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ABSTRACT: The single-element-based selective solar absorber
(SSA) is attractive as it does not suffer from mismatched thermal
expansion and consequent performance degradation in composite
selective solar absorbers. In this report, a simple and scalable
dealloying method is demonstrated for fabricating SSAs with high
durability. The porous nickel SSAs prepared through this technique
not only exhibit an applicable solar absorptance/thermal emittance
(0.93/0.12 or 0.88/0.08) without the aid of antireflection coatings
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but also show an excellent thermal stability up to 200 °C in air over
prolonged periods. Furthermore, the dealloying technique shows great tunable performance for the selective absorption of metal
absorber, which can be used to fabricate the porous metallic structures for various working conditions.
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1. INTRODUCTION

A sustainable future urgently requires the use of clean and
sustainable energy sources. Sunlight, which is one such source,
is also green, abundant, and widespread. Efficient methods to
convert solar energy into other forms are high desired, such as
photovoltaic,' photochemical,” and solar-to-thermal conver-
sion.” Solar-to-thermal conversion is highly convenient, as the
thermal energy can be directly used, stored, or further
converted into electricity.”> In solar—thermal systems, the
solar selective absorber (SSA) is a key component as it
effectively absorbs the solar energy and converts it to thermal
energy.6 On the other hand, some smart solar absorbers or
emitters were also designed for local temperature control.”*

An efficient solar selective absorber should have high
absorptance in the solar spectrum spanning from 0.3 to 2.5
um. Meanwhile, its spectral emittance at wavelengths
corresponding to the blackbody spectrum at working temper-
ature (e.g,, 2.5—30 um at 100 °C) should be as low as possible
to minimize radiative loss. The overall performance of the SSA
can be characterized by the solar thermal conversion efficiency
Ny which is determined by its operating temperature T, solar
absorptance @, and thermal emittance .’ The solar thermal
conversion efficiency 7, means the percentage of sunlight that
can be converted to useful thermal energy by the selective
absorber.'? It is the net flux of heat flow (absorbed sunlight
subtracting thermal radiation) divided by all incident sunlight
on a given area.
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where 4 is the wavelength, I is the solar intensity, I is the
blackbody radiation at working temperature T, C is the solar
concentration factor, and a and € are the spectral absorptance
and thermal emittance, and both can be expressed as 1 — R for
opaque metallic SSAs, where R is the reflectance. An ideal SSA
should have a = 1 in the solar wavelengths and € = 0 in the
thermal wavelengths. Based on the working temperature,
currently selective absorbers can be divided into low
temperature (<100 °C), mid-temperature (100—400 °C),
and high temperature (>400 °C)."" Regardless of the working
temperature, @ > 0.8 and € < 0.2 are required for practical
applications. Various approaches have been applied to the SSA
design in recent decades, such as intrinsic absorbers,
semiconductor—metal tandems, multilayer absorbers, metal—
dielectric composite coatings, and surface texturing.n_14 The
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Figure 1. Preparation of single-element Ni SSAs. (a) Schematic illustration of the fabrication process for Ni SSAs. When the heating temperature is
low (<200 °C), chemical etching process is used for dealloying. On the other hand, vapor-phase dealloying is applied for the high heating
temperature (>300 °C). (b, c) SEM images of the nanoporous Ni absorber by (b) chemical etching dealloying method and (c) vapor-phase
dealloying method. Insets are the corresponding optical images of the Ni absorbers. (d, e) Spectral reflectance of (d) a porous Ni SSA (@ = 0.93, ¢
= 0.12) based on the chemical etching dealloying method and (e) a porous Ni SSA (@ = 0.88, € = 0.08) based on the vapor-phase dealloying
method. Normalized spectral intensities of the AM 1.5 solar spectrum and a blackbody at 100 °C are also shown.

selectivity of intrinsic absorbers is an intrinsic property of the
materials, which is structurally more stable but optically less
effective than multilayer stacks.'> The other types all rely on
structure to achieve the selective optical properties. For
instance, metal—dielectric composite coatings are reflective in
the thermal IR region, while they are strongly absorbing in the
solar region because of interband transitions in the metal and
plasmon resonances.'°™"?

One significant challenge in such multicomponent selective
absorber is that the mismatch in thermal expansion coefficient
of metal and ceramic will cause fatigue and delamination in
accumulated thermal cycles.”” To address this challenge,
single-element-based nanostructured metal SSAs such as
metal tungsten array,”"*” tantalum array,”” and nanostructure
gold”* have been proposed. However, the fabrication processes
(such as reactive ion etching,” vapor deposition,26 and atomic
layer deposition””) are usually complex and of high cost due to
the micro- and nanopatterning of surfaces.”® Moreover, the
stability of nanostructures in the practical applications is
needed to improve since the surface of the microstructure must
be protected from damage caused by surface contact or
abrasion.'' Therefore, producing SSAs with long-term
durability based on a single abundant element through a
simple process is required. Here we develop a scalable method
by combining electrodeposition, annealing, and dealloying to
create nanoporous metal SSAs with attractive /€ (0.93/0.12
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or 0.88/0.08) without the aid of antireflection coating. Because
of the high thermal/chemical stability of Ni and the lack of
large thermal strain induced by mismatched thermal expansion,
the absorber also shows excellent thermal stability up to 200
°C in air for 96 h. Furthermore, this dealloying technique is a
great candidate to tune the selective absorption performance of
single-element porous metal absorber at different working
conditions.

2. RESULTS AND DISCUSSION

Compared to the conventional dealloying method, the major
challenge here is to form a thin layer of nanoporous Ni only at
the Ni film surface. To solve this problem, a thin layer of Zn
(e.g, ~300 nm) is first deposited onto a Ni substrate by
electroplating. Then the sample is annealed at a relative low
temperature (<200 °C) so that Zn forms alloy with Ni (Figure
1a). Finally, Zn is removed by either chemical etching in the
NaOH solution or vapor-phase dealloying at high temperature
(=300 °C) (Figure la). Further details are presented in the
section S1 of the Supporting Information. As Zn has
significantly higher vapor pressure than Ni at elevated
temperature (e.g., 11 Pa vs 3 X 107! Pa at 400 °C, Figure
S1b), Zn can be selectively removed by optimizing the
processing temperature and pressure. Both approaches result in
nanoporous Ni sponge, as demonstrated by SEM in Figure
1b,c. The porous Ni after dealloying processes appears black
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Figure 2. Simulation results of the Ni porous SSA. (a) Schematic of the simulated Ni porous SSA. The SEM image left shows the porous structure
consisting of Ni particles. (b) Simulated spectra showing the effect of the height and the porosity of the porous layer. Panels c—e show (c) solar
absorptance @, (d) thermal emittance €, and (e) solar thermal conversion efficiency 7, at the normal incidence for different heights and porosities of

the porous layer.

because of its plasmonic nanostructures, which strongly traps
and absorbs sunlight and leads to a high solar absorptance
(Figure 1d,e). Integrated sphere-based reflectance measure-
ments reveal that the porous Ni selective absorber has an
excellent optical selectivity (@ = 0.93, € = 0.12 for the chemical
etching dealloying process in Figure 1b and @& = 0.88, € = 0.08
for the vapor-phase dealloying process in Figure 1d).
Compared with other multicomponent nickel selective
absorber using the solution-chemistry method to form nickel
pigmented aluminum oxide (a/ € = 0.83/0.03,29 0.85/0.03,30
and 0.91—0.97/0.11—0.2331), our work has similar solar
selective absorption performance without using ALO; (@/€ =
0.93/0.12 for the chemical etching dealloying process and @/€
= 0.88/0.08 for the vapor-phase dealloying process). The
removal of Al,O; can potentially reduce thermal strain inside.
Moreover, the stability and durability of the multicomponent
nickel selective absorber should be further studied for the
practical application.”””" One the other hand, compared with
previous works using reactive ion etching or atomic layer
deposition to form single-element textured nickel metals (@ =
0.75, € = 0.14),”® the large-scale nanofabrication process
developed here is particularly cost-effective and robust,
especially with only low-cost metals involved. During the
vapor-phase dealloying step, a condensation unit can also be
added to recycle the evaporated Zn to form the Ni—Zn alloy,”
that the reagent can be reused, leading to a low-cost and high-
throughput fabrication process.

To understand how the nanoparticle morphology affects the
selective absorption, the finite element method (FEM) was
used to simulate the spectral absorptance of the Ni porous
SSA; more simulation details can be found in section S2 of the
Supporting Information. As shown in Figure 2a and Figure S2,
the bottom Ni film served as an optically thick slab, on which
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small Ni particles were randomly arranged to form the
nanoporous Ni sponge. The diameters of the Ni particles
varied from 10 to 30 nm randomly based on the smallest
roughness since large irregular particles can be stacked by
multi-small particles. The density of the Ni particles and
thickness of the porous layer were tuned to investigate the
effect of the porosity and height on reflectance spectra at
normal incidence.

As shown in Figure 2b—e, as the height of the porous layer
increases from 0 to 200 nm, both solar absorptance @& and
thermal emittance € rise. In the solar spectra, it can be found
that all porous structures lead to a stronger absorptance than
that of the bulk Ni film due to the enhanced local surface
plasmon resonance in the cavity of the porous structure. The
absorption region becomes broader with an increasing porous
layer height, which is attributed to the enhanced light—matter
interaction among the cavities or particles at larger height. For
example, at porosity ¢ = 0.51, when h increases from 50 to 200
nm, @ changes from 0.65 to 0.91. On the other hand, at the
mid-infrared region, the porous structure has a similar
emittance with the bulk Ni film since the incident wavelength
is much greater than feature length of the porous layer (Figure
2b).

A broader absorption region can also be seen with increasing
the number of the Ni particles or decreasing the porosity while
the absorption intensity decreases (Figure 2b). Moreover,
increasing the porosity ¢ leads to an initial increase of solar
absorptance @& and thermal emittance € followed by a descent
(Figure 2c,d). For example, at the height of 150 nm, when the
porosity ¢ increases from 0 to 0.7, @ increases from 0.33 to
0.86 due to the enhanced surface plasmon resonance of the Ni
particles at the solar spectrum and then decreases to 0.82 since
the number of the absorbing metal Ni nanoparticle deceases
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Figure 3. Dependence of geometry and optical performance of Ni absorbers on deposition time. (a—c) Chemical etching dealloying: (a)
electrodeposition thickness and surface porosity of the Ni absorber, (b) spectral reflectance, and (c) @, , and 7. (d—f) Vapor-phase dealloying: (d)
electrodeposition thickness and surface porosity of the Ni absorber, (e) spectral reflectance, (f) @, , and 7, When the heating temperature is 200
°C, the NaOH solution is used in the chemical etching dealloying process. For the heating temperature of 400 °C, the vapor-phase dealloying

process is applied.

and the medium becomes less absorptive. € increases from 0.03
to 0.28 due to plasmon resonances. Nonporous or solid nickel
is a good reflector and poor emitter like typical metals, but in
porous Ni, the Ni particles are small (10—30 nm) relative to
the thermal wavelengths and plasmonic, so compared to bulk
Ni, the porous Ni behaves like an absorptive or emissive
effective medium. However, as porosity increases even further,
€ decreases to 0.03 since the amount of absorbing metal
nanoparticles in the effective medium decreases, so the
medium becomes less absorptive as a whole and more
transparent. Because there is infrared reflective bulk Ni
underneath, the reflectance increases again and thermal
emittance decreases. Finally, the solar thermal conversion
efficiency #, in Figure 2e shows that the optimal porosity ¢ ~
0.5 and porous height h &~ 100—200 nm can achieve 7, =~ 0.85.

The simulation results provide a guidance to tune the
properties of the Ni porous SSA for solar thermal applications.
The thickness and porosity can be controlled by deposited Zn
thickness and parameters in the dealloying process (e.g.,
electrodeposition time and temperature in the vapor-phase
dealloying), leading to different porosity ¢ and porous height
h. Figure 3 summarizes the experimental results for these two
dealloying processes for different electrodeposition times and
various heating temperatures. The results show that a longer
deposition time results in a lower reflectance at the wider
broad band. In the chemical etching dealloying process (T =
200 °C), when the deposition time changes from 10 to 30 s,
the deposition height of the Zn layer increases from 95 to 285
nm and the nominal porosity increases from 0.19 to 0.38 in
Figure 3a (see the Experimental Section for calculation of
porosity). The larger porosity and thicker porous layer cause
the decrease in reflectance and broader absorptance.
Correspondingly, the solar absorptance @ increases from 0.68
to 0.90 while the thermal emittance € also increases from 0.07
to 0.22 in Figure 3b,c, which also agrees with the simulation
results in Figure 2¢,d. On the other hand, for the vapor-phase
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dealloying process, with increasing the deposition time from 10
to 120 s, the deposition height of Zn layer increases from 95 to
1139 nm and the porosity increases from 0.12 to 0.42 in Figure
3d. The spectra results show that porous Ni SSAs manifest as a
near constant € (~0.1) while a large increase in @ (0.67 to
0.85) in Figure 3ef.

These results can be attributed to the different morphologies
of Ni particles on the surface of Ni foil in Figures S3 and S4. At
the same deposition time, it can be seen that the holes
obtained through the chemical etching method are larger and
deeper than those of the vapor-phase dealloying method.
Therefore, the samples based on the chemical etching method
have broader and stronger absorptance in Figure SSa, resulting
in the higher solar absorptance and thermal emittance. It also
indicates that the Zn layer has not been remarkably alloyed
with Ni in the heating process of the vapor-phase dealloying
method. Therefore, a long heating process was applied in
Figure SSb, whereby a slow heating rate (ie., long heating
time) broadens the absorption region while maintains the
thermal emittance unvaried as discussed in the vapor-phase
dealloying process at different temperatures. Finally, the
absorptance @ increases from 0.85 to 0.88, and the thermal
emittance € drops from 0.11 to 0.08.

On the basis of the discussions above, it can be found that
the dealloying technique is a practical method to achieve
highly selective absorption. The selectivity is also tunable to fit
different working temperatures and solar intensities. For the
vapor-phase dealloying process, the samples usually have low
thermal emittance, which is good for high temperature solar
selective absorber. On the other hand, for the chemical etching
dealloying process, the thermal emittance is slightly higher
together with higher solar absorption. Therefore, it is more
attractive for low operating temperature since the thermal
radiation loss at lower temperature is smaller compared to the
solar intensity.
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Figure 4. Stability test of the Ni SSAs. (a) Reflectance spectra of Ni porous SSA before heating, after 24 and 96 h heating at 100 °C in 100%
humidity. (b) Reflectance spectra of Ni porous SSA before and after being placed in the outdoor environment for one month. (c) Auger spectra of
the heat-treated Ni porous SSA taken at the surface as well as ~5 and 10 nm depth below the surface. The black, blue, and red dotted lines in (c)
represent the binding energy Ni 2p;,, at the chemical state of Ni,Os, NiO, and Ni, which are 856.8, 853.8, and 852.7 eV, respectively.

Table 1. Solar Absorptances @, Thermal Emittances €, and Solar Thermal Efficiency 7, of Ni Absorbers before and after

Thermal Stability Tests

100 °C in air 100 °C in 100% humidity

200 °C in air outdoor test for a month

time (h) a z 7, a g 7,
0 0.88 0.16 0.70 0.90 0.17 0.71
24 0.89 0.15 0.73 0.93 0.12 0.80
96 0.90 0.15 0.74 0.94 0.14 0.78

a & He a € N
0.90 0.18 0.69 before 0.90 0.15 0.74
091 0.16 0.73 after 0.89 0.14 0.74
0.92 0.15 0.76

In real applications, high durability and stability under the
operating conditions are required. Therefore, thermal aging
tests were conducted at the operation temperature of 100 °C
in air or 100% humidity environment for up to 96 h. In
addition, thermal aging tests were also performed at higher
temperature of 200 °C in air. As shown in Figure 4a,b and
Table 1, in all thermal aging tests, the solar absorptance @
increases while the thermal emittance € decreases with the time
evolving. For example, under 100 °C and 100% humidity, @/
changes from 0.90/0.17 to 0.94/0.14 after heating for 96 h.
Meanwhile, the solar thermal efficiency #, increases from 0.71
to 0.78. Similarly, after annealing at 100 and 200 °C in air for
96 h, 7, increases from 0.70 to 0.74 and 0.69 to 0.76,
respectively. Such improvement is probably attributed to the
oxidation of the Ni particles in the thermal aging process,
where Ni,O; and NiO are observed on the Ni surface (Figure
4c). Fortunately, NiO, is well-known to be stable which can
protects Ni from further oxidation and retain SSA’s optical
performance.

To further confirm the durability of the Ni porous SSA,
samples were placed outdoors, subject to weather conditions,
for a month (see the Experimental Section for details). The
results show that the spectral reflectance changes little after a
month (A@ = —0.006, AZ = —0.0122), indicating that such
porous Ni SSA has a promising long-term durability (Figure 4b
and Table 1). In addition, to examine whether high-
temperature operation will cause Ni self-migration and degrade
the nanostructure, we calculate Ni self-diffusion at elevated
temperatures. At 450 and 500 °C, Ni will only diffuse ~4 and
16 nm in 20 years, respectively, which is much smaller than
feature size in our nanostructures (see section S4 of the
Supporting Information for more details). The stability of our
absorber at higher temperature (e.g, 700 °C) needs to be
further studied. Such high temperature (e.g, 700 °C) is
attractive for enhancing solar—thermal—electrical efficiency.”
Currently we consider our approach more suitable for low—
medium temperature selective solar absorber applications.***
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3. CONCLUSIONS

In summary, a scalable dealloying method is demonstrated to
fabricate selective solar absorber based on the porous Ni
structures. The measured solar absorptance and thermal
emittance demonstrate attractive spectral selection with an
applicable @/ (0.93/0.12 or 0.88/0.08) without the aid of
antireflection coating. The thermal stability tests indicate that
the porous Ni absorbers are stable at 200 °C in air and 100 °C
in a dry and 100% humid environment. Long-term outdoor
stability tests also show that the Ni absorbers have excellent
durability. The coupled attractive spectral selectivity and high
durability make the Ni absorber a promising for use as SSAs.
Furthermore, the dealloying technique shows great tunable
performance for the selective absorption of metal absorber,
which can be widely used to fabricate the porous structures for
different working conditions.

4. EXPERIMENTAL SECTION

Reagents. All of the chemicals used in the experiment were of
analytical grade, and Ni foils (~0.2 mm thickness) were purchased
from China Qingyuan Metal Material Co. Zn was electrodeposited
onto the surface of the cathode (i.e, Ni foil) from a Zn plating
solution, with a composition of 60 g/L ZnCl,, 200 g/L KCl, 25 g/L
H;BO;, and 20 mL/L PEG. All the electrochemical experiments were
performed at room temperature with the Pt wire as counter electrode
and Ni foils as working electrode. Voltammetry measurements were
conducted by using a Biologic VMP3 electrochemical workstation.

Preparation of Porous Ni Absorbers. The Ni foil was sonicated
in 12% hydrochloric acid for 2 min to remove the oxide layer and then
washed by ethanol and water. After blow-drying, one side of the Ni
foil was covered by insulation tape and the other side exposed for
further electrodeposition. During the Zn electrodeposition process,
constant current was applied to the working electrode, which served
as cathode, and the current density was maintained at 20 mA cm™.
The thickness of Zn film in the experiments can be controlled by
altering the duration of the electrodeposition process. After
electrodeposition, the metal foil was rinsed by deionized water and
dried at room temperature. Then, the sample was heated at different
temperatures with different heating rate under the protection of N,
gas. Finally, two dealloying steps were conducted to remove the Zn
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component. When the temperature was below 200 °C, only Zn—Ni
alloy formed in the heating process, and then the Zn was removed by
the chemical etching dealloying process using the S wt % NaOH
solution. On the other hand, when the heating temperature was above
300 °C, the Zn component was removed by the vapor-phase
dealloying process directly. Finally, the sample was washed by water
and blow-drying.

Simulation. Numerical full-field electromagnetic simulations were
performed based on the finite-element method (FEM) using the
commercial software package COMSOL Multiphysics. To simplify
the simulation, periodic boundary conditions are used for the unit cell
of the sample. A plane wave is excited from the port on the side of the
unit cell with a power of 1 W. The reflection (R), transmission (T),
and absorption (A) are calculated by R =1S,,1%, T =1S,; and A= 1 —
R — T, respectively, where S, and S,, are the scatter parameters. The
optical constant of Ni used in the simulation is obtained from Rakic’s
study.*®

Reflectance Measurement. The reflectance of the porous Ni
SSAs was measured based on the integrating sphere. For the visible to
near-infrared region (0.41—1.05 um), the reflectance was measured
by a continuum laser (SuperK Extreme, NKT Photonics), a tunable
filter (Fianium LLTF contrast), and an integrating sphere (Model
15200, Thorlabs). For near-infrared to mid-infrared (1.06—14 pm), a
Fourier transform infrared (FT-IR) spectrometer (Vertex 70v,
Bruker) coupled with a gold integrating sphere (Model 4P-GPS-
020-SL, Labsphere) was used to measure the reflectance. In all
measurements, gold-coated aluminum foils were used as the reference
to calibration measured results.

Material Characterizations. Auger electron spectroscopy was
performed on one thermally annealed Ni porous SSA. The spectra for
different depths from the surfaces were obtained by etching with an
argon ion beam. A Zeiss Sigma VP scanning electron microscope was
used to characterize the nanoporous structure of Ni absorber. For
porous Ni SSAs synthesized under different parameters, the surface
porosity in the layers imaged from the top was measured using
software Image].

Thermal Stability Tests. Thermal aging tests were conducted at
the operation temperature of 100 °C in air or 100% humidity
environment for up to 96 h. In addition, thermal aging tests were also
performed at higher temperature of 200 °C in air. The spectral
reflectance of samples was measured before the heating process, and
then the reflectance was recorded after heating 24 and 96 h. After
heating in air for 96 h at 100 °C, Ni SSAs were placed outdoor in the
natural environment without any coating for 1 month (May 2018 at
New York City) to investigate its long-term durability. The spectral
reflectance of the samples was measured prior to and after the test.
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