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ABSTRACT: Ultrablack surfaces with stable and omnidirectional light absorption
over a wide spectral range are fundamentally crucial for applications concerning
strict optical requirements from high-end optical to solar−heat conversion devices.
Inspired by nature, we report a needle-like array structure (NAS) prepared by
spraying and self-assembling the magnetic composite ink under an external
magnetic field. With high structure regularity and small feature size, the NAS
presents extremely low hemispherical reflectance (≤0.3%) over a wide spectral
range of 300−2000 nm and stable omnidirectional absorption (incident angle
insensitivity up to 70°), which could be one of the darkest surfaces ever reported.
The exciting light absorption performance can be attributed to the synergistic
effects of (1) structural absorption caused by multiple scattering between array
units and (2) strong forward scattering and high light absorptivity of magnetic
particles. The NAS exhibits outstanding photothermal conversion for solar
harvesting, self-cleaning performance, good flexibility, and thermal-aging
resistance, offering an appealing alternative to construct ultrablack surfaces for practical applications.
KEYWORDS: ultrablack surface, array structure, structural absorption, omnidirectional absorption, magnetically driven self-assembly

1. INTRODUCTION
Ultrablack materials, featured with low surface reflectance and
excellent light absorption performance, play an essential role in
high-performance optical devices,1,2 solar energy harvesting,3−5

and infrared stealth.6,7 Theoretically, an ideal ultrablack
material should absorb almost total incident light waves over
a broadband wavelength range, regardless of incident angles. A
moth-eye structure, featured with unique subwavelength-sized
corneal nipple arrays,8 is the classic structure imitated for
guiding the preparation of ultrablack surfaces. According to
Fresnel’s law, reflection inevitably occurs at the air−matrix
interface because of the discontinuity of the refractive
index.9−12 However, subwavelength nipples on moth eyes
create a gradient refractive index change at the interface,
effectively suppressing surface reflection. Over the past few
decades, several methods have been proposed to mimic this
distinctive nanoarray structure for improving light absorption
performance. For example, chemical vapor deposition (CVD)
is often used to prepare carbon nanotube arrays with unique
optical properties;13,14 the single-walled carbon nanotube
(SWNT) forest prepared exhibited low reflectance (<1%)
over a wide spectral range (0.2−200 μm).15 Chemical etching
is another effective way to construct nanosized array
structures.16−19 After etching, a nanostructured array appeared
on the silicon surface, significantly enhancing light absorption.
Despite giving elaborate structures, the strategies mentioned
above have inherent limitations on preparation conditions and

manufacturing scalability. Therefore, a simple and inexpensive
preparation method of the array structure with highly effective
light absorption is urgently needed in practice.
Recently, feathers of birds-of-paradise20 and peacock

spiders21 have been revealed and studied for superblack
appearances. Their feature size is on the microscale (e.g.,
modified barbule arrays for birds-of-paradise and highly packed
microlens arrays for peacock spiders), relatively larger than the
nanosized structure of the moth eye. The dominant light
absorption mechanism is the multiple light reflection/
scattering and absorption rather than the light interference in
the nanoarray. As incident light travels to the microarray, most
of it will enter the deep cavities between array units, where
multiple light reflection/absorption occurs. In addition,
microarray structures have advantages in preparation and
mechanical robustness over the nanosized structures, which are
vital to real applications.
In this article, we prepared microarray ultrablack surfaces via

a magnetically driven self-assembly method. During spraying,
polydimethylsiloxane (PDMS)@Fe3O4 droplets can sponta-
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neously form a vertically aligned needle-like array structure
(NAS), which can be facilely tuned by an external magnetic
field strength and spraying time. The NAS consisting of the
cone tip and cylinder below has unique structural advantages
for light collecting and dissipation: the sharp cone tips
significantly reduce surface reflection and allow most light to
enter the array, while the cylinders form deep array cavities,
which cause multiple light scattering, extending the light
propagation path and improving light absorption. The resulting
ultrablack surfaces exhibited extremely low light reflectance
(lowest value of 0.3%), omnidirectional light absorption, as
well as good comprehensive performance.

2. RESULTS AND DISCUSSION
The NAS was prepared by spraying magnetic PDMS@Fe3O4
composite ink under an external magnetic field, as schemati-
cally illustrated in Figure 1a. The PDMS@Fe3O4 composite
ink was homogeneously dissolved in petroleum ether and then
sprayed out under airflow. The solvent evaporated during the
spraying process, leaving PDMS-encapsulated Fe3O4 droplets
to self-assemble on the substrate. Figure 1b and Figure S1 of
the Supporting Information demonstrate the structure
morphology evolution during preparation, which could be
divided into three typical stages. Composite droplets were
deposited randomly on the substrate at the early stage (15 and

30 s), forming irregular protrusions. With spraying continuing,
adjacent protrusions aggregated together, giving tiny cone-like
structures. Finally, under the external magnetic field, tiny cone-
like structures constantly attracted sprayed droplets to deposit
on their tops, forming NAS with a high aspect ratio and good
verticality.
The magnetic response of the PDMS@Fe3O4 composite

under an external magnetic field induces the self-assembly
growth of NAS on the substrate. Figure 1c shows the magnetic
hysteresis loops of Fe3O4 nanoparticles and the PDMS@Fe3O4
composite. Misaligned hysteresis loops were obtained for both
materials (Figure 1c), implying that both are ferromagnetic.22

As a result of the ferromagnetism, deposited PDMS@Fe3O4
during spraying is magnetized under the external magnetic
field.23 The relative permeability of PDMS@Fe3O4 is 1.21,
which means that the induced magnetic field strength in the
deposited needle-like structure is higher than that of the
background, as simulated in Figure 1c and Figure S2 of the
Supporting Information. For structures under different
spraying times, there is always a gradient change in the
induced magnetic field strength along the structure, which
reaches the highest value around the needle tip. Sprayed
composite droplets would be attracted to the needle tip,
causing a continuous increase in the structure height (Figure
1d and Figure S3 of the Supporting Information). Because of

Figure 1. Preparation process and morphology of NAS. (a) Schematic illustration of the preparation of NAS via the spraying technique and
magnetic field. (b) SEM morphology evolution of NAS during the spraying process at three typical stages. (c)M−H hysteresis loops for pure Fe3O4
particles and PDMS@Fe3O4 composite. The left inset is the simulated magnetic field distribution in a single needle under an external magnetic field
of 500 mT, and the right inset is the enlarged magnetic hysteresis loops. (d) Average height, diameter, and density of needles during the spraying
process under an external magnetic field of 500 mT. (e) Top view SEM with a 5° tilt angle of NAS prepared under 500 mT with a spraying time of
120 s. The inset is the SEM closeup for the cone tip.
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the dynamic balance of surface tension, magnetic force, and
gravity,24 cylindricality is always obtained at the bottom, while
the diameter contracts at the top, forming a cone tip. With
spraying continuing, the average height and diameter of the
needle structure gradually increase, while the density decreases
synchronously (Figure 1d and Figure S3 of the Supporting
Information).
The composite films have unique needle-like structures,

which greatly benefit the trapping and dissipation of incident
light waves. The simulated ray-tracing result, shown in Figure
S4 of the Supporting Information, compares the simulated
reflectance of array structures made up of three different
shaped array units (microsized cylinder, cone, and needle
arrays). Here, the array units are set to have the same nominal
diameter and height but different unit gaps (i.e., different unit
densities). It is found that the cylinder array holds high light
reflectance because of its rather huge plane surface on the
cylinder top, where the reflected light leaves and propagates
outward and cannot be absorbed by the array (inset I in Figure
S4b of the Supporting Information). For the cone array, as a
result of its specific structure (wide space at the top but narrow
space at the bottom), there is a certain chance for the light
reflected from the bottom to escape without encountering the
neighboring cone unit25 (inset II in Figure S4b of the
Supporting Information); therefore, the reflectance is sensitive
to the unit gap. Comparatively, the needle array consisting of a
sharp cone tip at the top and cylinder below may have unique
advantages over the above two arrays. On the one hand, the
high-resolution cone tips significantly decrease the filling ratio
of the composite material, leading to a gradient change of
refractive index from air to film, bringing a better impedance

match, and suppressing surface light reflection significantly. On
the other hand, the light entering the cavities is trapped by the
cylinder array and reflected/scattered repeatedly until com-
pletely absorbed (inset III in Figure S4b of the Supporting
Information).
Figure 2 reveals the influence of processing parameters

(spraying time and magnetic field strength) of the NAS on the
light reflection performance. Panels a and b of Figure 2 show
the hemispherical reflectance spectra and related average
reflectance (Rs) of samples prepared at different spraying times
under an external magnetic field of 500 mT. Rs decreases
significantly with increasing the spraying time. Note that the
height, diameter, and density of NAS change simultaneously
with increasing the spraying time (Figure 1d and Figure S3 of
the Supporting Information), clarifying that the contribution of
each unit feature seems difficult. In general, at a shorter
spraying time, there are many randomly arranged protrusions
(panels b−e of Figure S4 of the Supporting Information) and
the height for the array unit is too short that there is not a deep
enough cavity to trap incident light; therefore, a high Rs value
remains. As the spraying time continues, the array height and
diameter increase rapidly, forming deep cavities (panels f−i of
Figure S4 of the Supporting Information) and, thus, greatly
enhancing the light-trapping ability. When the array height
exceeds 500 μm, the Rs value decreases slowly and remains
stable under 0.5%.
The magnetic field strength, like the spraying time, has a

similar effect on sample reflectance (panels c and d of Figure 2
and Figure S5 of the Supporting Information). Typically,
panels c and d of Figure 2 present the hemispherical
reflectance spectra and related average reflectance of samples

Figure 2. Light reflectance performance of NAS. (a) Hemispherical reflectance spectra for NAS prepared under 500 mT with different spraying
times. (b) Average Rs values as a function of the spraying time. (c) Hemispherical reflectance spectra for NAS prepared under different magnetic
field strengths with the same spraying time of 120 s. (d) Average Rs values as a function of the magnetic field strength.
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prepared under different magnetic field strengths with the
same spraying time of 120 s. Rs of samples decreases
significantly with the magnetic field strength. This may
probably be due to the decreased unit gap (i.e., increased
unit density) with the increased magnetic field strength (Figure
S5 of the Supporting Information), which favors the
construction of high-quality light microtraps, where light can
be reflected and/or scattered repeatedly until absorbed.
Apart from the unique structure, the material component

plays an essential role in the light absorption performance. The
scanning electron microscopy (SEM) image of a single broken
needle (Figure S8 of the Supporting Information) suggests that
the needle is actually composed of a thin, neat PDMS skin and
PDMS@Fe3O4 composite core. The formation of this specific
structure is likely due to the fact that the magnetic Fe3O4
nanoparticles aggregate into a chain under an external
magnetic field; therefore, some redundant PDMS resin is
squeezed from the core. Figure S9 of the Supporting
Information presents the experimental complex spectral
refractive index of PDMS and Fe3O4 in the wavelength of
300−2000 nm. The n value for PDMS (constant, ∼1.4) is
lower than that of Fe3O4 (2.1−2.5); therefore, it is reasonable
to consider that the refractive index may gradiently change
from the skin to the core, benefiting the refractive index match
with air and, thus, minimizing the interfacial reflection.
Moreover, PDMS maintains an extremely low κ value (nearly
0) over the whole wavelength range, with most incident light
just penetrating it26 and then being absorbed by Fe3O4 with a
relatively high κ value.

According to the particle size ratio to light wavelength, three
predominantly scattering mechanisms can be defined:27

Rayleigh scattering, Mie scattering, and geometric scattering.
Because the particle size is comparable to the light wavelength,
Mie scattering dominates the scattering behavior. With
reference to the Mie scattering theory, two parameters, i.e.,
the scattering phase function of particles and the absorption
efficiency, are crucial for improving light absorption. The
scattering phase function describes the directional dependence
of scattered light, while the absorption efficiency is defined as
the energy ratio of absorbed light to the incident light.28 It is
known that the particles, which show strong forward scattering
and high absorption efficiency, are beneficial for light
absorption. Herein, COMSOL Multiphysics software was
used to explore the scattering phase functions for Fe3O4
particles of various sizes. The simulation method is described
in Figure S10 of the Supporting Information. Figure 3a depicts
that Rayleigh scattering occurs at a small particle size
(diameter of ≤100 nm), resulting in a nearly symmetrical
pattern for the scattering phase function; when the particle
diameter is >100 nm, the scattering behavior lies in the Mie
scattering region, where the forward scattering phase function
dominates. Figure 3b shows the absorption efficiency of Fe3O4
particles of various sizes. In the near-infrared (NIR) wave-
length (1000−2000 nm), the absorption efficiency of Fe3O4
particles increases gradually with the particle radius increasing
and remains at a high value when the radius exceeds 200 nm.
Comparatively, the absorption efficiency in the visible (vis)−
NIR wavelength (300−1000 nm) is smaller than that in 1000−
2000 nm.

Figure 3. (a) Scattering phase functions for Fe3O4 particles at λ = 500 nm with different diameters, where 0° represents the direction of incident
light. (b) Simulation of the normalized absorption efficiency of Fe3O4 particles over the wavelength range of 300−2000 nm with the particle radius
varying from 10 to 500 nm. (c) Absorption power and absorption power per volume of Fe3O4 particles as a function of the particle radius in solar
radiation spectra. (d) Light reflectance comparison between the NAS and planar sample.
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Figure 4. Comparison of incident angle dependence of light absorption between the NAS and planar sample. (a and b) Experimental light
absorption spectra. (c) Average hemispherical absorption as a function of the incident angle. (d) Average specular reflectance. The inset is the
enlarged local curve for NAS.

Table 1. Comparison of the Light Reflectance and Preparation Conditions of Some Reported Ultrablack Surfaces

material
lowest

reflectance (%) test wavelength preparation technique and processing conditions reference

vertically aligned single-walled carbon nanotubes 1 0.2−200 μm CVD, on the Si substrate at 750 °C 15
vertically aligned multi-walled carbon nanotubes 0.1 0.4−4 μm CVD, on the Si/LiTaO3 substrate at 750 °C 33

1 4−14 μm
vertically aligned carbon nanotube forests <0.5 400−800 nm CVD, on the Si substrate at 500−800 °C 34
vertically aligned carbon nanotube array <1 2.5−15 μm photothermal chemical vapor deposition (PTCVD), on the Al

substrate at 425 °C
2

vertically aligned carbon nanotube array 0.045 457−633 nm CVD 35
carbon-fiber piles 0.51 0.2−2.5 μm electrostatic flocking 36
nanostructured silicon 1.3 400−1100 nm self-assembled nanosphere lithography 37
microstructured aluminum-doped silicon films 0.7 350−2000 nm (1) co-sputtering Si and Al on the Si substrate; (2) NaOH

etching
19

subwavelength-structured silicon surface 0.5 0.2−2.5 μm fast atom beam (FAB) etching 38
silicon nanotip arrays <1 0.2−2.4 μm electron cyclotron resonance (ECR) plasma etching 18
silicon nanowire arrays 0.8 300−1200 nm laser interference lithography and metal-assisted chemical

etching
17

nanostructure-covered conical microstructures
(NC-CMs) on Ni

<3 0.25−1 μm femtosecond laser irradiation 39

microspike on the stainless-steel surface 4.9 350−1750 nm ultrashort pulse laser (UPL) texturing 40
micro/nanoconical pillar structures on metal
surfaces

1.8 405−1550 nm ultrafast laser processing 41

black Au film 8 300−600 nm physical vapor deposition (PVD) 42
self-assembly gold nanoparticles <1 0.4−10 μm PVD 3
3D silica scaffold and Ag nanoparticles 2 250−2500 nm hybird PVD and atomic layer deposition (ALD) 43
microconvex-structured PDMS@PANI
composite film

0.7 400−800 nm template casting 26

PDMS@Fe3O4 needle array 0.3 300−2000 nm magnetically assembly and spraying process this
work

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c19796
ACS Appl. Mater. Interfaces 2023, 15, 11369−11378

11373

https://pubs.acs.org/doi/10.1021/acsami.2c19796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19796?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To clearly illustrate the light absorption ability of particles in
a certain wavelength, we calculated the absorption power (Pabs)
and the absorption power per unit volume (refer to eqs 2 and 3
in section 4.3 and Figure 3c). In this work, the wavelength is
the solar radiation spectra (Figure S11 of the Supporting
Information), where more than half of the power distributes in
300−1000 nm.28,29 Figure 3c presents Pabs increasing
monotonically as the particle radius increases, while Pabs per
unit volume reaches its highest value with the particle radius at
around 150 nm (i.e., diameter = 300 nm). This particle
diameter approximates the mean diameter of Fe3O4 particles
employed here (∼220 nm; Figure S12 of the Supporting
Information), verifying their excellent solar light absorption
performance.
As a summary, benefiting from the unique needle array

structure, proper particle size, as well as excellent solar light
absorption of particles, the light absorption mechanism can be
concluded as follows: When incident light reaches the surface
of a single needle unit, because PDMS is highly transparent,
most light would penetrate and further be scattered and
absorbed by Fe3O4 particles. Strong forward scattering and
high light absorptivity ensure the complete absorption of
entering light. On the other hand, the reflected light at the
surface would further propagate and be absorbed by adjacent
needle units. With reflection−absorption between the needle
array repeating, a low reflectance can be realized eventually
(Figure 3d).
In practical terms, ultrablack surfaces are expected to exhibit

stable omnidirectional absorption, regardless of the incident
angle, which calls for strict requirements for the material and
structure. We further experimentally measured the angle
dependence of the light absorption performance of the NAS
and planar sample from 0° to 70° in the broad spectral region
from 300 to 2000 nm using ultraviolet (UV)−vis−NIR

spectroscopy with an integrating sphere. As shown in Figure
4a, the hemispherical absorption for NAS remains unprece-
dentedly stable under various angles of incidence (AOIs), in
stark contrast with the significant change in light absorption
with AOI for the planar sample (Figure 4b); the absorption
still reaches 98% over the whole wavelength, even when the
incident angle is up to 60° (Figure 4a). Figure 4c presents that
the average absorption value for the NAS is ∼99% in the
incident angle range of 0−70°. To clearly illustrate the
reflection characteristics of NAS, we conducted a specular
reflectance measurement on the NAS and planar sample under
various incident angles. It is vividly shown in Figure 4d that
NAS has a low specular reflectance (<0.03%) under all
incident angles, reducing by 2 orders of magnitude compared
to that of the planar sample. The specular reflectance of NAS
accounts for less than a tenth of total reflectance, implying the
diffusive reflectance feature for NAS.10 As discussed before, the
tiny cone tips (∼5 μm) of NAS are able to redirect light off the
normal reflection direction,21 and the diffused light will be
reflected and absorbed repeatedly between the neatly arranged
needles, resulting in stable omnidirectional light absorption.
Table 1 compares the light reflectance performance of different
ultrablack surfaces in the literature, and our material is one of
the darkest surfaces ever reported. Note that, even though
some carbon nanotube (CNT) arrays show slightly lower
reflectance than NAS, they usually need much higher
temperatures, special atmospheres, and high-temperature-
resistant substrates to fabricate, still limiting their large-scale
practice thus far. On the contrary, the processing conditions
for NAS are relatively mild and low-cost, suitable for more
applications.
As revealed above, the NAS has low reflectance and high

absorbance over 300−2000 nm (UV, vis, and NIR). This
outstanding absorbance may be used for solar−thermal−

Figure 5. (a) Schematic illustration of the STEG prototype. (b) Temperature−time curves of different samples illuminated under solar power of
1.5 kW m−2. The insets are infrared (IR) images of NAS at different illumination times. (c) Temperature−time curves of NAS under different solar
light incident angles. (d) Voc and (e) Isc yielded from STEG prototypes upon illumination. (f) Cycling stability of Voc and Isc for the NAS-based
STEG prototype.
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electric generation (STEG) applications. We demonstrate a
STEG prototype based on the solar−thermal transition effect
of the light absorber. As illuminated in Figure 5a, the light
absorber (made of NAS or planar black coating) is finely
attached to a commercial TEG device, of which the bottom is
coupled with a heat sink. Under the solar simulator
illumination, the temperature difference of the TEG sides
results in an open circuit voltage (Voc) and short circuit current
(Isc) between them as a result of the Seebeck effect. The higher
the temperature difference, the larger Voc and Isc.
Figure 5b displays that NAS shows a rapid temperature

increase under the first 2 min of illumination and reaches the
equilibrium temperature in 6 min of illumination; the
equilibrium temperature of NAS is ∼10 °C higher than that
of the planar black sample, owing to the higher light
absorbance of NAS. Furthermore, the temperature-increasing
curves change slightly under various light incident angles
(Figure 5c), reflecting the outstanding omnidirectional
performance of NAS. With the solar illumination time
increasing, the temperature difference between the two sides
of the TEG device increases, finally generating steady electric
output. The maximum Voc and Isc of NAS-based STEG are
higher than those of the planar black sample and even 6 times
higher than that of the blank TEG device (panels d and e of
Figure 5). More importantly, NAS-based STEG can repeatedly
respond to the light on−off cycle without any change (Figure
5f).
On top of that, owing to its large aspect ratio and high tip

resolution, the NAS film exhibits excellent hydrophobic
performance. Because PDMS is intrinsically hydrophobic, the
planar structure film exhibits hydrophobicity (Figure S14 of
the Supporting Information); however, the high aspect ratio
array structure further enhanced the hydrophobicity combined
with a smaller rolling angle. PDMS itself is a typical flexible
polymer;30 therefore, NAS made up of the PDMS@Fe3O4
composite holds good elasticity, as shown in Figure S15 of the
Supporting Information. The film shows no appreciable
damage after being bent 100 times, and its light absorption
performance remains unchanged. Moreover, after aging under
the ambient air at 150 °C for 4 weeks, there is only a slight
decrease in the light absorption performance, which may result
from the oxidation of Fe3O4 particles. However, the PDMS
matrix slows the oxidation rate,31,32 endowing it with stable
light absorption performance under a high temperature.
Overall, these wonderful features make NAS adaptable to
various working conditions.

3. CONCLUSION
In summary, we successfully prepared a NAS through a
magnetically driven self-assembly and spraying technique. With
high structural regularity and small feature size, the NAS
exhibits extremely low hemispherical reflectance (≤0.3%) over
a wide spectral range of 300−2000 nm and stable omnidirec-
tional absorption, even at the incident angle as high as 70°,
outperforming the most ultrablack surfaces ever reported. The
ultrablackness is attributed to the multiple scattering/
absorption between needle array units and the high
absorption/strong forward scattering ability of the magnetic
nanoparticles. This work demonstrates that the NAS was
valuable for wide-angle solar energy harvesting and photo-
thermal convection, benefiting the solar−thermal−electric
effect in the assembled STEG system. Meanwhile, the NAS

was superhydrophobic, flexible, and thermal-aging-resistant,
highlighting its application in various working conditions.

4. EXPERIMENTAL SECTION
4.1. Materials. PDMS (SYLGARD 184) was purchased from Dow

Corning Organic Silicon Co., Ltd. (Beijing, China). Fe3O4 was
supplied by Maclin Bio-Chem Technology Co., Ltd. (Shanghai,
China). Its SEM image and size distribution are shown in Figure S12
of the Supporting Information. Petroleum ether was obtained from
Modern Oriental Technology Development Co., Ltd. (Beijing,
China). Carbon black (CB) FW200 was purchased from Evonik
Industries AG (Germany). All agents were used as received without
further purification.
4.2. Preparation of Fe3O4@PDMS NAS. The preparation of

Fe3O4@PDMS light absorbers involves two main steps. (1)
Precoating the substrate: First, a thin PDMS@CB with the CB
mass fraction at 3% was sprayed on an aluminum foil (cut into 5 × 5
cm). After spraying, pretreated substrates were put in an oven under
80 °C for 2 h for subsequent use. (2) Establishing magnetically driven
self-assembly of Fe3O4@PDMS ink under spraying: First, 2.5 g of
Fe3O4, 2.5 g of PDMS, and 15 g of petroleum ether were fully mixed
under 2000 rpm rotation for 5 min. Then, the obtained ink was
sprayed on the pretreated substrate under an external magnetic field.
Four permanent magnets with center surface magnetism at 250, 300,
350, and 500 mT were employed to generate the magnetic field. The
spraying process lasts for 15−120 s, with an interval of 15 s. The spray
gun caliber and pressure were set at 0.3 mm and 0.2 MPa,
respectively. After spraying, the prepared Fe3O4@PDMS composite
film was solidified under 80 °C for 2 h with the presence of the
external magnetic field.
4.3. Characterization. The morphology of samples and size

distribution of Fe3O4 nanoparticles were observed by field-emission
scanning electron microscopy (Hitachi SU 8010, Japan). Before
observation, the samples were cut after being soaked in liquid
nitrogen and sputtered with thin platinum. The height of array
structures was observed by an optical microscope (DM4000, Leica
Industries, Buffalo Grove, IL, U.S.A.). The magnetic hysteresis loops
of the Fe3O4 nanoparticle and Fe3O4@PDMS were measured by a
vibrating sample magnetometer (VSM, Lake Shore 8604, Westerville,
OH, U.S.A.). Water contact angles were measured on a contact angle
system (DSA100, Krüss, Germany). Reflectance spectra in the IR
band (2.5−20 μm) was measured by the Fourier transform infrared
spectrometer (Vertex 80v, Bruker, Germany, equipped with a gold
integrating sphere and gold-coated Al foil as the reference).

The UV−vis−NIR absorbance spectrum was measured by a
Lambda 950 spectrophotometer (PerkinElmer, Waltham, MA,
U.S.A.) with an integrating sphere collecting reflected light. A
BaSO4 white diffuser was employed for the calibration before test, and
the wavelength range and scanning speed were set at 300−2000 nm
and 2 nm/s, respectively. With reference to normal hemispherical
reflectance spectra, samples were attached to the end of the beam
path. For the omnidirectional reflectance measurement, a clip-style
sample holder that hung inside the integrating sphere was employed
to change the incident angle accordingly (Figure S6 of the Supporting
Information). As samples were prepared on the Al substrate, there is
no transmittance (Ts = 0); therefore, the absorbance can be calculated
as

=A R1s s (1)

where Rs is the absorbance defined as the power ratio of reflected light
to incident light.

The absorption power of Fe3O4 particles can be calculated as44

=C Q r( )abs abs
2

(2)

=P I C( ) ( )dabs abs
min

max

(3)

where Qabs is the absorption efficiency calculated from Mie scattering,
r is the particle radius, I(λ) is the intensity of solar radiation (AM 1.5
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G), Cabs(λ) is the absorption cross section, and λmax and λmin
correspond to the solar radiation spectral range calculated, which is
300−2000 nm in this article.

COMSOL Multiphysics (version 5.6, COMSOL, Inc., Sweden)
was used to simulate the magnetic field distributions of permanent
magnets and along the array structures.

The solar−thermal−electrical conversion test was conducted on
the basis of a commercial thermoelectric generator (TEG-127220, 4 ×
4 cm). The bottom of the TEG devices was attached to a heat sink
immersed in ice water, and our light absorber was attached to the top
of the TEG device. A computer-controlled digital source meter
recorded the generated voltage and current (Keithley DMM7510).
Solar illumination was conducted by the solar simulator (Solar MH
2500, Numi, China), and the IR images of samples were taken by a
portable thermal imaging camera (TiX560 IR camera, Fluke, Everett,
WA, U.S.A.).
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