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Plasmonic Ag@Cu,O core-shell nanostructures
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This work was devoted to the investigation of the optical properties, structural characterization, and
photothermal conversion performance of Ag@Cu,O nanostructures. The selection of anisotropic silver
core, specifically Ag nanocubes, was driven by the possibility to tune LSPR across a broader range of the
electromagnetic spectrum. The thickness of the Cu,O shell was intentionally changed through the
variation in the Cu salt to the metal core nanoparticles ratios. The LSPRs of Ag(nanocube)@Cu,O core—
shell nanoparticles can be fine-tuned to the spectral region to become resonant with the excitation
wavelengths of 808 nm NIR laser. Due to the high refractive index of the deposited Cu,O, the redshifts
of the plasmon band wavelength in the extinction spectra were observed. Consequently, the
photothermal activities of the Ag(nanocube)@Cu,O core-shell NPs have been controlled by the shell
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efficient NIR photothermal effect under the irradiation of 808 nm laser at ambient conditions. Results of

DOI: 10.1035/d3ra06712b this work demonstrate that Ag@Cu,O hetero-nanostructures may be optimized and used for the
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Introduction

Attempts to obtain all-in-one nanomaterials with the ability to
combine and tailor optical, electrical, magnetic, or catalytic
functionalities, enhance charge and energy transfer, improve
stability and durability led scientists to the discovery of
numerous new hanostructures.» An important type of such
multicomponent nanosystems is formed by the integration of
a noble metal with a semiconductor. This kind of hetero-
nanostructures demonstrates enhanced and modifiable local-
ized plasmon resonances (LSPRs) properties and facilitates
efficient charge transfer through the interface, improving the
overall charge carrier lifetime. Among others, Ag@Cu,O has
been devoted a lot of attention due to various potential appli-
cations in plasmon-enhanced spectroscopy,>* photocatalysis,*™®
photovoltaics,”*® biomedical applications,"** and bacterial
contamination inhibition.***

Ag@Cu,0 hetero-nanostructures offer a versatile platform
for combining the unique properties of silver and Cu,O nano-
materials.”” Silver nanoparticles (NPs) possess stronger plas-
mon resonances compared to other noble metals'® and can act
as more efficient light absorbents, capturing photons and
transferring the energy to the semiconductor matrix, which is
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efficient transformation of light into other forms of energy, specifically heat.

particularly useful for their applications in solar cells and solar
fuel devices to enhance light absorption and improve overall
device performance.'” Also, the photogenerated electrons from
Cu,O0 can transfer to the Ag NPs due to their lower Fermi level,
overcoming a Schottky barrier until equilibrium is reached and
preventing the recombination of opposite charges.'®*

The precise control over the synthetic parameters, geome-
tries, and interface engineering between Ag and Cu,O is vital for
optimizing the properties of Ag@Cu,O nanostructures for
specific applications.”® By precisely controlling the overall
physical dimensions experimentally, the LSPRs of Ag nano-
cubes can be tailored across the visible and near-infrared (NIR)
regions in the extinction spectra.*® Compared to their quasi-
spherical counterparts, the plasmon resonances of the aniso-
tropic Ag nanocubes are more sensitive to the refractive index of
the surrounding medium.*>* The plasmon tunability of the
resulting heteronanostructures with Ag nanocubes and Cu,O as
the core and shell, respectively can be maneuvered over
a broader spectral range than the isotropic core-shell nano-
spheres of the similar core size and shell thickness.

Ag(nanocubes)@Cu,O nanostructures exhibit interesting
NIR photothermal properties due to the combination of plas-
monic properties of the cubic silver core and the light adsorp-
tion capability of the cuprous oxide shell. When LSPRs of Ag
nanocubes are exited with the resonant wavelengths, the short-
lived dephasing process results in a non-equilibrium distribu-
tion of the excited charge carriers within a few femtoseconds.
Due to the scattering of these charge carriers, a Fermi distri-
bution with energetic hot charge carriers is generated followed
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by a charge carrier-phonon interaction. The heat is then
released to the surroundings through the final relaxation/
dissipation via phonon-phonon scattering interaction.>>*
Also, the localized electromagnetic field enhancement near the
surface of the nanocubes enhances light absorption and results
in local temperature increase in the solution. On the other
hand, the Cu,O component demonstrates strong light absorp-
tion in the visible range due to its direct bandgap, which can be
converted into heat through various relaxations and electron—
phonon interactions as well.*®

The plasmon-mediated photothermal effect has several
advantages due to the fast-heating rate and the possibility to
adjust various properties of the plasmonic metal NPs or its
composite to influence the heating efficiency. Deposition of
Cu,O shell of various thicknesses on the Ag nanocubes
progressively tunes LSPRs to NIR region or “biological window”.
Utilization of NIR lasers to induce the photothermal effects with
Ag@Cu,0 heteronanostructures has significant implications in
various biomedical applications owing to the superior tissue
penetration of NIR light photons compared to visible light. For
example, in photothermal therapy, these nanostructures can be
selectively delivered to cancer cells and, upon NIR light irradi-
ation, generate localized heat to induce hyperthermia, leading
to the targeted destruction of cancer cells.**** Also, the photo-
thermal effect provides a heating mechanism that may
contribute to the enhanced photocatalytic performance of
Ag@Cu,O0 core-shell nanostructures. Main advantage of using
808 nm NIR laser for the photothermal effects compared with
other NIR excitations, such as most widely used 980 nm, is that
808 nm NIR light photons minimize the overheating effect due
to their much lower absorption coefficients displayed by water
molecules and biological tissues at this wavelength.**
Without being attenuated while passing through biological
samples, the tissue penetrability is greatly improved using
808 nm NIR laser. Hence, the studies on the NIR photothermal
effects induced by 808 nm laser using plasmonic Ag@Cu,O
hybrid nanostructures with tunable LSPRs can positively
expand the horizons of existing core-shell nanomaterials and
have broad prospects for biological research relevant to human
health.

Here, we report on the preparation of colloidal Ag(nanocube)
@Cu,O0 nanostructures with optimized NIR photothermal
properties. For the variety of the deposited shell sizes, nano-
structures that exhibited plasmonic energy matching laser
excitation wavelength demonstrated better heat generation
performance. Notably, the LSPRs band of obtained Ag@Cu,O
core-shell heteronanostructure with the densest shell thickness
(~70 nm) is fine-tuned to be resonant with the NIR laser (exci-
tation wavelength of 808 nm) in the experimentally measured
extinction spectra.

Experimental

Chemicals and materials

Silver trifluoroacetate (CF;COOAg, =99.99%), silver nitrate
(AgNO3, =99.9999%), polyvinylpyrrolidone (PVP, average MW
55000), hydrochloric acid (HCl, 37%), sodium hydrosulfide
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hydrate (NaHS-xH,0), acetone (99.6%), ethylene glycol (EG,
99.8%), copper(u) nitrate hydrate (Cu(NOj3);-H,0O, 99.999%),
sodium hydroxide (NaOH, =98%), hydrazine (N,H,-3H,O,
35 wt% solution in water). All the chemicals used for the
synthesis were of analytical grade and were used without further
purification. The deionized water used in the experiments was
ultra-pure (Milli-Q, 18 MQ).

Synthesis of ~35 nm Ag seeds

In a typical synthesis, 20 mL of EG was added into a 50 mL flask
and heated at 150 °C in an oil bath for 40 minutes under
magnetic stirring (700 rpm). Next, 250 pL of freshly prepared
3 mM NaHS solution in EG, 2 mL of 3 mM HCI, 5 mL of 50 mg
mL~' PVP in EG, and lastly 1.5 mL of 282 mM CF;COOAg
solution in EG were sequentially added into the flask. The flask
was capped for the entirety of the process except during the
additions of reagents and obtaining aliquots to control the
reaction. The progress of the Ag seeds formation was monitored
with UV-vis spectroscopy and the reaction was stopped using an
ice-water bath when the LSPR peak was centered at ~425 nm.
After being washed at 8000 rpm for 8 minutes with acetone and
DI water, the seeds were redispersed in 5 mL of EG for storage
and used for further growth.

Growth of ~80 nm Ag nanocubes

To synthesize Ag nanocubes, 10 mL of EG was added into
a 50 mL flask and heated at 150 °C in an oil bath for 10 minutes
under magnetic stirring (1000 rpm). Then, 3 mL of 250 mg mL
PVP solution in EG was added and stirred for another 10
minutes. Then, 200 pL of the pre-formed Ag seeds were intro-
duced, followed by the dropwise addition of 2 mL of 282 mM
AgNO; EG solution. Ag nanocubes with a side length of ~80 nm
were obtained by quenching the reaction in an ice-water bath
when the LSPR peak of the product red-shifted to ~500 nm. The
product was washed with acetone and water twice and then
redispersed in 2 mL of EG for further use.

Formation of Ag@Cu,O core-shell heteronanostructures

To epitaxial deposit Cu,O shells onto Ag nanocubes, 100 pL of
colloidal Ag nanocubes was first introduced into 5 mL of 2 wt%
PVP aqueous solution. 10, 20, 30, or 40 pL of 0.1 M Cu(NO3),
aqueous solution were subsequently added. Then, 11.2 pL of
5 M NaOH and 5 pL of N,H, solution were added under
magnetic stirring (1200 rpm). The reaction was allowed to
proceed for 10 min at room temperature and the resulting core—
shell nanoparticles were washed with water.

Methods and instrumentation

Optical extinction spectra were recorded using a Shimadzu UV-
2600 Plus spectrophotometer. Transmission electron micro-
graphs (TEM) were recorded using a JEOL JEM-1400Flash
microscope operating at 100 kV. High-resolution transmission
electron microscopy (HRTEM) images were collected utilizing
a JEM 2100Plus TEM operating at 200 kV. Samples were coated
onto a Ni grid to avoid the interference of peaks from the Cu

© 2023 The Author(s). Published by the Royal Society of Chemistry
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grid and fixed on a JEOL single tilt beryllium retainer for energy-
dispersive X-ray spectroscopy (EDS) analysis. Elemental
mapping was performed on a JEM 2100Plus TEM with a JED-
2300T EDS detector. The surface morphology of the NPs was
analyzed using a JEOL JSM-IT500HR scanning electron micro-
scope (SEM) operating at 15 kV.

Photothermal measurements

The photothermal effects of Ag nanocubes and Ag@Cu,O with
various semiconductor shell thicknesses were evaluated using
808 nm laser. Briefly, nanoparticles were suspended in 1.5 mL
of water (~11.6 mM of Ag) in 1 cm long with 4 transparent side
quartz cuvette and were irradiated with 2.0 W em ™ continuous
NIR laser (MDL-H-808-5W, Changchun New Industries Opto-
electronics Tech Co, Ltd, China) for 20 minutes. The tempera-
ture in each sample was recorded every 5 minutes by an infrared
(IR) thermal imaging camera (TG165-X, FLIR, Taiwan). Also, the
Ag@Cu,O_d suspension stability was tested irradiating the
sample with an 808 nm for 10 min and allowing it to cool down
when laser was turned off for another 10 minutes for 3 cycles.

Calculation the photothermal conversion efficiency

The photothermal conversion efficiency was calculated using
a macroscopic model of collective particle heating describing
heat generation and dissipation of the NPs suspension.*® The
temperature T change with time ¢ is described by the energy
balance equation

dTr
Zmicia =

where Qnps is the heat induced by the absorption of the nano-
particles, Quater is heating of the solvent, Qs is the heat
dissipated by the solvent, m; and C; are the mass and specific
heat capacities of each element in the system. The contribu-
tions of the NPs can be considered negligible because the mass
of hetero-nanostructures was small compared to the mass of the
solvent (1.5 g), and the heat capacity of silver (0.233 J g ' K ™)
and Cu,O (0.297 ] g~ K~") are much smaller than that of water
(4.184 J g~* K™ 1). Then, the absorption and dissipation energy
can be presented as

QNPs + Qwater - Qluss (1)

Onps = P(1 - 107/‘})77 (2)
Qloss = hS(T - Troom) (3)

where A, is the optical extinction at the incident wavelength, Pis
the power of the excitation laser, 7 is the conversion efficiency, h
is the heat transfer coefficient, S is the cross-section surface area
of thermal convection of the solution to the air.

A dimensionless driving force temperature, ¢, is introduced
as

Troom - T
Troom - Tmux

6= (4)

where Tyoom is the room temperature and Ty,ax is the maximum

temperature reached under illumination. The thermal equilib-
rium time constant (tr) could be obtained by fitting the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experimentally measured temperature change of the solution
during cooling periods using the linear equation

1 X t (5)

7 provides information on how fast the system loses energy
to the environment (Fig. S5, ESIt). The heat-transfer coefficient
can be estimated as

Zmici
h=- 6
St Q)
When system is at equilibrium
Qloss = QNPS + Qwater [7)

The Qwater Was obtained from the temperature changes of the
pure solvent

J

Qwater = hwater S (T max ~ Tronm) (8)

Expressing Qnps = Qoss — Qwater and substituting it in eqn
(2), the final expression for the photothermal conversion effi-
ciency appears in the following form

h S (Tmax - Troom) - hwater S (T/max - Troom)

_ 100%
K P (1-10-4) .
(©)

Results and discussion

Ag nanocubes were obtained using the seed-mediated method,
which allows precise control of the size distribution and shape
purity. First, seeds were formed using polyol as a solvent and
reducing agent at the elevated temperature required to initiate
the reduction process of silver precursor. The polyol, specifically
ethylene glycol, prevents rapid growth of the nuclei into large
nanoparticles, while PVP serves as a capping agent preserving
(100) planes and forming cubic shape. The extinction spectrum
of Ag nanoseeds exhibits a distinct dipolar plasmonic reso-
nance peak centered at 420 nm. In addition to the main LSPRs
peak, seeds possess a higher energy plasmonic mode evidenced
by the presence of the small peak positioned at around 360 nm
corresponding to an octupole plasmon mode.*® As shown in the
TEM image (Fig. 1B), the obtained Ag seeds are uniform and
have well-defined cubic geometry with slightly rounded corners.
The mean edge length of synthesized seeds is 35.36 nm with
a standard deviation of 3.66 nm, as demonstrated in the size
distribution histogram (Fig. 1D). Second, larger Ag nanocubes
were grown after injection of pre-farmed seeds into the growth
solution containing AgNO; in ethylene glycol at 150 °C. Ag" ions
were reduced and preferably deposited onto the seeds' surfaces.
The process was monitored in real time by periodically
sampling the reaction mixture and analyzing it with extinction
spectroscopy as demonstrated in Fig. 1A. The growth was
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(A) Extinction spectra measured during the seed-mediated overgrowth of Ag nanocubes. TEM images of (B) cubic Ag seeds and (C) large

Ag cubes. Scale bars: 100 nm. Size distributions of the edge lengths of (D) cubic Ag seeds and (E) large Ag cubes.

terminated when the dipolar LSPRs peak redshifted 500 nm.
During the process, several new extinction peaks emerged cor-
responding to higher-order modes and were assigned to the
dipole, quadrupole, octupole, and higher-order multipole
plasmon resonances, respectively, in the order from longer to
shorter wavelengths in the spectrum (Fig. 1A).>° Highly mono-
disperse Ag nanocubes with average edge lengths of 77.92 nm
(£4.76 nm) were obtained and cubic morphology with slight

truncations at the corners were observed in TEM images
(Fig. 1E).

Ag@Cu,O hybrid nanostructures were formed after the
epitaxial deposition of Cu,O layers on the surfaces of large Ag
nanocubes. The deposition of Cu,O shell redshifts the Ag
nanocubes plasmon resonance peak centered at 510 nm to
620 nm, 685 nm, 745 nm, 805 nm with increase of the thickness,
which is attributed to the changes in the charge density
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(A) Digital photographs of Ag@Cu,O hybrid nanoparticles colloidal solutions synthesized adding (a) 10 uL, (b) 20 L, (c) 30 uL, (d) 40 plL of

0.1 M Cu(NOs3),. (B) Extinction spectra of colloidal solutions of Ag@Cu,O hybrid nanoparticles with varying shell thicknesses. TEM images of
Ag@Cu,0 hybrids synthesized adding (C) 10 uL, (D) 20 pL, (E) 30 pL, (F) 40 pL of 0.1 M Cu(NO3),. Scale bar: 100 nm.
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oscillations induced by the presence of copper(i) oxide and the
increase in refractive index of the shell (Fig. 2B). This type of
nanostructure combines the plasmonic properties of Ag core
with the unique optical and electronic characteristics of Cu,O
shell. The optical features of such nanocomposites could be
tailored by controlling the size of the cubic core and/or shell to
suit prospective application requirements. Therefore, Ag@Cu,O
hetero-nanostructures with different shell thicknesses were
synthesized by adjusting the concentrations of Cu-precursor to
precisely tune the extinction peak across visible and NIR regions
in the extinction spectrum. The spectral features at the higher
energy for all Ag@Cu,O colloidal solutions are attributed to the
inter-band transitions in the Cu,O shell. The corresponding
color change of Ag@Cu,O colloids from purple to dirty yellow
was observed. Micrographs showed individual, well-separated
nanostructures with distinct core-shell arrangements. The
silver core appeared as a well-defined, electron-dense region at
the center, while the Cu,O shell surrounded the core, forming
a continuous and dense layer (Fig. 2C-F). The average Cu,O
shell thicknesses were measured to be 13.7, 29.6, 40.1, and
71.0 nm (Fig. S1, ESIf). For the Ag@Cu,O sample with the
thinnest shell, Cu,O size varied greatly, and different crystalline
domains were coating the Ag core. As the shell thickness of
Ag@Cu,0 increased, the contrast between the core and shell in
TEM images disappeared. SEM images revealed rough outer
surfaces and irregular faceting of the hybrid nanoparticles
(Fig. S2, ESIY).

Ag@Cu,0

Fig. 3
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More advanced techniques, such as HR-TEM and EDS
elemental mapping, were used to obtain additional details
about the structural and compositional characteristics of the
Ag@Cu,0 core-shell nanostructures. The lattice fringes of both
components were visible in the HR-TEM image of the Ag@Cu,O
nanoparticle (Fig. 3A and B). The spacing of these lattice fringes
of the Ag nanocube core was 0.23 nm, close to the d value of the
Ag (111) plane, and the lattice parameter measured from the
fringes of Cu,O was 0.24 nm corresponding to the fcc Cu,O
(111) plane. Also, the alignment of the fringes in the same
direction confirmed the epitaxial growth of the shell materials
on the Ag core. Elemental mapping images provided visualiza-
tion of the spatial distribution of silver, copper, and oxygen
elements within the Ag@Cu,0O hybrid nanostructure
(Fig. 3C-F). The silver core showed a high concentration of Ag
element represented by a dense accumulation of high-intensity
signals in the corresponding map (Fig. 3D). Signals of the Cu
and O elements appeared in the hybrids' outer layers, leaving
very few low-intensity signals inside. It is noteworthy to mention
that the copper map had more pronounced signals than the
elemental distribution image of oxygen because the concen-
tration of Cu present in the shell was twice of O-element
concentration (Fig. 3E and F).

During laser illumination of Ag@Cu,O nanostructures sus-
pended in water, the light absorbed by the nanoparticles is
converted into heat due to a nonradiative relaxation process,
which leads to a rise in local temperature and transfer of

(A) HRTEM images of an AgQCu,O nanoparticle synthesized using 20 pL of 0.1 M Cu(NOs), with denoted interface area that was

examined. Scale bar: 20 nm. (B) HRTEM image of an Ag@Cu,O nanoparticle with indicated interplanar spacings corresponding to the lattice
fringes of the (111) planes of the Ag core and Cu,O shell. Scale bar: 5 nm. (C) TEM image of Ag@Cu,O hybrids synthesized adding 20 uL of 0.1 M
Cu(NOs3), and used for EDS mapping. Scale bar: 100 nm. Elemental distributions of (D) Ag, (E) Cu, and (F) O in Ag@Cu,O nanoparticles. Scale bars:

200 nm.
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(A) Temperature changes of Ag nanocubes, Ag@Cu,O hybrid nanoparticles colloidal solutions synthesized adding (a)10 pL, (b)20 uL, (c) 30

pl, (d) 40 pL of 0.1 M Cu(NOs), and water over time under irradiation with the NIR laser at 808 nm. (B) Photothermal stability test of Ag@Cu,O_d

exposed to 808 nm laser irradiation for three cycles.

generated heat to the surrounding medium. We would like to
emphasize that the shell will not hinder the heat dissipation
because nanostructures are well dispersed in water, and the
Cu,0 shell is less dense structure than traditional solid Cu,O
allowing heat to be transmitted through the shell. The experi-
mental setup for the photothermal effect measurements is
provided in Fig. S3, ESI.T The results were presented as a plot of
temperature rise versus time of irradiation. Fig. 4A showed an
initial rapid temperature increase that then slowed down for all
Ag@Cu,O samples. Expectedly, colloids with extinction peaks
positioned closer to or resonant with the excitation wavelength
of the laser possessed larger photothermal conversion effi-
ciency, which resulted in more distinct temperature rises. The
temperature elevated for an average of 5.8, 7.4, 9.3, and 14.3° for
the Ag@Cu,0 colloids as their shell thickness increased under
the excitation of 808 nm laser as demonstrated in Fig. 4A. The
808 nm laser has gained significant importance and is actively
utilized as an excitation source in biomedical applications due
to its safety for biological tissues, minimal phototoxicity, low-
energy non-ionizing radiation range, and deep tissue penetra-
tion due to the position within “biological window” of tissue
transparency minimizing absorption and scattering. Corre-
sponding IR camera pictures of the four samples with indicated
measured temperatures for selected trials are presented in
Fig. S4, ESIL.t To validate the occurrence of the photothermal
effect and evaluate the specific contribution of Ag@Cu,O,
control measurements were performed for the suspension of
bare Ag nanocubes (77.92 nm =+ 4.76 nm) with identical
concentration and pure water under the same experimental
conditions. There was no change in temperature for pure water
with 808 nm laser excitation for 20 min at ambient condition
when reaching the thermal equilibria. Negligible temperature
elevation (less than 3°) produced by colloidal Ag nanocubes was
observed, demonstrating that the Ag@Cu,O core-shell nano-

31574 | RSC Adv, 2023, 13, 31569-31577

structures with LSPRs in NIR spectral region exhibit the most
intense and efficient NIR photothermal effect. The photo-
thermal conversion efficiency was calculated to be ~25.4% for
Ag@Cu,0 with shell thickness of ~70 nm and LSPRs at 805 nm.
We used the extinction values to calculate photothermal effi-
ciency as described in several previously published works.?”**
Although only absorption will contribute to the photothermal
transduction, it is impossible experimentally distinguish
between absorption and scattering relative contributions to the
extinction. Also, it is worth noting that although scattering
increases with the size of the nanostructure, absorption
increases as well because of LSPR shifts closer to excitation
wavelength of the laser, which contributes to higher tempera-
ture rises. Additionally, we would like to mention that there is
room for the further improvement of photothermal efficiencies
through structural engineering of hybrid hetero nano-
structures. However, it is meaningless to directly compare the
photothermal efficiency values of our samples to those of other
nanoparticles or nanomaterials reported previously in the
literature because the photothermal efficiency values are
sensitively dependent upon the sizes, shapes, and compositions
of the nanoparticles, the light absorption and scattering prop-
erties, the excitation wavelengths, and the local environments
for heat dissipation, all of which varied drastically from case to
case. Considering that LSPR response of the nanostructures was
tuned to the excitation wavelength of the laser, further optimi-
zation of photothermal conversion efficiency under given
conditions is possible by increasing concentration of the
Ag@Cu,0O nanostructures is suspension to a certain “critical”
concentration where the aggregation occurs. For example, the
photothermal transduction efficiency of Au nanorods has been
previously reported in the 20-30% range,*>*° which is about the
same as of discussed Ag@Cu,O nanostructures. However, the
composition of those NPs is different and gold has a different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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work function compared to silver and we do not think it would
be appropriate to compare different materials from this view-
point. Moreover, the transduction efficiency depends on size,
structure, illumination density, concentration, which need to be
accounted for during the comparison.

Then, the temperature change of the Ag@Cu,O suspension
with time was monitored upon irradiation with 808 nm laser for
10 minutes with subsequent natural cooling for the same time
when laser was turned off. The photothermal stability was
tested for three cycles as presented in Fig. 4B, showing no
obvious difference after on/off cycles were complete.

Conclusions

In summary, Ag@Cu,O hybrid NPs were successfully fabri-
cated in a three-step approach. First, the cubic Ag core
nanocrystals with sizes of ~80 nm were prepared by growing
silver over Ag seeds. Second, the growth of Cu,O shells of
various thicknesses was performed at room temperature in
water. Obtained heteronanostructures exhibit optical prop-
erties from both the Cu,O shells and the Ag cores. The Ag
LSPR extinction band position changes with the shell thick-
ness. By combining noble metal and semiconductor shell,
hybrid nanostructure with optical response in NIR region can
be designed via wet chemistry approach. Compared to other
traditionally used semiconductor materials, such as SiO, and
TiO, shells, only Cu,O shell permits to modulate LSPR to NIR
region.”* When Ag(nanocube)@Cu,O extinction band devi-
ated from the laser wavelength at 808 nm, the photothermal
effect diminished resulting in small or negligible tempera-
ture changes. As the LSPR band approaches that of the exci-
tation wavelength, colloidal Ag@Cu,O samples demonstrate
excellent photothermal performance with a temperature rise
of ~15 degrees Celsius in 20 minutes of continuous laser
irradiation. Also, Ag@Cu,O hetero-nanostructures with
~70 nm semiconductor shells more efficiently convert the
absorbed light energy into heat through a nonradiative decay
process than their counterparts with thinner shells or bare Ag
nanocubes.

Author contributions

Hao Jing conceived and designed the research. M. I. and A. L. C.
synthesized the Ag(nanocube)@Cu,O nanoparticles, collected
the extinction spectra and photothermal data. M. I. used scan-
ning (JEOL JSM-IT500HR) and transmission electron micros-
copy (JEOL JEM-1400Flash) to characterize all nanostructures.
A. B. B. obtained high-resolution and STEM elemental mapping
images on all nanoparticles using JEM 2100Plus TEM equipped
with JED-2300T EDS detector. Hao Jing supervised the research.
Hao Jing and M. L. co-wrote the paper. All authors discussed the
results and commented on the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Acknowledgements

This work was supported by Startup Foundation (170397-
M18700-10502) and College of Science (COS) Seed Grant
(M13877-102284) of George Mason University.

References

1Y. P. Lv, S. B. Duan and R. M. Wang, Structure Design,
Controllable  Synthesis, and Application of Metal-
Semiconductor Heterostructure Nanoparticles, Prog. Nat.
Sci., 2020, 30(1), 1-12.

2Y. S. Fu, J. Li and J. G. Li, Metal/Semiconductor
Nanocomposites for  Photocatalysis: Fundamentals,
Structures, Applications and Properties, J. Nanomater.,
2019, 9(3), 359.

3 L. Chen, H. H. Sun, Y. Zhao, Y. J. Zhang, Y. X. Wang, Y. Liu,
X. L. Zhang, Y. H. Jiang, Z. Hua and ]. H. Yang, Plasmonic-
Induced SERS Enhancement of Shell-Dependent Ag@Cu,O
Core-Shell Nanoparticles, RSC Adv., 2017, 7(27), 16553-
16560.

4 S. H. Sheng, Y. S. Ren, S. Yang, Q. J. Wang, P. Sheng,
X. J. Zhang and Y. K. Liu, Remarkable SERS Detection by
Hybrid Cu,O/Ag Nanospheres, ACS Omega, 2020, 5(28),
17703-17714.

5]. Y. Xiong, Z. Li, J. Chen, S. Q. Zhang, L. Z. Wang and
S. X. Dou, Facile Synthesis of Highly Efficient One-
Dimensional Plasmonic Photocatalysts through Ag@Cu,O
Core-Shell Heteronanowires, ACS Appl. Mater. Interfaces,
2014, 6(18), 15716-15725.

6 X. L. Deng, C. G. Wang, E. Zhou, J. Z. Huang, M. H. Shao,
X. Q. Wei, X. J. Liu, M. Ding and X. J. Xu, One-Step
Solvothermal Method to Prepare Ag/Cu,O Composite With
Enhanced Photocatalytic Properties, Nanoscale Res. Lett.,
2016, 11, 29.

7 S. D. Sun, X. C. Zhang, X. J. Yu, J. Cui, M. Yang, Q. Yang,
P. Xiao and S. H. Liang, Unprecedented Ag-Cu,O
Composited Mesocrystals with Efficient Charge Separation
and Transfer as well as Visible Light Harvesting for
Enhanced Photocatalytic Activity, Nanoscale, 2021, 13(27),
11867-11877.

8 L. K. Xiong, X. Zhang, L. Chen, Z. Deng, S. Han, Y. F. Chen,
J. Zhong, H. Sun, Y. B. Lian, B. Y. Yang, X. Z. Yuan, H. Yu,
Y. Liu, X. Q. Yang, J. Guo, M. H. Rummeli, Y. Jiao and
Y. Peng, Geometric Modulation of Local CO Flux in
Ag@Cu,O Nanoreactors for Steering the CO,RR Pathway
toward High-Efficacy Methane Production, Adv. Mater.,
2021, 33(32), 2101741.

9 A. K. Rana, D. K. Ban, M. Patel, J. H. Yun and J. Kim, A
Transparent Photovoltaic Device Based on Cu,O/ZnO/AZO
for See-Through Applications, Mater. Lett.,, 2019, 255,
126517.

10 D. Osorio-Rivera, G. Torres-Delgado, R. Castanedo-Perez,
J. Marquez-Marin and O. Zelaya-Angel, Cd,Sn0O,/CdS/Cu,O/
Ag Solar Cell Obtained by Chemical Techniques, Mater.
Res. Bull., 2020, 122, 110669.

RSC Adv, 2023, 13, 31569-31577 | 31575


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06712b

Open Access Article. Published on 27 October 2023. Downloaded on 3/28/2026 2:39:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

11 C. H. Dong, W. Feng, W. W. Xu, L. D. Yu, H. Xiang, Y. Chen
and J. Q. Zhou, The Coppery Age: Copper (Cu)-Involved
Nanotheranostics, Adv. Sci., 2020, 7(21), 2001549.

12 Y. Guo, H. Wang, X. W. Ma, J. Jin, W. Ji, X. Wang, W. Song,
B. Zhao and C. Y. He, Fabrication of Ag-Cu,O/Reduced
Graphene Oxide Nanocomposites as Surface-Enhanced
Raman Scattering Substrates for in Situ Monitoring of
Peroxidase-Like Catalytic Reaction and Biosensing, ACS
Appl. Mater. Interfaces, 2017, 9(22), 19074-19081.

13 S. Higashi, T. Matsui and A. Beniya, Rapid Solar Heating of
Antimicrobial Ag and Cu,O Nanostructured Plasmonic
Textile for Clean Water Production, ACS Appl. Mater.
Interfaces, 2022, 14(35), 40214-40222.

14 F. Y. Hu, B. Song, X. H. Wang, S. Bao, S. Y. Shang, S. P. Lv,
B. B. Fan, R. Zhang and J. G. Li, Green Rapid Synthesis of
Cu,O/Ag Heterojunctions Exerting Synergistic Antibiosis,
Chin. J. Chem., 2022, 33(1), 308-313.

15 L. V. A. Sayson and M. D. Regulacio, Rational Design and
Synthesis of Ag-Cu,O Nanocomposites for SERS Detection,
Catalysis, and Antibacterial Applications, ChemNanoMat,
2022, 8(5), €202200052.

16 R. B. Jiang and ]J. F. Wang, Unraveling the Evolution and
Nature of the Plasmons in (Au Core)/(Ag Shell) Nanorods,
Abstr. Pap. Am. Chem. Soc., 2013, 245, OP200-OP207.

17 P. Manley, F. F. Abdji, S. Berglund, A. Islam, S. Burger, R. van
de Krol and M. Schmid, Absorption Enhancement for
Ultrathin Solar Fuel Devices with Plasmonic Gratings, ACS
Appl. Energy Mater., 2018, 1(11), 5810-5815.

18 Z. Q. Yang, C. C. Ma, W. Wang, M. T. Zhang, X. P. Hao and
S. G. Chen, Fabrication of Cu,0O-Ag Nanocomposites with
Enhanced Durability and Bactericidal Activity, J. Colloid
Interface Sci., 2019, 557, 156-167.

19 Q. Y. Xi, G. Gao, M. Y. Jin, Y. Q. Zhang, H. Zhou, C. Q. Wu,
Y. X. Zhao, L. D. Wang, P. R. Guo and ]J. W. Xu, Design of
Graphitic Carbon Nitride Supported Ag-Cu,0O Composites
with Hierarchical Structures for Enhanced Photocatalytic
Properties, Appl. Surf. Sci., 2019, 471, 714-725.

20 H. Jing, N. Large, Q. F. Zhang and H. Wang, Epitaxial Growth
of Cu,0 on Ag Allows for Fine Control Over Particle
Geometries and Optical Properties of Ag-Cu,O Core-Shell
Nanoparticles, J. Phys. Chem. C, 2014, 118(34), 19948-19963.

21 X. H. Xia, ]J. Zeng, L. K. Oetjen, Q. G. Li and Y. N. Xia,
Quantitative ~ Analysis of the Role Played by
Poly(vinylpyrrolidone) in Seed-Mediated Growth of Ag
Nanocrystals, J. Am. Chem. Soc., 2012, 134(3), 1793-1801.

22 L. J. Sherry, S. H. Chang, G. C. Schatz, R. P. Van Duyne,
B. J. Wiley and Y. N. Xia, Localized Surface Plasmon
Resonance Spectroscopy of Single Silver Nanocubes, Nano
Lett., 2005, 5(10), 2034-2038.

23 M. A. Mahmoud, M. Chamanzar, A. Adibi and M. A. El-Sayed,
Effect of the Dielectric Constant of the Surrounding Medium
and the Substrate on the Surface Plasmon Resonance
Spectrum and Sensitivity Factors of Highly Symmetric
Systems: Silver Nanocubes, J. Am. Chem. Soc., 2012,
134(14), 6434-6442.

24 Y. Liu and C. Z. Huang, Screening Sensitive Nanosensors via
the Investigation of Shape-Dependent Localized Surface

31576 | RSC Adv, 2023, 13, 31569-31577

25

26

27

28

29

30

31

32

33

34

35

36

37

38

View Article Online

Paper

Plasmon Resonance of Single Ag Nanoparticles, Nanoscale,
2013, 5(16), 7458-7466.

A. Nazir, P. W. Huo, H. J. Wang, W. Q. Zhou and Y. Wan, A
Review on Plasmonic-Based Heterojunction Photocatalysts
for Degradation of Organic Pollutants in Wastewater, J.
Mater. Sci., 2023, 58(15), 6474-6515.

T. S. Ahmadi, S. L. Logunov and M. A. ElSayed, Picosecond
Dynamics of Colloidal Gold Nanoparticles, J. Phys. Chem.,
1996, 100(20), 8053-8056.

E. Minutella, F. Schulz and H. Lange, Excitation-Dependence
of Plasmon-Induced Hot Electrons in Gold Nanoparticles, /.
Phys. Chem. Lett., 2017, 8(19), 4925-4929.

A. M. Steiner, F. Lissel, A. Fery, J. Lauth and M. Scheele,
Prospects of Coupled Organic-Inorganic Nanostructures for
Charge and Energy Transfer Applications, Angew. Chem.,
Int. Ed., 2021, 60(3), 1152-1175.

Z. H. Chen, J. H. Zhang, S. Q. Deng, M. T. Hou, X. R. Zhang,
Z.Y.Jiang and N. C. Lai, Morphology-Controlled Synthesis of
Cu,O Encapsulated Phase Change Materials: Photothermal
Conversion and Storage Performance in Visible Light
Regime, J. Chem. Eng., 2023, 454, 140089.

M. Kim, J. H. Lee and J. M. Nam, Plasmonic Photothermal
Nanoparticles for Biomedical Applications, Adv. Sci., 2019,
6(17), 1900471.

X. M. Cui, Q. F. Ruan, X. L. Zhu, X. Y. Xia, J. T. Hu, R. F. Fu,
Y. Li, J. F. Wang and H. X. Xu, Photothermal Nanomaterials:
A Powerful Light-to-Heat Converter, Chem. Rev., 2023, 6891-
6952.

A. M. Smith, M. C. Mancini and S. M. Nie, Bioimaging:
Second Window for in vivo Imaging, Nat. Nanotechnol.,
2009, 4(11), 710-711.

M. K. G. Jayakumar, N. M. Idris, K. Huang and Y. Zhang, A
Paradigm Shift in the Excitation Wavelength of
Upconversion Nanoparticles, Nanoscale, 2014, 6(15), 8441-
8443.

Y. F. Wang, G. Y. Liu, L. D. Sun, J. W. Xiao, J. C. Zhou and
C. H. Yan, Nd**-Sensitized Upconversion Nanophosphors:
Efficient In Vivo Bioimaging Probes with Minimized
Heating Effect, ACS Nano, 2013, 7(8), 7200-7206.

L. D. Sun, Y. F. Wang and C. H. Yan, Paradigms and
Challenges for Bioapplication of Rare Earth Upconversion
Luminescent Nanoparticles: Small Size and Tunable
Emission/Excitation Spectra, Acc. Chem. Res., 2014, 47(4),
1001-1009.

D. K. Roper, W. Ahn and M. Hoepfner, Microscale Heat
Transfer Transduced by Surface Plasmon Resonant Gold
Nanoparticles, J. Phys. Chem. C, 2007, 111(9), 3636-3641.
M. Q. Sun, X. Q. Fu, K. X. Chen and H. Wang, Dual-
Plasmonic Gold@Copper Sulfide Core-Shell Nanoparticles:
Phase-Selective Synthesis and Multimodal Photothermal
and Photocatalytic Behaviors, ACS Appl. Mater. Interfaces,
2020, 12(41), 46146-46161.

H. Breitenborn, J. Dong, R. Piccoli, A. Bruhacs, L. V. Besteiro,
A. Skripka, Z. M. Wang, A. O. Govorov, L. Razzari, F. Vetrone,
R. Naccache and R. Morandotti, Quantifying the
Photothermal Conversion Efficiency of Plasmonic

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06712b

Open Access Article. Published on 27 October 2023. Downloaded on 3/28/2026 2:39:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Nanoparticles by Means of Terahertz Radiation, APL
Photonics, 2019, 4, 126106.

39 Y. Sheng, M. Lin, X. Li, H. Hao, X. Lin, H. Sun and H. Zhang,
Enhancement of the 808 nm Photothermal Effect of Gold
Nanorods by Thiol-Induced Self-Assembly, Part. Part. Syst.
Charact., 2014, 31, 788-793.

40 J. Zeng, D. Goldfeld and Y. Xia, A Plasmon-Assisted
Optofluidic ~ (PAOF) System for Measuring the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Photothermal  Conversion  Efficiencies of  Gold
Nanostructures and Controlling an Electrical Switch,
Angew. Chem., Int. Ed., 2013, 52, 4169-4173.

41 N. Subbiah and T. Palanisamy, Collagen-Supported Amino-
Functionalized Ag@SiO, Core—Shell Nanoparticles for
Visible-Light-Driven Water Remediation, ACS Appl. Nano
Mater., 2022, 5, 14408-14424

RSC Adv, 2023, 13, 31569-31577 | 31577


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06712b

	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b

	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b
	Plasmonic Ag@Cu2O coretnqh_x2013shell nanostructures exhibiting near-infrared photothermal effectElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06712b


