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ARTICLE INFO ABSTRACT

Keywords: Cost-effective and spectrally selective solar absorbers that possess high solar absorptance, low thermal

Alloy emittance, and superior thermal stability are essential for photothermal conversion applications, e.g., industrial

Selective leaching heating, solar desalination, photothermal catalysis, and concentrating solar power systems. Here, a new strategy

Solution-proce.SS.Ed using a selective leaching reaction is demonstrated for transfiguring the broad-spectrum and highly reflective

§$::Ssi::lectlv1ty aluminum alloys into plasmonic-nanostructure selective solar absorbers (PNSSAs). Enabled by surface plasmon
resonance, this strategy via assembling copper nanostructured thin film on an alloy mirror yields tunable
manipulation of the spectral selectivity, high and omnidirectional solar absorptance (0.94 from 0 to 60°),
low thermal emittance (0.03 at 100 °C), and excellent thermomechanical stability. Featured with merits of
competitive performance of spectral selectivity, the feasibility of solution-processed fabrication, and cost-
effectiveness of raw materials and chemicals, selective-leaching-alloy to achieve PNSSAs is a promising and
universal approach for achieving high photothermal efficiency (85%) of solar thermal energy harvesting. The
compatibility of this strategy with other metal alloys, such as steel and superalloys, extends its applications to
fabricating mid- and high-temperature selective solar absorbers.

1. Introduction

To mitigate global warming, fossil fuels are being increasingly
phased out and replaced by renewable energy technologies, such as
solar energy, with attractive attributes of zero carbon and air-pollutant
emissions [1-3]. Solar energy harvesting can be accomplished via
means of photovoltaic electricity generation [4,5], thermochemical or
photochemical energy storage in fuels (e.g., H,) [6,7], solar thermal
conversion (solar thermoelectrics, thermophotovoltaics and steam gen-
eration) [8-11]. Among these technologies, solar-thermal conversion
is the most promising approach on account of its broadband solar
spectrum harvesting, higher energy conversion efficiency, and scal-
able deployment [12-16]. It can generate heat for low-temperature (<
200 °C) applications, such as space and water heating [17], desalina-
tion [18,19], photothermal catalysis [20], while solar heating for mid-
(200 — 600 °C) and high (> 600 °C) temperatures can be utilized to
drive concentrated solar power systems [21,22], solar-thermoelectric
generators [23,24], and solar thermophotovoltaics [25,26]. An ideal
solar absorber with spectral selectivity is critical to maximizing pho-
tothermal efficiency, #,,_.,, Of these solar thermal systems, defined
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where @ and ¢ denote the solar absorptance and thermal emittance,
respectively; CF represents the concentration factors, and Q,,, stands
for the heat flux of AM 1.5 (ASTM G173, 1000 W m~2 = 1 sun) solar
spectrum; ¢ means the Stefan-Boltzmann constant; T, and T,,, are
temperatures of solar absorber and ambient, respectively. When the
operating temperature of a solar absorber increases, the spontaneous
thermal radiation, T;‘bx, rises rapidly, counteracting the absorbed solar
heating power. For instance, a 100 °C blackbody radiates thermal
energy at 1099 W m~2 (= 1 sun), while it jumps to a irradiance intensity
that is equivalent to 20 suns when it is at 500 °C. The key parameter for
achieving high #,,,_,, is fabricating spectral selective solar absorbers
(SSAs) possessing high absorptance over the solar bandwidth (0.3
—2.5 pm) to maximize solar heating and low emittance within the
infrared thermal wavelengths (2.5 — 25 pm) to suppress radiative heat
loss. Furthermore, maintaining superior thermal stability at elevated
operating temperatures is also vital for high #,,, ., at concentrated
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solar irradiance. For opaque SSAs, ¢ equals 1— R, where R represents the
spectral reflectance, which is a step function with cut-off wavelengths,
Acu—oy f» that shifts at the near-infrared (near-IR) wavelengths accord-
ing to the operating temperature and concentrating factors [28]. Such a
step function has a unity absorptance from 0.3 pm to the A.,,_,,, which
covers solar irradiance wavelengths as much as possible and a zero
emittance for the mid-infrared (mid-IR) range starting from the A.,,_,,,
to the ending wavelengths of the blackbody emission spectrum [13].
Thus, it is significant to design SSAs whose spectral selectivity is easily
tunable to suit diverse operating situations. Moreover, scalable fabri-
cating cost-effective solar absorbers with high solar absorptance, low
thermal emittance, and superior thermal stability remains challenging.

Tremendous efforts have been devoted in recent decades to fabri-
cate SSAs with distinct designs. Generally, SSAs include multi-layered
metal-dielectric stacks [29-33], ceramic-metal composites [34-36],
plasmonic nanostructures [37-39], and photonic crystals [40,41] clas-
sified based on their spectral manipulation strategies. For instance, the
structure of metal nanoparticles embedded into the dielectric excites
plasmon resonances and contributes to the high solar absorptance of
cermet SSAs [42]. The underlying metal substrate results in low thermal
emittance for those structures. The broadband solar absorptance of
multi-layer stacks consisting of metal and dielectric thin films is associ-
ated with the anti-reflection effect or cavity resonance [43]. Despite the
significant progress of the aforementioned strategies in demonstrating
spectral selectivity through architecting structures of metals and di-
electrics, challenges remain regarding cost, ease of fabrication, and the
availability of sophisticated manufacturing instruments. The fabrication
of these SSAs involves high-vacuum thin film deposition [28-30,34—
36,43] and photolithographic processes [40,41], often limiting large-
scale production. To develop a simple and scalable fabrication process,
a new strategy of preparing cost-effective, efficient, and durable SSAs
is urgently needed.

An alloy is an atomic mixture of several metal elements, forming
a substance with enhanced properties, such as strength or hardness. It
consists of one primary or base metal and other metallic or non-metallic
constituents. In the conventional selective leaching process, the electro-
chemically active elements in an alloy are selectively dissolved to form
sponge-like nanostructures composed almost entirely of the inert base
constituent(s) [44,45]. Metallic porous nanostructures with black or
gray colors are particularly attractive for selective solar absorption due
to their large internal surface area and effective scattering, trapping,
and absorbing in solar wavelengths. The photothermal effect as a con-
sequence of the interaction between sunlight and such nanostructures
results in heat generation. Contrasting Mandal’s work of fabricating
SSAs using a galvanic-displacement-reaction-based technique to deposit
copper (Cu) nanoparticles on Zinc (Zn) substrate [37], in this work, we
employ the low-cost aluminum (Al) alloy as the scaffold and use the
alkaline medium as the selective-leaching solution to remove the Al
residuals and form Cu nanostructures.

Here, we demonstrate a facile, solution-processed, and cost-efficient
strategy for fabricating plasmonic-nanostructure selective solar ab-
sorbers (PNSSAs) with omnidirectional spectral selectivity, superior
thermal stability for over 192 h at 200 °C, and high-temperature
insensitivity up to 400 °C. PNSSAs are derived from selectively leaching
away the Al elements from the Al alloy using a hot alkaline solution,
while the remaining Cu spontaneously forms a surface nanostruc-
tured layer on the alloy surface. The full-spectrum solar absorptance
is ascribed to the excitation of surface plasmonic resonance of Cu
nanostructures with a broad size distribution enhanced by the mul-
tiple reflection and absorption occurring within the nanoporous Cu
structures [37], which yields a wide-angle and high solar absorptance
peaking at 0.96. The structure of lossy Cu nanostructures forming on
the alloy surface inherits the feature of high infrared reflectance from
the Al substrate, rendering a low thermal emittance of 0.03. Here,
the thermal emittance is characterized to a 100 °C blackbody in the
following sections unless otherwise specified. The cut-off wavelength
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of spectral selectivity of PNSSAs can be easily adjusted by varying the
selective leaching reaction parameters, e.g., solution concentrations,
temperatures, and reaction times. The selective leaching strategy is also
compatible with other alloys with higher-temperature stability, such as
stainless steels and superalloys, by electrochemical selective etching,
for solar thermal systems working at mid- and high-temperature. The
anti-oxidation coating such as SiO,, Al,0;, and HfO,, can be an
alternative to enhance its thermal stability at high temperatures. The
proposed PNSSAs can be fabricated through scalable solution-processed
approach with a lab-scale cost of only 0.735 USD m~2. Moreover,
this strategy does not rely on complicated and expensive vacuum
deposition and photolithographic techniques, allowing easy integration
into industrial-scale roll-to-roll processes.

2. Results and discussion
2.1. Fabrication and optical characterization of PNSSAs

Fig. 1 outlines the fabrication process of the proposed PNSSAs and
their optical characterizations. 2024 Al alloy contains Cu as the primary
alloying impurity (Table S1). By immersing 2024 Al alloy sheets into
40 °C NaOH (aq) for 40 s, the reaction of 2Al + 2NaOH + 6H,0 —
2Na[Al(OH,)] + 3H, 1t occurs and the Al matrix is dissolved into the
solution (Fig. 1a). This chemical treatment selectively dissolves the Al
element near the outer surface of the alloy sheet, leaving behind a
surface of nanosized Cu grains (Fig. 1b), which appears as dark patches
against the shinny Al background, implying high solar absorption
(Fig. 1c, d). The top Cu nanostructure layer is lossy to the infrared
thermal radiation due to the large discrepancy between infrared wave-
lengths and the thickness and feature size of the Cu nanostructure layer.
The underlying Al alloy substrate is highly reflective to the infrared
wavelengths, so the combined structure of Cu nanostructures on top Al
alloy has a low thermal emittance, effectively suppressing its infrared
radiation (Fig. 1c). The silver-white Al surface is transformed to be
black (Fig. 1d) with selective optical performance as revealed by the
reflectance measurement (Fig. 1e). The PNSSAs indicates a superior
spectral selectivity (@ = 0.94 and £ = 0.03) contrasting the full-spectrum
high reflectance of pristine alloy surface (Fig. 1le). The diffused Cu
nanostructure layer shows excellent omnidirectional absorption of sun-
light from all angles of incidence (AOI), which eliminates the cost
associated with solar tracking systems (Fig. 1f). It even exhibits a solar
absorptance of 0.85 at a large AOI of 80° and guarantees efficient solar
energy harvesting at a large oblique angle, i.e., during the period of
sunrise and sunset or in areas of high latitudes. The thermal emittance
of PNSSAs is also angle-independent even at a large angle (¢ = 0.17),
which illustrates the suppression of infrared thermal radiation for
the whole hemisphere space (Fig. 1g). The optical performance of
PNSSAs is remarkable considering its facile and scalable fabrication,
demonstrated by the large-area PNSSAs samples (Fig. 1d).

2.2. Material characterization and surface plasmon resonance of Cu nanos-
tructures

The pristine Al alloy surface is unpolished with small bumps (Fig. 2a
and Fig. Sla), while the surface of PNSSAs is covered by Cu nanos-
tructures which is confirmed by scanning electron micrographs (SEM)
(Fig. 2b and Fig. S1b). The rough surface of PNSSAs is attributed to the
removal of Al elements. The remaining Cu keeps the original spatial
distribution and forms a shape of ‘nanoasperity’. Such shapes contribute
to the scattering, trapping, and absorption of sunlight. The surface
roughness of Al alloy increases after selective leaching as characterized
by the atomic force microscopy (AFM) topographies (Fig. 2c, d, and
Fig. S2). This is confirmed by analysis of the AFM data and is indicated
by the rising of average surface roughness (R,) and RMS roughness
(R,) (Table S2). The figure of energy-dispersive X-ray Spectroscopy
(EDS) element mapping illustrates that Cu sporadically embellishes on
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Fig. 1. Schematic of fabricating the PNSSAs through selective leaching towards spectral selectivity. (a) Schematic displaying solution-processed chemical reaction for fabricating
Cu nanostructures on the alloy surface by selective leaching. (b) Schematic showing the mechanism of selective leaching. (c) Schematic exhibiting the enhanced solar absorptance
and suppressed thermal emittance of the PNSSAs. Color intensity represents flux. (d) Demonstration of the large-scale PNSSAs (30 cm x 30 cm) fabricated on the 2024 alloy sheet.
The inset shows the color change of the 2024 alloy sheet (left) and PNSSAs (right). The scale bar of the inset is 2 cm. (e) Hemispherical reflectance of the PNSSAs and 2024 alloy.
It also depicts the reflectance spectra of the black absorber and ideal SSAs, AM 1.5 solar spectrum, and blackbody thermal spectra at 50 and 100 °C. (f) Overall solar absorptance
and infrared reflectance of PNSSAs across angles leading to omnidirectional solar absorption and thermal suppression. The black and red circle represents the simulated solar

absorptance and infrared reflectance at an extended angle of 80°, respectively.
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Fig. 2. Material characterization and surface plasmon resonance simulation. SEM images of the top surface for (a) the 2024 alloy and (b) PNSSAs. AFM topographies of (c) the
2024 alloy and (d) PNSSAs, the units of x-, y-, and z-axis are micrometers. (e) EDS elements mapping of the PNSSAs surface. (f) XRD spectrum of the 2024 alloy, PNSSAs, and
extracted Cu nanostructures. (g) The working mechanism of the PNSSAs with broadband visible and near-IR absorptance and high mid-IR reflectance. (h) Cross-section electrical
field magnitude distribution at visible (400 nm) and near-IR (800, 1000, and 2500 nm) regions.

top of the Al alloy (Fig. 2e). The underlying Al element (purple color)
appears from the slit of the Cu nanostructure layer as circled by yellow
solid curves on the EDS mapping, which is further corroborated by
the X-ray diffraction (XRD) spectra (Fig. 2f). For the pristine Al alloy

and PNSSAs surface, peaks at 38.46°, 44.67°, 65.13°, and 78.15° are
assigned to (110), (200), (220), and (311) lattice planes of Al XRD
patterns, respectively, which match with the JCPDS file #04-0787 [46].
The Cu XRD signal is too weak to be detected due to relative low mass
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ratio, while the extracted Cu shows three peaks of 43.34°, 50.23°, and
73.90°, which are ascribed to the (111), (220) and (200) facets of Cu,
respectively [47].

The bulk metal films, such as Cu, Al, and Mg, show high reflectance
over the solar and mid-IR wavelengths (0.3 — 20 pm) (Fig. 1e) because
of their high refractive index (n) and extinction coefficient (k) (Fig. S3
and S4a). Even thin films as thin as 400 nm on top of bulk Al film show
the same high reflective properties as the bulk film (Fig. S4b). However,
they exhibit high absorptance over the solar wavelengths when these
metals are in the form of nanoparticles deposited on top of bulk Al films
(Fig. S4c). To simplify the calculation, we consider top nanostructures
of the Cu lossy layer as randomly stacked nanoparticle layer. This
is attributed to the localized surface plasmon resonance when the
dimension of metal nanoparticles is far below the incident wavelengths,
i.e., electrons of the nanoparticles at the conduction state move all
in phase upon excitations by incident lights and polarize the particle
surface [48]. Here, we consider the complicated Cu nanostructures as
nanoparticles with broad size distributions from 20 to 260 nm (Fig.
S5). Plasmonic resonance is excited between the incident light (visible
and near-IR) and nanoparticles with certain diameters (Fig. 2g). The
strong absorption and scattering of metal nanoparticles are enhanced
by the near-field effects established by the electrical field inside the
nanoparticles and the dipolar field on the outer surface of nanoparticles
[33,37,49-51]. The strong, broad-spectrum, and omnidirectional solar
absorption of the Cu nanostructure layer is attributed to the reso-
nance from the single nanofeature and enhancement effect from the
adjacent nanofeatures. As shown in the finite-difference time-domain
(FDTD) electrical field distribution (Fig. 2h), for the short wavelength
(400 nm), field enhancement occurs on the topmost nanoparticles
with smaller size, while other field enhancement for longer wave-
lengths (800 and 1000 nm) is concentrated at the bottom and large-size
nanoparticles. This illustrates the size effects of the plasmonic reso-
nance and different penetration depths of diverse wavelengths. For
even longer wavelengths in the mid-IR range, the top Cu nanostructure
layer shows its lossy features and the incident IR light can be reflected
by the alloy substrate (Fig. 2g). This phenomenon is further demon-
strated by the simulated reflectance, transmittance, and absorptance
spectra of the isolated Cu nanoparticles thin film in Fig. 3a and Fig.
S6. The reflectance of isolated thin film is low for the full spectrum
(0.3 — 20 pm) due to the diffused feature of Cu nanoparticles. However,
the transmittance and absorptance spectra change abruptly around the
wavelength of 1.5 pm. The Cu nanoparticles layer shows low trans-
mittance and high absorptance from 0.3 to 1.5 pm resulting from the
enhanced plasmon resonance. When isolated Cu nanoparticles are back-
coated with a 1 pm thick Al film, the transmittance becomes zero and
this structure exhibits spectral selectivity over two different wavelength
regions (Fig. 3b).

2.3. Tunable spectral selectivity of PNSSAs

Light absorption of the plasmonic nanostructures relies on various
parameters, such as the feature size, thickness, and volume fraction of
the absorbing layer. The #,,,_,, is a function of @, & CF, and T,,.
For different working environments, the most significant parameter is
the A.,_,r, according to the operating temperature and concentration
factors. Therefore, it is vital to design PNSSAs that have tunable selec-
tive solar absorption performance. First of all, we need to investigate
the underlying mechanism of tunable spectral selectivity for PNSSAs.
Spectral reflectance of the PNSSAs with different structures is simulated
using the FDTD solutions in Fig. 3c. The Al substrate is set to be 1 pm
thick, above which Cu nanoparticles are randomly distributed with
different diameters. The diameters, d, and the thickness, ¢, are varied
to simulate the reflectance spectra of diverse structures (Fig. 3c). The
wavelength range of high solar absorptance becomes broader with an
increased layer thickness of Cu nanoparticles due to the resonance-
broadening effect that is ascribed to the electron scattering at the
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boundary of Cu nanoparticles [37]. The photon interaction thickness
increases when ¢ increases and the near-field plasmonic resonance
between adjacent nanoparticles is also enhanced to broaden the solar
absorption wavelength range. This is illustrated by comparing the
reflectance spectra of scenarios for + = 200 nm, r = 50 nm, and ¢ =
600 nm, r = 50 nm. For a fixed layer thickness, a broader absorption is
observed and extended to the longer near-IR wavelengths when d in-
creases (r = 600 nm, r = 50 nm, and = 600 nm, r = 100 nm) because of
the higher-order multipolar resonances as well as an increasing particle
size. This broadening phenomenon can also be explained by simulating
the scattering and absorption efficiency of Cu nanoparticles in Fig.
S7. The plasmonic resonance wavelengths of absorption and scattering
cross-sections shift to longer wavelengths as the Cu nanoparticles size
increases. When two layers of 300 nm thick Cu nanoparticles with
different diameters of 50 nm and 100 nm are stacked together, the
absorption band is broadened again (Fig. 3c).

The feature size and thickness of the Cu nanostructure layer can
be tuned by controlling the selective leaching reaction parameters,
e.g., NaOH (aq) concentrations, reaction times, and temperatures.
Fig. 3d—f show that the reflectance spectra of PNSSAs become lower
across the full spectrum from 0.3 to 20 pm upon increasing NaOH
(aq) concentration, reaction time, and reaction temperature. Fig. 3g—
i summarize the overall @, ¢, and 7,,_,, of PNSSAs. This shows that
@ increases from 0.77 to 0.95 and € increases from 0.07 to 0.24
upon NaOH (aq) gets more concentrated (Fig. 3d, g). With lengthened
reaction time, @ rises from 0.61 to 0.96 and € increases from 0.06 to
0.30 (Fig. 3e, h). The a increases from 0.34 to 0.95 and ¢ increases
from 0.03 to 0.74 with the solution temperature rising from 0 to 60 °C
(Fig. 3f, ). Meanwhile, the #,,,_,, changes as functions of the @ and €.
Here, the T,,, and T,;, are fixed to be 100 °C and 20 °C, respectively.
The PNSSAs are under 1 sun irradiance, meaning CF has a value
of 1. Variations of a, &, and 7,,,_,, are attributed to the d and ¢ of
the Cu nanostructure layer. Fig. 3ji illustrate the scaled distributions
of d by analyzing the SEM morphologies of PNSSAs obtained at dif-
ferent selective leaching reaction parameters (Fig. S8-S10). Both the
average size and standard deviation of the Cu nanostructures increase
corresponding with the increase of NaOH (aq) concentrations (Fig. 3j-1
and Fig. S11). The broad size distribution of Cu nanofeatures con-
tribute to the broadening of solar absorption wavelength band (Fig. 3;j)
whose underlying mechanism has been discussed and validated in
other literature [37,50]. Similar trends are also observed for increasing
reaction times and solution temperatures (Fig. 3k-1 and Fig. S11). The
increasing of nanofeature sizes explains the broadening of the solar
absorption band, but the increase of ¢ may not be due to the presence
of large nanofeature sizes. The largest nanofeature size is still below
300 nm which is much smaller than the mid-IR wavelengths (2.5 —
20 pm), rendering plasmonic resonances ineffective. The reason that é
increases with higher NaOH (aq) concentrations, longer reaction time,
and higher solution temperatures are likely due to the thickness of
the Cu nanostructures layer. According to the numerically simulated
spectra of Fig. 3c and Fig. S6, thicker Cu nanostructure layers lead to
an increase of é. From the SEM images of Fig. S8-S10, it is evident
that the coverage of the Cu nanostructures is enhanced upon increasing
NaOH (aq) concentration, reaction temperature, and reaction time.

2.4. Thermal and mechanical stability tests of PNSSAs

The performance of thermal and mechanical stability for PNSSAs
within practical conditions is crucial for industrial applications. Ther-
mal stability tests of PNSSAs in an argon environment are conducted for
192 h at 200 °C. Fig. 4a displays the spectral reflectance of PNSSAs after
long-time thermal stability tests. Table 1 presents the corresponding
overall a, ¢, and #,,,_,. For example, after 192 h of thermal annealing
in argon at 200 °C, the a decreases slightly from 0.942 to 0.937, and
the ¢ also decreases from 0.078 to 0.029. The #,,,_,, even increases
from 83.4% to 85.4% due to reduced heat loss from the decreasing é.
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Fig. 3. Tunable selective solar absorption performances. (a) Simulated spectra of 800 nm thick isolated Cu nanoparticles thin film. (b) Simulated spectra of 800 nm thick Cu
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reaction times, and temperatures.

A 10— b . , . ;

08} —_
g 31 ]
E 06 \‘-‘; W b l | Pristine Cu
; ; de ¢
% 041 —Pristine] SL 8| ] 5 ]
14 —48h = 5l 5 3 .

0.2 %6h 1 =0 31 3 3| 200°C,192h

—192 h
0.0 1 1 I L 1 1 L L L
0305 1 2 5 10 20
Wavelength (m)
dio——— : (LR QY — S—
—Pristine

08fF b 05 0.8} ——Adhesion test §
2 8
506f ] 506 ]
B — Pristine 00 3
<04} —100°C ] 04 :
14 200°C 10 @

0.2f —300°C 1 - 0.2 ]

—400°C ’ o
0.0 == e i e e, .
0305 1 2 5 10 20 02 0305 1 2 5 10 20

Wavelength (um)

Wavelength (1m)

Fig. 4. Thermal and mechanical stability tests of spectral selectivity. (a) Reflectance spectra of the PNSSAs after 48, 96, and 192 h of thermal stability tests in argon at 200 °C.
(b) XRD spectra of pristine and thermal-treated Cu nanostructures at 200 °C for 192 h. (c) SEM images (top view) of PNSSAs after 48, 96, and 192 h of thermal stability tests
in argon at 200 °C. The scale bars are 500 nm. (d) Reflectance spectra and (e) AFM topographies of PNSSAs after 2 h thermal treatment at temperatures of 100, 200, 300, and
400 °C in argon, the units of x-, y-, and z-axis are pm. (f) Reflectance spectra of PNSSAs before and after mechanical adhesion test for 5 times.

Overall, the performance of PNSSAs after long-term thermal stability
tests is stabilized within 192 h and is slightly improved due to the
reduced a. XRD spectra of the extracted pristine Cu nanostructures
before and after 192 h thermal tests are identical with the pure Cu XRD
peaks, indicating that Cu nanostructures layer and Al alloy substrate
have not been oxidized (Fig. 4b). SEM images demonstrate that the
surface morphology of PNSSAs remains intact after annealing at 200 °C
(Fig. 4c). Cu nanostructures begin to coalescence after 48 h thermal
annealing as shown in Fig. 4c. Meanwhile, the € reduces from 0.078
to 0.034. This may be due to the coalescence of Cu nanostructures

which reduce the layer thickness of the Cu nanostructures. This is
consistent with the prediction of the numerical simulation (Fig. 3c
and Fig. S6). To further validate the surface morphology consistency
during extended annealing, surface topology is mapped by AFM (Fig.
S12 and Table S3). The root mean square roughness (Rq) of PNSSAs
after annealing fluctuates between 0.13 and 0.27 pm, suggesting the
surface morphology thermal stability. The ¢ of PNSSAs is 0.029 after
192 h thermal annealing, accompanied by a high stable high a of
0.94, which offers a high spectral selectivity a/é of 32.4. For an even
harsher environment or higher operating temperature, the stability can
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Table 1

@, ¢, and 7,,,_,, of PNSSAs before and after thermomechanical stability tests.

Thermal Pristine 200 °C 2 h annealing Mechanical
test 48 h 96 h 192 h 100 °C 200 °C 300 °C 400 °C test

a 0.942 0.942 0.934 0.937 0.929 0.934 0.941 0.935 0.928

é 0.078 0.034 0.025 0.029 0.043 0.062 0.053 0.038 0.043
Noho—th 83.4% 85.6% 85.3% 85.4% 83.1% 83.5% 83.5% 84.7% 83.1%

be further improved by depositing anti-oxidation coatings, such as SiO,
and Al,O;. For mid- to high-temperature solar power systems, SSAs
operate under vacuum-tube to suppress heat loss due to conduction and
convection, which also eliminates the need of anti-oxidation coatings.

Another advantage of SSAs for industrial utilization is thermal
insensitivity at elevated temperatures. Emergencies may occur during
the practical operation, such as the shutdown of working fluid to
cool SSAs, causing immediate overheating. Therefore, it is essential
to test the thermal insensitivity of PNSSAs at temperatures higher
than the optimal operating conditions. As such, 2 h annealing tests
at 100, 200, 300, and 400 °C are performed to evaluate the thermal
insensitivity of PNSSAs. The @ remains almost unchanged during the
tests at elevated temperatures and the ¢ fluctuates between 0.038 and
0.053, indicating a superior thermal insensitivity of spectral selectivity
(Fig. 4d). AFM topographies in Fig. 4e do not reveal any abrupt
changes in surface morphologies. RMS roughness of the PNSSAs is
temperature-independent and lies within 0.13 and 0.16 pm (Table S4).
The Cu nanostructures start to coalesce after annealing, as shown in Fig.
S13. Enhancement effect on the spectral selectivity is observed upon
annealing at diverse temperatures (pristine: a/¢ = 12.1, 100 °C: a/e
= 21.6, 200 °C: /¢ = 15.1, 300 °C: a/¢ = 17.8, and 400 °C: a/¢ =
24.6, Table 1). The XRD spectra verify that no oxidation occurs during
the annealing process (Fig. S14). The PNSSAs can be directly employed
to the solar thermal application of flat plate collectors since there is
no obvious change in spectral selectivity (Fig. S15). The anti-oxidation
coating such as SiO,, Al,O3, and HfO, can be another option to enhance
its thermal stability at high temperatures (Fig. S16).

Mechanical stability is another criterion for retaining optical and
thermal performance in real-life applications. No visual changes are
observed after adhesion tests, demonstrating that the adhesion between
the Cu nanostructures and the Al alloy is enough to keep the original
reflectance spectra (Fig. 4f and Fig. S17). There are no significant
changes of a, ¢, and 7,,_,, (Table 1). This mechanical stability makes
the PNSSAs compatible with industrial manufacturing processes, such
as cutting to various dimensions and rolling into selective absorbing
tubes.

2.5. Photothermal performance of PNSSAs

To evaluate the performance of PNSSAs in solar harvesting, pho-
tothermal temperature measurements are conducted under 1 sun
(1000 W m~2) in a vacuum chamber at room temperature (21 °C)
(Fig. 5a). A black non-selective absorber (a/é = 0.965/0.977) and a
commercial SSA (a/é = 0.9765/0.79) are selected as control groups
to demonstrate the advantages of PNSSAs, and their respective re-
flectance spectra are provided in Fig. S17. The potassium bromide
(KBr) window has high transmittance over the relevant wavelength
region (0.3 — 20 pm) and does not block the thermal re-emission of
heated samples (Fig. S19). The steady-state temperature of PNSSAs is
162 °C under 1 sun illumination (Fig. 5b and Fig. S20) while the stable
temperatures of the commercial SSAs and black absorber are 133 and
109 °C, respectively. The much higher stable temperature of PNSSAs
is attributed solely to the spectral selectivity since the solar intensity,
conductive, and convective conditions in all measurements are identi-
cal. The stable temperature under 1 sun of PNSSAs exceeds those of
other photothermal absorbers reported in recent literature [33,37,52].
Upon 5 illumination cycles, the highest temperature of PNSSAs remains
constant, demonstrating its stability under sunlight (Fig. 5b).

Even higher operating temperatures are desired for concentrated
solar power systems. The same experimental apparatus equipped with
a Fresnel lens is employed to evaluate the photothermal performance
under various solar intensities (2, 3, 4, and 5 kW m~2). Steady-state
temperatures of 198 °C at 2 suns, 220 °C at 3 suns, 237 °C at 4 suns,
and 253 °C at 5 suns are achieved, indicating its potential applications
for mid-temperature solar thermal systems (Fig. 5c¢). It is 20 °C and
35 °C higher than that of the commercial SSAs and black absorbers,
respectively. Furthermore, because the sunlight varies day-to-day and
at different locations on the Earth, it is significant to achieve a high
temperature under weak sunlight (< 1 kW m~2, Fig. 5c). The PNSSAs,
commercial SSAs, and black absorbers reach steady-state temperatures
of 138, 113, and 94 °C under 0.8 kW m~2, respectively. The stagnation
temperature of 138 °C at 0.8 suns is high enough for sterilization
applications (> 121 °C) [53,54], thus extending the operating time
of solar sterilization since the solar intensity is above 0.8 kW m~2
for almost half of the daytime [53]. When the solar intensity drops
to 0.5 kW m™2, the stable temperature of PNSSAs is 109 °C, high
enough to benefit various applications, such as industrial heating [55],
seawater steam generation [19], and ice mitigation [56].

The transient temperature response of PNSSAs is simulated by an-
alyzing the heat transfer model provided in section 6 of supporting
information (Fig. S21). The solar intensities and ambient temperature
in Boston on June 20, 2020, were chosen as input data [57]. The
highest temperature of 173 °C is reached compared with that under
1 sun solar simulator (162 °C). During the daytime, the stable temper-
ature is above 150 °C for roughly 11 h (Fig. 5d). Such temperature is
suitable to enhance space heating and seawater desalination. Fig. Se
shows the #,,,_,, of PNSSAs are functions of operating temperatures
and concentration factors. The reflectance spectra of PNSSAs at room
temperatures are considered within calculation of the 7, ,, since
its spectral selectivity remains or even becomes better at elevated
annealing temperatures (Fig. 4a, d). It is evident that 7,,,_,, increases
with the rising of CF when its operating temperature are fixed (1,,p_;,
= 74% under 1 sun for 100 °C, #,,_,, = 86% under 3 suns for 100 °C,
and 7,,,_,, = 88% under 5 suns for 100 °C). This is attributed to the
increase of CF according to Eq. (1). However, due to the heat loss
from the blue-shift of the blackbody thermal radiation spectrum, #,,,,_,
diminishes when the operating temperature increases at a fixed solar
intensity (Fig. 5e). The fabrication cost of laboratory-scale PNSSAs is
roughly 0.735 USD m~2 including both the material and electricity
costs (Table S5), which will surely be further reduced significantly
in industrial-scale manufacturing. This highlights that our proposed
selective-leaching-alloy approach towards spectral selectivity for solar
harvesting is both highly efficient for a temperature range from 100 to
400 °C as well as extremely cost-effective.

The selective-leaching-alloy technique is demonstrated above to fab-
ricate plasmonic resonance SSAs with high #,,,_,, and thermal stability.
Selective leaching phenomenon is a type of corrosion occurring in some
metal alloys that inert metal is removed from the alloy. This technique
has been employed to produce metallic materials with high surface
area [58] and porous battery anodes [59], while the literature rarely
reports on the production of SSAs using commercially available Al
alloy through selective leaching. We also demonstrate that a similar
spectral selectivity is achieved by using other Al alloys, such as 7075,
and following the aforementioned recipe (Fig. 5f and Fig. S21). This
strategy can be used to leach minor elements in stainless steels (Table
S6) and superalloys to fabricate SSAs for higher-temperature solar
thermal systems as these materials have high melting and oxidation
temperatures.
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Fig. 5. Indoor photothermal performance. (a) The experimental set-up consists of a solar simulator, a focus lens, and a vacuum chamber equipped with a turbo vacuum pump.
(b) Temperature response of the PNSSAs, commercial SSAs, and black absorber under 1 sun irradiance. (c) Steady-state temperatures of these absorbers under weak sunlight (0.5
and 0.8 kW m~2) and concentrated solar intensities (2, 3, 4, and 5 kW m~2). (d) Photothermal performance of these absorbers over a solar cycle from sunrise to sunset under
varying ambient temperature. (e) Photothermal efficiency of PNSSAs as functions of concentration factors and operating temperatures. (f) The reflectance spectrum of the treated

7075 Al alloy showing spectral selectivity.

3. Conclusions

In summary, we have developed a new scalable strategy based on
a solution-processed selective leaching reaction for cost-effective and
feasible fabrication of SSAs. The obtained plasmonic Cu-rich nanos-
tructures with broadband solar absorption and mid-IR lossy feature
are uniformly assembled on the alloy infrared reflectors, which are
prepared by selectively dissolving the surface layer of Al alloys in a
hot alkaline solution. Excitation of surface plasmon resonance of Cu
nanostructures with a broad feature size distribution enhanced by the
multiple reflection and absorption occurring within the nanoporous Cu
structures yields efficient omnidirectional solar absorptance (0.94 at
0°, 0.95 at 36°, and 0.96 at 60°). The resulting dual-layer PNSSAs
consisting of lossy Cu nanostructures on an alloyed infrared mirror
lead to low thermal emittance (0.08 for pristine and 0.03 for 200 °C
thermal annealing) without any anti-reflection coating. By optimizing
the concentration of the alkaline solution, chemical reaction time, and
temperature, tunable spectral selectivity can be obtained to suit a range
of working temperatures. The PNSSAs are thermally stable (200 °C
for 192 h) and insensitive to varying operating temperatures (100 —
400 °C). Overall, our selective leaching strategy leads to simultane-
ous high and angle-independent solar absorption, low hemispherical
thermal emittance, flexible tunability of spectral selectivity, and ther-
momechanical stability. This strategy can also be applied to other
alloys with electrochemical selective etching, such as stainless steels
and superalloys, for mid- (300 — 600 °C) to high-temperature (>
600 °C) solar thermal applications. Last but not the least, this strategy
is cost-effective, using widely available materials and chemical and
inexpensive solution processing at a lab cost of about 0.735 USD m~2.
Thus, we have provided an appealing approach for fabricating SSAs
with larger versatility and scalability since they can be synthesized onto
diverse substrates of alloys over large areas.

4. Experimental section
4.1. Fabrication of pnssas, black absorber, and commercial SSAs

2024 Al alloy sheets (thickness — 300 pm, standard — ASTM B209,
McMASTER-CARR) were cut into small strips (70 mm x 30 mm). Before

selective leaching in NaOH (aq), these strips were sonicated cleaning
in acetone (99.5%, Sigma-Aldrich) for 15 min, followed by rinsing
with isopropyl alcohol (99.5%, sigma-Aldrich) for 1 min and blow-
drying with argon for 30 s. The clean alloy strips were immersed into
a NaOH (aq) with various concentrations (5, 10, 15, and 20 wt%), at
different temperatures (0, 20, 40, and 60 °C) or for different times (5,
20, 40, and 60 s) to form the nanostructures. The prepared PNSSAs
were immersed immediately into deionized water to extinguish the
chemical reaction and then blow-dried with argon. Similar procedures
were conducted with 7075 Al alloy sheets to achieve spectrally selective
PNSSAs (Section 5, supporting information). Large-size PNSSAs were
fabricated using a 25 cm by 25 cm 2024 alloy sheet with a proportional
mass of NaOH (aq) at the same procedure of fabricating small PNSSAs.
The black absorber was prepared by spraying the gloss black paint
(Rust-Oleum, 7778830) on the surface of the 2024 alloy at a distance of
20 c¢m, and a uniform paint layer with a thickness of about 20 pm was
deposited. Commercial SSAs were fabricated through spraying selective
solar coating (Thurmalox, 013-250) on the 2024 alloy to form a 30 pm
thick coating. Both the black absorber and commercial SSAs are baked
in a 100 °C oven for 30 min to remove the solvents.

4.2. Materials characterizations

The surface morphologies of the PNSSAs were characterized by SEM
(Zeiss Supra 25) with an acceleration voltage of 10 kV equipped with
energy-dispersive X-ray Spectroscopy. The sizes of Cu nanostructure
features were measured by ImageJ. The topographies were imaged by
an AFM (Agilent 5500) with a silicon tip (CONTV-A) at a step size of
0.4 inch/s in the contact mode. The average and RMS roughness were
collected for the pristine PNSSAs samples and samples after thermal
stability tests. The phase identifications of the Cu nanostructure and
alloy were conducted with an XRD (Bruker D8) scanning from 15 to
100° with a stepsize of 0.02°.

4.3. Optical characterizations

The UV-visible-near-IR (0.3 —2.5 pm) hemispherical reflectance (R)
spectra of absorbers were characterized by a spectrophotometer (Jasco
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V770) equipped with a BaSO, integrating sphere (Jasco ISN-923) at
an incident angle of 6°. The mid-IR (2.5 — 20 pm) hemispherical
reflectance spectra were characterized using a Fourier transform in-
frared spectrometer (FTIR, Jasco 6600) with a diffused gold integrating
sphere. The absorptance (a) equals 1 — R, since the transmittance (7°)
was zero due to the opaqueness of the PNSSAs at a thickness of 300 pm.
The absorptance is equal to emittance (¢) when an object is in thermo-
dynamic equilibrium according to Kirchhoff’s law of thermal radiation.
Hemispherical reflectance spectra of PNSSAs sample for different AOIs
were characterized by using home-built wedge blocks following the
measurement methods in our recent work [28].

4.4. Calculation of the overall solar absorptance, thermal emittance, and
photothermal conversion efficiency

The overall solar absorptance, @, is functions of wavelengths and
incidents angles, which is defined as [60]:

2.5um

oo Lun(2, 0, D)1 = R(4,0, $)1d A

a(4,0,¢) = @

2.5
o I (A0, ) A

where 4 is the wavelength of solar radiation, ¢ is the azimuthal angle,
and 0 is the polar angle. a(4,0, ¢) and R(4, 0, ¢) are the spectral direc-
tional absorptance and reflectance. I, is the incident solar intensity at
AM 1.5 [61] which is confined from 0.3 to 4.0 pm. Here, the integration
interval is limited from 0.3 to 2.5 pm which covers 99.2% power
intensity of the solar radiation.

The overall thermal emittance, ¢, is also dependent on the wave-
lengths and incident angles, which is derived from [60]:

S 1,2, 0, )1 = R(2 6, $))d A

é(4.0.¢) = 3
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where 1,,(4, 0, ¢) is the blackbody radiation intensity given by Planck’s
law. &(4,0, ¢) is the spectral directional absorptance at a certain oper-
ating temperature. It should be noted that the overall thermal emit-
tance is calculated using the spectra at room temperature according
to the 100 °C blackbody, which is mostly used in other articles for
comparison.

4.5. Thermal stability tests

Thermal stability tests were performed in an alumina tube furnace
under an argon environment. The samples were placed in an alumina
crucible boat (100 mm x 30 mm x 20 mm) in the center of the alumina
tube. The alumina tube connected to a rotary vane vacuum pump
was first evacuated to a vacuum atmosphere (1.0 Pa). Then the argon
gas valve was opened and swept through the alumina tube for 30 s
before the argon gas valve was closed. This process was repeated three
times to remove the air inside the alumina tube. Then, samples were
annealed at various temperatures (100, 200, 300, and 400 °C) at a
temperature rising rate of 10 °C min~!. A heating period of 48 h was
conducted to validate the long-time thermal stability and the samples
were taken out to measure their reflectance spectra after 48 h. Thermal
annealing cycles (48 h x 4 cycles) are repeated at 200 °C at the argon
environment.

4.6. Mechanical stability characterizations

The mechanical stability tests were performed by following the
ASTM (D3359-09) adhesion test standard. The scotch tape was pressed
on the surface of the PNSSAs and removed quickly along the direction
of the alloy strips. Reflectance spectra were measured before and after
adhesion tests to validate their mechanical tests.
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4.7. Indoor solar simulator tests

Indoor photothermal measurements were carried out in a vacuum
chamber with a diameter of 10 cm which was equipped with a KBr
window. This vacuum of this chamber was pump down to be around
5 x 1073 Pa by connecting to a turbomolecular pump with a pumping
speed of 1000 1/s (N,). The ultra-low vacuum eliminated the convective
and conductive heat transfer from the air. The samples of the black
absorber, commercial SSAs, and PNSSAs were placed on ceramic fiber-
board with a thickness of 5 mm and thermal conductivity of 0.074 W
m~! K~L. The area ratio between the absorbers and the ceramic fiber-
board was kept fixed to be 10 to depreciate the downward thermal
loss. A solar simulator (Newport 94081 A, Class ABB) was adjusted
to simulate the standard AM 1.5 Global solar spectrum with a stable
solar intensity of 1 kW m~2. K-type thermocouples were attached to the
backside of absorber samples to record their steady-state temperatures
through the data acquisition device (NI PXI 6289, National Instrument).
The temperature recording rate was set at a frequency of 2 Hz and the
solar intensity output was calibrated by a solar power meter (TES 132)
to ensure continuity between each experiment.

4.8. Numerical simulations

FDTD solutions (ANSYS Lumercial 2020) were performed to sim-
ulate the reflectance and transmittance spectra. A plane wave with a
plane wavelength range from 0.3 to 20 pm was used as the light source.
Randomly distributed Cu nanoparticles with sizes ranging from 20 nm
to 140 nm were generated to simulate the Cu nanostructures on top
of the 2024 alloy. The boundary layer of the z-direction was set to
be perfectly matched layers, while the boundary conditions along x-
and y-directions were defined as periodic boundaries. The simulation
of scattering and absorption cross-sections for single Cu nanoparticles
was discussed in detail in section 1.4 of the supporting information.
Complex refractive indices of Cu, Mg, Mn, and Al were extracted from
Palik’s book [62].
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