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ABSTRACT

Self-assembled chain-like nanostructures utilizing localized surface plasmon resonance (LSPR) effect could enhance the local
electromagnetic field for energy transfer, which provides huge structural advantages for some transmission-related applications
such as photocatalysis. In this work, the dual-chain structure of Au chain wrapped CuS (denoted as Au Chain@CuS) was
successfully synthesized by the one-step hydrothermal method. Namely, L-cysteine is used as the sulfur source and linking
agent, and copper nitrate is the precursor of copper ions, forming the dual-chain driven by 15 nm uniform Au seeds. Transient
absorption spectroscopy (TAS) and finite-difference-time-domain (FDTD) simulation exhibited the highly intensive
electromagnetic field around the self-assembly chain, the raised formation and transfer rate of electron—hole pairs between the
Au chain and surrounding CuS chain. Meanwhile, it shows an excellent photodegradation activity on dye rhodamine B (RhB).
Within 1 h under simulated sunlight, the degradation rate reached 98.81% in Au Chain@CuS, which is 2.27 times higher
compared to the bare CuS. The enhanced performance is mainly attributed to the near-field enhancement effect induced by
LSPR, as well as the benefits of more effective resonance energy transfer (RET). This research comprehensively shows the
electromagnetic field in LSPR metal chain is more intensive by order of magnitude relative to the isolated particles.
Simultaneously the continuous CuS chain wrapped outside of the LSPR source effectively absorbs and utilizes the plasmonic
energy, then promotes the formation of the photo-generated charge, thus increasing the photocatalytic performance. This
founding of wrapped coupled-metal dual-chain provides a promising candidate for the highly efficient photocatalysts.
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1 Introduction nanostructure with a semiconductor is a highly attractive
alternative to improve the efficiency of a conventional
photocatalytic system [10-13]. The adequately designed
architecture allows the formation of LSPR, which originated from
the collective oscillation of electromagnetic waves and electrons in
the conduction band of noble metals, creating a wide wavelength
range of light absorption [14-16]. LSPR profoundly depends on
the particle nature, including the composition, size, shape, and
interval distance [17-19]. Some physical researches have further
shown that metal nanostructures with lightning-rod-like tips
generate higher electromagnetic fields at ends and strong coupling
generates higher electromagnetic fields at adjacent spots [20-22].

Rhodamine B (RhB) dye, as a standard basic dye in industry, is
widely used in colored glass, mining, steel, and other fields [1-3].
However, it is incredibly harmful to the human body. According
to the World Health Organization International Agency for
Research on Cancer (IARC) chemical carcinogenic risk
assessment: The ingestion of rhodamine dye and skin contact with
the substance will cause acute and chronic poisoning. Among
numerous degradation technologies, photocatalysis stands out due
to the utilization of clean, abundant solar energy and simple
equipment demand. However, due to the limitation of the used

semiconductors, low light extraction rate, loss, etc., the solar . ' )
energy conversion efficiency in photocatalytic devices, including ~ The LSPR simultaneously generates highly energetic electrons

photoelectric and photothermal conversion, is still very low [4-7]. through non-radiative decay and facilitates their fast and efficient
For example, TiO, has high activity and excellent stability, which transfer to the nearby semiconductor, which increases the
becomes the most widely used catalyst. But due to its large  efficiency of photovoltaic devices by 10%-15% [23-25].
bandgap, it can only make use of ultraviolet light that occupies 5% Hence, LSPR metal-semiconductor architecture can reduce
of sunlight, reducing its sunlight utilization rate [8, 9]. Therefore, many limitations of conventional photocatalysts and enhance
the construction of an efficient and pollution-free photocatalytic photocatalytic ~ activity =~ toward improving the RhB
system is imminent. photodegradation.

Integrating a localized surface plasmon resonance (LSPR) metal In recent years, many researchers about the metal-
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semiconductor photocatalytic system have been detailed studied.
For example, Kavitha et al. provided an in-depth study into the
relation between crucial structure-relating features of an Au-ZnO
plasmonic photocatalyst such as LSPR effect, charge-carrier
dynamics, and surface functionalization, in relation to the
photocatalysis [26]. Enhancing the local intensity of the
electromagnetic field and the proximity of semiconductors and
noble metal are two key factors in maximizing the efficiency of
plasmonic metal-semiconductor [27,28]. On the one hand, the
local electromagnetic field distribution of plasmonic metal has
spatial inhomogeneity, its intensity of the plasmonic source from
the surface decays exponentially. Meanwhile, the closer to the
plasmonic source, the more electromagnetic fields can be
captured. On the other hand, the hot electrons need overcome the
Schottky barrier for escaping from metal to semiconductor at the
interface. Thus the increasing distance hinders the resonance
energy transfer from metal to semiconductor. Compared to the
enhanced electromagnetic field caused by the isolated
nanoparticles constructed on the internal or surface of the
semiconductor,  the  self-assembly  chain-like  collected
nanoparticles for energy transfer are more intense. A rational
design of plasmonic metal-semiconductor building blocks
requires to be implemented. But currently, the related
metal-semiconductor building blocks are rarely reported.

The incorporation of the plasmonic metal may promote
electromagnetic field amplification, hot-electron injection, and
resonant energy transfer (RET), thus improving both light
absorption and charge carrier generation in photocatalytic
semiconductors [29-31]. LSPR can excite electron-hole pairs in
the semiconductor by transferring the concentrated plasmonic
energy in localized plasmonic oscillations from the metal to the
semiconductor, inducing charge separation in the semiconductor.
After the metal nanoparticle obtains the energy of the incident
light, the high-energy electrons jump out of the Fermi level of the
metal and are on the surface of the nanoparticle. It can hold to
dozens of fs, and then quickly injected into the conduction band
of the adjacent semiconductor material, which process was known
as direct electron transfer (DET). However, the realization of the
DET process requires energy level matching. Thus, DET material
selection is limited. Additionally, the RET process has also been
proposed, which nonradiatively excites electron-hole pairs in the
semiconductor through the relaxation of the LSPR dipole through
a near-field electromagnetic interaction [32]. RET is similar to
Forster resonance energy transfer (FRET) in the near field, where
the LSPR dipole replaces the fluorophore [33-35]. Comparatively,
it is worthwhile to mention that RET is most efficient to enhance
the plasmon-based solar energy conversion efficiency in
photocatalysis due to no limitation of electronic band structure
matching and charge equilibration. And the RET enhancement is
strongly dependent on the proximity of semiconductors and noble
metal and the overlap region of the two spectra, which
affect the formation rate of electron-hole pairs in the
semiconductor [36-40]. Therefore, how to build a superior
plasmonic/semiconductor system so as to take advantage of the
RET for RhB photodegrading requires careful consideration.

In this work, a dual-chain structure of Au wrapped CuS was
successfully fabricated by hydrothermal method, aimed to
simultaneously improve near-field enhancement and RET
efficiency for facilitating the generation of charge carriers in the
semiconductor. The Au Chain@Cus is realized by combining the
amino group in L-cysteine with the negative charge on the surface
of Au particles, and then the exposed sulfur atoms capture copper
ions, self-assembling into a dual-chain by connecting the amino
group and the carboxyl group. Under the irradiation of simulated
visible light within an hour, the RhB dye degradation rate of Au
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Chain@CuS reached 98.81%, which was nearly 2.27 times higher
than that of 43.47% in bare CuS. Both the experimental results and
theoretical simulation show that the Au chain could strongly
induce a higher local electromagnetic field than that of isolated Au
nanoparticles. It essentially increases the formation of the
electron-hole pair in the nearby CuS. Moreover, the CuS$ outside
could make good use of the RET energy and near-field
enhancement provided by the Au chain, converting to the efficient
charge separation and high photocatalysis reactivity. Such dual-
chain architecture effectively protects the metal nanoparticles from
corrosion and achieves a stable RhB degradation performance.
This concept of wrapped coupled-metal nanostructure in the CuS
chain provides an efficient method to enhance solar energy
conversion efficiency.

2 Experimental

2.1 Materials and characterization

Copper  nitrate  trihydrate  (Cu(NO5),:3H,0),  L-cysteine,
chloroauric acid (HAuCly), trisodium citrate (Na;CsHs0,), RhB,
ethyl alcohol, isopropyl alcohol, and acetone were purchased from
Sigma—Aldrich Chemical Reagent limited corporation and no
more purification treatment before use. Milli-Q deionized (DI)
water was used throughout the experiment.

The morphology of the composite system is characterized by
transmission electron microscope (TEM). The composite
structure is measured by Raman spectrum, X-ray diffraction
(XRD), X-ray fluorescence (XRF), and X-ray photoelectron
spectroscopy (XPS). The composite system performance is
characterized by  ultraviolet-visible  spectrum  (UV),
photoluminescence (PL), transient photocurrent responses,
electrochemical ~impedance spectroscopy  (EIS).  Electron
interactions are characterized by transient absorption spectroscopy
(TAS). More details were provided in the Electronic
Supplementary Material (ESM).

2.2 Synthesis of Au seeds

The Au seeds were synthesized by the Turkevich method [41],
15 mL 1% trisodium citrate was added into boiled 9.71 x
10" mol/L HAuCl, aqueous. After 15 min of reaction, cooled
down to room temperature naturally. Washed with ethanol and
deionized water several times, then centrifuged and kept for later
use.

2.3 Synthesis of Au@CuS dual-chain

Au Chain@CuS were synthesized by the one-step hydrothermal
method. Primarily, added 2 x 10 mol Cu(NOs),-3H,O to the
beaker containing 0.08 mol/L L-cysteine, after 0.5 h of vigorous
mixing, added 2, 5, and 8 mL Au seeds, respectively, then stirred
for half an hour. The mixture in the beaker was added to the
reaction kettle and heated at 150 °C for 6 h. After the reaction, the
sample was centrifuged several times and placed in a vacuum
drying oven at 80 °C overnight. The powder was finely ground
and retained for use.

2.4 Finite-difference-time-domain (FDTD) simulation

The electric field intensities and distributions of isolated and
coupled nanoparticles were theoretically calculated by FDTD
(Lumerical Solutions, Inc.) method using perfectly matched layers
(PML) boundary conditions [42]. The geometric radius of Au
nanoparticles was set to 7.5 nm as evaluated by TEM results with a
decreasing interparticle distance from 10 to 2 nm. The total-field
scattered-field (TFSF) at the wavelength of 300-900 nm was
selected as a light source along the z direction, and the mesh grid
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was set as 0.5 nm. The electric field intensities were monitored by
point and plane frequency-domain field monitor. The parameters
of Au nanoparticles were used from the software provided. The
discussion exhibits the electromagnetic field distributions of Au
nanoparticles with different interparticle distances. The intensity
enhances at least one order of magnitudes at hot spot area as the
distance decrease. It strongly demonstrates that coupled Au can
induce more intense localized electric fields when stimulated by
appropriate incident light.

2.5 Photodegradation reaction

The reaction of photocatalytic degradation of dyes was conducted
in a closed and transparent 25 mL glass bottle. Firstly, added
0.02 g of 0.5%, 1.81%, and 3.07% of the Au@Cu$S samples to
20 mL of rhodamine dye, mixed for 0.5 h under dark conditions
to reach adsorption—desorption equilibrium. The sample was then
placed under a 300 W Xenon lamp irradiation, the supernatant
was taken every 10 min, centrifuged and subjected to UV
absorption measurement, and the degradation rate was calculated
according to the UV test results. In addition, 0.02 g of bare CuS
powder was used for reference.

3 Results and discussion

Figure 1(a) illustrates the integrated hydrothermal route and
formation mechanism of the Au@CuS dual-chain. The realization
of this morphology relies on the interaction between the positively
charged amino group in L-cysteine and the negative charge on the
surface of Au nanoparticles, and then the exposed sulfur atoms of
L-cysteine will capture the copper ions, coupling into the dual-
chain by connecting the amino group and the carboxyl group (Fig.
S1 in the ESM). When a small amount of Au seeds are added, the
chain shape cannot be formed, this is due to the fact that the
distance between the Au particles is too large for effective
coupling. With the continuous addition of Au seeds, the distance
between Au seeds gradually shortens, which provides a basis for
improving the coupling probability of nanoparticles. Excessive
agglomeration will occur when excessive Au particles are added
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(Fig. S2 in the ESM). By XRF measurement, the content of Au in
these three morphologies of isolated Au with CuS, Au
Chain@CuS, and aggregated Au with CuS (denoted as Au
Iso@CuS, Au Chain@CuS, and Au Agg@CuS) is 0.5%, 1.81%, and
3.07%, respectively (Fig.S3 in the ESM). Through the
Figs. 1(b)-1(d) of TEM images, it can clearly be observed that the
chained Au with CuS are successfully synthesized by the self-
assembly of moderate Au particles, and each chain is evenly
dispersed on the microgrid without aggregation. As seen from Fig.
1(e), there exists a distinct crystal lattices boundary, which belongs
to the face-centered cubic (FCC) of Au (111) and the (103) crystal
plane of CuS, which strongly proves the formation of this
wrapping structure. It can also be macroscopically seen that the
Au nanoparticles are uniformly distributed inside of the CuS
particles from their energy-dispersive X-ray spectroscopy (EDXS)
mapping images.

Figure 2 further confirmed the structure constituent and surface
properties of all compounds. Figure 2(a) illustrates that CuS
nanoparticles themselves have good crystallinity. It can be seen
from XRD that with the addition of Au seeds, there is no Au peak
until the Au chain is formed, which shows that the content of Au
is minimal, and the ratio of the content of CuS is negligible. Its
addition does not change the crystal form of CuS. When excessive
Au seeds are added, there is an obvious Au peak at 37.2°
corresponds to the (111) crystal plane of Au, which also matches
its over-aggregated morphology.

The extinction characteristics of the compound were measured
as exhibited in Fig. 2(b). Compared with pure CuS nanoparticles,
the addition of Au seeds causes gradual red shifting of the
absorption edge, which is provided by the plasmonic absorption of
Au nanoparticles. Moreover, it can be intuitively seen that the
absorption peaks of Au seeds and pure CuS nanoparticles overlap
at 500-650 nm. The larger dipole moment of plasmonic excitation
allows a stronger light absorption and energy transfer from Au
seeds to the semiconductor.

The results of Raman spectroscopy (Fig.2(c)) can directly
explain the influence of the introduced Au on the field strength
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Figure1 (a) Hydrothermal synthesis route of Au Chain@CuS nanocomposites. (b)-(d) TEM images of nanocomposites with different sizes. (e) Showing the lattice
fringes. (f)-(i) High-angle annular dark field (HAADF) and EDXS mapping images of Au Chain@CusS.
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Figure2 Component structure and surface properties. (a) XRD patterns of Au nanoparticles, CuS nanoparticles, and all Au samples@CusS. (b) UV-Vis spectra, (c)

Raman spectra, and (d)-(f) Au 4f, Cu 2p, and S 2p of all samples.

around the semiconductor. The Raman spectrum of bare CuS
shows two peaks at 466 and 259 cm™ [43, 44]. These two peaks are
derived from the vibration of the covalent S-S bond and Cu-S
bond. Comparably, the Raman signal caused by the vibration of
the Cu-S bond is extremely weak compared to the S-S bond, thus
the strong peak of S-S bond is generally observed. It can be seen
from the Raman spectra that the peak at the S-S bond of the three
samples is significantly enhanced after the introduction of Au
nanoparticles, and the dual-chain structure has the strongest signal
at 466 cm™, which is due to the CusS receiving the most substantial
local electromagnetic field enhancement induced by the adjacent
plasmonic Au chain.

XPS results further describe the nature of the surface state of
each sample. As plotted in Figs. 2(d)-2(f), the peak positions and
intensities of Cu 2p and S 2p orbital from all samples are nearly
consistent with Au introduction, which shows that the addition of
Au does not change the surface state of CuS. Before the chain
formation, there existed no Au peak in Fig. 2(d), which strongly
proves the Au chain is completely wrapped in CuS, which
dramatically improves the contact area of semiconductor and
metal to take full advantage of LSPR. The Au 4f spectrum of 4f;),
and 4f,,, located at respectively 84.0 and 87.6 eV, stands out when
forming the over aggregation morphology. This means that CuS
cannot completely wrap the Au chain, and some Au nanoparticles
are placed on the surface of CuS when a large amount of Au
nanoparticles are added.

The theoretical calculated result by the FDTD method further
illustrates the field intensity near the Au chain. It can be observed
that the field strength around the Au chain has been increased by
order of magnitude when the interparticle distance is reduced
from 10 to 2 nm. This is because the electric field intensity around
a nanosphere decays exponentially. When the chain is formed, the
nanoparticles will collectively oscillate as illuminated, and the
electromagnetic field intensity between the nanoparticles will have
an additive effect. Plasmon resonance is transferred through
electromagnetic waves, which maximizes the field strength of this
form. At the same time, the calculated field intensities of the three-
particle spacing are shown in Fig.3(d). As the interparticle
distance decreases, the field intensity is significantly improved, and
the value changes with the wavelength, which is beneficial to the
excitation wavelength selection below. This also fully recognizes
the importance and necessity of mastering the synthesis of this
morphology technology.

To evaluate the photocatalytic properties of the compound with
these three morphologies, the photodegradation of RhB was put
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Figure3 Field intensity distribution with particle spacing of (a) 10 nm, (b)
5nm, and (c) 2 nm at 530 nm. (d) Field intensity at the wavelength range of 300
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into effect. Because the change rate of UV absorption value is
proportional to the degradation rate, their degradation rate was
calculated by comparing the absorption change at 554 nm. As a
result, the degradation rates of the Au Iso@CuS, Au Chain@Cus,
and Au Agg@CuS reached 57.48%, 98.81%, and 69.72% in 1 h,
respectively (Fig. 4(b)). Compared with degradation of 43.47% in
pure CuS (Fig.S4 in the ESM), the degradation rate has been
significantly improved with the Au incorporation, and Au
Chain@CusS is dramatically enhanced 2.27 times. Meanwhile, the
stability test of the Au Chain@CuS catalyst was carried out. Under
the same conditions, it was found that the degradation rate of
5 cycles (Fig. 4(c)) was basically the same, which also showed that
the enhancement of the local electromagnetic field induced by the
Au chain did not change the stability of the semiconductor.
Meanwhile, measuring the XRD of Au Chain@CuS after five
cycles still maintains a good crystallinity (Fig. S5 in the ESM),
indicating that it can be reused, which would greatly reduce the
industrial cost.

To explore the primary energy transfer mechanism between the
dual-chain, the TAS measurement of pure CuS and Au
Chain@CuS (Figs. 4(d)-4(f)) is used to characterize the carrier
dynamics and relaxation time, then fundamentally confirm the
energy transfer mechanism. The sample is made into a dry
transparent film, the plasmon is excited with a 100 fs pulse, and
the carriers generated in the CuS conduction band are detected.
But only the number of electron-hole pairs is related to the
wavelength, so |[AT/T] is proportional to the number of carriers in
the CuS transferred through the plasmon. The carrier lifetimes in
the Au Chain@CuS are 163 and 132 ps in bare CuS, which is
consistent with inter-band recombination, and the generated
carriers are consistent with the overlap integral between the
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plasmonic Au and CuS density of states. In order to confirm that
|AT/T| only transmits carrier signals, the average transmission
signal in the range of 10-15 ps is extracted (Fig. S6 in the ESM),
and the scattering point is formed as a function of wavelength for
fitting, leaving only the Gaussian amplitude and the slope related
to the flow rate as free parameters. The overlapping function of
Au Chain@CuS can be acquired by fitting the overlap parts
between LSPR absorption and CuS nanoparticles used by fitting
the relative carriers (Fig.S7 in the ESM). The DET (fitting
completely deviates from the curve, but the RET surface fitting
results are in good agreement with the experimental data, which
indicates that there is a strong dipole-dipole interaction in Au
Chain@CuS, demonstrating that RET process is the primary
mechanism of energy transfer from plasmonic Au to CuS. The
good overlap between the LSPR band of Au and bandgap
absorption of CusS is the prerequisite for RET, which derives from
the near-field effect between the LSPR dipole of noble metal and
the interband transition dipole of semiconductor.

The photoelectric performance of the Au Chain@CuS was
tested and presented in Fig. 5. The PL spectra of all samples have a
broad peak (Fig.5(a)), indicating that the excited electron has
multi-radiation processes. With Au incorporated, its PL intensity
significantly increased, which also shows that the increased
amount of electron-hole pairs recombination and following
photon emission. The photocurrent and impedance tests were
carried out to further evaluate the charge generation efficiency and
the magnitude of the charge transfer resistance. The tests were
completed under a three-electrode system. It was found that the
Au Chain@CuS exhibited significantly improved transient
photocurrent than bare CuS (Fig. 5(b)), which accelerated the
photo-induced charges separation, thereby leading to the
improvement of photoelectric conversion efficiency. Additionally,
Au Chain@CuS$ shows the smallest arc radius in the impedance
curve (Fig. 5(c)), demonstrating its interface transfer resistance is
the smallest, matching with its largest degradation rate.

Based on the above analysis, the mechanism of plasmonic Au
chain induced photodegradation enhancement was speculated as
schematic diagrams in Figs. 5(d) and 5(e). On the one hand, the
self-assembled Au chain would provide a stronger near-field
enhancement relative to the isolated nanoparticles, providing a
secondary light source for CuS on the basis of sunlight and a
motivating source for prompting charge separation in CuS. On
the other hand, once the incident light excited the LSPR of the Au
chain, the RET process from the Au chain to CuS shell would be

activated, and the LSPR dipole of the Au chain would make an
interband transition into semiconductor Cu$ dipole by the near-
field effect, which consequently increases the amount of
electron-hole pairs for promoting the formation of more OH-
radicals. The RET efficiency will increase as the inter-distance
between the semiconductor and plasmonic metal in this wrapped
structure remarkably decreases. Moreover, the CuS shell was also
collected to a chain outside the Au chain, which could take full
advantage of the boosts from the plasmonic Au due to the
homogeneous distance between RhB and Au. The uniform CuS
chain could effectively transfer the additional plasmonic energy to
RhB without recombination and quenching (Fig.5(e)). The
synergy of these aspects significantly increases the generation and
transfer of electron-hole pairs in the photodegradation process,
thereby increasing light dynamic performance.

4 Conclusions

In this paper, a new type of plasmonic source wrapped
semiconductor dual-chain catalyst is designed, using the near-field
enhancement provided by the plasmonic chain source and the
wrapped morphology to shorten the distance between the two to
promote more effective energy transfer. It acts on the
semiconductor CusS to generate more electron-hole pairs, and the
degradation efficiency of the dye rhodamine B reaches 98.81%
within one hour, which is close to 100%. Compared with bare Cu$S
nanoparticles, the increase was 2.27 times. Simultaneously, Au
nanoparticles are not exposed to the environment to avoid
photocorrosion, so that the stability of the composite system can
be guaranteed, and a similar performance is still maintained under
five cycles. Fully using these unique plasmonic properties of
nanostructures to construct metal/semiconductor systems,
combining electronic and photonic components in the same
device, can be effectively applied in multiple fields.
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