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ABSTRACT: Carbon and semiconductor nanoparticles are promising photothermal materials for various solar-driven applications.
Inevitable recombination of photoinduced charge carriers in a single constituent, however, hinders the realization of a greater
photothermal effect. Core—shell heterostructures utilizing the donor—acceptor pair concept with high-quality interfaces can inhibit
energy loss from the radiation relaxation of excited species, thereby enhancing the photothermal effect. Here, core—shell structures
composed of a covellite (CuS) shell (acceptor) and spherical carbon nanoparticle (CP) core (donor) (abbreviated as CP/CuS) are
proposed to augment the photothermal conversion efficiency via the Forster resonance energy transfer (FRET) mechanism. The
close proximity and spectral overlap of the donor and acceptor trigger the FRET mechanism, where the electronic excitation
relaxation energy of the CP reinforces the plasmonic resonance and near-infrared absorption in CusS, resulting in boosting the overall
photothermal conversion efficiency. CP/CuS core—shell coated on polyurethane (PU) foam exhibits a total solar absorption of
97.1%, leading to an elevation in surface temperature of 61.6 °C in dry conditions under simulated solar illumination at a power
density of 1 kW m™? (i.e., 1 sun). Leveraging the enhanced photothermal conversion emanated from the energy transfer effect in the
core—shell structure, CP/CuS-coated PU foam achieves an evaporation rate of 1.62 kg m™> h™' and an energy efficiency of 93.8%.
Thus, amplifying photothermal energy generation in core—shell structures via resonance energy transfer can be promising in solar
energy-driven applications and thus merits further exploration.
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Bl INTRODUCTION available for the evaporation process is directly associated with
solar light trapping and subsequent photothermal conversion
capability of the absorber. In addition, the evaporator design
must incorporate a porous, hydrophilic support structure,
known as the pumping layer, to convey water to the heating
region and an extra insulating layer (typically composed of
polymer foams) underneath to restrict heat loss through
thermal conduction. Photothermal materials are therefore
typically incorporated into porous mediums such as gels,” filter

Interfacial solar-vapor generation, which uses solar energy to
convert water into vapor, is emerging as a sustainable
technology for clean water production, particularly in regions
where access to freshwater resources is limited.'~* The unique
feature of this technology lies in the utilization of floating
evaporation systems to localize heat at the air—water interface.’
This localized heat generation in the evaporative region
triggers higher solar-to-vapor conversion efficiency compared
to conventional evaporation systems, which lose much of their
heat to nonevaporative regions such as bulk water.” Three key Received: July 23, 2023
aspects of an interfacial water evaporation system—a solar Revised:  October 9, 2023
absorber with broad solar absorption, effective thermal Accepted:  October 25, 2023
management, and a support structure enabling a continuous Published: November 15, 2023
water supply—need to synergize to drive maximum solar-

vapor conversion efficiency.”” The magnitude of localized heat
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10 11,12 . .
papers,9 foams, - and sponges "~ to improve the evaporation

rate and vapor generation efficiency. Optimal interfacial
evaporators should maximize solar energy harvesting and its
conversion to heat through nonradiative relaxation. Carbon
materials such as zcgraphite,l"””r graphene,15 and CNTs,'*"”
alongside plasmonic nanoparticles,'® ** semiconductor nano-
particles,” >* and conductive polymers®>*® are frequently
used as photothermal materials. However, they tend to have
low photothermal conversion efficiency due to rapid charge
carrier recombination. More appealing photothermal effects
have been achieved with composites of carbon material and
inorganic/organic semiconductors, rather than single constit-
uents of inorganic semiconductors or carbon materials.””*® In
a single component, photogenerated electron—hole recombi-
nation is inevitable, leading to most photogenerated charges
recombining and releasing energy via radiation relaxation,
which leaves only a small proportion of the absorbed solar
energy being converted into heat. On the other hand, in
composites, one constituent can function as a donor and
another as an acceptor, which mitigates fluorescence effects
either by inhibiting charge carrier recombination or through
resonance energy transfer, leading to enhanced photothermal
conversion. Therefore, a composite or heterostructure should
be perfectly appropriate as a photothermal material to harvest a
wide spectrum of solar energy.

In recent years, a variety of donor—acceptor systems, such as
triazine-CNTs and carbon dots-modified MnO, nanowires,
have been explored to enhance the photothermal effect in
interfacial water evaporation.””* Despite these investigations,
the development of composites with high-quality interfaces
remains a challenge. Inadequate interfacial contact between
components can impede charge flow or energy transfer.””*°
The core—shell heterostructure is considered beneficial for
promoting energy transfer and charge separation.’’ The
synergistic effect resulting from the strong interfacial electronic
interactions in the core—shell structure can leverage efficient
charge transfer.”> Importantly, the close proximity between
core and shell constituents renders active interfaces for energy
transfer, a requirement for resonance energy transfer. To date,
various core—shell structured photothermal materials have
been extensively investigated for several applications such as
phase-change materials,”® antibacterial agents, and tumor
therapies.”* A few recent studies on interfacial evaporators,
based on magnetic phase-change microcapsules, where the
phase-change material as a core is enveloped by a solar
absorber-coated magnetic composite shell, have further
underscored the potential of core—shell heterostructures in
enhancing photothermal effects.”> > Nevertheless, the ex-
ploitation of the improved photothermal effect originating
from the core—shell structure to facilitate the interfacial water
evaporation process has yet to be fully examined. In addition,
the mechanism driving the elevated heat generation in the
core—shell structure has seldom been studied. Considering the
potential of core—shell structured photothermal materials in
enhancing heat generation via the Forster resonance energy
transfer (FRET) mechanism, it is of great interest to tune the
solar light absorption capabilities to enable full solar spectrum
photothermal conversion.

FRET is a resonant transfer process of electronic excitation
energy from a donor component in the excited state to an
acceptor in the ground state.’® The efficiency of FRET is
strongly dependent on two factors: the proximity between the
donor and acceptor and the extent of overlap between the

emission spectra of the donor and the absorption spectra of the
acceptor. Herein we report the creation of a core—shell
structured photothermal material consisting of covellite (CuS)
shells coated over spherical carbon nanoparticle (CP) cores
(denoted as CP/CuS), with the aim of enhancing photo-
thermal heat generation via the FRET effect. This study seeks
to comprehend how a core—shell structure promotes non-
radiative energy transfer and determine whether the process
yields a sufficient photothermal effect to enhance the interfacial
water evaporation process. The novelty of the present work lies
in presenting a proof-of-concept that explores the core—shell
structure for a high-performance interfacial evaporator,
leveraging enhanced photothermal conversion arising from
the resonance energy transfer mechanism. To the best of our
knowledge, this is the first report attempting to facilitate the
interfacial water evaporation process by leveraging the
enhanced photothermal conversion originating from the
resonance energy transfer effect in a core—shell structure.
The effective spectral overlap between the CP’s emission and
CuS’s absorption spectra supports the energy transfer
mechanism in the core—shell structure. An evaporator was
designed by coating CP/CuS onto the surface of commercial
microporous polyurethane (PU) foam. Owing to the
mesoporous network structure of PU and the synergistic
photothermal enhancement emerging from the core—shell
structure, CP/CuS-coated foam shows a total solar absorption
value of 97.1% and an excellent solar-thermal conversion
efficiency. The enhanced heat generation on the upper surface
of CP/CuS-coated PU foam enables a high vapor generation
efficiency of 93.8% and an evaporation rate of 1.62 kg m™>h™!
under 1 sun irradiation. Photothermal heat generation via the
resonance energy transfer mechanism provides an efficient
route to enhance solar energy conversion efficiency and can be
employed for applications such as water desalination,
purification, sterilization, and power generation.

B MATERIALS AND METHODS

Materials. Sodium thiosulfate pentahydrate, cupric sulfate
anhydrous, L-ascorbic acid, and dextrose anhydrous were received
from Fisher Scientific. Dopamine-HCl and tris(hydroxymethyl)
aminomethane (Tris) were purchased from Sigma-Aldrich (USA).
PU foam was purchased from United States Plastic Corp. [Item
Number: 88642; Porosity: 100 PPI (Pores Per Inch)]. All chemicals
used in this work were of reagent grade and used as received without
any further purification.

Preparation of CP/CuS. CP/CuS was prepared following a
single-step hydrothermal technique, employing a stainless-steel
autoclave reactor at 180 °C for 14 h. Briefly, a solution containing
400 mg of CuSO, and 795 mg of sodium thiosulfate in 60 mL of
deionized (DI) water was prepared (solution A). In another beaker,
solution B was prepared by dissolving 1140 mg of dextrose and 140
mg of ascorbic acid in 40 mL of water. Solution B was slowly added to
solution A under constant stirring. The resulting mixture was
transferred into an autoclave and sealed. The autoclave was placed
inside a preheated oven (180 °C) for the completion of the reaction
and allowed to cool naturally. The as-prepared CP/CuS hetero-
structure was vacuum-filtered using Whatman filter paper and then
dried overnight in an oven at 60 °C. In addition to the CP/CuS
heterostructure, single-component materials were prepared using the
same procedure. Specifically, pure CuS was prepared using CuSO, as
the copper source and sodium thiosulfate as the sulfur source. Pure
CP was prepared using dextrose and ascorbic acid. The CP solution
was centrifuged at 10,000 rpm for 10 min, and the solid residue
separated from the supernatant was then dried at 60 °C for 12 h to
obtain brown-colored CP.

https://doi.org/10.1021/acsami.3c10778
ACS Appl. Mater. Interfaces 2023, 15, 5477354785



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Polydopamine Coating on PU Foam. Polydopamine (PDA)
coating on PU foam (PD-PU) was carried out by using a simple dip-
coating technique. First, PU foam was cut into a circular shape with a
diameter of 5 cm and a thickness of 0.9 cm. The PU foam was
immersed in DI water and sonicated for 30 min to get rid of dirt
particles, followed by drying in an oven at 60 °C for 12 h. A dopamine
solution was prepared by dissolving dopamine hydrochloride (2.0 g/
L) in 10 mM Tris buffer solution and its pH was adjusted to 8.5
following a previous report.*”*' The thoroughly cleaned PU foam was
then immersed in the dopamine solution and left for 36 h under
constant stirring. This allowed for the autoxidative polymerization
reaction of dopamine, resulting in the formation of PDA on the
surface of the foam. Next, the coated PU foam was washed with DI to
remove free dopamine and loosely held PDA and dried in an oven
overnight at 60 °C.

Surface Coating of the Photothermal Layer on PD-PU. CP/
CuS coating on PD-PU foam (hereafter, CP/CuS-coated PD-PU is
abbreviated as CP/CuS@PD-PU) was performed by a modified drop-
casting method. The coating solution was prepared by dispersing CP/
CuS in ethanol at a concentration of 10 mg/mL through sonication
for about 1S5 min. The water-soaked PD-PU foam was placed in a
preheated oven at 60 °C and then coated with CP/CuS solution using
a dropper. The purpose of soaking the PU foam prior to coating was
to establish a surface tension gradient between water and ethanol.
This gradient restricts the downward diffusion of the solution,
ensuring that the coating remains on the upper part of the PU foam.**
The coating solution was intermittently stirred during drop-casting to
prevent the escape of aggregates from the dropper tip, which could
lead to the formation of large clumps on the foam surface. To achieve
a uniform layer on the upper surface of the foam, we repeated the
coating process twice. After drying, a stable coating was achieved on
the PD-PU foam due to strong chemical interactions. For comparison
purposes, CuS and CP were separately coated on PD-PU foam
following the same procedure, which are abbreviated as CuS@PD-PU
and CP@PD-PU, respectively.

Characterization Methods. The morphologies of CuS, CP, CP/
CuS, and coated foams were observed by a field emission scanning
electron microscope (FE-SEM, Hitachi S-4800). The coated foams
were mounted on aluminum substrates by using conductive carbon
tape and sputter coated with gold/palladium in a Hummer 6.2 sputter
coater. SEM was performed at an accelerating voltage of 2.0 kV. The
transmission electron microscopy (TEM) image was captured using a
Hitachi HT7700 TEM at 100 kV and an AMT XR-41B 2k X 2k CCD
camera. The chemical composition of the coated foam was analyzed
with an angle-resolved X-ray photoelectron spectroscopy (XPS)
system (Theta Probe ARXPS, Thermo Fisher Scientific) equipped
with a monochromatic Al Ka source. The analysis was conducted at
200 eV with an analysis spot area diameter of 400 ym. During
measurements, the base pressure of the XPS instrument was
maintained below 1 X 10~ mbar. Identification of chemical groups
present in PD-PU foams coated with CuS, CP, and CP/CuS was
performed by using a Thermo Scientific Nicolet iS10 Fourier
transform infrared spectrometer with an attenuated total reflectance
accessory (ATR-FT-IR). X-ray diffraction (XRD) spectra were
collected by using a Bruker D8 ADVANCE diffractometer with a
CuKa source (4 = 1.54060) operating at 40 mA and 40 kV in a
parafocusing Bragg—Brentano mode. The measurement was per-
formed with a step size of 0.02° and 4 s per step. The
photoluminescence (PL) spectra were acquired by using a custom-
made laser confocal microscope (LCM) instrument equipped with
SR-3031-B (Andor) and GF-033C-IRF (Allied vision) at A, of 405
nm. The samples were placed on a glass substrate, which was
mounted on the XY-stage of the systems with a spot size of
approximately 200 nm. The scattered light was collected with the
same objective lens, and the excitation laser light was filtered out with
a long-pass edge filter (Semrock, Rochester, NY, USA). For the
quantitative comparison, the incident laser power and the acquisition
time for each LCM PL spectrum were fixed at S gW and 1 s,
respectively, in all measurements. The apparent contact angle of water
was characterized by placing a DI water droplet of 2 uL on the

uppermost surface of pure and coated PU foam samples. Each sample
was purged with N, for 10 s before each experiment to remove
contaminants. The water contact angle was measured by using the
sessile-drop method with a customized goniometer (DSA2SS, Kriiss
GmbH, Germany). Time-dependent water contact angles were
acquired by analyzing the sequential images with an image processing
program, Image] (National Institutes of Health, USA), together with
its Drop Snake plugin. All measurements were conducted in a
chamber with a controlled temperature (22 + 1 °C) and relative
humidity (S0 + $%). For each sample, the water contact angle was
measured at least 10 times and the average value was reported. The
transmittance (T') and reflectance (R) of the coated PU foam samples
were measured by using a UV—vis—near-infrared (UV—vis—NIR)
spectrophotometer with an integrating sphere in the wavelength range
of 280—2500 nm (PerkinElmer LAMBDA 750 S UV/vis/NIR
spectrophotometer). The absorption (A) of the samples was
calculated from the relationship A = 1 — R — T. Furthermore, total
solar absorption g, was calculated with reference to the spectral solar
irradiance density of air mass 1.5 global (AM 1.5 G) tilt solar
spectrum, using the following expression

where I (W m™ nm™") is the solar spectral irradiance, 1 (nm) is the
wavelength, and A, is the absorption efficiency at a given wavelength
of A.

Evaluation of Evaporation Performance of Pure and Coated
Foams. The photothermal evaporation performance of the coated
PU foams was tested under an ambient condition of 24 °C
temperature and 50% relative humidity. A solar simulator (Oriel
Instruments) equipped with a Xe bulb and an AM1.5G filter (91192-
1000, Newport) was used as the illuminator. A NREL-calibrated Si
photodiode was used to calibrate the intensity of solar irradiation (1
sun illumination, 1 kW m™2) on the sample. An evaporation system,
which consists of a water container (beaker), a 6 mm thick
polystyrene foam support as a thermal insulator, coated PU foam
with the photothermal layer, and a cotton wick serving as a path for
water transport, was placed under the solar simulator. A circular hole
with a diameter of 1.5 cm was made at the center of the polystyrene
foam to support the cotton wick. The coated PU foam was placed on
the polystyrene foam support, ensuring that the upper surface was
exactly on the brim of the beaker. The evaporation system was
positioned on a software-controlled electronic balance (AGCN220,
accuracy 0.1 mg, TORBAL, USA) to record the mass change of water.
In addition, a thermocouple (OM-HL-EH-TC, OMEGA) was used to
measure the temperature of bulk water before the experiment and
during the evaporation process. To establish a steady-state water
absorption rate, the coated foams were prewetted with water by using
a dropper before the experiment. A high-resolution infrared camera
(SC65S, FLIR) was employed to monitor the surface temperature of
the evaporator during illumination. The camera was operated in video
mode to record spatial and temporal temperature changes on the
surface of the evaporator during evaporation. The evaporation rate
per unit area, 77, was calculated using the following equation®*

Lo 4mloss
- 2
Dt
where m, represents the weight losses of the water due to
evaporation, D is the diameter of the evaporator (identical to the

aperture size), and t represents the irradiation time for each water
evaporation experiment.

B RESULTS AND DISCUSSION

Structural and Morphological Characterization of
CuS, CP, and CP/CuS. The structural and morphological
characterization of CuS, CP, and CP/CuS was performed by
using various techniques. The presence of functional groups

https://doi.org/10.1021/acsami.3c10778
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Figure 1. Structural and morphological studies of prepared photothermal materials. (a) XRD pattern of CuS, CP, and CP/CuS heterostructure.
The major diffraction peaks of CuS and CP/CuS are indexed to crystal planes of covellite CuS (JCPDS 060464 ), which reveal the crystalline phase
of CuS in the heterostructure. (b—d) SEM images of (b) CP, (c) CuS, and (d) CP/CuS, (e) TEM micrograph of the CP/CuS heterostructure, and
(f) EDS line-scan profiles of the CP/CuS core—shell structure marked in the inset figure, where the light gray line represents the position of the
line-scan. (g) EDS elemental mapping of the CP/CuS core—shell structure. The elements present are labeled on each image. Red, green, blue, and
gold colors represent carbon, oxygen, sulfur, and copper components, respectively.
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and chemical linkages/interactions in the materials was
investigated by using Fourier transform infrared spectroscopy
(FT-IR). Figure S1 shows the FT-IR spectra of CuS, CP, and
CP/CuS. The stretching bands present at 3133, 3009, 2947,
1729, 1455, and 1111 cm™! indicate the presence of —OH, —
CH (sp*), —CH (sp*), -C=0, —C=C, and —C—O groups
in CP. These same stretching bands were also found in CP/
CuS, along with an additional small peak at 606 cm}
indicating the presence of Cu—S$ stretching modes.*”** The
crystal phase of CuS, prepared by using the hydrothermal
method without surfactants, was confirmed by powder XRD
patterns, as shown in Figure la. The diffraction peaks at 20
values of 27.7, 29.3, 31.8, 32.9, 38.8, 47.9, 52.7, and 59.3° are
ascribed to the (101), (102), (103), (006), (105), (110),
(108), and (116) crystal planes of the hexagonal covellite CuS
crystal phase (JACPDS card no. 06-464). No specific peaks
related to other copper sulfide phases are observed, indicating
the formation of pure hexagonal phase covellite. The sharp
diffraction peaks indicate the highly crystalline nature of the
prepared CuS. The XRD pattern of CP/CuS showed the same
peak pattern as that of CuS, with an additional hump at an
angle of 8.1° due to the graphitic plane (001) of CP. The
broad XRD peak of CP centered at approximately 21°
corresponds to (002) reflection, indicating the turbostratically
disordered structure of spherical CP.*> The broad (002) peak
incorporates diffuse sets of interlayer distances that are greater
than those in crystalline graphite.*®

The microstructure and morphology of CuS, CP, and CP/
CuS were investigated by SEM and TEM analyses. SEM

54776

images in Figure 1b show the highly uniform spherical shapes
of the as-obtained CP, with diameters ranging from 167 to 507
nm. CuS nanostructures exhibit a well-arranged petal-like 3-
dimensional flower morphology (Figure S2a). Careful
examination of this structure reveals that it is composed of
hexagonal CuS$ nanoplates with various lengths and an average
thickness of approximately 191 nm, as seen in the SEM image
(Figure 1c). The SEM image in Figure 1d shows the CP/CuS
core—shell heterostructure. The deposition of CuS nano-
particles on the smooth CP led to the roughening of the
surface and an increase in the diameter. It appears that during
the formation of CP/CuS, some CuS nanoplates did not
adhere to the CP surface, resulting in their random
arrangement and aggregation (Figure S2b). To further examine
microstructural features and confirm the core—shell structure,
CP/CuS was inspected by TEM. The TEM images of CP/CuS$
show a distinct biphasic material with a dense core enveloped
by a uniform shell (Figure le). Additionally, numerous Cu$S
particles were found to aggregate around the CP/CuS
heterostructure (Figure S2c), which agrees well with the
morphological features observed in the SEM analysis. It is
worth noting that no interlayer gap between CuS and CP is
observed, signifying the firm adherence of CuS to the CP
structure and the formation of a high-quality interface. This
core—shell structure of CP/CuS was further supported by
TEM energy-dispersive spectroscopy (EDS). Figure 1f shows
EDS line scanning spectra of CP/CusS, obtained along the line
represented in the inset. The C spectrum shows a symmetric
shape, with the peak centered at the core of the

https://doi.org/10.1021/acsami.3c10778
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Figure 2. Fabrication of the photothermal layer-coated evaporators and their morphological characterization. Digital images of (a) PDA-coated PU
(PD-PU), (b) CP-coated PD-PU, (c) CuS-coated PD-PU, and (d) CP/CuS-coated PD-PU. Image (a) depicts the surface and tilted view of the
PDA-coated PU, wherein a thin layer of coating is present only on the top and bottom surfaces of the foam. Images (b—d) show the surface
localized coating of CP, CuS, and CP/CusS heterostructure on PD-PU. (e—h) SEM micrographs of (e) PDA-coated PU, (f) CP coating on PD-PU,
(g) CuS coating on PD-PU, and (h) CP/CusS heterostructure coating on PD-PU. (i—1) Enlarged SEM image of (i) PDA-coated PU, (j) CP-coated
PD-PU, (k) CuS-coated PD-PU, and (1) CP/CuS heterostructure-coated PD-PU. (i) Self-polymerization of dopamine on PU foam forms spherical-
shaped particles of PDA. (j) The CP uniformly covers the PD-PU foam surface, but interfacial adhesion does not appear robust. (k) The yellow
circle demonstrates the aggregates of CuS nanoparticles on the PD-PU foam surface. (1) The firmly entrenched CP/CuS particles on the PD-PU
surface indicate the strong interfacial interaction between the CP/CuS heterostructure and PD-PU foam.

heterostructure. On the other hand, the Cu spectrum exhibits
saddle-shaped symmetry with two side peaks indicating higher
intensity in the outer region (i.e., shell). The considerable
amount of carbon signal in CP/CusS is attributed to the core of
the structure consisting of CP. Nanoscale elemental mappings
also support the core—shell structure, as shown in Figure 1g,
where Cu is confined to the outer region while carbon is in the
inner region. It is expected that the synergistic interactions
between core (CP) and shell (CuS) components would
promote resonance transfer mechanisms, suppressing radiative
recombination and increasing the photothermal conversion,
which we will demonstrate later.

Characterization of the Photothermal Layer Coating.
Evaporators were prepared by sequentially depositing different
photothermal layers on PU foams, which served as the
pumping layer. In short, a thin layer of PDA was solution
coated on both sides of PU foam, followed by a secondary
coating of the photothermal material (i.e, CP/CuS, CP, and
CuS) on the top side of the foam. PDA coating on the lower
part of PU foam increases its hydrophilicity, facilitating water
pumping to the PU foam and quick replenishment of
evaporated water. Though photothermal materials loaded
onto foam or sponge supports have shown considerable
water evaporation efficiency,”” a drawback of this approach is
the potential for the loadings to detach from the support under
prolonged irradiation due to the poor physical or chemical
interaction between the upper photothermal layer and the
lower porous pumping layer. To address this issue, the surface
of the support can be chemically activated to enhance its
stability with the loaded photothermal layer. In this context,
the catechol, amine, and imine groups in PDA are expected to
secure the loaded core—shell CP/CusS to the PU foam support
through hydrogen bonding interactions and complexation.****
In addition to serving as a template for stable secondary
coating, the PDA layer also enhances the light-absorption
ability of the coated foams, contributing to the achievement of

broadband absorption.”” The core—shell heterostructure,
created by enclosing CuS around the CP, proved to be
effective in inhibiting the agglomeration. This facilitated a
homogeneous dispersion of CP/CuS in ethanol (Figure S3a),
which promoted a uniform coating on the PU foam surface.
The CP/CuS dispersion in ethanol formed a stable solution,
and no particle sedimentation was observed after 12 h (Figure
S3b). In contrast, CuS in ethanol began to settle down after 1
h (Figure S3b), necessitating continuous agitation while
coating to ensure uniform spreading of CuS on the PD-PU
surface.

The sequential deposition of the photothermal layer
changed the color of the PU foam. It transitioned from
white to dark brown after the initial PDA coating. A digital
image of the as-prepared PU foam is displayed in Figure S4a.
Figure 2a shows the uniform PDA layer on the foam surface,
including the cross-sectional view of the space between the
upper and lower surfaces of PD-PU. Digital images shown in
Figure 2b—d depict the coatings of CP, CuS, and CP/CuS on
the upper side of PD-PU. It is clearly discernible from the
images that the coating is solely confined to the top surface of
the foam, while the bottom surface consists only of a layer of
PDA. SEM images of the coated PU foam at varying
magnifications are shown in Figure 2e—I1. The SEM micrograph
of the prepared PU foam exhibits a highly porous network
structure with a smooth skeleton (Figure S4b). On the other
hand, the surface of the PDA, CP, CuS, and CP/CuS-coated
foams appears rough, indicating the successful anchoring of
particles onto the foam skeletons (Figure 2e—h), a trait
favorable for light absorption and water transportation. The
self-polymerization of dopamine forms a coating of spherical
PDA particles on the PU foam, as shown in the magnified
image (Figure 2i). The dense and uniform coating of PDA
provides a template for further interactions, which is expected
to facilitate the adhesion of CP (Figure 2f), CuS (Figure 2g),
and CP/CuS (Figure 2h) to the PU foam. The uniformly

https://doi.org/10.1021/acsami.3c10778
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deposited spherical CP on the PDA-coated PU surface suggest
the firm adherence provided by the PDA template to CP
(Figure 2j). On the other hand, the enlarged microstructure of
CuS-coated PD-PU skeletons shows agglomerate and sparsely
populated regions of nanoparticles, as indicated by a circle in
Figure 2k. This could be due to its inhomogeneous dispersion
in the coating solution. Despite the less stable CuS dispersion
in ethanol compared to CP and CP/CuS, the CuS on PD-PU
foam allowed a firm and durable coating, likely due to the
immobilization of CuS on the PDA template via complex-
ation.>® The deposition of CP and CP/CuS on PD-PU appears
to be more uniform and seamless in the foam skeleton. The
enlarged SEM image (Figure 21) further confirms the uniform
CP/CuS coating on PU foam without evident aggregation and
the firm anchoring of CP/CuS particles on the PDA template.
Uniform deposition of the photothermal material on the
porous structure is beneficial for interfacial water evaporation,
as the evenly coated particles keep the capillary channels open.
It is worth noting that the PU foam maintains its initial
interconnected porous structure, even after the coating
process. There were no signs of foam skeleton swelling or
pore shrinkage resulting from the coating process. Hence, the
coating process only altered the surface properties, such as
wettability and roughness of the foam, without affecting its
initial 3D framework. The well-maintained porous structure
combined with the rough skeleton is expected to promote light
absorption and play a crucial role in water replenishment for
evaporation.

FT-IR and XPS were employed to determine the chemical
compositions of the coatings on the PU foam. As shown in
Figure 3a, the FT-IR curves for both as-prepared and coated
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Figure 3. Characterization of coated PU foams. (a) FT-IR and (b)
XPS measurements of pure PU, PDA-coated PU, CP-coated PD-PU,
CuS-coated PD-PU, and CP/CuS heterostructure-coated PD-PU.

PU foams show a broad peak centered at 3311 cm™ and a
small peak at 1729 cm™', which are ascribed to the stretching
band of N—H and —C=O stretching of the urethane,
respectively. Interestingly, the N—H stretching peak dis-
appeared upon PDA coating, possibly due to the hydrogen
bond interaction between the polar functionalities of PDA and
PU foam. The elemental composition of PU foam before and
after surface coating was further investigated by XPS and the
corresponding spectra are presented in Figure 3b. Three
characteristic peaks observed at 284, 398.9, and 531 eV
correspond to binding energies of C 1S, N 1S, and O 1S, which
are the main constituent elements of PU foam."”' The
deconvoluted peaks are presented in Figure SSa—c. After PDA
coating on the PU foam, a notable increase in the intensity of
the N 1s was observed, as reflected in the area under the
deconvoluted N 1s peak: 66.1% in PD-PU against 31.7% in as-

prepared PU (Figures SSc and S6c). This evidence confirms
the successful deposition of PDA on the PU surface. The
deconvoluted C 1s peak in PD-PU shows peaks at 284.01,
285.6, 287.2, and 288.6 eV, which are attributed to spz
graphitic carbon in PDA, carbon in C—0O, C=O0, and in the
conjugated system, respectively (Figure S6a). The O Is
spectrum is deconvoluted into peaks 532.5 and 531.3 eV,
corresponding to catechol groups (C—OH) and quinone
groups (C=0), respectively (Figure S6b).>>** As for N 1Is,
the peak at 399.1 eV is ascribed to the N—H groups in PDA.
The spectra of CuS@PD-PU and CP/CuS@PD-PU show
peaks at 933 and 164 eV, corresponding to Cu 2p and S 2p,
respectively (Figure 3b). The high-resolution peaks of the
elements present in CuS-, CP-, and CP/CuS-coated PD-PU
are presented in Figures S7—S9. The high-resolution Cu 2p
spectrum (Figure S9¢) shows two peaks at 933.2 and 952.8 eV,
which are assigned to Cu 2p;, and Cu 2p; ,, respectively.”*
For the S 2p spectrum, the deconvoluted peaks at 163.2 and
164.5 eV are typical values for metal sulfides (Figure $9d).*

Maintaining a continuous water supply to the evaporative
region (i.e., the upper surface) is crucial for a high-performance
evaporator, and this supply is largely influenced by surface
wettability. As depicted in Figure 4a,b, the contact angles for
PU and PD-PU are 118.5° + 82 and 105.2° + 9.2,
respectively. Enhanced hydrophilicity of PD-PU, compared
to PU, could be attributed to the presence of abundant
functional groups such as catechol, amine, and imine in PDA.
Furthermore, the contact angle of PD-PU foam drops to less
than 90° within 15 s, indicating its favorable wettability.
Coating CuS and CP on PD-PU results in contact angles of
121.8° + 12.4 and 124.8° + 8.4, respectively (Figure 4c,d),
indicating more hydrophobic surfaces. Carbon content makes
the surface of CP@PD-PU more hydrophobic. For CuS@PD-
PU, a higher contact angle may be due to the agglomeration of
CuS nanoparticles in some regions of the foam. Interestingly,
CP/CuS heterostructure-coated PD-PU exhibits a lower
contact angle of 79.8° + 10.7° (Figure 4e). Moreover, the
contact angle decreases rapidly to 17.5° within 1 s, with the
water droplet infiltrating the foam and disappearing within 1.25
s (Figure 4m;—mj;). Video S1 captures the dynamics of water
spreading and its movement on the CP/CuS@PD-PU foam.
The desirable wettability of the CP/CuS@PD-PU foam,
offered by the synergistic merits of the core—shell hetero-
structure, is beneficial for the horizontal spread of water and
hence for replenishment during the evaporation process. A
balance between hydrophilic and hydrophobic properties is
imperative to ensure an uninterrupted water supply. If the
upper surface is too hydrophobic, it could inhibit the water
replenishment process, while a highly hydrophilic surface could
increase the work for evaporation, thereby retarding the escape
of vapor.

Solar Light Absorption and Photothermal Studies of
Coated Foams. The efficient absorption of solar light over a
broad wavelength range and its conversion to thermal energy
are of paramount importance for a photothermal material to
drive localized water evaporation. Therefore, the light
absorption ability of the pure and coated PU foams was
evaluated via UV—vis—NIR spectrophotometry in the wave-
length ranging from 280 to 2500 nm. Then, the total solar
absorptions of all the studied samples were calculated. As
displayed in Figure Sa, PU foam shows very weak solar
absorption, whereas coating a layer of PDA (PD-PU) leads to a
significant enhancement in the absorption (~88.2%),
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Figure 4. Photographs of water droplets on pure and coated foam and their contact angle measurement. Surface wettability of (a) pure PU, (b)
PD-PU, (c) CP@PD-PU, (d) CuS@PD-PU, and (e) CP/CuS@PD-PU coated foam surface. The heterostructure CP/CuS-coated PU foam
showed remarkable water affinity with a contact angle value of 79.8°. The contact angle value represented here is the average calculated from at
least five measurements made in different regions of the foam surface. Both right and left angle measurements were taken into consideration when
calculating the average value. Images (m;—m;) depict the time-dependent water contact angle on the CP/CuS heterostructure-coated PD-PU. The
water contact angle decreased to 17.5° within 1 s and the water droplet disappeared in 1.25 s.

especially in the UV-vis and near-IR region, which is
characteristic of PDA.> It is worth noting that additional
coating of CP on PD-PU results in a slight increase in visible
region absorption and a small decrease in near-IR region
absorption, aligning well with previous findings.”> The
deposition of CuS on PD-PU (CuS@PD-PU) yields a
significant increase in absorption to 98 and 93% in the UV—
vis and IR regions, respectively, resulting in a total solar
absorption of ~96%. This improved absorption in the entire
studied spectral range can be attributed to the localized surface
plasma resonance (LSPR) absorption in the visible region and
the interband transitions characteristic of covellite in the near-
IR region.”*"® The CuS-coated PD-PU’s absorption surpasses
that of CuS plasmonic membranes (89.3%),”* CuS/PE
membranes (93%),”” and cotton-Cu$ nanocages (94—
95.5%).%° It has been reported that LSPR is not only limited
to plasmonic metals (such as Cu and Au) but also occurs in
semiconductors, such as chalcogenides and metal oxides.”®%!
In principle, semiconductor nanostructures are expected to
display LSPR properties similar to those of metals.®’
Therefore, in the case of CuS-coated PD-PU, both plasmonic
hole oscillation and interband electronic transitions of CuS
contribute to enhanced light absorption.®>

In the presence of the CP/CuS core—shell structure, the
absorption efficiency of CP/CuS@PD-PU foam increases up
to 98.9% in the UV—vis region and greater than 94% in the IR
region, which is higher than the absorption of either CuS@PD-
PU or CP@PD-PU. The improved solar light absorption can
be attributed to individual absorption characteristics of CP in
the UV—vis region and CuS in the IR region, as well as the
synergistic effect from the core—shell structure. Absorption
characteristics of CP/CuS@PD-PU suggest that the presence
of CP may enhance both LSPR and interband transitions in
CuS, synergistically boosting the overall absorption of CusS.
Apart from the coated photothermal material, the porous
structure of PU foam also aids in trapping light through
multiple scattering within its micropores. Furthermore, the
higher absorption can be justified by the low reflectance of the
CP/CuS-coated foam (Figure S10a) (1.1% in UV—vis and
5.5% in IR region) and negligible transmittance of less than
0.1% (Figure S10b), which result from the formation of the
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rougher heterostructure coating. The excellent absorption
efficiency indicates that the formation of a core—shell
heterostructure results in novel synergistic effects, which
could facilitate heat accumulation for water evaporation,
making our proposed material promising for interfacial solar-
vapor evaporators.

The nonradiative relaxation of absorbed light leads to local
heating of the lattice, resulting in temperature elevation, which
serves as a measure of the photo-to-heat conversion efliciency
of the photothermal material. To quantify the photothermal
performance of coated PU foams, time-dependent surface
temperature distribution under 1 sun radiation was measured
using an IR camera in dry conditions (i.e., foams are dry).
Figures Sb and Slla—e show the temperature variations and
the thermal images obtained after 2 min of simulated solar
irradiation. As depicted in Figure Sb, PU foam, which has
minimal light absorption and heat conversion, shows a
temperature rise to 33.3 °C. In contrast, temperatures of
coated PU foams rise quickly and reach near equilibrium after
2 min of illumination at a power density of 1 kW m™ (i.e., 1
sun). The coated foams, PD-PU, CP@PD-PU, CuS@PD-PU,
and CP/CuS@PD-PU, exhibit near-equilibrium surface peak
temperatures of approximately 64.5, 71.1, 82.5, and 85.6 °C,
respectively. A summary of all of the studied properties is
provided in Table S1. It is believed that due to the interactions
between the surface functional groups, the assembly of CP
creates a series of energy sublevels between the conduction
band (CB) and valence band (VB).®* As a result, the CP
assemblies promote the nonradiative relaxation of excited
charge, leading to the release of heat energy and, in turn,
enhancing the photothermal conversion in CP@PD-PU
compared to PD-PU. The higher photothermal effect of
CuS@PD-PU compared to CP@PD-PU can be attributed to
the enhanced light absorption exhibited by CuS, owing to
LSPR and band gap absorption. Energetic electrons, generated
by LSPR through nonradiative decay and band gap relaxation,
collectively contribute to the amplified photothermal effect in
CuS@PD-PU. The greater temperature elevation exhibited by
CP/CuS@PD-PU, compared to the individual components
(namely, CP@PD-PU and CuS@ PD-PU), suggests that the
CP/CuS core—shell structure produces more thermal energy.
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Figure 5. Optical characterization and photothermal studies of
prepared evaporators. (a) UV—vis—NIR absorption of pure and
coated PU foams in a full wavelength range of 280—2500 nm. (b)
Time-dependent surface temperature of pure and coated PU foams.
Temperature was recorded for 4 min, where the irradiation was on for
the first 2 min and off for the subsequent 2 min. (c) PL spectra of the
CP and CP/CuS under 405 nm of excitation wavelength. The
diminished PL intensity in the case of the core—shell structure
compared to the intensity in the CP indicates the resonance energy
transfer effect. (d) Absorption spectra of CuS in ethanol solution and
PL emission spectrum of the CP. (e) Schematic showing the
resonance energy transfer mechanism in the CP/CuS core—shell
structure with the CP as a donor and CuS as an acceptor. The energy
released due to the relaxation of excited electrons in the CP gets
transferred to CuS through FRET. The transferred energy augments
both LSPR excitation and interband transition in CuS, enhancing the
overall photothermal conversion.

This could be possible due to the reduction of radiative
recombination of photoexcited charges via charge transfer or
resonance energy transfer.”> This indicates that beyond the
heat generation due to band relaxation, there is an additional
potential reason for the higher surface temperature of CP/
CuS@PD-PU. Therefore, it becomes crucial to explore the
mechanism that facilitates extra thermal energy in the CP/CuS$
core—shell structure.

Mechanism for the Enhanced Photothermal Effect.
PL measurements were employed to examine the contribution
of the special CP/CuS core—shell structure to promoting the
enhanced photothermal effect. As presented in Figure Sc, the
CP shows strong PL intensity at an excitation wavelength of

40S nm, which is significantly reduced in the CP/CuS core—
shell structure. Fluorescence quenching is generally attributed
to either an electron transfer mechanism or an energy transfer
mechanism, such as FRET.** The diminished PL intensity in
CP/CusS also indicates a reduced recombination of electron—
hole pairs. Given that the realization of a direct electron
transfer mechanism necessitates energy level matching,
investigation of the energy transfer in a core—shell structure
becomes crucial as it can promote electron—hole pair
generation and plasmon resonance in semiconductors. The
conditions requisite for FRET to occur are the close proximity
between the components, and importantly the energy emission
spectrum of the donor (CP in this case) must overlap with the
absorption or excitation spectrum of the acceptor (CusS, in this
instance).”® The extent to which the donor—acceptor pairs
overlap is termed the spectral overlap integral. The excellent
overlap between the emission spectrum of CP and the
absorption spectrum of CuS, as shown in Figure 5d, supports
that FRET is the primary mechanism of energy transfer,
thereby enhancing the photothermal conversion in the CP/
CuS core—shell structure. Here, the CP donor emits a
maximum emission at 555.7 nm, while the CuS acceptor
shows a maximum absorption centered around 520 nm. Thus,
the energy emitted by the CP core is predominantly absorbed
by the CusS shell. It is likely that the energy released due to the
relaxation of excited charges in CP resonates with the LSPR of
CuS nanoparticles, thereby enhancing absorption and, in turn,
the photothermal conversion. As previously reported, the
LSPR effect contributes to increased electron or hole vibration,
converting irradiated light into thermal energy.’®®” This
significant increase in surface temperature can, therefore, be
partially ascribed to the LSPR effect, accelerating the
photothermal conversion. In addition, the FRET process
may also nonradiatively excite additional electron—hole pairs
in CuS, and its subsequent relaxation in lower energy levels
boosts photothermal effect. Thus, the resonance energy
promotes LSPR and hot-electron generation and increases
electron—hole pairs in CuS increasing the overall photothermal
effect.

Therefore, reinforced photothermal conversion in the CP/
CuS core—shell structure is believed to proceed via FRET.
Resonance energy released due to the relaxation of excited
charges in the CP is transferred to CuS, enhancing the LSPR
effect and initiating electron and phonon oscillation. The
resonance energy transfer effect in the core—shell structure
provides a novel path for improving photothermal conversion
efficiency. Figure Se illustrates the resonance energy transfer
mechanism within the CP/CuS core—shell structure. Upon
light absorption by the donor, the CP, an electron from the
ground state jumps to a higher vibrational level, then
undergoes rapid relaxation to the lower vibrational levels
while dissipating the reorganization energy and eventually
returns to the ground state. It is known that for the resonance
energy transfer mechanism to take place, a resonance condition
needs to be satisfied, wherein the oscillation of the excited CP
resonates with the ground state electronic energy gap of CusS.
The transfer of resonance energy from the CP to CuS leads to
electron excitation, followed by vibrational relaxation, and
subsequent return to the ground state, emitting photons. It is
worthwhile to mention that this mechanism is highly efficient
in enhancing solar energy conversion efficiency, as it is not
constrained by the need for a suitable electronic band structure
match; crucial to achieve enhanced energy transfer is the
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Figure 6. Characterization of the water evaporation performance under 1 sun illumination. (a) Schematic of the experimental setup for the solar-
driven water evaporation. (b) Time-dependent mass change for pure PU and coated PU foams. (c) Surface temperature changes of pure water,
pure PU, and coated foams over time. (d) Evaporation rates and the corresponding solar-to-vapor conversion efficiencies. (e) Thermal images of
(e,) the pure water, (e,) pure PU, (e;) PD-PU, (e,) CuS@PD-PU, (e5) CP@PD-PU, and (e5) CP/CuS@PD-PU after 1 h.

proximity and spectral overlap of the donor and acceptor. In
the present case, the emission peak (PL) of CP/CuS
demonstrates a blue shift in comparison to the CP, suggesting
strong interactions between the CP and CuS. As reported, such
interactions can modify the surface states of the interacting
components, generating a series of sublevels between
conduction and valence bands. This process suppresses the
radiative recombination of the photoexcited charges, leading to
the release of thermal energy.””>® Our experimental results
support a hypothesis that a core—shell structure with robust
interaction has the potential to achieve optimal photothermal
conversion, suitable for a range of solar energy harvesting
applications.

Solar-Powered Evaporation Performance. The en-
hanced photothermal effect emanated from resonance energy
transfer in a core—shell structure and the excellent stability of
the coated PU foam ushered in the development of an
evaporator for interfacial water evaporation. For comparison,
interfacial water evaporation performance of PD-PU and CP-
and CuS-coated PD-PU was also characterized. A schematic of
the solar water evaporation experimental setup is presented in
Figure 6a. In order to calculate the evaporation rate precisely,
the light spot size was adjusted to match the photothermal
surface using an appropriately sized aperture. Water evapo-
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ration rates for the coated PU foams were measured by
recording the change in water mass over time during solar
illumination, and the results were compared with those of pure
PU foam and pure water. Figure 6b presents representative
plots of time-dependent changes in water mass, and Figure 6d
represents the corresponding evaporation rates. The mass
change of water in the dark condition is presented in Figure
S12 (0.164 kg m™> h™"). CP/CuS@PD-PU demonstrated the
highest evaporation rate (1.62 kg m™h™") compared to CuS@
PD-PU (1.38 kgm > h™") and CP@PD-PU (1.24 kgm > h™"),
while PD-PU and pure PU exhibits 1.1 and 0.69 kg m™ h™",
respectively. The evaporation rate of PD-PU is comparable to
the rates exhibited by PU sponge-PDA and melamine sponge-
PDA.'>%® In addition, the evaporation rate of CuS@PD-PU is
close to the values shown by the CuS-pon(vinzflidene fluoride)
membrane and hollow CuS-melamine foam.”** Apart from
the excellent heat generation by the core—shell heterostruc-
ture, the higher evaporation rate of CP/CuS@PD-PU can be
attributed to its optimal wettability, responsible for facilitating
consistent water supply and accelerating vapor escape. Figure
6¢ shows the temperature distribution across the surface of the
pure and coated PU foams during the evaporation process (1 h
of simulated solar light irradiation). Thermal images acquired
during the process are presented in Figure 6e (e;—eq). The
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surface of water alone (without the foam) exhibits a
temperature of 28.7 °C, whereas the pure PU foam shows
31.6 °C corresponding to increments of 4.9 and 7.8 °C against
the ambient temperature (~24 °C), respectively. Compared to
CuS@PD-PU and CP@PD-PU, the surface temperature of
CP/CuS@PD-PU increases sharply during the initial transient
period but moderates to a level between those of CuS@PD-PU
and CP@PD-PU in the steady state. The bulk water
temperature, measured by a thermocouple after 1 h, shows
an increase of ~3 °C, which can likely be due to energy loss
through the cotton wick. Surface peak temperatures recorded
for CuS@PD-PU, CP@PD-PU, and CP/CuS@PD-PU are
40.4, 39.8, and 40.3 °C, respectively. The slightly higher
surface temperature exhibited by CuS@PD-PU can be
attributed to the agglomerated CuS nanoparticles in some
regions on the PU foam, likely reducing the water affinity and
subsequently inhibiting the water supply to these regions.
Once the water evaporates from these areas, the replenishment
process takes time, during which these sections remain
relatively dry. The higher temperature recorded by these dry
surfaces can be verified through the thermal image of CuS
(Figure 6e,), showing patches of higher temperature implying
temperature variation across the CuS-coated PD-PU foam
surface. Similar observations of dry surfaces recording higher
surface temperatures due to a sup};ressed evaporation rate have
been reported in previous studies.”””" On the other hand, CP/
CuS@PD-PU shows a uniform temperature distribution, as
demonstrated in Figure 6e4, suggesting a uniform distribution
of the photothermal material. The uniform distribution of CP/
CuS nanoparticles on the foam surface, evident from the SEM
image, likely facilitates consistent water transportation, thereby
accelerating the vapor evaporation rate. Furthermore, contact
angle measurements substantiate this water transportation
behavior, which shows the CP/CuS@PD-PU surface to be
more hydrophilic than CP@PD-PU and CuS@PD-PU foam
surfaces. Even though an elevated temperature is an important
factor for evaluating the conversion performance of the
photothermal material, it does not solely dictate the
evaporation rate. The evaporative surface should have optimal
wettability to ensure water replenishment and simultaneously
enhance and speed up vapor escape.

Finally, the solar-vapor conversion efficiency (1) was
calculated using the following equation.””””

where I is the power density of the incident light (1 kW m™)
and AH,,, is the evaporation enthalpy of water, calculated as
follows

AH,,, = CAT + hyy

where C is the specific heat capacity of water (4.2 kJ °C™*
kg™"), AT is the temperature increase during vaporization, and
hyy is the latent heat of vaporization of water which is taken as
2256 kJ kg™'. It is important to note that to calculate the
efficiency, the water evaporation rate in a dark environment
(0.164 kg m™> h™') was subtracted from all measured rates
under solar irradiation to remove the effect of natural water
evaporation (Figure 6d). CP/CuS@PD-PU demonstrated a
solar-to-vapor conversion efficiency of 93.8%, followed by
CuS@PD-PU (78.3%), CP@PD-PU (69.1%), and PU-PDA
(60.4%). The performance of our evaporator is compared with
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that of a state-of-the-art steam generation evaporator under 1
sun illumination (Table S1). It was found that our evaporator
outperformed most CuS-based evaporators. The high water
evaporation rate and solar-vapor conversion efficiency
exhibited by our evaporator can be attributed to the following
factors: (a) the broad solar absorption and excellent solar-
induced heat generation originating from the resonance energy
transfer effect showcased by the meticulously designed core—
shell CP/CuS heterostructure, (b) the localized heat
generation from the confined coating of the photothermal
material on the evaporation surface and the reduced heat loss
to the bulk due to the well-configured evaporator, and (c) the
efficient water replenishment during evaporation facilitated by
the balanced hydrophobic-hydrophilic photothermal surface.

B CONCLUSIONS

In this study, we designed a core—shell structure, integrating
CP with semiconducting copper sulfides (CuS), aiming to
enhance the photothermal effect through the FRET mecha-
nism. The proximity between the donor (CP) and acceptor
(CuS) within this core—shell structure facilitates this
resonance energy transfer, boosting the generation of photo-
thermal energy. With excellent solar absorption and photo-
thermal conversion capabilities, this structure was particularly
advantageous for driving interfacial water evaporation. CP/
CuS-coated PU foam (CP/CuS@PD-PU) demonstrated a
total solar absorption of 97.1% and was able to elevate the
surface temperature by 61.6 °C under dry conditions when
exposed to solar illumination at a power density of 1 kKW m™
(equivalent to 1 sun). The optimal wettability of the CP/
CuS@PD-PU surface facilitated consistent water replenish-
ment in the evaporative region, simultaneously accelerating
vapor escape. This balanced hydrophobic-hydrophilic nature of
the photothermal layer played a vital role in the solar-induced
interfacial steam generation process. As a result, under 1 sun
illumination, CP/CuS@PD-PU foam exhibited an evaporation
rate of 1.62 kg m™> h™" and an energy conversion efficiency of
93.8%. This study focused on enhancing photothermal heat
generation via resonance energy transfer in a core—shell
structure and offers novel insights into designing unique
structures that exhibit superior photothermal properties. These
findings could have significant implications for various solar-
driven applications.
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