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ABSTRACT

Although ultrablack surfaces are urgently needed in wide applications owing to their extremely low reflectance over a broadband
wavelength, obtaining simultaneously the ultrablackness and mechanical robustness by simple process technique is still a great
challenge. Herein, by decoupling different light extinction effects to different layers of coating, we design an ultrablack coating
that is all-sprayable in whole process. This coating presents low reflectance over visible—mid-infrared (VIS-MIR) wavelength (av.
R = 1% in VIS), low multi-angle scattering (bidirectional reflection distribution function (BRDF) = 1010 sr'"), together with good
substrate adhesion grade and self-cleaning ability, which are superior to most reported sprayable ultrablack surfaces. The light
extinction effects of each layer are discussed. This method is also applicable in other material systems.
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1 Introduction

The ultrablack materials have attracted intense attention over the
past decades, owing to their extraordinary light absorption
performance from visible to infrared wavelength. Numerous
optical applications urgently need ultrablack materials for stray
light suppression [1,2], infrared detection [3,4], solar energy
harvesting [5-9], and stealth technology [10-12], etc. Previous
work found the materials having only 1% difference of light
absorption resulted in at least 1 order of magnitude difference of
stray light level [13], indicating the importance of high absorptive
materials.

Researchers have proposed various strategies to fabricate
ultrablack materials artificially over the past decades. Building of
micro/nano-sized morphologies [6,14-21] on flat surfaces to
form micro/nano light trapping structures is the common way to
improve the light absorption of these surfaces. Typical
technologies to  establish these light traps involve
chemical/physical vapor deposition [22], chemical etching [23],
micromachining [24], laser processing [16], and template
processing [21]. Representatives are the vertically aligned carbon
nanotube (VACNT) array [15,25], black silicon [26], and black
gold [27]. Another strategy is based on Fresnel effect, which
indicates as light travels on the interface of air and material
surface, interface reflection unavoidably occurs due to the abrupt
change in refractive index (RI) of media [28, 29]. To suppress the

interfacial light reflection, one or several intermediate layers can be
introduced on the surface [30, 31]. The intermediate should have a
RI between those of substrate surface and air; it can be constructed
by fabricating some low-density porous materials [32-36] or
deposition of multi-layer coatings [37-39].

While significant progress has been made over the past decades,
there are still some drawbacks for the present ultrablack materials
for their real and largescale applications. First, most of the present
methods are complicated and time-consuming, some materials
need to be prepared at high temperature and/or vacuum. For
example, the VACNT needs to grow at the temperature higher
than 450 °C, which cannot be withstood by thermolabile
substrates. Besides, the ultrablack materials, due to their elaborate
micro/nano-structures on surfaces and/or high filler fraction,
usually have poor abrasion resistance and lower adhesion with
substrates, which do not meet the requirements of routine
operations, such as touch, cleaning, wear, and slight tension or
bending. It is still a considerable challenge to achieve the ultrablack
materials combining excellent light absorption, good mechanical
robustness as well as simple and efficient processing technology
simultaneously.

Herein, considering different light extinction effects, which
included intrinsic absorption of carbon nanomaterials, multiple
scattering of hollow microspheres, and anti-interfacial reflection of
intermediate layer, we designed and prepared a sprayable
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ultrablack coating and analyzed the related light absorption
mechanisms. This ultrablack coating can be applied to the parts
with large area and/or complex curved surface by spray-coating
method [40-42] only and then thermo-cured without the aid of
any complicated equipment and harsh process conditions, and in
principle, is more compatible with the current technological
process, compared with the complicated techniques mentioned-
above. The resulting coating exhibited excellent light reflection
properties around 1% over a wide wavelength range from 400 to
2000 nm and approached 2% reflection in mid-infrared range of
2-20 pm, ensuring high-performance solar energy harvesting.
Also, the coating processed good adhesion grade and self-cleaning
performance. With the excellent performance and simple/scalable
spray-coating in all processes, the ultrablack coating should find
wide applications in practice.

2 Experimental

2.1 Materials

Carbon black (CB) nanoparticles with ~ 13 nm diameter (FW200)
were obtained from Evonik Industries AG. Butyl acetate
dispersion of single-walled CNTs (SWCNT ) was purchased from
Chengdu Organic Chemistry Co., Ltd; the content of carbon
nanotubes was about 0.2 wt.%-0.3 wt.%, and the amount of
dispersant was about 3-4 times the weight of the SWCNTs.
Surfactant (Triton X-100) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Polydimethylsiloxane (PDMS)
(Sylgard 184) was purchased from Dow corning Co., Ltd. Epoxy
resin (E51) was purchased from Nantong Xingchen Synthetic
Material Co., Ltd. Methylhexahydrophthalic anhydride served as
the  hardener.  1H,1H,2H,2H-Perfluorodecyltrimethoxysilane
(PEMS), butyl acetate (BuAc), and ethanol were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. SiO, hollow
microsphere (HMS) was provided by Forsman Technology Co.,
Ltd. (Beijing, China).

2.2 Preparation of CB/SWCNT/HMS/PDMS in BuAc
dispersion

Figure 1 illustrates the general fabrication route of
CB/SWCNT/HMS/PDMS in BuAc dispersion. Typically, 10 g
SWCNTs in BuAc dispersion was weighed, diluted with 20 mL
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pure BuAc, added with SiO, HMS (0.1-04 g), and then
mechanically stirred, the resulting dispersion was named as
dispersion A. 0.4 g CB was dispersed in PDMS (0.5-4 g) with a
vacuum deformer (Thinky, Japan) for 5 min, diluted with BuAc
(to swell PDMS), and dropwise added with a few drops of Triton
X-100. The dispersion was ultrasonically treated (Scientz-750F,
Ningbo Scientz Biotechnology Co., Ltd) for 10 min, named as
solution B. It should be mentioned that the relatively mild mixing
condition was needed for dispersing of HMS, since HMS was easy
to break during mixing, while the intensive mixing condition was
used for CB to break up the CB agglomerates. Finally, the
dispersions A and B were mixed together at desired ratio using a
homogenizer ~at 2000 r/min for 2 h, obtaining
CB/SWCNT/HMS/PDMS in BuAc dispersion.

2.3 Spray-coating process

As illustrated in Fig. 1, the CB/SWCNT/HMS/PDMS in BuAc
dispersion was sprayed to substrate for five cycles under 0.4 MPa
of air pressure using a spray gun (Prexi Hardware Tools Co., Ltd,
nozzle diameter 0.5 mm) and was thermo-cured in oven at 80 °C
for 2 h. Subsequently, PEMS in ethanol solution was spray-coated
onto the cured surface for several cycles, then cured in a humidity
chamber at 50 °C, 70% relative humidity (RH) for 2 h. Table S1 in
the Electronic Supplementary Material (ESM) summarizes the
information of the major samples in this work.

2.4 Characterization

The morphologies and elemental analysis of samples were
measured by scanning electron microscopy (SEM) with an energy
disperse spectroscopy (Hitachi, SU8220) and confocal microscopy
(LHL-DCM8, Heyuan Tiandi Instrument Co., Ltd). The
hemispherical reflectance spectra including specular and diffused
reflection were measured by an ultraviolet-visible-near infrared
ray (UV-VIS-NIR) spectrophotometer (Perkin Elmer, Lambda
950) equipped with a 150 mm integrating sphere. The spectral
range was 400-2000 nm, and the angle of incidence was 8°. The
hemispherical reflectance in infrared region (2-20 um) was
measured by a Fourier transform infrared (FT-IR) spectrometer
(Vertex 80V, Bruker) equipped with an integrating sphere. The
scattering performance of the sample (4 cm x 4 cm) was measured
by a scattering characteristic measuring instrument (Suzhou Super
Optics Technology, Inc, MWS5). Especially, the type of scattering
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Figure1 The schematic showing the fabrication route for all-sprayable ultrablack coating.
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characteristic measuring was in the incident plane, and angles of
incidence were 0°, 45°, and 75°. The diameter of the circular light
source was 3 mm, while the wavelength of the light source was
532 nm. The refractive index was measured by a spectroscopic
ellipsometer (SENTECH Co., Ltd, SE 850 DUV), and the curve
was fitted by Cauchy model. Cross-cut adhesion grade between
coating and substrate was measured referring to ISO 2409
standard. Solar simulator (Solar MH2500, NMERRY Co., Ltd) was
used to illuminate samples, and IR camera (Fluke TiX560,
Germany FLUKE corporation) was introduced to monitor the
temperature of sample surface. Water contact angle and sliding
angle were measured by a contact angle system (DSA100, Kruss
Germany).

3 Results and discussion

It is well known that reflection, refraction, and subsequent
absorption happen when light reaches a material surface (Fig.
2(a)). To minimize the reflected light and achieve the ultra-
blackness, several light extinction effects could be utilized, as
illustrated in Fig. 2(b): i) improving the intrinsic light absorption
of materials, ii) constructing micro/nano light traps so as to form
multiple scattering in these structures, and iii) introducing anti-
interfacial reflective intermediate layer. Even though these effects
have been tried before, combining them and realizing ultra-
blackness in a sprayable coating have been a big challenge and
have never been reported to the best of our knowledge.

Therefore, we tried to prepare the all-sprayable ultrablack
coating sample taking advantage of aforementioned effects. Figure
1 illustrates the general fabrication route. Here, both CB particles
and SWCNT's were selected as the light absorbers. The SiO, HMS
was used to build the micro light traps. The PFMS acted as the low
RI intermediate. In the first step, a certain amount of CB,
SWCNT, HMS, and PDMS were carefully mixed in BuAc to form
a homogeneous dispersion, which was subsequently sprayed onto
a substrate and thermo-cured. In the second step, the PEMS in
ethanol was sprayed onto the bottom layer and thermo-cured
again. The detailed fabrication route is described in Experimental
Section 2.2. All the process is effective and simple, and does not
need any complicated equipment or harsh processing conditions.
The roles played by different components in the coating will be
discussed as follows.

Fresnel law indicates interfacial reflection exists as light
propagates from air to a medium with RI value higher than air;
the larger difference of RI between air and medium, the higher the
light reflection [29]. Figure 3(a) compares the reflectance values
calculated by Fresnel law with the experimental ones of some
candidate polymer surfaces. The PDMS surface shows the lowest
reflectance due to the lowest RI (Fig. 3(b)), as expected;
additionally, it also shows good flexibility, high transparency, and
good sprayability, therefore the PDMS was selected as the film-
forming resin in this work.

Some nanoparticles have very good visible light absorbability.
Figure 3(c) compares absorption coefficients (Qy,) of C, Au, Nj,
and Si individual nanoparticles (10 nm in diameter) calculated by
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Mie theory. The carbon nanoparticle exhibits a broadband high
Qups OVer the wavelength of 300-800 nm; moreover, the Qg value
is not sensitive to the wavelength change, differing from the Qy,
sharp drop of Au or Si nanoparticles at longer wavelength. Since
the carbon nanoparticle (like CB) has much lower density and
lower price, and is more available [43] than other nanoparticles, it
is an ideal nano-absorber in this work. On the other hand, it is
reported that as the gaps between nanoparticles are very small,
tiny resonance cavities [44, 45] are built up, which enhance the
light forward scattering and diminish light reflection. Our finite-
difference time-domain (FDTD) simulation results, as shown in
Fig.3(d) and Video ESMI, confirm this enhanced forward
scattering when carbon nanoparticles (10 nm in diameter, 1-5 nm
interparticle distance) are used.

Figure S2 in the ESM calculates the absorption of PDMS
coatings filled with carbon nanoparticles, the values of which
depend on the radius, and volume fraction of nanoparticles and
absorption depth (coating thickness). The carbon nanoparticles
are very effective light absorber in the wavelength studied, in most
cases, they are able to absorb the light entering the coating nearly
completely.

The reason of selection of the SWCNTs is that a small amount
of the SWCNT: is not only a good light absorber, but also works
as the good connector in polymer matrix (owing to formation of
the network structure), which improves the wear resistance and
favors formation of a uniform layer [31].

With aforementioned discussion, we selected the mixture of CB
and SWCNTs as the nano-absorbers. Figure 3(e) presents an SEM
microimage of the CB/SWCNT mixture and confirms this
network structure (note that to clearly observe the morphology of
the CB/SWCNT mixture, no PDMS resin was added here). By
trial and error, the optimal CB/SWCNT weight ratio is
determined to be 20:1. It is found the excessive SWCNT caused
dramatical increase in viscosity of resin, making it difficult to spray
in the following step. Then, different amounts of PDMS were
blended with the CB/SWCNT absorbers. The reflectance spectra
of the coatings with different amounts of PDMS, as shown in Fig.
3(f), indicate that higher filler contents (i.e, as PDMS:nano-
absorber < 50:21) favor the light absorption of the coating, in this
case the av. hemispherical reflectance is less than 2%; however, the
adhesion level with substate also decreases (Fig. S3(b) in the ESM),
because of the nano-absorber could not be well wrapped by
PDMS; small voids can be found on these coating surfaces, as
confirmed by the SEM images (Fig. S3(a) in the ESM). Balancing
the reflectance and adhesion level, we finally chose the formula,
where PDMS:nano-absorber = 100:21. This formula shows a cross-
cut adhesion level of 2 (0 is the best, 5 is the worst) with Al
substrate (Fig.S3(b) in the ESM) and the av. hemispherical
reflectance of ~ 3% (Fig. 3(f)), which represents the lowest level
that can be obtained by the flat black coating in this work.

Since a portion of light can still be reflected by the flat black
coating, building rough microstructures with regular protrusion
on the coating surface to trap light and minimize light reflection is
very necessary. Although some strategies have been proposed
before, such as chemical vapor deposition (CVD), physical vapor
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Figure 2 The schematic of light propagation of (a) flat surface and (b) all-sprayable ultrablack coating designed in the present work.
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Figure3 (a) The calculated and experimental reflectance spectra of different candidate polymers. (b) The av. reflectance of the candidate polymers. (c) The absorption
coefficient (Qy,) of C, Au, Ni, and Si particles, calculated by Mie theory (the particle diameter is 10 nm). (d) The scattering electric field distribution of carbon particles
simulated by FDTD software (the wave vector is perpendicular to the xy plane). (¢) SEM image of the mixed CB/SWCNT nano-absorbers, where weight ratio
CB/SWCNT is 20:1. (f) The hemispherical reflectance spectra of the PDMS-based flat black coatings.

deposition (PVD), and template techniques, the spray coating has
been seldom applied for micro-trap construction. This is because
the micro-traps are usually difficult to build up by spray-coating
process. However, we found the SiO, HMSs (with av. diameter of
13.4 ym and shell thickness of ~ 500 nm, Fig. $4 in the ESM)
could be used for this purpose. The HMS shows lower density
(0.51 gem™) than mixed dispersion, so they are apt to float onto
coating top after spray coating and form rough and regular
protrusion. This can be confirmed by the confocal microscopy
and SEM images of the coating samples (Figs. 4(a)-4(d)). The flat
coating without SiO, HMS is relatively smooth on the whole (Figs.
4(a) and 4(b)), whereas the coating with SiO, HMS becomes
much rougher with hill-like undulation (Figs. 4(c) and 4(d)). The
surface roughness, R,, increases with HMS content rapidly at first,
then becomes steady at higher content. R, increases from 1.73 um
for the flat coating to over 6 pm for the HMS-containing coating
(Fig.4(e) and Figs. S5 and S6 in the ESM). However, at the
excessive HMS content, the coating samples show some micro-
voids on their surfaces (Fig.S7(a) in the ESM), suggesting the
insufficient wrapping of the PDMS resin. The magnified SEM
images (Fig. S7(b) in the ESM) support this point, where the HMS
surface is only partially covered by PDMS resin, the rest part is
nearly bare. Figure 4(f) gives the hemispherical reflectance spectra
of the coating with/without HMS tested in the wavelength range

Tsinghua University Press

from 400 to 2000 nm. The av. hemispherical reflectance changes
non-linearly with HMS content, the lowest value (~ 2.1%) is found
when 0.2 g of HMS was added to the coating. The rough surface,
likely acting as light micro-traps, is able to enhance multiple
scattering of light, and thus minimizing the total light reflection
(Fig. 2(b)). Ray tracing simulation (Fig. S8 in the ESM) also proves
that a surface with spherical microspheres possesses lower
reflectance than the flat coating via multiple scattering effect.
Further increase in HMS content, however, increases the
reflectance of the coatings. The reason might be ascribed to the
expose of the highly-reflective HMS, which was not well wrapped
by the PDMS resin (Fig. S7(b) in the ESM). In addition, Fig. 4(g)
reveals the normalized hemispherical reflectance of coating filled
with HMS (sample: HMS-0.2) is not sensitive to the incident
angle, in obvious contrast with the significant increase for the flat
coating.

The hemispherical reflection is a sum of specular and diffuse
reflection in terms of energy, it does not describe the scattering
behavior of a surface. The scattering performance for an opaque
surface is generally characterized by the bidirectional reflection
distribution function (BRDF) [46-48], which describes how an
incident light propagates and diffuses after being reflected by a
surface. BRDF value can be understood as the intensity of
scattering light in a certain direction caused by the incident
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Figure4 Confocal microscopy images of coatings (a) without SiO, HMS and (c) with SiO, HMS. ((b) and (d)) Height map of the profiles marked in ((a) and (c));
insets show SEM images of the relevant coatings. (e) Surface roughness, R,, of the coating with different amount of HMS. (f) The hemispherical reflectance spectra of
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respect to the reflectance at normal incidence) of coatings. (h) Scattering performance of different coatings at angle of incidence (AOI) of 0° 45° and 75°% the
wavelength of incident light is 532 nm (the angle of scattering is positive when scattered light and incident light are on the same side of normal).

luminous flux per unit; the smaller the BRDF, the weaker the
intensity of scattering light in the corresponding direction (Fig. S
in the ESM). Figure 4(h) compares in-plane BRDF spectra of
HMS-0.2 sample and flat sample, which were measured at various
angles of scattering (AOS). The most of BRDF values of HMS-0.2
sample are stable at 107 sr, and the curves are relatively flat,
showing a near-Lambertian scattering behavior. This implies that
the visual perception of the HMS-0.2 sample is very similar when
observed from different directions. By sharp contrast, although the
flat black coating sample shows the very small BRDF values
(around 107 sr') somewhere, it exhibits a strong specular peak
with much higher BRDF values (107'-10" sr"). The larger the
incident angle, the higher the peak. Therefore, the flat sample is
highly reflected when observed from large angle. This result
confirms that the HMS on coating surface can also form

numerous scattering centers and promote uniform distribution of
the reflected light, as illustrated in Fig. 2(b).

The rough coating surface built up by introduction of HMS
resulted in ~ 1% decline in reflectance (Fig. 4(f)), as compared
with the flat coating, i.e. the reflectance reached ~ 2%. This value,
however, would not satisfy fully the strict requirements of many
applications, such as stray light suppression, where the high
absorption and low reflection of materials are essential. To further
minimize the reflectance of the coating, we introduce an
intermediate layer onto the coating surface. According to Fresnel
law, the intermediate layer, the RI value of which is between those
of coating matrix and air, is able to reduce the interfacial reflection
effectively. Here, the PEMS is selected because its RI tested by the
ellipsometer is 1.19-1.32 at 300-800 nm (Fig. S10 in the ESM),
whereas the PDMS has the ~ 1.4 of RI in the same wavelength
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band [49]. The PFMS ethanol solution can be directly sprayed
onto the coating surface, then undergo hydrolysis under humidity
and self-assembled into thin polymer layer (Fig. S11 in the ESM).
Energy disperse spectroscopy (Fig.5(a)) confirms fluorine is
uniformly distributed on the coating surface; the fluorine peak is
also detected using X-ray photoelectron spectroscopy (XPS) (Fig.
5(b)), as indicated by the arrow. Figure 5(c) presents the
reflectance spectra of the coating samples before and after
application of the PFMS intermediate, where the samples are
labeled as HMS-0.2@F-No., the “No.” represents the cycle of
spraying. All the treated coating samples show ~ 0.8% reduction in
hemispherical reflectance, the lowest reflectance is 0.94% for
sample HMS-0.2@F-3. Surprisingly, this reflectance reduction is
independent on the spraying cycle. So far, correlation of coating
reflectance with PEMS layer thickness is impossible, because the
PEMS layer is too thin to be measured by SEM or its mass fraction
is very small and cannot be estimated by thermogravimetric
analysis (TGA). It is speculated that only a small part of PFMS
molecules can react with the active groups on coating surface and
form monolayer structure [50]; as these active groups are depleted,
the left un-reacted PFMS will gradually evaporate during thermal
cure, therefore the thickness of PFMS could be constant regardless
of the spraying cycle. In addition, there are no obvious
interference absorption peaks for all samples in Fig. 5(c),
suggesting reduction in reflectance is mainly due to the interfacial
anti-reflection based on Fresnel law, not the interference effect.
Figure S12(a) in the ESM illustrates the basic model of the
coating in the present work, here we assumed: i) No occurrence of
the interference effect, because the coating surface is very rough,
does not meet the interference conditions; and the results in Fig.
5(c) also show no interference peak; ii) light absorption of the
intermediate layer is neglected due to its small x value and
thickness. According to Fresnel law, we proved that if a surface of
higher RI (n,) is coated with an intermediate layer of lower RI (11,),
the total reflectance (Ryyy.) from two interfaces (Eq. S(3)) is
always lower than the reflectance of the individual surface (Ryg.)-
Figure S12(b) in the ESM depicts the variation of Ry, as a
function of n, and n,. It can be seen that at a given n,, a specific n,

Nano Res. 2023, 16(12): 1290112909

value exists, where the model realizes the lowest Ry In our
case, as 1, = 1.4 (PDMS), the calculated specific 7, should be 1.18
(Fig. S12(c) in the ESM), which is close to the av. RI for PFMS
(~ 128, see Fig.S10 in the ESM). That is why the PFMS
intermediate presents significant anti-interfacial reflection. The
introduction of intermediate layer of lower RI between surface and
air seems a universal method to suppress reflection. For example,
we deposited MgF, (RI = 1.38 [51]) intermediate layer onto the
HMS-0.2 coating by electron beam evaporation, the reflectance of
coating decreases from 1.8% to 1.1%, as summarized in Fig. §13 in
the ESM. Another example: We spray-coated the PFMS
intermediate layer onto HMS-containing black epoxy coating and
found similar tendency as described above (Fig. S14 in the ESM;
RI of epoxy is around 1.6 [52]), the reflectance decreased
significantly from 4.91% to 2.81%.

In sum, through the aforementioned comprehensive effects, the
hemispherical reflectance of sample HMS-0.2@F-3 can decrease
down to ~ 1% over VIS-NIR band (Fig.5(c)), showing weak
dependence on the incident light wavelength. The ultra-blackness
also extends to NIR-MIR (MIR: mid-infrared) wavelength
(2 ~ 20 pm), where av. R is ~2% (Fig. 5(d)). Moreover, the thin
PEMS layer has little effect on the scattering performance, showing
slightly reduced BRDF values in comparison with the original
coating (Fig. 5(e)).

In appearance, our ultrablack coating is much blacker than the
commercially-available black paint Z306, which is commonly-
used in optical systems (Fig. 6(a)). The ultrablack coatings can be
applied to complex curved surfaces (Fig. 6(b), Fig. S16 in the ESM,
and Video ESM2) and achieved cross-cut adhesion grade of 1 with
various substrates (Fig.S15 in the ESM). Table S2 in the ESM
summarizes some recent works on ultrtablack materials in
literature. Compared the previous works with ours, most
ultrablack materials are realized by using complicated equipment
and/or tedious process, this may limit their applications in large
scale. There are some sprayable coatings in Table S2 in the ESM,
which show excellent ultrablack performance [31,53,54].
However, after carefully reading the works, we found those
materials usually comprise very high content of light absorbers
(over 95 wt.%) but very low content of binder or even no binder,
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Figure 5 Sample HMS-0.2 coated with low RI PFMS intermediate layer: (a) energy dispersive spectroscopy (EDS) and (b) XPS; (c) hemispherical reflectance spectra
at VIS-NIR wavelength of samples with/without PFMS intermediate layer, (d) hemispherical reflective spectrum at NIR-MIR wavelength of the sample HMS-0.2@F-
3, (e) scattering performance of HMS-0.2 and HMS@F-3 at various AOI (0° 45° and 75°); the wavelength of incident light is 532 nm.
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therefore the adhesion with substrate could not be acceptable.
Comparatively, owing to that light extinction effects are decoupled
to different coating layers, our sample (HMS-0.2@F-3) has
relatively higher content of polymer binder (weight ratio is
~ 66%), ensuring the good adhesion and basic mechanical
robustness.

The excellent light absorption performance makes our materials
promising for solar energy harvesting. Figure 6(c) presents the
infrared thermal images of samples illuminated under a standard
power density of 1000 W-m™ with standard level A. The surface
temperature of HMS-02@F-3 rises rapidly and reaches the
balanced temperature of 90 °C in ~ 30 s; the temperature
distribution is uniform over the entire sample surface. For
comparison, the flat black coating and Al substrate have lower
temperature rising rates and lower balanced temperatures under
the same illumination condition (Fig.6(d)). The photothermal
effect of the sample HMS-0.2@F-3 is stable after several cycles of
illumination (Fig. S17 in the ESM). Additionally, owing to the low
surface energy of PEMS and rough topography, the HMS-0.2@F-3
ultrablack coating possesses the 155° of water contact angle and
7.5° of sliding angle (Figs. 6(e) and 6(f)), showing somewhat
superhydrophobicity, benefiting its self-cleaning (Video ESM3) as
well as outdoor application.

4 Conclusions

In summary, the ultrablack coating was designed and prepared by
simple and efficient spray-coating technique in the present work.
Comprehensive light extinction mechanisms were utilized here,
including enhancing light intrinsic absorption of matrix by
addition of carbon nanoparticles, constructing micro light
traps/scattering centers by addition of micro hollow spheres, as
well as minimizing the interfacial reflection by introducing the

-

Figure 6 (a) Comparison of appearance between our ultrablack coating (left) and commercially-available black paint Z306 (right); scale bar, 2 cm. (b) A yellow duck
toy before and after spray-coating, demonstrating the ultrablack coating can be applied to complex curved surface; scale bar, 1 cm. (c) Infrared thermal images of
samples at various illumination time and (d) related curves of temperature vs. illumination. (e) Water contact angle and (f) sliding angle of the HMS-0.2@F-3.

fluorine-containing low RI intermediate. The optimized coating
exhibited extremely-low hemispherical reflectance over a
broadband wavelength from 0.4 to 20 pm (ie, R = 1% in VIS
wavelength and R = 2% in NIR-MIR wavelength), excellent multi-
angle scattering ability (BRDF = 107°-10" sr') without any
specular peaks, good adhesion grade with various substrates, and
self-cleaning feature, and was effective in solar thermal harvest test.
Owing to the simple process and excellent performance, this all-
sprayable ultrablack coating may have a great chance to replace
some ultrablack surfaces manufactured by complicated
techniques. The design idea should be useful for other material
systems also.
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