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ABSTRACT: Enhancing the photocatalytic activity and robustness of cuprous Ag@Cu,0 Extinction Spectrum
oxide presents key challenges in the development of efficient cuprous oxide-based i
photocatalysts. This report outlines a facile synthesis method for integrating
plasmonic silver with a cuprous oxide semiconductor in Ag@Cu,O core—shell
nanostructures with controllable shell thicknesses. Additionally, the synthesis of
monodisperse spherical bare silver and cuprous oxide nanoparticles through
convenient procedures is presented. The photocatalytic performances of the Ag@
Cu,O and Cu,O nanoparticles for hydrogen evolution were evaluated using a
custom-built photocatalytic reaction system. The results indicate that the core—
shell Ag@Cu,O nanoparticles exhibit a tunable, strong absorption band within the
visible spectrum and a significantly reduced electron—hole recombination rate
compared to the Cu,O nanoparticles, thereby showing enhanced photocatalytic efficacy attributable to the presence of the plasmonic
silver core. Notably, the Ag@Cu,O core—shell nanoparticle photocatalysts demonstrate an increase in the hydrogen evolution rate
by more than 6-fold and a 21% improvement in stability compared to their Cu,O counterparts, positioning them among the top-tier
cuprous oxide-based photocatalysts for hydrogen evolution.
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B INTRODUCTION nanoscale semiconductor photocatalysts can benefit from the
quantum confinement effect, which improves the optical
absorbance of the material.’

Due to their unique localized surface plasmon resonance
(LSPR), various plasmonic nanostructures such as nano-

Amid growing energy demands and environmental concerns,
coupled with the inherent intermittency of photovoltaics and
wind turbines, the use of semiconductor materials in
photocatalysis has emerged as a potential technology to
address these challenges.' Photocatalysts have been shown to
generate high-energy-density fuels and high-value-added
products, as well as eliminate environmental pollutants using
only solar radiation as the energy source." Since Fujishima and
Honda first reported photocatalysis using titanium dioxide
(TiO,),” significant research efforts have been devoted to
developing various efficient photocatalysts for many practical
applications.” However, major challenges such as low photon
absorbance in the solar spectrum, high recombination rates of
photogenerated electron—hole pairs, and high costs have
limited the applicability of many traditional photocatalysts.*”
For example, the first reported photocatalyst, anatase TiO,,
with a large bandgap of ~ 3.2 eV, only absorbs photons in the
ultraviolet region, which constitutes less than 5% of the total
solar energy flux.® With the advent of nanocrystal fabrication
techniques in recent decades, nanoparticle-based photo- —
catalysis has become a promising approach for enhancing the Received: February 10, 2025
efficiency of various photocatalysts.” The high surface-to- Revised:  March 29, 2025
volume ratio of nanoparticles (NPs) not only significantly Accepted:  April 2, 2025
enhances the catalytic activity of nanosized photocatalysts but Published: April 14, 2025
also substantially reduces the amount of material required for

the application compared to bulk catalysts.” Moreover,

spheres, nanorods, and nanostars have been studied for
numerous utilizations ranging from enhanced imaging to
biomedical applications.'~"® In photocatalysis, plasmonic
nanoparticles made of silver (Ag), gold (Au), and copper
(Cu) have been shown to be effective solar radiation
sensitizers, exhibiting absorption peaks in the visible region
at around 407,'* 525,"° and 600 nm,'® respectively. In these
plasmonic structures, the free electron cloud oscillates
collectively under incident electromagnetic radiation, generat-
ing an enhanced electromagnetic field near the surface of the
plasmonic material.'” When the characteristic frequency of the
collective oscillation matches that of the external radiation,
LSPR occurs, and the plasmonic structure displays an
absorption peak at that LSPR frequency.'® The LSPR
wavelength can be blue- or red-shifted by varying the size,

© 2025 American Chemical Society https://doi.org/10.1021/acsaem.5c00412

W ACS Pu bl ications 5378 ACS Appl. Energy Mater. 2025, 8, 53785387


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nhat+M.+Ngo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minh+Dang+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hung-Vu+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong+Moon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Randall+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.5c00412&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00412?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00412?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00412?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00412?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00412?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/8/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/8?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.5c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

morphology, and type of metal, or by chan%ing the dielectric
constant of the surrounding environment.'””" Additionally, the
locally amplified electric field can induce electron injection and
energy transfer to the semiconductor materials in contact with
the plasmonic nanostructures.””** Although plasmonic nano-
structures can serve as photocatalysts on their own,””** their
development has significantly inspired new approaches for the
design and synthesis of more eflicient photocatalysts by
combining plasmonic metals with semiconductors in appro-
priate architectures.””° Owing to plasmon-induced resonance
energy transfer (PIRET) and direct electron transfer (DET)
from the metal to the coupled semiconductor, the photo-
catalytic activity of plasmonic metal—semiconductor nano-
composites can be significantly increased compared to
semiconductor-only photocatalysts.””*® Essentially, with their
extended absorption range into the visible region of the metal
components, plasmonic-semiconductor nanocomposites can
absorb more solar energy across a broader spectrum of light
wavelengths than their semiconductor counterparts.””

Among various plasmonic nanostructures, Ag NPs offer
numerous advantages for photocatalytic applications, ranging
from a high capacity to induce surface plasmon resonance™ to
exceptional thermal and electrical conductivity.”’ Moreover,
the LSPR wavelength at the violet end of the visible spectrum
(~407 nm) of Ag NPs makes them excellent candidates for
coupling with semiconductor materials.'* This coupling can
shift the absorption band to the center of the solar spectrum,
significantly enhancing the photocatalytic activity of the
nanoparticles. As a p-type semiconductor, cuprous oxide
(Cu,0) is versatile in applications such as sensors,””
photovoltaics,”® and electronics.”* Cu,O also boasts several
key properties desirable in a promising photocatalyst, including
a narrow bandgap,”® high carrier mobility (~100
em?V s, a long carrier diffusion length (~500 nm),”’
and a combination of low cost and material abundance. We
envision that embedding a plasmonic Ag nanoparticle core
within a Cu,O shell (Ag@Cu,O) could further enhance the
photocatalytic activity of Cu,O due to the aforementioned
enhancement mechanisms. Furthermore, coupling with
plasmonic nanostructures can also suppress rapid electron—
hole recombination in the Cu,O semiconductor, a major
drawback associated with traditional metal oxide photo-
catalysts.”™*” Several studies on Cu,O-coated Ag NPs have
been reported, employing various synthesis methods and
focusing on different aspects of characterization.”’™** Despite
these accomplishments, there remain numerous fabrication
shortcomings and characterization inadequacies that need
addressing, such as demanding synthesis conditions,*”*" lack
of control over structure and size distributions,*"** and
insufficient study of photocatalysis-related properties.”

In this report, we describe a convenient and efficient wet
chemistry method for synthesizing spherical, monodisperse
Ag@Cu,O core—shell and Cu,O NPs under mild conditions
(Scheme 1). This work also demonstrated the capability to
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Scheme 1. Synthesis of Ag and Ag@Cu,O Core—Shell
Nanoparticles

AgNO, Ascorbic Acid CuS(°)4. NoH,
Sodium 120°C, 1h 20°C,1h
Citrate,

Kl Polyvinylpyrrolidone

5379

fine-tune the thickness of the Cu,O shell to adjust the
absorption peak to the center of the solar spectrum. Moreover,
the composite core—shell nanoparticles exhibited significant
suppression of the photoluminescence (PL) signal in the Cu,O
semiconductor, suggesting that the plasmonic silver core can
efficiently reduce the rate of photogenerated electron—hole
recombination, which impedes the photocatalytic applicability
of Cu,O. With a conduction band minimum higher than the
reduction potential for protons,”* Cu,O-based nanostructures
are potential catalysts for the hydrogen evolution reaction
(HER) to generate hydrogen as a clean and high-energy-
capacity alternative to gasoline, with solar radiation as the only
required energy source. Consequently, the Ag@Cu,O core—
shell NPs synthesized in this work were tested for their
photocatalytic hydrogen-generating performance under visible
light irradiation conditions. Notably, the photocatalytic HER
studies showed a significantly increased hydrogen evolution
rate and higher photostability of Ag@Cu,O nanoparticle
catalysts compared to their Cu,O counterparts.

B MATERIALS AND METHODS

Materials. Silver nitrate (AgNO;, Sigma-Aldrich), potassium
iodide (KI, Aldrich), ascorbic acid (AA, Aldrich), trisodium citrate
(NaCit, EM Science), polyvinylpyrrolidone (PVP, MW ~ 55,000,
Aldrich), copper(II) sulfate pentahydrate (CuSO,.SH,0, Sigma-
Aldrich), hydrazine monohydrate (64 wt % N,H,, Sigma-Aldrich),
polyethylene glycol (EG, Sigma-Aldrich), sodium hydroxide (NaOH,
Macron Chemicals), argon (Ar, Matheson) were used as received
from the specified suppliers. Deionized water with a resistivity of 18.2
MQ-cm was obtained from the Academic Milli-Q Water system of
Millipore Corporation. All glassware used in the experiments was
cleaned for at least 12 h in a base bath, followed by treatment with
piranha solution (3:1 H,SO,:H,0,) and aqua regia solution (3:1
HCL:HNO;) for at least 6 h, and then dried in an oven at 150 °C
followed by cooling prior to use. Extra caution should be exercised
during the handling of the cleaning process.

Synthesis of Ag NPs. A modification of the method reported by
Medhi et al.*® was employed to prepare Ag NPs. Initially, 200 mL of
Milli-Q water in a 250 mL round-bottom flask was heated in an oil
bath at 120 °C under active reflux until it reached boiling.
Subsequently, 3 mL of S mM ascorbic acid solution was added. In
the meantime, the Ag precursor mixture was prepared by dissolving
35 mg of AgNO; in 4 mL of water, followed by the addition of 4 mL
of 1 wt % sodium citrate solution and 150 uL of 8 yuM KI solution.
The Ag precursor mixture was well shaken and then sonicated for S
min at 21 °C. It was then injected into the boiling ascorbic acid
solution under vigorous magnetic stirring, ensuring the stirring rate
was not too fast to avoid forming bubbles. The solution was stirred
under reflux for an additional hour to complete the formation of Ag
NPs. During this process, the solution quickly turned from colorless
to brownish yellow, and subsequently to yellowish green, indicating
the formation of Ag NPs. After cooling to room temperature within
30 min, the Ag NP solution was centrifuged at 7000 rpm for 15 min.
The supernatant was removed, and the nanoparticles were redispersed
in 25 mL of Milli-Q water. This washing process was repeated twice,
and the resultant 25 mL Ag nanoparticle stock solution was stored at
4 °C if not immediately characterized or coated with Cu,O. Note:
The flask and stir bar should be thoroughly washed with deionized
water and an aqua regia solution reserved exclusively for Ag
nanoparticle synthesis to ensure consistent results.

Synthesis of Ag@Cu,0 Core—Shell NPs. The Cu,O coating of
Ag NPs was accomplished following a procedure reported by Chen et
al,*® with substantial modifications. Scheme 1 illustrates the synthesis
and coating process of Ag@Cu,O. In a typical experiment, a
surfactant solution was prepared by dissolving 400 mg of PVP
(MW ~ 55,000) in 8.5 mL of Milli-Q water with ultrasonication for
20 min. Different amounts of the Ag nanoparticle stock solution (200,
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400, 800, 1600, 2400 uL) were added to the surfactant solution. After
an additional 10 min of ultrasonication for better dispersion and
stabilization of the Ag NPs, 400 uL of 0.1 M CuSO, solution was
added to the mixture under vigorous magnetic stirring. The solution
was stirred for another 2 min, then 125 uL of 1 wt % N,H, was
injected over S min into the vigorously stirred mixture. After 1 h, the
nanoparticles were collected by centrifugation at 7000 rpm for 15 min
and redispersed in S mL of ethanol.

Synthesis of Cu,0 NPs. Spherical Cu,O NPs were also
synthesized using a method similar to the coating procedure, but
without Ag NPs and with modifications to ensure particle uniformity.
The process began with the dissolution of 800 mg of PVP (MW ~
55,000) in 8.5 mL of Milli-Q water, followed by ultrasonication for 30
min. Next, 400 uL of 0.1 M CuSO, aqueous solution was added to the
surfactant solution under stirring at 400 rpm and a temperature of 30
°C. The solution was stirred for an additional minute before the
stirring speed was increased to 600 rpm, and 125 uL of 1 wt % N,H,
solution was injected into the mixture in 30 s. The solution quickly
turned brick red after the N,H, injection, signifying the formation of
crystalline Cu,O. The newly formed nanoparticles were then allowed
to fully grow during another hour of stirring before being collected by
centrifugation at 7000 rpm for 15 min, followed by a solvent exchange
with ethanol. The Cu,0O NPs were finally dispersed in § mL of
ethanol and stored at 4 °C. The increased amount of PVP, higher
synthesis temperature, and faster injection of the reducing agent
helped accelerate the nucleation process and reduce spontaneous
seeding, which in turn, created a more monodisperse population of
Cu,O NPs.

Nanoparticle Characterization. All synthesized nanoparticles
were imaged using a LEO-152S scanning electron microscope (SEM)
operating at 1S kV and a 5.5 mm working distance. SEM samples
were deposited on precleaned silicon wafers and dried at 60 °C for 1 h
prior to imaging. The crystalline nature of the nanoparticles was
assessed using an X'Pert powder X-ray diffractometer (PXRD)
operating at 45 kV and 30 mA. PXRD samples were prepared by
drop-casting on glass slides and drying at 60 °C for 2 h. A JEOL JEM-
2010 FX scanning transmission electron microscope (STEM) was
utilized at 200 kV to confirm the morphology, core—shell structure,
and shell thickness of the nanoparticles synthesized under these
conditions. Samples for transmission electron microscopy (TEM)
characterization were deposited on 300-mesh holey carbon-coated
nickel grids and dried at 60 °C for 2 h prior to analysis. Elemental
composition was evaluated using a Phi X-ray photoelectron
spectroscopy (XPS) system equipped with a monochromatic Al Ka
X-ray source. XPS samples were deposited on silicon wafers and dried.
Elemental distribution analyses were conducted using an energy
dispersive X-ray spectroscopy (EDX) detector attached to the
aforementioned STEM instrument. Optical properties of the
synthesized nanoparticles were analyzed using a Cary 50 scan UV—
visible (UV—vis) spectrometer, which operates over a spectral range
from 200 to 1000 nm. Uncoated Ag and Cu,O-coated Ag NPs were
suspended in water and ethanol, respectively, for UV—vis measure-
ments. PL response from Cu,O and Ag@Cu,O nanoparticle samples
was evaluated using a PerkinElmer LS-55 fluorescence spectrometer
in a quartz cuvette with an excitation wavelength of 500 nm and a 515
nm optical filter. Dynamic light scattering (DLS) measurements were
performed using a Malvern Zetasizer model ZEN3600.

Photocatalytic Hydrogen Generation Test. The photocatalytic
HER was conducted in a custom-made, airtight 25 mL glass flask
connected to a digital pressure transducer and equipped with a
septum-covered sampling window. The reaction flask was maintained
at 25 °C using a jacketed flask coupled to a temperature-regulating
water circulator. In a typical experiment, the nanoparticle photo-
catalyst was dispersed in 10 mL of a 10% ethylene glycol aqueous
solution with vigorous magnetic stirring within the reaction flask,
followed by purging with high-purity compressed argon gas for 15
min. Subsequently, the mixture was illuminated by an LED light
source emitting at a wavelength of 460 nm with a power of 14.4 W for
6 h. The pressure transducer connected to the reaction flask
monitored the volume of gas produced during the reaction. The gas
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generated was collected through the sampling window and analyzed
using a GOW-MAC Series 400-P thermal conductivity gas chromato-
graph with argon as the carrier gas. For stability studies of the
nanoparticles, after each cycle, the photocatalyst was centrifuged at
7000 rpm for 15 min and underwent solvent exchange with deionized
water three times before being subjected to the subsequent cycle.

B RESULTS AND DISCUSSION

Synthesis of Nanoparticles. Monodisperse Ag NPs with
diameters approximately 45 to 50 nm were synthesized using a
modified ascorbic acid-citrate reduction method assisted by
KL*® The role of KI is to prevent the formation of Ag
nanorods by selectively inhibiting growth along the (111)
facet. Increased concentrations of sodium citrate and ascorbic
acid accelerated the nucleation process, resulting in a
homogeneous population of Ag NPs as shown in Figure la.

50 nm 50 nm

200 nm

50 nm

Figure 1. SEM images of (a) Ag NPs and Ag@Cu,O core—shell NPs
with shell thicknesses of (b) 10 + 2 nm, (c) 13 + 2 nm, (d) 17 + 2
nm, (e) 27 + 4 nm, and (f) 45 & 4 nm. The inset figures display their
corresponding TEM images.

Ag@Cu,O core—shell NPs with varying shell thicknesses were
synthesized through the controlled slow reduction of Cu*" into
Cu,O nanocrystals around the Ag nanoparticle cores using
hydrazine as the reducing agent (Figure 1b—f). The average
Cu,O shell thicknesses of 10 + 2, 13 + 2, 17 + 2,27 + 4, and
45 + 4 nm were achieved using 2400, 1600, 800, 400, and 200
uL of the Ag nanoparticle stock solution, respectively. The
representative low-magnification TEM images and histograms
of the particles with shell thicknesses of 27 and 45 nm are
shown in Figure S1. A uniform shell coating on the Ag core,
without core-free particles or particle aggregation, was
observed in the TEM images presented in Figures 1 and S1.
The average shell thickness for each synthesis condition was
obtained by measuring the shell thickness on 4 different
directions from the silver core over 10 different core—shell
nanoparticles. The Cu,O shell thickness is inversely propor-
tional to the volume of the Ag nanoparticle stock solution
used. Uniform dispersion of Ag NPs in PVP solution, achieved
by ultrasonication, and the slow injection of N,H, under
vigorous stirring are critical for obtaining core—shell nano-
particles with a single Ag core and a well-shaped shell.
Synthesis under milder conditions, compared to those reported
in previous studies,"”*" was key for fine control of the shell
thickness. Interestingly, the overall spherical morphology of the
core—shell nanoparticles is maintained, even when the shell
thickness exceeds the diameter of the Ag core. The significantly
enhanced control over the structure and size distribution of the
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composite nanoparticles, compared to other studies,”"** has
enabled a more rigorous investigation of the optical properties
and photocatalytic performance of the photocatalyst, as
discussed below. Additionally, spherical Cu,0 NPs were
synthesized with modifications to the coating step, resulting
in monodisperse nanoparticles as evidenced by SEM imaging
(Figure S2) and DLS measurements (Figure S3). This
convenient synthesis route, characterized by very mild
conditions, is an excellent candidate for large-scale production
of highly monodisperse and consistent spherical Cu,O NPs,
addressing one of the significant challenges in the practical
utilization of nanomaterials.

The XRD pattern of the synthesized Ag@Cu,O nano-
particles with 45 + 4 nm shell thickness are provided in Figure
2, where combined diffraction peaks from both Ag and Cu,0

A Ag@Cu,0
s
> " A WA
8 j111) Cu,0 JCPDS: 05-0667
Q
E (110) (200) 220) (1))
(111) Ag JCPDS: 04-0783
l (200) (220) (311)
A A A
T T T T T T T r T
20 30 40 50 60 70 80
20 (°)

Figure 2. XRD pattern of Ag@Cu,O core—shell NPs and reference
patterns for Cu,O and Ag.

phases are readily observed. The crystallographic planes of
(111), (200), (220), and (311) from the Ag NPs (JCPDS:
04—0783) can be indexed for the diffraction peaks at 260 =
37.7, 44.0, 64.5, and 77.5°, respectively. The remaining peaks
at 20 = 28.9, 36.7, 42.1, 61.7, and 73.5° correspond to the
Cu,O (110), (111), (200), (220), and (311) crystalline planes,
respectively. The results indicate that the sample structure is
composed of crystalline Ag and Cu,O phases. Additionally, the
XRD data of Cu,0O NPs (Figure S4) also confirms the
formation of crystalline Cu,O.

Compositional and Structural Analysis. The surface
composition of the core—shell nanoparticles was examined

using XPS (see Figure 3). The sample of Ag@Cu,O
nanoparticles with 45 + 4 nm average shell thickness was
used. The strong Cu 2p;,, peak at 933 eV (Figure 3b), along
with a weak Cu®* satellite peak at 945 eV, indicates the
dominant presence of Cu" in the Cu,O shell. The presence of
Cu,O is also confirmed by the typical O 1s peak for metal
oxides at 529 eV (Figure 3c). The C 1s peak observed in the
survey spectrum may be attributed to organic contaminants
introduced during the measurement process. Both XPS and
XRD data strongly support the formation of crystalline Ag and
Cu,O phases within the core—shell nanoparticles.

STEM-EDX data were collected to determine the elemental
composition and atomic distribution in the Ag@Cu,O core—
shell NPs. The data presented in Figure 4 are consistent with
the XPS findings and further confirm the presence and uniform
distribution of Ag, Cu, and O elements within the synthesized
Ag@Cu,O core—shell nanostructure. In addition to the
STEM-EDX elemental mapping, an EDX line spectrum was
also obtained to support the mapping data, as shown in Figure
Ss.

Optical Properties. Extinction spectra of bare Ag NPs and
Ag@Cu,O core—shell NPs with five different shell thicknesses
were recorded using UV—vis spectroscopy (Figure S). For
reference, the extinction spectra of bare Cu,O nanoparticles
are presented in Figure S6. The Ag NPs displayed a strong
LSPR peak at the violet end of the visible spectrum (~40S
nm). Consequently, extending absorption into the visible and
near-infrared (NIR) regions of the solar spectrum is essential
for the broader applications of Ag NPs in photocatalysis and
other photorelated applications. Notably, all the Ag@Cu,O
core—shell NPs demonstrated a red-shift in the range from 405
to 500 nm. Specifically, as the Cu,O shell thickness increases,
the LSPR peak of the Ag core shifts further toward the red end
of the spectrum from its initial position at 405 nm. This red-
shift can be attributed to changes in the dielectric environment
surrounding the plasmonic Ag core as Cu,O shells thicken."
Importantly, by varying the amount of Ag nanoparticle stock
solution used in the synthesis, the shell thickness and
consequently, the extinction peak position of the Ag@Cu,O
core—shell NPs can be controlled. When the Cu,O shell is thin
(<20 nm), the LSPR peak exhibits more significant red-shifts
than when the shell is relatively thicker. This phenomenon is
due to the limited range of the amplified electric field around
the plasmonic core, which weakens rapidly with increasing
distance from the core.* In addition, the red-shift observed
when coating a semiconducting shell on plasmonic core
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Figure 3. (a) Full survey XPS spectrum of Ag@Cu,O core—shell NPs and high-resolution spectra of (b) Cu 2p and (c) O 1s.
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Figure 4. (a) STEM image and STEM-EDX elemental mapping for (b) Cu, (c) O, and (d) Ag in Ag@Cu,O core—shell NPs.
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Figure S. Extinction spectra of bare Ag NPs and Ag@Cu,O core—
shell NPs having various shell thicknesses.

nanoparticles has been consistently reported in numerous
studies.”®*® This phenomenon is typically explained by the
high refractive index (usually >2) of the semiconducting shell,
compared to the refractive index of water, which is around
1.333. As demonstrated herein, this tunability of the extinction
peak makes the Ag@Cu,O core—shell NPs optically active
within the visible region of the solar spectrum, where the
majority of solar energy is concentrated. This capability is
particularly significant for photocatalytic applications, where
sunlight is the only energy source driving the reactions.
Consistent with our observations, a study by Wang’s group
on Au@Cu,O nanoparticles with tunable shell thicknesses also
reported a shift of the LSPR to the NIR region as the shell
thickness increased, without saturating at a specific wave-
length.”” For a densely packed, single-crystal shell, the shape of
the extinction spectra and the frequency of plasmonic
absorption are primarily determined by the shell thickness.
In contrast, for a polycrystalline shell, both the shell thickness
and its porosity (packing density) influence the plasmonic
absorption of the nanoparticles. A more porous shell leads to a
decrease in the effective permittivity of the cuprous shell,
giving a plasmonic resonance shift over a narrower spectral
range. According to calculations presented in Wang’s work, a
shell with a low packing density (likely below 50%) would
saturate the LSPR peak at a specific wavelength as the shell
thickness increases. Based on the structural analysis of our
sample, the cuprous shell is polycrystalline in nature, consisting
of a collection of multiple tiny crystals. We anticipate that
while all of the Cu,O shells exhibit variations in thickness, they
likely have similar packing densities due to comparable levels
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of crystallinity. Importantly, we believe that the porosity of the
cuprous shell is advantageous for photocatalysis, as it increases
the surface area available for driving redox reactions.

When a semiconductor photocatalyst absorbs solar radiation
of a suitable wavelength, it generates free electrons and
corresponding holes that can participate in catalytic activities.**
Therefore, electron—hole recombination in metal oxide
nanoparticles is undesirable as it reduces photocatalytic
efficiency.”” The return of an electron from the excited state
in the conduction band to recombine with the positive hole in
the valence band gives rise to the emission of a photon. This
photon emission, which produces a PL signal, indicates the
recombination rate of electron—hole pairs in semiconduc-
tors.”’ For this reason, PL spectroscopy was employed to
evaluate the influence of the plasmonic core on the electron—
hole recombination rate of Cu,0O NPs. The intensities were
normalized based on the nanoparticle concentration and Cu,O
volume in the respective samples to minimize any analytical
discrepancies due to differences in concentration and volume.
As seen in Figure 6, the presence of the Ag core significantly

Cuz20 NPs

—— Ag@Cu20 10 £ 2 nm

—— Ag@Cu20 13 £2 nm

— Ag@Cu20 17 £ 2 nm
-Ag@Cu20 27 £ 4 nm

—— Ag@Cu20 45+ 4 nm

Intensity (a.u.)

T T T T
400 500 600 700 800 900

Wavelength (nm)

Figure 6. Photoluminescence spectra of spherical Cu,0O NPs and
Ag@Cu,O core—shell NPs having various shell thicknesses.

reduces the PL signal from the Cu,O shell, with an average
suppression of ~ 59% compared to bare Cu,O NPs. This
substantial reduction in PL intensity suggests that the
plasmonic Ag core effectively decreases the electron—hole
recombination rate by trapping charge carriers within the
metallic core.’’ PL measurements for Ag@Cu,O NPs at
various shell thicknesses also showed consistent signal
reductions when normalized for their respective concentrations
and Cu,O volumes. Variations in the heights of the normalized
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Table 1. Selected Examples of Photocatalytic Hydrogen Evolution Using Doped or Composite Photocatalysts

entry material structure reaction environment
1 TiO,—Ti;C,/Ru-20  nanocomposite MeOH 10 v%
2 Pt/Zny;5Cdy,sSe particles MeOH 10 v%
3 Au-La,Ti,0, nanosteps MeOH 20 v%
4 CdS@mZnS nanorods Na,S 0.25 M, Na,SO;
035 M
S Cu,Sng 33Geg¢,S3 powder Na,S, Na,SO; 10 mM
6 Sry slag,TiO4 N, powder Na,SO; 0.05 M
7 Cu/TiO,@Ti;C,T, 2D sheets MeOH ~7 v%
8 Pt—Pb,Ti,O,F; » powder MeCN:TEOA:H,0
(130:10:1)
9 SrTiO; 5 powder MeOH 10 v%
10 Ag@Cu,O core—shell EG 10 v%
nanoparticle
11 C;N,—Pd—Cu,O0 stack nanostructure ~ TEOA 10 v%
12 Au NBP@Cu,O yolk-shell composite ~ H,O
13 Zn/Cu,0@C coated nanoparticle ~ HL 15 v%
14 Cu,0/Cu,Se multilayer nanowires MeOH 10 v%

light source power (W)

rate of H, evolution

(type, wavelength) (umol/g.../h) ref
300 (Xe lamp, 350—780 nm) 235 60
300 (Xe lamp, 420—800 nm) 95 61
300 (Xe lamp, AM 1.5G) 340 62
300 (Xe lamp, 422—740 nm) 820 63
300 (Xe lamp, AM 1.5G) ~52 64
300 (Xe lamp, 400—780 nm) 160 65
300 (Xe lamp, not provided) 860 66
300 (Xe lamp, ~ 440 nm) ~14 67
300 (Xe lamp, > 300 nm) ~40 68
14.4 (LED, ~ 460 nm) 635 this
work
300 (Xe lamp, 400—780 nm) ~33 56
300 (Xe lamp, > 400 nm) ~5 57
300 (Xe lamp, AM 1.5G) ~26 58
300 (Xe lamp, > 420 nm) ~29 59

intensity peaks can be attributed to slight differences in
nanoparticle size and experimental errors during measure-
ments. The highly suppressed recombination rate, coupled
with the tunability of the extinction peak, could significantly
enhance the applicability of Ag@Cu,O core—shell NPs in
photocatalysis, such as hydrogen evolution (see below), toxic
chemical degradation, and other applications in photovoltaics,
biochemical sensing, and electronics.”

Photocatalytic Hydrogen Evolution Performance.
Cu,O, a p-type semiconductor, is a widely studied catalytic
material for hydrogen evolution due to its favorable band-edge
positions for water splitting and a suitable bandgap of
approximately 2 eV, enabling the absorption of a significant
portion of the solar spectrum.’>** When a p-type semi-
conductor comes into contact with a protic liquid that contains
a redox species, the alignment of the semiconductor Fermi
level, which is close to the valence band, induces upward band
bending.”* This band bending facilitates charge separation at
the interface, promoting the injection of electrons (minority
carriers) from the bulk of the semiconductor to the
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semiconductor-liquid interface, thereby driving the reduction
of protons (H*) to hydrogen (H,). For Cu,O, the reduction
potential (Cu,0/Cu) and the oxidation potential (CuO/
Cu,0) lie within the bandgap.”®> Consequently, photo-
generated electrons and holes can reduce or oxidize Cu,O,
leading to photocorrosion, which degrades the material and
produces slow hydrogen evolution rates. In our system, the
conductive Ag core can trap the unwanted electrons. Holes
created after excitation can also combine with electrons in the
conductive Ag core. The electrons at the interface can be
efficiently separated to drive the hydrogen evolution reaction.
Here, ethylene glycol is used as a sacrificial agent to complete
the redox reaction. In some studies, ethylene glycol has been
demonstrated to be an effective sacrificial agent that enhances
photocatalytic activity.”">> Combining with porous shell and
enhanced plasmonic absorption, we anticipated that the Ag@
Cu,O nanoparticles would outperform pristine Cu,O nano-
particles in terms of both photocatalytic activity and stability.

HER studies utilizing Ag@Cu,O and Cu,O NPs were
monitored using gas chromatography equipped with a thermal
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conductivity detector as shown in Figure S7. Ag@Cu,O
nanoparticles with average shell thickness of 17 + 2 nm were
employed as catalysts to optimize light from the 460 nm LED
light source that was used. The results demonstrated a
significant enhancement in the hydrogen evolution rate per
mass unit of photocatalyst, with the presence of the plasmonic
nanoparticles (Figure 7a). The combination of the Ag core
with Cu,O shell increased the hydrogen evolution rate more
than 6-fold to ~ 635 ymol/g.,./h, up from ~ 102 umol/g_./h
observed with Cu,O NPs. This faster rate can be attributed to
plasmonically induced electron injection®® and energy trans-
fer”' occurring when the composite photocatalyst was
illuminated by electromagnetic radiation at an optimized
wavelength. Notably, the Ag@Cu,O core—shell photocatalyst
in this work showed a faster hydrogen evolution rate compared
to most recently reported systems (see Table 1), highlighting
the synergistic strength of plasmonic-semiconductor hybrid
nanostructure in photocatalytic hydrogen generation. Among
these examples, only CdS@mZnS$ nanorods (Table 1, entry 4)
and Cu/TiO,@Ti;C,T, nanosheets (entry 7) showed higher
H, evolution rates than our Ag@Cu,O core—shell NPs with
820 and 860 ymol/g,./h, respectively. However, the relatively
simple Ag@Cu,O NPs in this work, with a rate of 635 ymol/
g./h, can be synthesized under milder conditions (lower
temperature, shorter time, fewer chemicals and steps, noninert
gas environment, and less hazardous chemicals) compared to
both CdS@mZnS nanorods and Cu/TiO,@Ti;C,T, nano-
sheets, making them more suitable for large-scale applications.
Additionally, the light source used in this work consumes
significantly less power (14.4 W) than those used in other
systems (300 W) to achieve the reported evolution rates.
Focusing more narrowly on Cu,O-based photocatalysis, our
Ag@Cu,O catalysts also outperform some recent works (Table
1, entries 11 to 14). These include the C;N,—Pd—Cu,O stack
nanostructures with ~ 33 ymol/g.,./h reported by Yin et al,*®
the Au NBP@Cu,O yolk—shell composites with ~ S umol/
ge/h reported by Ma et al,”” the Zn/Cu,0@C coated NPs
with ~ 26 pmol/g./h reported by Yuan et al,”® and the
Cu,0/Cu,Se multilayer nanowires with ~ 29 pmol/g../h
reported by Liu et al.”” The good performance of the Ag@
Cu,O catalysts can be attributed to (1) the advantages of
coupling plasmonic and porous Cu,O nanostructures, (2) the
utilization of an appropriate light source, and (3) the use of
suitable reaction environments. Although no direct compar-
isons can be made from Table 1 due to differences in testing
conditions, the results hold promise for designing even more
efficient Cu,O-based photocatalysts for hydrogen evolution as
a clean energy source.

To evaluate the influence of the plasmonic core on Cu,0O,
the hydrogen evolution rates were normalized with the Cu,O
volume in the nanoparticles. The results indicated that per unit
volume of Cu,O, the hydrogen evolution rate increased
significantly from 1.59 X 107® mmol/g.,/nm® to 14.58 X 107°
mmol/g../nm’ (more than 9-fold) by incorporating with Ag
NPs (Figure 7b). This analysis was enabled by the high
uniformity of the core—shell nanoparticles afforded by the
synthesis method. To our current knowledge, this is the first
study to evaluate this particular aspect of performance
photocatalytic nanostructures. The substantial increases in
evolution rate increases discussed above can also be attributed
to the marked reduction in the electron—hole recombination
rate, which is a major challenge for photocatalytic hydrogen
generation with semiconductor materials.*”®’
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Furthermore, the recyclability of the photocatalysts was
evaluated by washing them after each hydrogen evolution
reaction (HER) and reusing them in subsequent tests under
identical HER conditions. The results presented in Figure 8
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Figure 8. Photocatalytic hydrogen evolution of Ag@Cu,O and Cu,O
NPs over 3 consecutive cycles.

indicate that the hydrogen evolution rate for Cu,O nano-
particles decreased by ~ 66% (from 102 to 35 ymol/g../h)
after three cycles, while the rate for Ag@Cu,O nanoparticles
decreased by ~ 45% (from 635 to 348 umol/g../h). The
reduced degradation of Cu,O in the presence of the Ag core
can be attributed to the metallic core acting as a charge carrier
scavenger,56 which inhibits the movement of charge carriers
and thus reduces the photocorrosion of Cu* ions. Although the
degradation of the photocatalyst remains significant, the
observed 21% reduction in degradation is a promising result.
Further research efforts to enhance the stability of Cu,O-based
photocatalyst are currently underway in our lab.

B CONCLUSIONS

Ag@Cu,0 core—shell NPs with controllable Cu,O shell
thicknesses were successfully synthesized alongside bare Ag
and Cu,O NPs using convenient procedures under mild
conditions. These nanoparticles were characterized using
various techniques to verify their size, structural, morphological
characteristics, as well as their elemental compositions and
distributions. All synthesized core—shell nanoparticles ex-
hibited strong LSPR peaks in the visible region. More
importantly, optical studies demonstrated the ability to tune
the red-shift of the LSPR position into the intense part of the
solar spectrum by systematically adjusting the Cu,O shell
thickness. PL measurements indicated that the plasmonic Ag
cores in the Ag@Cu,O core—shell NPs significantly sup-
pressed the electron—hole recombination rate compared to
bare Cu,O NPs. Photocatalytic hydrogen evolution studies
revealed more than a 6-fold increase in the evolution rate with
the incorporation of the Ag core into the photocatalyst.
Additionally, the degradation rate of Cu,O was reduced
through the coupling with Ag cores, thus enhancing the
stability of Cu,O NPs. Despite many significant enhancements
and several remaining challenges, it should be noted that the
synthesis method in this work was quicker and less demanding,
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facilitating easier scale-up applications for the hybrid photo-
catalyst. The use of abundant elements also enhances the
applicability of the Ag@Cu,O core—shell NPs. Moreover,
these results pave the way for combining a wide range of
plasmonic and semiconductor materials beyond Ag and Cu,O
in nanostructures for improved photocatalytic activity and
optoelectronic applications.
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