Nano

Resea rch

Enhanced dual plasmonic photocatalysis through plasmonic
coupling in eccentric noble metal-nonstoichiometric copper
chalcogenide hetero-nanostructures

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-021-3705-4

Mariia Ivanchenko', Vida Nooshnab®, Alline F. Myers®, Nicolas Large?, Andrew J. Evangelista', and Hao Jing' (<))

! Department of Chemistry and Biochemistry, George Mason University, Fairfax, Virginia 22030, USA
2 Department of Physics and Astronomy, The University of Texas at San Antonio, San Antonio, TX 78249, USA
? National Institute of Standards and Technology (NIST), 100 Bureau Dr., Gaithersburg, Maryland 20899, USA

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021
Received: 15 March 2021 / Revised: 28 May 2021 / Accepted: 21 June 2021

ABSTRACT

The extension of plasmonics to materials beyond the conventional noble metals opens up a novel and exciting regime after the
inspiring discovery of characteristic localized surface plasmon resonances (LSPRs) in doped semiconductor nanocrystals originating
from the collective oscillations of free holes in the valence band. We herein prepare colloidal monodisperse eccentric dual
plasmonic noble metal-nonstoichiometric copper chalcogenide (Au@ Cu._,Se) hybrid hetero-nanostructures with precisely controlled
semiconductor shell size and two tunable LSPRs in both visible (VIS) and near-infrared (NIR) regions associated with Au and
Cu,_Se, respectively. Through systematic evaluations of the photocatalytic performance of Au@ Cu,_,Se upon sole NIR and dual
VIS + NIR simultaneous excitations, we are capable of unambiguously elucidating the role of plasmonic coupling between two
dissimilar building blocks on the accelerated photocatalytic reactions with greater rate constants from both experimental and
computational perspectives. The significantly enhanced strength of the electromagnetic field arising from efficient plasmonic coupling
under the excitation of two LSPRs results in the superior activities of dual plasmonic Au@ Cu,_,Se in photocatalysis. The new physical
and chemical insights gained from this work provide the keystone for the rational design and construction of high-quality dual- or
even multi-plasmonic nano-systems with optimized properties for widespread applications ranging from photocatalysis to molecular

spectroscopies.
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1 Introduction

The burgeoning research field of plasmonics based on localized
surface plasmon resonances (LSPRs) in noble metals, especially
gold, silver, and copper nanoparticles, has now been well-
established since the intriguing optical properties of the Lycurgus
cup due to the nanoscopic plasmonic particles embedded in the
glass [1-7]. However, LSPRs were not specific only to noble
metal nanostructures [8]. Instead, they are being recognized
more generally as ubiquitous optical signatures of charge
carriers [9]. The extension of plasmonics to materials beyond
the noble metals was realized after the inspiring discovery of
LSPRs in doped semiconductor nanocrystals, such as binary
metal chalcogenides [10-20], oxides [21-26], nitrides [27, 28],
phosphides [29], and silicon [30]. This ushers in a novel and
exciting regime in plasmonics of nonmetallic nanostructures.
In striking contrast to their metallic analogues whose LSPRs
originate from the collective oscillations of free electrons in the
conduction band, the LSPRs in these doped semiconductor
nanoparticles essentially arise from the collective oscillation
of free holes in the valence band [31]. Among those plasmonic
doped semiconductor nanocrystals, p-type nonstoichiometric

copper chalcogenides (CuE, x > 0, E = S, Se, Te) exhibiting
stoichiometry-dependent bandgaps [32, 33] are the most
studied and extensively exploited materials for plasmonic-
based applications. Nonstoichiometric copper chalcogenides
possess superior capabilities in controlling of LSPRs, which are
otherwise not readily accessible through dopant-dependent
phase transformation and ligand exchange in their n-type
counterparts, such as plasmonic metal oxides (e.g., In.Os, MoOs,
WO:s) [31, 34]. Due to the lower carrier (positively charged
holes) density (on the order of 10*' cm™) than those in noble
metals (10*cm™ to 10” cm™), LSPRs of heavily-doped copper
chalcogenides are located within the near-infrared region
(800 nm to 2,000 nm). Fundamentally distinct from the static
nature of the optical resonances of noble metals that are
sensitively dependent upon the geometrical parameters [35-44],
the tunability of LSPRs in copper chalcogenides is uniquely
dynamic as the plasmonic properties can be post-synthetically
modified in situ by redox doping or electrochemically charging
and discharging [13, 14, 45-48]. Owing to the unique and
distinct characteristics in LSPRs, the integration of noble metals
and nonstoichiometric copper chalcogenides to form structurally
well-defined dual plasmonic hybrid hetero-nanostructures
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with synergistically reinforced optical features can be an ideal
platform to systematically investigate the electronic interactions
of two intrinsically dissimilar constituent domains at the
nanoscale [49, 50]. This in turn helps us gain tremendous
insights into more fundamental questions such as how the
energy transfer and local plasmonic field are modulated by the
nanoscale interactions between the two different plasmonic
building blocks [51, 52]. Although great strides have been
achieved in the past few years, the majority of the work is focused
on biomedical areas, such as multimodal bioimaging [53-55],
and photothermal and photodynamic cancer therapy [56-59].
The emergence of photocatalysis driven by plasmonic coupling
on dual plasmonic nano-systems has gradually become a
fundamentally important yet unexplored area with numerous
open questions well-worthy of systematic and in-depth investiga-
tions. Only a few reports about the role of plasmonic coupling
in photocatalysis using core-shell dual plasmonic nanostructures
have been published [60, 61]. However, to the best of our
knowledge, the comparisons and evaluations of photocatalytic
efficacies in the same dual plasmonic nanostructure under
sole near infrared (NIR) excitation of optical resonances of
shelling copper chalcogenides and simultaneous visible (VIS)
and NIR excitations of LSPRs for both noble metal and copper
chalcogenides are still lacking. This knowledge gap inevitably
results in ambiguous conclusions on the intrinsic performances
in photocatalysis. Moreover, the mechanisms proposed [60, 61] so
far underpinning the experimentally measured photocatalytic
activities, such as the enhanced local electromagnetic field
induced by plasmonic coupling, are lacking simulation support,
which impedes the rational design of efficient photocatalysts
based on dual plasmonic nanostructures.

In the present work, we focus on eccentric dual plasmonic
core-shell Au@Cu.Se hetero-nanostructures with precisely
tunable plasmonic properties fabricated via a facile and robust
selenium-mediated two-step synthesis. The contact between
the noble metal and copper chalcogenide due to the complete
encapsulation of the Au core within the Cu.-.Se shell through
designed colloidal synthesis facilitates the plasmonic energy
transfer upon the excitations of optical resonances. Photocatalytic
decolorization of Rhodamine B in the presence of dual plasmonic
Au@Cu:-Se is obtained experimentally when LSPRs of Au
core and Cu:-.Se shell are simultaneously photoexcited
under illumination of a xenon lamp as the light source. Only
LSPRs of Cuz.Se are excited after utilizing a NIR cut-off
filter (> 760 nm), enabling us to compare their photocatalytic
activities under two distinct circumstances. Thus, this permits
the elucidation of the role of plasmonic coupling from the
experimental perspectives. Computational electrodynamic
modeling using the finite-difference time-domain (FDTD)
method provides us with the unique spatial distribution of local
electric field enhancement along the interface of eccentric dual
plasmonic Au@Cu.Se nanoparticles. Modeling performed
under sole and dual excitations of LSPRs further substantiates
our experimental results and reveals the effect of plasmonic
coupling as well as enhanced local field between Au and
Cuz-xSe on photocatalysis.

2 Experimental

2.1 Materials

Hexadecyltrimethylammonium bromide (CTAB, > 98.0%),
hexadecyltrimethylammonium chloride (CTAC, > 95.0%),
hydrogen tetrachloroaurate (III) trihydrate (HAuCl:-3H.O,
99.99%), L-ascorbic acid (AA = 99.0%), sodium borohydride
(NaBH4, 99.99%), selenium dioxide (= 99.9%), copper (II)
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sulfate (99.99%), and Rhodamine B (= 95%) were used as received
without further purification. The deionized water used in the
experiments was ultra-pure (18.2 MQ resistivity).

2.2 Synthesis of gold nanospheres

Three steps were included in the protocol:

Step1, cluster solution preparation. 0.6 mL of freshly prepared
0.01 mol/L NaBHa ice-cold aqueous solution was rapidly injected
in a mixture of 0.25 mL of 0.01 mol/L HAuCls and 9.75 mL
of 0.1 mol/L CTAB aqueous solutions under vigorous stirring.
Immediate color change from yellow to light brown was
observed. After stirring for one minute at 126 rad/s (1,200 rpm),
the solution was left undisturbed for 3 h to allow remaining
NaBH. to decompose.

Step 2, seed solution preparation. 0.1 mmol/L of prepared Au
clusters were mixed with 4 mL of 0.2 mol/L CTAC and 3 mL
of 0.1 mol/L AA aqueous solutions. Then, 4 mL of 0.5 mmol/L
HAuCls was rapidly added, and the mixture was stirred for
15 min at room temperature. Au nanoparticles (NPs) seeds
were washed twice with water and finally redispersed in 2 mL
of 0.02 mol/L CTAC for further use.

Step 3, growth solution. 20 mL of 0.1 mol/L CTAC and 1.3 mL
of 0.02 mol/L AA aqueous solutions were mixed with 0.35 mL
of seed solution in a 100 mL round bottom flask, followed
by dropwise addition of 20 mL of 1 mmol/L HAuCls using a
syringe pump at an injection rate of 20 mL/h. The reaction
was allowed to continue for 10 min after the injection had been
finished. Obtained Au NPs were washed by centrifugation at
~ 29,400 m/s* (3,000xg) relative centrifugal field (RCF) for
10 min. After the removal of the supernatant, the product was
redispersed in 10 mL of water.

2.3 Synthesis of Au@Cu>+Se nanocrescents

0.25 mL as prepared Au nanospheres were diluted with 1.25 mL
of water and mixed with 0.5 mL of 0.02 mol/L CTAC and
0.2 mL of 0.1 mol/L AA aqueous solutions at 40 °C. While
stirring at 126 rad/s (1,200 rpm), 5, 10, 20, 50, 75, 100, or 130 pL
of 0.01 mol/L SeO: aqueous solution was added dropwise
utilizing a syringe pump with an injection rate of 10 uL/min.
The reaction was allowed to proceed for 10 min after the
injection had been finished. Then, the Au@Se dispersion
was washed twice with water to remove any free Se NPs and
redispersed in 2 mL of 5 mmol/L CTAC. 15 pL of 0.2 mol/L
CuSOs and 0.2 mL of 0.1 mol/L AA aqueous solutions were
added into the colloid simultaneously at room temperature.
The mixture was left under vigorous stirring at 126 rad/s
(1,200 rpm) for 40 min. The resulting products were purified
through centrifugation at 419 rad/s (4,000 rpm) for 5 min and
redispersed in water. The Au@Cu:..Se dispersion was stable at
room temperature for more than a month.

2.4 Synthesis of pristine Cuz+Se nanoparticles

Synthesis of pristine Cu-Se was performed following the same
procedure as formation of nanocrescents but fabricated in
absence of Au core NPs. 2 mL of 0.005 M CTAC were mixed
with 0.2 mL of 0.1 M AA aqueous solutions at 40 °C. While
stirring at 1,200 rpm, 50 pL of 0.01 M SeO: aqueous solution
was added dropwise utilizing a syringe pump with an injection
rate of 10 pL/min. The formation of Se NPs was allowed to
proceed for 10 min after the injection had been finished. 15 pL of
0.2 M CuSOs and 0.2 mL of 0.1 M AA aqueous solutions were
added into the colloid simultaneously at room temperature.
The mixture was left under vigorous stirring at 1,200 rpm
for 40 min. The resulting products were purified through
centrifugation at 6,000 rpm for 5 min and redispersed in water.
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2.5 Characterization and instrumentation

Transmission electron microscopy (TEM) images, high-
resolution TEM (HRTEM) images, high-angle annular dark-
field scanning TEM (HAADF-STEM) images, and energy
dispersive X-ray spectroscopy (EDX) measurements were
obtained on an analytical transmission electron microscope
operating at 300 kV. The TEM samples, including Au@Se and
Au@Cu,-.Se were prepared by dropping solutions of nano-
particles onto the surface of 300-mesh carbon-coated copper
(Cu) grids. Carbon-coated molybdenum (Mo) grids were
used for EDX characterization of Au@Cu,-.Se nanoparticles to
avoid the interference of peaks from the Cu grid. The optical
extinction spectra of colloidal nanoparticles were recorded at
room temperature on a spectrophotometer equipped with an
integrating sphere.

2.6 Electrodynamic modeling of the dual plasmonic
properties

Electrodynamic simulations were performed using a commercial
solver with the FDTD method. The simulation domain was
defined with a size of 0.5 um x 0.5 pm x 2 pm with perfectly
matched layers (PMLs, 32 layers) as boundary conditions in
all directions. The Au@Cu..Se core-shell nanoparticles were
discretized with a cubic mesh of 0.75 nm. The optical excitation
was modeled as an incident plane-wave (total-field scattered-
field source) arriving at normal incidence with the polarization
along the symmetry axis of the nanoparticles. In each simulation,
the electromagnetic fields were propagated for about 60 fs to
ensure the full convergence of the calculated fields. The complex
dielectric permittivity of gold was taken from experimentally
measured Johnson and Christy constants [62], and the complex
permittivity of Cu.-.Se was described by a Drude model:
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where ¢ is the high-frequency dielectric permittivity due to
the interband transitions, and w, = +/Ne*/g;m’ and y are the

plasma frequency of free carriers and the free carrier damping,
respectively. The free carrier density is N = 4.05x10*' cm™
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and m’ is the charge carrier effective mass [51]. The surrounding
medium was modeled with a constant refractive index of 1.46.

2.7 Photocatalytic experiment

The photocatalytic activity of the Au@Cu, .Se nano-crescents
with various shell thickness was evaluated by the photo-
degradation of Rhodamine B (RhB) under a Xe lamp irradiation
equipped with an ultraviolet-cut (A > 420 nm) or visible light
long pass (A > 760 nm) filter at 24 °C. Photocatalytic reactions
were conducted in a cylindrical quartz reactor equipped with
the outer shell for water circulation. 5 mmol/L solution of
RhB was added to 0.25 mL of Au@Cu.-.Se dispersion to get
a total volume of 2 mL. Prior to illumination, the mixture
was magnetically stirred in the dark for 1 h to allow for RhB
molecules adsorption onto the catalyst surface. At irradiation
time intervals of 30 min, dispersion was collected and
centrifuged (419 rad/s (4,000 rpm) for 5 min) to remove the
photocatalyst particles. After the catalyst was separated, the
ultraviolet (UV) spectrum of the supernatant was recorded.
Then, nano-crescents were redispersed in the supernatant and
illuminated again. During the photodegradation process, the
RhB concentration was monitored by measuring the peak value
at 553 nm.

3 Results and discussion

A selenium-mediated two-step synthesis was used to prepare
colloidal eccentric dual plasmonic Au@Cu,-,Se nanostructures.
In the first step, Se was obtained by chemical reduction of SeO:
with the ascorbic acid, penetrated to the surface of Au NPs,
and partially replaced molecules of stabilizer. The preferential
coating and the growth of Se on one side of uniform CTAC-
stabilized Au NPs (average size of ~ 65 nm) is explained by the
shielding effect of the surfactant molecules. Relatively strong
blocking of the Au NPs surface sites facilitates deposition of
subsequent layers of growth material on previously nucleated
Se. The asymmetric growth of the Se shell was clearly demon-
strated in TEM images with different magnifications (Figs. 1(a)-
1(h), and Fig. SI in the Electronic Supplementary Material
(ESM)). This hetero-nucleation of various amounts of Se
allowed us to fabricate Au@Se with controllable Se shell sizes
by changing the concentration of selenium precursor SeO.
(Figs. 1(b)-1(h)). The amorphous nature of the selenium (Se)
layer was confirmed by the Thon ring pattern obtained from
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Figure 1 Characterization of eccentric Au@Se nanoparticles. (a) TEM image of Au nanospheres (NS). (b)-(h) TEM images of eccentric Au@Se
nanoparticles with increasing Se shell size obtained using (b) 5 uL, (c) 10 pL, (d) 20 pL, (e) 50 uL, (f) 75 uL, (g) 100 pL, and (h) 130 uL of 0.01 mol/L SeOs.
The inset image of panel (h) is FFT pattern of the red dashed line square, indicating the absence of crystallinity in Se. Scale bars on (a)-(g) are 50 nm and
on (h)- to 10 nm. (i) Ambient light photograph of aqueous solutions of (1) Au and eccentric Au@Se nanoparticles obtained by addition of (2) 5 L, (3) 10 uL, (4) 20 pL,
(5) 50 pL, (6) 75 pL, (7) 100 uL, and (8) 130 uL of 0.01 mol/L SeO: (cuvette length is 1 cm). (j) UV-vis-NIR extinction spectra of aqueous solutions of Au
and eccentric Au@Se nanoparticles synthesized with various amounts of 0.01 mol/L SeOs.
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the fast Fourier transform (FFT) image shown in the inset of
Fig. 1(h), which is consistent with published results [50, 51].
The color of the colloidal solutions changing from bright
purple to vivid greenish yellow was observed as the Se shell
size increases (Fig. 1(i)). The increase in Se shell size was
accompanied by a damping extinction intensity and a gradual
bathochromic shift of intensified LSPRs peaks in the UV-
vis-NIR spectra, which was caused by the insufficient electronic
interactions between Au and amorphous Se and the remarkably
larger refractive index of Se than that of the water medium,
respectively (Fig. 1(j)). The photograph in Fig. 2(i) showed
that the color of the reaction solutions changed from purple
to bluish green after the conversion of Au@Se to Au@Cu..Se
was complete. During the transformation, Cu®* ions were added
to the solution of Au@Se containing CTAC and ascorbic acid
and reduced to monovalent Cu* before being incorporated
into the Se sublattice to form Cu-deficient Cu,.Se upon the
exposure to air for oxidation. TEM images with different
magnifications (Figs. 2(a)-2(h), and Fig. S2 in the ESM) depicted
the monodispersed eccentric Au@Cu.-,Se nanostructures with
narrow size distributions. Although the shapes of Au@Cu, Se
remained quite similar to those of intermediate Au@Se
nanoparticles, the semiconductor shell of the former was highly
crystalline, as unveiled by the representative high-resolution
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TEM image (Fig. 3(a)). The change is explained by incorporation
of Cu-ions during the reaction and formation of more organized
structure with long-range order. The complete encapsulation
of Au by Cu,.Se in an asymmetric manner was clearly shown
in the image of HAADF-STEM since it is extremely sensitive
to variations in the atomic number of atoms in the sample, as
shown in Fig. 2(h). Dual plasmonic Au@Cu:-.Se exhibited
two characteristic LSPR bands in the optical extinction spectra
(Fig. 2(j)). The extinction peak centered around 900 nm
corresponds to the plasmonic oscillations of free holes in the
Cuz-.Se, whereas the plasmonic resonance band of Au is in
the visible region. In addition to the increasingly strong light
absorption at wavelengths below 500 nm induced by intrinsic
electronic inter-band transitions from the valence band to the
conduction band of Cu.-:Se, the progressive red-shift of the Au
LSPR from = 530 nm to ~ 594 nm was noted as the Cuz-.Se size
increased, which was ascribed to the larger refractive indices.
The red-shift of Cu,.Se LSPRs equivalent to the decrease in the
energy of plasmonic resonances was attributed to the lower
degree of copper deficiency in the larger semiconductor
shells [63]. Also, the plasmonic bands of Cu.-.Se became more
pronounced relative to those of Au due to the increasing of
the NIR extinction cross-section as the dimension of the
semiconductor expanded (Fig. 2(j)).

—AuNS .
—AuNS@Cuy,Se_S yL (j)
AuNS@CuySe_10 uL
2S¢ 20 uL
<Se_50 uL
JSe_75 uL
<Se_100 uL
—AuNS@Cuy,Se_130 pL

Extinction (a.u.)
3

400 600 800 1,000 1,200
Wavelength (nm)

Figure 2 Characterization of eccentric Au@Cu.-.Se nanopartlcles (a)-(g) TEM images of eccentric Au@Cu:-,Se nanostructures with increasing Cuz-«Se
shell size obtained from the conversion of Au@Se shown in Figs. 1(b)-1(h). Scale bars correspond to 50 nm. (h) HAADF-STEM image of Au@Cuz-xSe
obtained from the Au@Se samples using 75 pL of 0.01 mol/L SeO.. Scale bar is 20 nm. (i) Ambient light photograph of aqueous solutions of (1) Au and
eccentric Au@Cu.-.Se nanoparticles obtained from the conversion of Au@Se shown in Figs. 1(b)-1(h) (cuvette length is 1 cm). (j) UV-vis-NIR extinction
spectra of aqueous solutions of Au and eccentric Au@Cu.-.Se nanoparticles after the transformation of Au@Se.

Cu,_Se (11

m Atomic Percent

Ccu (K) 58.6
Se (K) 414

5 15 20
Energy (keV)

Figure 3 Characterization of Cuz-:Se shell. (a) HRTEM image of a Au@Cu.-<Se nanoparticle with denoted interplanar spacing corresponding the lattice
fringes of the (111) plane of the Cu>-xSe domain. The interplanar spacing value is 0.33 nm with standard deviation of 0.010 nm based on 10 measurements
of FFT on the sample nanoparticle. (b) The EDX spectrum obtained from the sample synthesized adding 75 pL of 0.01 mol/L SeO. deposited on Mo grid.
The red rectangle in the inset image shows the selected area for EDX inspection. The atomic percentages of Cu (K) and Se (K) are 58.6 + 3.4 and 41.4 + 3.8,

respectively.
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The interplanar spacing measured from high-resolution
TEM (HRTEM) image was determined to be 0.33 nm with a
standard deviation of 0.01 nm corresponding to the (111)
plane of the highly crystalline Cuz.Se shell (Fig. 3(a)) [64].
The mean and standard deviation values were obtained from
the table of d-spacing measurements as shown in Table S3 in
the ESM. Furthermore, the STEM-EDX spectrum confirmed
the presence of Cu and Se in the outer layer of the hybrids and
enabled us to determine the atomic ratio of Cu to Se and the
degree of copper deficiency equivalent to x. The EDX spectrum
was acquired and quantified using the TEM Imaging and
Analysis software on the TEM. The Cu and Se K-lines were
used for a standardless quantification. The value of x = 0.58 was
obtained for the examined sample (Fig. 3(b)). The uncertainty
is one standard deviation statistical uncertainty obtained from
the EDX data in Fig. 3(b).

The hybrid hetero-nanostructures of Au@Cu,-.Se with various
shell thicknesses are expected to possess different x values
since the plasmonic features of Cu..Se nanocrystals are
intimately connected to the Cu to S stoichiometry, that is, Cu
deficiency or vacancy doping in the crystalline lattices. The x
values of three other samples including Au@Cu,-.Se_10 puL,
Au@Cu:-,Se_50 pL, and Au@Cu,-.Se_100 pL were determined
to be 0.72, 0.56, and 0.60, respectively based on the atomic
ratios of Cu (K) to Se (K) in the EDX spectra (Fig. S14 in the
ESM). The decreased x values corresponding to the lowered
degree of Cu deficiencies were in good agreement with the red-
shift in LSPRs of Au@Cu.-.Se nanostructures in the extinction
spectra. The slight blue-shift of LSPRs in the NIR region for
Au@Cuz-Se_50 puL and Au@Cu:-.Se_100 uL samples was
ascribed to the increased x values (from 0.56 to 0.60).

The kinetics of decolorization of RhB can be simply and
accurately analyzed using time-resolved UV-vis absorption
spectroscopy as the photocatalytic decomposition occurs between

5

RhB and hydroxyl radicals (OH) as an elementary reaction
(Figs. $4 and S5 in the ESM). With the assumption of a steady
concentration of 'OH radicals, the rate law as shown below could
be well-described as a pseudo-first-order reaction.
[RhB] I

ln[RhB]O =—In L kt (3)
where [RhB]o and [RhB] are the initial concentration and the
concentration of rhodamine B molecules at a reaction time (t),
respectively. Ip and I are the initial intensity and intensity of the
absorption peaks at 553 nm at a reaction time (¢), respectively.
k is the apparent first order rate constant and could be
determined by performing least-square curve fitting to the
temporal evolution of —In(I/Iy) with a linear equation since the
concentration is directly proportional to the intensity of the
absorption peak at 553 nm.

First, we compared the photocatalytic activities of Au@Cu,-.Se
with varied semiconductor shell sizes synthesized by varying
the amounts of SeO.. As shown in Fig. 4(a), illumination of
the reaction mixtures utilizing light with wavelengths longer
than 760 nm by which only LSPRs of Cu,-.Se in the NIR
spectral region were photoexcited drastically accelerated the
decolorization process as the size of Cu,-.Se increased, which
was further substantiated by the increasing value of the rate
constant, k, as indicated in the inset. The similar trend in the
photocatalytic behaviors under sole excitation was observed in
the same system when both LSPRs of Au and Cu.-.Se were
excited (equivalent to dual excitations of VIS and NIR) using
an alternative long-pass optical filter with cut-off wavelengths
of 420 nm, as demonstrated in Fig. 4(c). The concentrations
of colloidal dual plasmonic Au@Cu.-.Se nanoparticles were
all kept the same in the comparative studies and the incident
optical power densities under sole and dual excitations were
precisely tuned to be identical (= 200 mW/cm?) determined
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orfr ﬂb) \ = o Au@Cup_xSe_20
£01 164 L 02| 4 Au@Cup_ySe_50
064E BB ‘ CB E [ ] * Au@Cup_xSe_100|
130.05| e} 2= =
~ 05 I ‘ N0 e
S 0. / — x
S ] oo | . A
QO o044 1 2™\ :
5 ey |
034 e
2
Cu, Se o—EF(Au) \“"'L“'E (Cu,_Se)
0.2 o2 BB pt FL X
= RhB only
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(a) 4 Au@Cup_ySe_50 -OH
0.0 v Au@Cup_xSe_100 \ /
T T T T T T T
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0.0¢
054~ A
A 0.74= |~ A
‘T:o.u ‘ /"" T=0.10 ‘ // 1 2-‘17: = . 7 g
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Figure 4 Photocatalytic degradation of RhB on eccentric Au@Cu.-,S nanoparticles. (a) First-order kinetics for RhB degradation under NIR illumination
(A > 760 nm) using Au@Cu.-.Se nanoparticles of various shell thickness as catalysts. (b) The mechanism illustration of RhB photocatalytic degradation on
Au@Cuz-Se nanoparticles. (c) First-order kinetics for RhB degradation under visible and NIR illumination (A > 420 nm) using Au@Cu.-Se nanoparticles
of various shell thickness as catalysts. Insets illustrate the values of rate constants of corresponding reactions in the absence and presence of Au@Cuz-Se
with 3 different shell thicknesses. The standard errors of the slopes for all linearly fitted curves are listed in Figs. S4 and S5 in the ESM. (d)-(f) First-order
linear transformations, -In(C/Cy), for RhB degradation reactions in the dark, under IR, and both, (visible and IR), illumination in the presence of
Au@Cuz-;Se synthesized using (d) 20 pL, (e) 50 pL, and (f) 100 uL of 0.01 mol/L SeO.. The insets are the comparisons of the kinetic constants (k) of dual

plasmonic nanoparticles under different excitation conditions.
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by an optical power meter. The photothermal effect was
suppressed since the colloidal reaction mixtures were vigorously
stirred and the temperature was maintained at 24 °C during
the entire process by circulating water in the quartz photo-
reactor to facilitate the rapid heat dissipation. The accelerated
photocatalytic reaction rates under sole and dual excitations
are mainly ascribed to higher amounts of materials in the
Cuz-Se shell and the larger surface area of dual plasmonic
nanoparticles.

Secondly, we systematically evaluated the temporal evolution
of -In([RhB]/[RhB]o) during photocatalytic degradation on
eccentric dual plasmonic nanoparticles with three distinct
shell thickness under 3 conditions: darkness, sole excitation of
Cuz-Se NIR LSPRs, and dual VIS + NIR simultaneous excitation
of LSPRs for Au and CuzSe, as shown in Figs. 4(d)-4(f). In
contrast to the kinetically slow reactions in darkness, the
molecule-transforming processes were accelerated by excitations.
An increasing trend in the values of rate constants was
observed as illustrated in the insets of Figs. 4(d)-4(f). With
dual excitation the photocatalytic reaction rate is higher than
with sole NIR excitation. k of dual excitation is larger than k of
sole excitation and grows as the Cu...Se size increases (Fig. 4(f)).
In addition, the dual plasmonic Au@Cu,-.Se nanostructures
exhibited exceptional catalytic durability over multiple cycles
of photocatalytic reactions (Fig. S6 in the ESM). The overall
morphologies of the nanoparticles were well preserved even
after 3 cycles (Fig. S7 in the ESM). The photodegradation
rates of monodispersed pristine Cu,-xSe nanoparticles were
kinetically slow and the rate constant was even smaller than
that of the Au@Cu.-.Se with the thinnest semiconductor shell,
indicating the enhanced and superior performance of eccentric
dual plasmonic hybrid heterostructures in photocatalysis
(Fig. S13 in the ESM). To further explore the effect of
plasmonic coupling and the underlying mechanism the spatial
the distribution of the local electric field intensity was
calculated using FDTD under sole (NIR) and dual excitations
(VIS + NIR) of the LSPRs for 3 eccentric hetero-nanostructures
with different Cu,-.Se sizes (24 nm + 1.8 nm, 36 nm + 2.1 nm
and 54 nm + 1.6 nm in Fig. 5(a) and histograms in Fig. S8 in
the ESM). Calculations were performed at wavelengths of 840,
900, and 926 nm, corresponding to the plasmon resonances of
the semiconductor, and 575 and 594 nm for the LSPRs in Au
(Figs. 5(b) and 5(c)). We can clearly see that the maximal electric
field intensity at the interface (shared boundary at the right
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Figure 5 The near electric field maps of the eccentric Au@Cu.-.Se nano-
particles. (a) Schematics of the computational models of the Au@Cu.-Se
nanoparticles. (b) Spatial distribution of the local electric field enhance-
ment (|E/Eo|) of the three nanoparticles excited at a single wavelength. (c) Spatial
distribution of the local electric field enhancement (|E/Eo|) of the three
nanoparticles excited at a dual wavelength. The excitation wavelengths are
indicated on each panel.
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side of Au and left side of Cu,-.Se shells) upon NIR and dual
excitations increases with Cu.-.Se size. The close examination
reveals that all three Au@Cu..Se nanostructures under the
excitation of dual LSPRs unanimously exhibit stronger local
electric field enhancement (|E/Eo|) at the interface than that of
upon sole NIR excitation. We also calculated the electric field
distribution around hybrid nanostructures when Au LSPRs in
the visible region are only photoexcited (Fig. S9 in the ESM).

Attributed to the plasmonic coupling between two dissimilar
optical resonances, the local electric field enhancement,
especially at the interface under dual simultaneous excitation
is even greater than the sum of two individual excitations in
which the LSPRs of Au and Cu:-Se are solely photoexcited. It
has been demonstrated that the formation rate of photoexcited
charge carriers in semiconductors is proportional to the local
intensity of the electric field [65]. The electromagnetic field
enhancement due to the plasmonic coupling essentially
boosts the formation rate of electron-hole pairs or excitons in
semiconductors, and ultimately improves photocatalytic activity
of the dual plasmonic nano-system.

Based on aforementioned results, the possible mechanism
involved in the photocatalytic reactions is summarized in Fig. 4(b).
Due to the Moss-Burstein effect [10], the Fermi level is closer
to the edge of the valence band for p-type nonstoichiometric
copper chalcogenides. The band gap values of three nano-
structures including Au@Cu,Se_10 pL, Au@Cuz.Se_50 pL,
and Au@Cu..Se_100 uL are determined to be 1.89, 2.08, and
1.99 eV, respectively according to Tauc plots (Fig. S12 in the
ESM). Abundant hydroxyl radicals can be generated from the
oxidation of H>O by the positively charged holes, which serves
as a reactive oxygen species (ROS) capable of inducing the
mineralization of RhB to small molecules, such as CO. and
H:O. Electrons diffuse into the Au core from the Cu.-.Se side
and reduce electrophilic O, to superoxide radicals to drive the
photocatalytic reactions, which promotes the charge separation
in the excitons by suppressing the recombination rates and
leads to increased hole concentration in Cuz.Se. The electron
migration from Cu,.Se to Au across the interface can be
experimentally confirmed by the enhanced blue-shifted LSPRs
due to the increased carrier concentration in Cu.-.Se during
the process of photocatalytic reactions in the presence of dual
plasmonic nanoparticles (Figs. S10 and S11 in the ESM). This
electron transfer is also supported by other published reports
[49, 58, 61]. The photocatalytic reactions can be accelerated
by the synergistic plasmonic coupling between two dissimilar
LSPRs by dual excitation, which produces more ROS due to
the highly intensive electric filed caused by the hybridization
in plasmons.

4 Conclusions

In summary, monodisperse colloidal dual plasmonic Au@Cu.-.Se
hetero-nanostructures of eccentric form and various semi-
conductor size with precisely tunable plasmonic properties have
been prepared and thoroughly characterized via a facile and
robust selenium-mediated two-step synthesis. Such unique
nanoparticles comprising two dissimilar building blocks exhibit
two characteristic LSPRs in visible and near-infrared regions
that originate from the collective oscillation of free electrons
and free holes in the metal and semiconductor, respectively. The
photocatalytic performance of Au@Cu..Se was systematically
evaluated and the decolorization process was accelerated as the
size of Cuz.Se increased. The rate constants of photocatalytic
reactions upon dual VIS and NIR excitation were much greater
than those of sole excitation (NIR) due to the plasmonic
coupling between the two LSPR types. The significantly enhanced
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strength of the electromagnetic field arising from plasmonic
coupling was substantiated by the computational electrodynamic
modeling. We believe the detailed understanding gained from
this work provides the keystone for the practical design of
dual- or even multi-plasmonic nano-systems with optimizable
properties for widespread applications ranging from photo-
catalysis to molecular spectroscopies.
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