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ABSTRACT
We examine the potential of cadmium sulfide when combined with plasmonic nanostructures to support photo-induced catalysis. Super-
bandgap irradiation of a silver nanowire and cadmium sulfide composite for the probe molecule p-aminothiophenol (PATP) showed the
formation of dimercaptoazobenzene (DMAB) from PATP. Our results demonstrate that cadmium sulfide can be used as an alternative
material to semiconductors, such as titanium dioxide, for plasmonic photocatalysis applications.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066216

Optical spectroscopy is widely applied as an analytical tool.1–4

Modern fabrication techniques have enabled a wide range of materi-
als to be made, including plasmon active nanomaterials.5–14 Optical
spectroscopy can be supported through plasmonics, enhancing the
optical signal received by many orders of magnitude.15–17 One exam-
ple of this is surface-enhanced Raman spectroscopy (SERS), which
enables ultrasensitive detection of a range of different analytes.18–30

While the exact process by which SERS enhancement occurs is
still under study, it is accepted that there are two different mech-
anisms, electromagnetic and chemical.30–32 The electromagnetic
enhancement mechanism is related to surface topography and
the wavelength-dependent plasmonic properties of the plasmonic
material.30–32 Conduction electrons of the plasmonic nanostructure
are stimulated by an incident electric field to create collective
oscillations [localized surface plasmon resonances (LSPRs)], which
enhance the Raman scattering intensities by factors of ∼<1014.31–33

The chemical enhancement arises from the chemical interaction
(such as charge transfer processes) between the active substrate
and analyte molecule. Chemical enhancement factors are typically
∼102.31,32 In addition to its optical properties, LSPR excitation can
contribute to control chemical reactions.22–24,29,30 Such plasmonic
catalyzed reactions enable milder conditions and alternative reaction
pathways that are not possible via conventional, thermally activated
transformations.22 Combining plasmon-active metallic nanoparti-
cles (NPs) and semiconducting materials has been shown to be an

effective platform for both plasmonic catalysis and SERS.22–24,29–32

For example, it has been shown that super-bandgap irradiation
of peptide semiconductors with silver nanoparticle metamaterials
enhances the SERS signal from a range of molecules.24 The super-
bandgap irradiation source possesses a wavelength greater than
the bandgap of the semiconductor (e.g., UV light). Applying this
irradiation source induced charge transfer, which facilitated a chem-
ical enhancement that provides up to a tenfold increase in SERS
intensity.34 Additionally, the resonant excitation of surface plasmon
resonance allows the nanoparticles to collect the energy of photons
to form a highly enhanced electromagnetic field, and the energy
stored in the plasmonic field can induce hot carriers in the metal.
The plasmonic electromagnetic field and hot electrons can catalyze
chemical reactions of reactants near the surface of the plasmonic
metal nanoparticles.30–32

Here, we demonstrate that the use of single crystal cadmium
sulfide (CdS) films when combined with plasmonic metal nanowires
(NWs) is effective at supporting plasmonic catalysis and photo-
induced surface-enhanced Raman spectroscopy. CdS is an n-type
semiconductor material with a bandgap of ∼2.4 eV (515 nm).35 We
show that the use of UV irradiation (lex = 266 nm) with a frequency
higher in energy than the bandgap of CdS enables an increase in
SERS intensity (∼40-fold) along with the plasmon assisted cataly-
sis of the starting reagent. Our results demonstrate that CdS can be
used as an alternative material to semiconductors, such as titanium
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FIG. 1. (a) SEM images of silver nanowires (Ag NWs) on the semiconductor cadmium sulfide (CdS). (b) A schematic showing the nanowires on the CdS substrate. (c)
Absorption spectra of the Ag NWs in solution prior to deposition. The absorption spectra of CdS and PATP are also shown.

FIG. 2. SERS spectra of PATP on an Ag NW–CdS composite: (a) SERS measurements of PATP before and after UV irradiation (λex = 266 nm) and (b) SERS spectra of
PATP prior to UV irradiation and after 16 min of irradiation, showing the conversion of PATP to DMAP. (c) Plot of overall SERS intensity at 1432 cm−1 as a function of UV
irradiation exposure over 16 min. (d) Plot of overall SERS signal intensity as a function of UV irradiation exposure time (blue dots). The relation of the overall SERS signal
intensity (black dots) following the removal of UV irradiation, recorded over 60 min, is also shown.
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dioxide, for photo-induced plasmon catalysis and SERS spec-
troscopy applications.

Silver nanowires (Ag NWs) were prepared on a CdS substrate
through drop casting (as outlined in the supplementary material).
The nanocomposite was then dried, and the probe molecule was
added. The scanning electron microscopy (SEM) images of the
resulting Ag NW–CdS composite (Fig. 1) show the presence of
a dense network of nanowires present on the CdS surface. The
optical absorption spectrum for CdS is shown along with the spec-
trum recorded for silver nanowires (Ag NWs). The spectrum for
CdS shows an absorption band at 515 nm. Experimental values
for the bulk hexagonal CdS optical bandgap are close to the value
of 515 nm.35 The absorption spectrum of Ag NWs shows two
broad bands associated with transverse and longitudinal modes
from the nanorod array, which are in line with literature reports
(Fig. 1).7,11,17

Following the deposition of PATP on the composite, Raman
measurements were undertaken following the exposure of the

composite to UV light. The UV light source (4.9 eV) is of
higher energy than the bandgap of CdS (2.4 eV).35 This creates
electron–hole pairs in the CdS substrate when under illumination.
The SERS spectrum [Figs. 2(a) and 2(b)] before the application
of super-bandgap excitation shows Raman bands with a1 symme-
try (at 1077 and 1190 cm−1) and b2 symmetry (1142, 1391, 1440,
and 1573 cm−1)22,30 assigned to PATP.22,30 Following exposure to
UV irradiation, new Raman bands appear [Figs. 2(a) and 2(b)].
Intense b2 Raman bands at 1432, 1390, 1144, and 1076 cm−1 with
1088 and 1594 cm−1 a1 Raman bands are formed. These Raman
bands are assigned to arise from the dimerization of PATP form-
ing DMAB.22,30 Along with the formation of DMAB, a large change
in the Raman signal is seen. The peak-to-peak band intensity for
the vibrational mode at 1432 cm−1 increases ∼40-fold following UV
irradiation over 15 min. The formation of DMAP is approximately
linear with time over this 15-min time-period [Fig. 2(c)]. Additional
UV exposure time over 15 min causes a less pronounced increase
in SER intensity as the rise in SERS intensity begins to plateau out

FIG. 3. (a) Absorption spectra of the Ag NW–CdS composite before and after UV irradiation. Gray dashed lines are guides to the eye, which outline peaks assigned to
localized surface plasmons arising from longitudinal modes of Ag NWs. (b) Absorption spectra of the Ag NW–CdS composite following UV irradiation in 5-min increments.
(c) An energy band diagram. The purple arrow shows the creation of electron–hole pairs in CdS following UV irradiation.
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[Fig. 2(d), blue dots]. At UV irradiation times of greater than 30 min,
the SERS intensity begins to drop. This is assigned to the onset of
decomposition of the probe molecule. Following the removal of the
UV irradiation, the relaxation of the SERS signal back to approxi-
mately original intensity was seen. Over the course of 45 min after
the UV lamp was turned off [Fig. 2(d), black dots], the SERS inten-
sity dropped back to near its starting intensity, demonstrating that
the process is reversible.

The optical absorption spectrum of Ag NWs on CdS shows a
strong absorption feature at ∼520 nm, arising from the longitudi-
nal mode of the nanowire. Following exposure to UV light (15 min),
this feature becomes more pronounced and its peak red shifts by
∼30–550 nm. This redshift potentially arises from an increase in
Ag NW electron density following irradiation, which changes the

reflective index of the nanowires.32,36,37 We estimate the introduced
electron density (ΔN/N) on the Ag NWs following UV irradiation
using the following equation:38

ΔN
N
= 2Δλ/λ0, (1)

where Δλ is the wavelength shift (∼30 nm) and λ0 is the initial Ag
NW plasmon band position (∼520 nm). From Fig. 3(a), we calcu-
late ΔN/N ∼ 11%, which is higher than those reported for TiO2 and
metal NWs (ΔN/N ∼ 4%).33 The additional charges on the Ag NW
(from photoexcited CdS) cause a redshift in the plasmon frequency,
more in resonance with the excitation frequency. This results in an
increase in SERS intensity. We note also that39 CdS can support

FIG. 4. SERS spectra of 2-AMP on an Ag NW–CdS composite: (a) SERS measurements of 2-AMP before and after UV irradiation (λex = 266 nm) and (b) SERS spectra
of 2-AMP prior to UV irradiation and after 6 min of irradiation, showing the conversion of 2-AMP to 2-NIB. (c) SERS spectra of 2-AMP before UV irradiation (black) after
6 min (red). (d) Plot of overall SERS signal intensity as a function of UV irradiation exposure time (black dots), recorded over 16 min.
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SERS through a chemical enhancement mechanism. Studies have
shown39 that CdS nanoparticles support SERS. It is feasible that
some chemical enhancement can, in principle, stem also from the
semiconductor itself.

2-aminothiophenol (2-AMP) is a molecule that has been used
to investigate plasmon catalysis reactions. As shown in Fig. 4, we
performed UV irradiation of 2-AMP as before for PATP. The
2-AMP SERS spectra show peaks located at 1580 (C–C symmetric
stretching mode), 1440 (C–H in-plane bending modes), 1390 (C–H
in-plane bending modes), 1180 (C–H in-plane bending), 1145 (C–N
stretching), and 1098 cm−1 (CS stretching).40–45 Following 3 min of
UV irradiation, the SERS intensity at 1457 cm−1 increased, and
then, the SERS intensity begins to drop. Inspection of the spectra
[Figs. 4(b) and 4(c)] shows that the NIP molecule has been formed
from 2-AMP, indicating that the CdS–Ag NW substrate supported a
catalytic reaction.

In summary, we examine the potential of cadmium sulfide
when combined with plasmonic nanostructures to support plasmon
catalysis. Super-bandgap irradiation of a silver nanowire and cad-
mium sulfide composite was shown to efficiently increase the SERS
signal intensity. We demonstrate an increase in the peak-to-peak
signal along with the catalysis of the starting molecule. Our results
demonstrate that silver nanowires on cadmium sulfide can be used
to support plasmon enhanced catalysis and SERS.

See the supplementary material for methods and materials
and supporting measurements on the CdS substrate and probe
molecules.
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