeric Ag-CD NPs, where
Ag NPs are grown at the interface of CDs that
originate from polysaccharides of chitosan
and alginate (Figure 1). The interfacial inter-
action between the Ag NPs and CDs was
tuned by changing the CD precursor and
the additive during the formation of CDs.
The interfaces of the hybrid Ag-CD NPs were
characterized with high-resolution trans-
mission electron microscopy (HR-TEM) and
electron energy loss spectroscopy (EELS)
at atomic scale; the results revealed that
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Figure 1. Schematic illustration of the synthesis of heterodimeric Ag-CD NPs derived from polysaccharides. (a) Schematic
representation of the synthesis of CD NPs from chitosan and alginate precursors followed by growth of Ag NPs on the CDs. (b)
Representative TEM image of the Ag-CDc,; NPs. (c) UV/vis absorption and PL spectra of the CDs in solutions prepared from
(left) chitosan (CD¢y;) and (right) alginate (CDa ) with varying excitation wavelengths from 320 to 410 nm with an interval of
10 nm. The inset shows the photographs of the respective CD and Ag-CD NP solutions under ambient light and UV irradiation
at 365 nm (concn = 0.10 mg/mL). The samples were prepared with 600 uL of HCl added during the synthesis of the CDs (see

Methods section for details).

the metallic Ag NPs were synthesized at the junction
of the CDs. The precise tuning of the metal—carbon
interface also allows for modification of the photo-
luminescence (PL) properties of CDs as well as the
related surface plasmon resonance (SPR) of the Ag NPs.
Although there are some previous reports on the
growth of Ag NPs on the CDs including our own
approach (Supporting Information Table 51),>' 33 to
the best of our knowledge, this work represents the
first report of heterodimeric structures from Ag-CD NPs
with a controlled nanoscale interface.

RESULTS AND DISCUSSION

Among many synthetic methods available, we em-
ployed microwave pyrolysis of chitosan or alginate
in the presence of a surface passivating agent
(ethylenediamine, NH,CH,CH,NH,) and a solubilizing
additive (HCl) to prepare the respective CDs. Each
carbon source belongs to a common polysaccharide
extracted from biomass, such as crab or brown algae.
The prepared CDs are thus denoted as CDcp and CDpjq
depending on the respective carbon precursor. Both
CDs exhibit broad absorbance and characteristic PL
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with emission maxima that are highly dependent on
the excitation wavelength similar to other reported
CDs.3*3> The CDcp; generally shows relatively low PL,
with a quantum yield (QY) of ~5%, compared to that of
CDaig (QY ~ 10%) using quinine sulfate as a reference.
The CDs were subsequently photoexcited by irradia-
tion with UV light in the presence of AgNOs;, which
led to the formation of Ag NPs on the surface of the
CDs upon reduction of Ag" ions.® The successful
formation of Ag NPs was monitored by changes in
solution color as well as by the diminished PL under
UV light (Figure 1c and Figure S1). Most surprisingly,
we found that only a single Ag NP was grown on each
CD, as evidenced by the representative TEM image,
which resulted exclusively in heterodimeric structures
without the formation of other hybrid structures of
different morphology (Figure 1). Notably, no Ag NP
formation was observed in the absence of the CDs
under identical reaction conditions in repeated control
experiments.

The mechanism of controlled nucleation and direc-
tional growth of Ag NPs can be attributed to the electron
transfer between the photoexcited CDs and the Ag™ ions,
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Figure 2. Proposed formation mechanism of heterodimeric Ag-CD NPs.

as similarly suggested in other dumbbell-shaped hetero-
dimers such as Pt—Fe;0, and Au—Fe;0,32® Specifi-
cally, Ag" ions (and also CI~ ions) are attracted to
the surface of CDs via electrostatic interactions with
carboxylic acid, amine, and/or other functional groups.
After the free electrons from the photoexcited CDs reach
the Ag* ions at the surface, the interfacial junction allows
more electrons to pass through to the conductive Ag
nucleation site and to recruit more Ag™ ions, eventually
leading to heterodimeric Ag-CD NPs (Figure 2). Although
the literature contains a few previous reports describing
the formation of CDs coated with metals such as Ag, Au,
and Pt, all of them exhibit core—shell morphology with a
CD core and a thin metallic shell 3%4°

To further support the formation mechanism, we
performed FT-IR and high-resolution X-ray photoelec-
tron spectroscopy (XPS). FT-IR spectroscopy revealed
chemical information related to the functional groups
that change during the course of the reaction
(Figure S2). In particular, the fraction of carboxylic acid
groups and other oxygen-bearing functional groups
were diminished upon the formation of the Ag NPs on
the surface of the CDs, irrespective of the type of CD.
In accordance with the FT-IR data, XPS results provided
further evidence of Ag NP formation and the asso-
ciated changes in the surface functional groups on the
CDs (Figures S3—S5). The survey scan identified the Ag
NPs from the Ag 3d peaks at 368.19 and 374.38 eV and
the characteristic features of sp?- and sp>-carbons that
were functionalized with carbonyl and amine moieties
on the particle surfaces. Furthermore, the deconvo-
luted high-resolution C 1s spectra revealed that both
sp-carbon and hydroxyl groups of the CDs diminished
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considerably upon the synthesis of the Ag NPs, whereas
the carbonyl groups increased concomitantly, suggest-
ing theirimportant role in reducing Ag™ ions to metallic
Ag NPs. Considering this evidence together, we pro-
pose that the hydroquinone-like (a combination of sp*-
carbons and hydroxyl groups) surface functional
groups of CDs are oxidized to benzoquinone-like struc-
tures upon UV irradiation to promote the reduction
of Agt ions on the surface of photoexcited CDs
(Figure S6). It is worth noting that the high-resolution
Cl 2p spectra indicated the presence of C—Cl at
197.9 (2ps/,) and 199.6 eV (2p;,,), which suggests the
Cl atom is incorporated within the carbon framework
during the formation of the CD.*' The presence of C—Cl
was further confirmed by FT-IR and elemental mapping
data (Figure S2).

The unique structure and interface of heterodimers
established between metallic Ag NPs and nonmetallic
soft carbon-based CDs were further characterized by
high-resolution aberration-corrected TEM operated
at a low kilovolts (Figure 3). To enhance the contrast
of high-resolution imaging of carbon-based CDs, we
used a graphene support transferred onto Quantifoil
holey carbon grid (Quantifoil Micromachined, R2/1, SPI
supplies). As shown in Figure 3a, the heterodimeric
structure of Ag-CDcp; NPs is clearly demonstrated to
have crystal lattice fringes of metallic Ag. However,
a weak crystalline plane with a spacing of 0.277 nm
was observed in the digital diffractogram of the CD,
indicating the presence of insoluble AgCl salt on the
surface of the CDs, as evidenced by the weak (200)
peak. The presence of AgCl corroborates the proposed
mechanism by confirming the presence of CI™ ions on
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Figure 3. Representative high-resolution TEM images of Ag-CDc,; NPs. (a) Aberration-corrected TEM image of Ag-CDcp,; NPs
(scale bar: 5 nm) and the corresponding digital diffractograms of the Ag NPs and the CD. (b) Energy-filtered TEM image of
Ag-CDcp; NPs (scale bar: 10 nm) with composed elemental images of Ag, C, and Cl. (c) STEM-HAADF image of Ag-CDcp,; NPs
(scale bar: 10 nm) and the corresponding monochromated STEM-EEL spectra of points along the line on a heterodimeric
Ag-CDcp; NP. Notably, the remaining carbon residue could be due to the preparation of the sample on a graphene substrate,
or the TEM measurement might induce carbon peaks around the surface of the heterodimer.

the surface of the CDs through the electrostatic inter-
action with amine groups on the surface functional
groups of the CDs and the associated Ag' ions. A
control experiment using acetic acid as an additive
instead of HCl also produced the heterodimeric
Ag-CDchi NPs, suggesting the role of H in forming
the nanostructures (Figures S7 and S8). Furthermore,
the crystalline phase of the Ag-CD NPs was verified by
the XRD spectrum (Figure S9). The associated elemental
information on heterodimers was elucidated by energy-
filtered TEM (EFTEM) and monochromated electron
energy loss spectroscopy (mono-EELS) (Figure 3b,c).
The EFTEM image shows the distribution of each
element—Ag, C, and Cl—on the heterodimer. As
shown in Figure 3b, the Ag is localized on the Ag NP,
whereas the C and Cl are mostly distributed on the CD.
The monochromated STEM-EEL spectra of points along
the line on heterodimeric Ag-CD¢n; NPs also reveal
elemental concentration information related to the
respective NPs on the basis of the C K-edge (285 eV),
the Cl L, 3-edge (200 eV), and the Ag M, s-edge (367 eV).
Taken together, the high-resolution TEM, along with
a number of other analytical analyses, supports the
successful formation of heterodimeric Ag-CD NPs.

We found that the concentration of HCl added
during the formation of the CDs is a critical parameter
in controlling the size and the interface of Ag-CDs.
The addition of HCl assists in enhancing the solubility
of chitosan and alginate in aqueous solutions for the
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synthesis of CDs, and Cl™ ions in the resulting solution
also affect the growth kinetics of Ag NPs during
heterodimer formation. A series of TEM images shown
in Figure 4 indicate that an increase in the concentra-
tion of HCl increases the size of the CDs. For example,
the size of CD¢y,; increased from 7.90 4 0.73 to 13.1 &+
0.56 nm when the amount of 1 M HCl was changed
from 200 to 1000 uL; similarly, the size of CDajq
increased from 7.14 £+ 0.87 to 13.1 & 1.29 nm under
identical conditions (Figure 4c). In addition, the size of
the Ag NPs increased with increased concentration of HCI
in both CDs. Interestingly, we found that the aspect ratio
of CDayg in Ag-CDajg gradually increased with increasing
HCl concentration, whereas that of CDc,; in Ag-CDcp,; NPs
remained almost constant (Figure 4d).

Most notably, the concentration of HCl can enable
the fine-tuning of the interface between two compo-
nents of the heterodimers (Figure 4e). Through the
collection of a series of TEM images, we could clearly
monitor the gradual changes of the overlapped area
between the Ag and CD NPs (Figures S10 and S11).
For instance, the eclipsing of the Ag and CD¢p,; NPs at
the interface was significantly reduced with increasing
concentration of the HCl additive. In stark contrast, the
trend was reversed in the case of Ag-CDpq NPs, such
that the eclipsing between Ag and CDajq NPs increased
with increasing concentration of HCl. We propose that
the protonation of the chitosan precursor bearing amine
groups affords greater solubilization of the chitosan
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Figure 4. Effect of the HCl additive on tuning the nanoscale interface of the Ag-CD NPs. (a,b) Representative TEM images of (a)
Ag-CDchi NPs and (b) Ag-CDp g NPs prepared with various amounts of 1 M HCl additive, as indicated in the image. Dotted lines
were added to aid the identification of each NP. (c—e) Analysis of characteristics of the Ag-CD NPs. (c) Diameter of CDs in
Ag-CD NPs, (d) aspect ratio of CDs in Ag-CD NPs, and (e) overlapped interfacial area of Ag and CD in Ag-CDcp,; and Ag-CDp g NPs.
All analyses are reported as an average value of more than 50 individual measurements of TEM images, and error bars indicate

the standard deviations.

precursor upon addition of HCI to the mixture. However,
the opposite behavior was observed when the carboxylic
acid groups on the alginate were treated with HCl. This
opposite solubility trend of the two polysaccharides
might lead to differences in the synthesis of CDs during
the microwave carbonization. The fine structural tuning
of the Ag NP and CD interface enables surface modifica-
tion of the CDs and also changes the related optical
properties of the Ag and CD NPs, such as the PL of CDs
and the SPR of Ag NPs.

We performed various characterizations of all the
Ag-CDs prepared using various amounts of HCl, includ-
ing steady-state photoluminescence spectroscopy,
time-correlated single-photon counting (TCSPC), and
QY measurements, to elucidate the effect of structural
tuning of the Ag and CD NPs on their photophysical
properties (Figure 5). The PL decay profiles of Ag-CDcp,;
and Ag-CDug NPs show a shorter decay lifetime com-
pared to their counterpart CDs without Ag NPs, which
can be deduced to fit biexponential decay parameters.

CHOI ET AL.

From the fitting of the decay curves of representative
600 uL HCl samples, the average PL decay time of 7,y
(the exciton lifetime) was calculated to be 4.14 ns for
Ag-CDchi and 2.58 ns for Ag-CDayg, Which are shorter
than those of the respective CDs free of Ag NPs: 4.39 ns
for CDcpiand 4.62 ns for CDp g (Table S2). In general, the
PL of CDs is attributed to radiative combinations of
electrons and holes confined at the defective surfaces
of CDs.5*2 The exciton created on the surface of the
CDs can be effectively quenched by the presence of
neighboring metallic Ag NPs. Consequently, the life-
time of the exciton is decreased accordingly and is also
highly dependent on the interparticle spacing be-
tween the CD and Ag NPs. As indicated by the opposite
trend of interfacial overlapping between Ag-CD¢p; and
Ag-CDpig NPs, the 7,4 of the Ag-CDchi NPs generally
increases with decreasing overlap between the Ag and
CDcpi, whereas that tendency is reversed in the case
of Ag-CDag. Figure 5¢,d shows the QYs of the CD and
Ag-CD NP suspensions, which are in excellent agreement
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Figure 5. Photophysical properties and stability of Ag-CD NPs. (a,b) Photoluminescence decay profiles of (a) Ag-CDcp,; NPs
and (b) Ag-CDa g NPs prepared with 600 uL of HCI. The inset shows the plot of the average decay time (7,,4) of CDs (black) and
Ag-CDs (red) as a function of the volume of HCI. (c,d) Quantum yields of CD and Ag-CD NP solutions, respectively, measured
with quinine sulfate as a reference material. (e,f) Zeta-potentials of CD and Ag-CD NP suspensions, respectively.

with the PL lifetime decay values. Sun and co-workers
have reported that the deposition of metallic Au NPs
around CDs effectively quenches or almost diminishes
the PL in the CDs to a concentration far below the
threshold of observation for plasmon absorption.*® How-
ever, these heterodimeric Ag-CD NPs are unique in that
the presence of the Ag NPs does not completely quench
the PL of native CDs because of the controlled interface
of the heterodimeric nanostructure. Independent of the
PL measurements, we measured the zeta-potential of the
NPs and found that the CDs and Ag-CD NPs all exhibited
good colloidal stability that lasted for several months
without any noticeable aggregation (Figure 5e/f). Due
to amine groups of chitosan and carboxylic groups
of alginate precursors, the zeta-potential of CD¢p; has
relatively higher values (more positively charged) than
CDayg. Because the formation of heterodimeric Ag NPs on
the surface of CDs requires the consumption of surface
carboxylic acid and hydroxyl groups, the more over-
lapped area between Ag and CDs can lead to consider-
able changes in the zeta-potential of Ag-CD NPs. For
example, we found that more oxygenated CDpq (34.2%,
according to XPS data) compared to CDcpi (25.3%)
provided more active sites, thus leading to the rapid
formation of Ag NPs in CDpjg, which significantly in-
creased the zeta-potential of Ag-CDaiq NPs. These results
clearly confirm that the nanoscale interface between Ag
and CDs can be controlled precisely through the choice
of the CD precursor and the additive.

Because SPR of metallic NPs is well-known to
be highly sensitive to the dielectric environment, the
formation of Ag NPs on dielectric CDs with tunable
interparticle spacing can significantly influence the
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local field generated by the Ag NPs. Thus, we simu-
lated the electric field distribution using the three-
dimensional finite-difference time-domain (FDTD)
method to explore the electric field enhancement
created at the junction of the heterodimeric Ag-CD
NPs (Figure 6).** Figure 6 presents the simulated
electric field intensity distribution and predicts the
extinction spectra of representative Ag-CDcp,; NPs with
varying degrees of interparticle spacing (200, 600, and
1000 uL of 1 M HCI). The overlapped area between Ag
and CD¢,; decreases with increasing concentration of
HCl in the case of Ag-CD¢;; hence, we performed the
simulation according to the data set collected from
TEM images. We observed that less eclipsing of the Ag
with the CD surface makes the electronic coupling of
the Ag and CD NPs stronger, which leads to a signifi-
cant electric field enhancement at the junction be-
tween the Ag and CD NPs (Figure 6b). In addition, the
simulated extinction spectra are red-shifted with less
overlap between the Ag and CD NPs, which is con-
sistent with the UV/vis spectroscopy observations
(Figure 6c). This simulation demonstrates that fine-
tuning the interface between a dielectric material, a
CD, and a metallic Ag NP can provide a unique means
to control the SPR of Ag NPs.

CONCLUSION

In summary, we synthesized heterodimeric Ag-CD
NPs using the photoelectron transfer reaction of
polysaccharide-derived CDs to Ag™ ions. The interface
between the Ag NPs and the CDs was precisely tunable
through the choice of CD precursor and the amount
of additive used during the formation of the CDs.
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Figure 6. Simulation of the electric field distribution and extinction cross section for Ag-CDc;. (a) Three-dimensional
structures of Ag-CDcp,; NPs based on TEM images are modeled for FDTD simulation. The blue arrow and purple point indicate
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by the color scale. All calculations were performed for samples in water medium. (c) Comparison of the UV/vis spectra and the
simulation data collected for Ag-CD¢p,; NPs. The surface plasmon resonance bands are red-shifted from 350 to 432 nm in
experiments and from 385 to 404 nm in FDTD calculations with increasing amounts of HCI.

The hybrid Ag-CD NPs were characterized with various
techniques, including UV/vis, PL, FT-IR, XPS, HR-TEM,
EELS, TCSPC, and zeta-potential measurements as
well as FDTD simulations, which all indicated the
formation Ag NPs at the junction of the CDs. Moreover,
the precise tuning of the metal and carbon interface

METHODS

Materials. Chitosan (M,, = 210000), alginic acid sodium salt,
ethylenediamine (99%) (EDA), and hydrobromic acid (48%)
were purchased from Sigma-Aldrich. Hydrochloric acid (35%)
was purchased from Daejung Chemical.

Synthesis of Carbon Dot Nanoparticles ((Ds). CDs were initially
synthesized by dehydrating carbohydrates using a commercial
household microwave (700 W). To make CD¢p;, 9 mg of chitosan
(0.052 mmol) was diluted with 10 mL of water, and then
different volumes (200 to 1000 uL) of 1.0 M HCl were added
to dissolve the chitosan in the water. The solution was subse-
quently mixed with 694 uL of EDA (10.4 mmol) under vigorous
stirring for 2 min. The solution was placed into a microwave
oven and heated for 2 min. When the solution cooled to room
temperature, a red-brown solid was obtained, which was dis-
solved in 2 mL of water and filtered with a syringe filter (0.45 um)
to remove salt and unreacted chitosan. CDaq Was obtained by
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also enabled modification of the PL of the CDs as well
as the related SPR of the Ag NPs. We anticipate that the
electron transfer and surface plasmonic effect of these
heterodimers will find their applications in the energy
conversion systems or catalysts such as solar cells,
electrocatalysts, and photocatalysts.

an identical protocol with alginate substituted for the chitosan.
CDcpi was also prepared with the additives of 1 M HBr or
CH5CO,H instead of 1 M HCl using the same procedure.

Synthesis of Ag-CD NPs. Solutions of 3.0 mg/mL of CD¢y,; and
1.0 mg/mL of AgNO; were exposed to UV light with a wave-
length of 365 nm for 3 min using a UV lamp (B-100AP high-
intensity UV lamp, 100 W). Ag-CDpg4 was obtained by an
identical protocol using CDa 4. After the solution was irradiated
with UV light for 3 min, its color changed from light-yellow to
orange (Ag-CDcp) or red (Ag-CDag).

Time-Correlated Single-Photon Counting Characterization. The exci-
ton lifetime was determined by the time-correlated single-
photon counting technique. A computer-controlled diode
laser with a 375 nm wavelength, a 54 ps pulse width, and a
40 MHz repetition rate was used as an excitation source. The
PL emission was spectrally resolved using collection optics and
a monochromator (PicoQuant). The TCSPC module (PicoHarp
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300E, PicoQuant) with a MCP-PMT (R3809U-5x series, Hamamatsu)
was used for ultrafast detection. The total instrument response
function (IRF) for PL decay was less than 30 ps, and the temporal
time resolution was less than 10 ps. The deconvolution of actual
fluorescence decay and IRF was performed using fitting software
(FlouFit, PicoQuant) to deduce the time constant associated with
each exponential decay.

Characterization. The functional groups of the CDs and the
Ag-CD NPs were analyzed by XPS (K-alpha, Thermo Fisher) and
FT-IR (Varian, Cray 660). UV/vis absorption spectra and photo-
luminescence emission were measured on a Varian Cary 5000
spectrophotometer. The zeta-potential of colloidal suspensions
was measured using a zeta-potential analyzer (Malvern,
Zetasizer Nano-ZS). The morphology and size of Ag-CD NPs
were measured using transmission electron microscopy (TEM,
JEOL JEM-2100, accelerating voltage of 200 kV). The higher-
resolution imaging, EFTEM elemental analysis, and high-energy
resolution EEL spectroscopy with a monochromator and Quan-
tum GIF 965 of Ag-CD NPs were performed in aberration-
corrected TEM (FEI Titan3 G2 60—300 at 80 kV). A low kilovolt
operation of TEM and STEM (scanning TEM) significantly
reduced the electron beam damage onto the specimens.
X-ray diffraction (XRD) measurements were performed on a
high-resolution X-ray diffractometer (Bruker Co.).

Finite-Difference Time-Domain Calculations. The E-field enhance-
ment and extinction cross section for Ag-CD NPs were calcu-
lated by FDTD method (FDTD Solutions 8.6, Lumerical). The
numerical simulations were performed in three-dimensional
box which has a cell size of 0.1 nm with perfectly matched layers
for all boundaries. For the Ag-CD NP model, their diameter
and interparticle spacing were adjusted according to the TEM
observation. The dielectric functions of Ag and CD in the UV/vis
region were described by a multicoefficient fitted model of the
experimental data by Palik.** The Ag-CDs were illuminated by
a total-field scattered-field plane wave source to obtain the
extinction cross section as a function of wavelength by calculat-
ing the absorption and scattering cross sections.
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