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ABSTRACT: Inexpensive, easy-to-implement coatings exhibiting extremely low reflectance 

within a broad spectral range and good adhesion to substrates are in high demand for high-

precision optical instruments and solar energy harvesting. Herein, we demonstrate a highly 

absorbing coating based on hollow carbon nanospheres (HCSs). The coatings are formed via a 

simple and high-performing air-spraying process with a tailored paint formulation containing 

HCSs as an absorbing pigment and a fluororesin as a binder. By optimizing the pigment/binder 

mass ratio (P/B), we produce functional coatings that exhibit solar absorptance up to 0.985 and 

good adhesion to aluminum sheets of grade 2 (according to the ISO 2409 standard). The excellent 

solar absorptance of the obtained coatings results from their hierarchical nano- and micro-scale 

surface morphology, providing a refractive index gradient on the air-coating interface as well as 
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remarkable light trapping performance. The former is due to the hollow structure in carbon spheres, 

which is preserved after the addition of the binder because the size of binder particles is larger than 

the holes on the shell of the HCSs. The latter is attributed to the micro-nodules and micro-pits of 

the coating surface formed by the agglomeration of the HCSs, which enhances absorption by 

multiple scattering. 

1. Introduction

As predicted by Snell’s law, reflection occurring at the air-solid interface is inevitable due to the 

presence of a refractive index discontinuity. Unwanted reflections are detrimental for many 

applications such as high-performance optical devices or solar energy collectors.1,2 In these cases, 

“ultra-black” surfaces possessing extremely low reflectance over a broad spectral range are highly 

demanded.

Numerous studies were undertaken to minimize the surface reflection.3,4 In general, three basic 

principles, operating independently or simultaneously,5 have been employed to form a natural6, 7 

or artificially designed low-reflectivity surface in these studies: 

(1) Formation of large (as compared to the wavelength) nodules or pits to trap incident light via 

multiple reflections and absorptions within the surface;8-15
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4

(2) Incorporation of low-density surface layers to produce a gradual variation of the refractive 

index, suppressing Fresnel reflection;9,15-23

(3) Use of noble-metal or high-refractive-index nanoparticles to achieve efficient broadband 

solar absorption via bandgap engineering or by coupling to either surface plasmons or Mie-type 

resonances.4,24-27

Carbon is the most commonly used absorber for black paints due to its low price and wide 

absorption band. Carbon-based materials with low density such as carbon nanotubes have been 

widely employed as ultra-black materials for high-end optical applications. Yang et al. obtained 

an extremely low reflectance (lower than 0.07%) within a visible wavelength range of 457-633 nm 

using arrays of aligned nanotubes produced by a chemical vapor deposition.18 Zhu et al. fabricated 

carbon aerogels via a supercritical drying method, which exhibited a total reflectance lower than 

0.24% in a spectral range of 400-2000 nm.19 Mentioned materials demonstrated an excellent light-

absorbing performance due to multiple open pores, which decrease the refractive index jump at 

the air interface. However, the produced coatings typically had weak adhesion to a substrate or 

were prepared in the form of a self-supporting membrane, thus limiting their practical applicability. 

To improve the adhesion of the nanotube-based coatings, Magdassi et al. mixed multi-walled 
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5

carbon nanotubes with a silicone, then the mixture was sprayed on an aluminum substrate to obtain 

the ultra-black coating.28-30 The resulting adhesion was significantly improved, but at the cost of a 

substantial increase of average reflectance up to 2-5%, i.e. to a level that is not acceptable for 

certain applications. Similar result is reported for carbon aerogels31 too. This is due to the fact that 

the binder infiltrates the gaps between the nanotubes potentially penetrating into the nanotubes, as 

well. Negative contribution of the binder can be mitigated by reducing its concentration, for 

example, by using tightly packed nanoparticles or introducing empty closed-cell pores32 to obtain 

a smoother refractive index transition at the air-coating interface. 

In this study, we report the fabrication of ultra-black coatings based on hollow carbon 

nanospheres (HCSs), which were chosen as an absorbing pigment according to the following 

reasons. First of all, the hollow structure of the nanospheres reduces the overall density and average 

refractive index of the resulting coatings. Second, the agglomerated HCSs create a disordered 

micro-scale surface morphology that facilitates light trapping and reduces inter-particle gaps, 

decreasing the binder consumption. Figure 1 schematically illustrates the general structure of the 

proposed HCS-based coating. The agglomerated hollow spheres form micron-sized surface 

nodules and pits wrapped by a thin binder layer which fills the inter-particle gaps, while the hollow 
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core remains intact. When light irradiates such a hierarchical surface, reflection is substantially 

suppressed via light trapping and decreased Fresnel reflection. 

Figure 1. Schematic of the proposed HCS-based coating. The incident light rays in the air are 

shown by red arrows, while the yellow ones indicate the radiation trapped by the HCSs.

2. Experimental Section/Methods 

2.1 Chemicals and materials

  Analytical grade reagents including ammonia, ethyl alcohol, resorcinol, formaldehyde, 

cetyltrimethylammonium bromide (CTAB), hydrofluoric acid and acetone were purchased from 

Sigma-Aldrich and used without further purification. Poly(vinylidene fluoride-co-
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7

chlorotrifluoroethylene) was purchased from HWRK CHEM (China) and used as a binder. 

Tetraethyl orthosilicate (TEOS) was distilled before use. Ultra-pure water was obtained from an 

in-house filtration system (CSR-1-30T).

2.2 Preparation of HCSs

HCSs were synthesized according to the methods described in the literature.33-35 The process 

involves four steps: (1) the synthesis of SiO2 spherical particles, (2) their coating by the resorcinol 

formaldehyde resin (RF resin), (3) carbonization of SiO2@RF spheres, and (4) the removal of the 

remaining SiO2 via etching (Figure 2).

Figure 2. Schematic of the HCS synthesis

(1) Synthesis of silica microspheres as a sacrificial template. First, 22 mL water, 150 mL ethanol, 

and 9 mL ammonium solution (14 mol/L) were mixed in a 500 mL reactor in a water bath at 40℃ 

and vigorously stirred for 5 min. Then, 5 g TEOS and 20 ml ethyl alcohol were added into the 
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reactor. A colloidal solution of SiO2 nanospheres with a diameter of approximately 150~200 nm 

was obtained by maintaining the temperature and stirring for 8 h.

(2) Synthesis of RF-resin-coated SiO2 spheres. 2 g of SiO2 spheres were washed twice and mixed 

with 3 mL of ammonia solution (14 mol/L) and 20 mL of CTAB (0.01 mol/L) in 500 mL of water 

in a 1L reactor, followed by stirring for 5 min. Subsequently, 2 g resorcinol and 25 mL (40% 

volume) of formaldehyde solution were added in the reactor. The SiO2@RF composite was 

obtained after stirring at room temperature for 15 h. 

(3) Synthesis of carbon-coated SiO2 spheres. After a series of precipitation, washing and drying 

steps, the SiO2@RF composite was heated at 600 ℃ under an Ar atmosphere for 8 h to obtain the 

clumped SiO2@C. 

(4) Synthesis of hollow carbon sphere. SiO2@C was further ground into powder using a mortar. 

Then, the powder was etched in HF solution under vigorous stirring to remove SiO2, leaving only 

the carbon shell. After drying, the HCSs was ground again to improve dispersion in the fluororesin 

solution.

2.3 Preparation of the HCS coating
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9

An aluminum sheet was roughened by sandpaper and used as a substrate for HCS-based 

coatings. The typical roughness of the Al sheet assessed using optical profilometry was about 3 

µm (Figure S1). The paint was prepared by mixing the HCSs with the fluororesin in acetone at 

different ratios and sonicated for 10 min. Then the paint was uniformly sprayed onto the Al sheets 

by an air spraying gun. Typically, spraying procedure was repeated several times to achieve 

uniform coverage (see Supporting Information). Finally, the coatings were put at room temperature 

for 30 min until complete solidification. 

2.4 Coating characterization

The surface morphology of the produced coatings was studied by a field-emission scanning 

electron microscope (Hitachi SU 8010) and transmission electron microscope (Hitachi H-7650). 

Reactive ion etching (RIE) of the HCS coatings was performed with a RIE apparatus (RIE-601) 

using argon as the reactive gas, that allowed to etch both the HCSs and the fluororesin. Etching 

depth was controlled by varying the etching time. The working power, reactor pressure and argon 

flow rate were set to 150 W, 100 mtorr, and 30 sccm, respectively.

The solar absorptance, As, was calculated from the diffuse reflection spectra measured by the 

Lambda 950 UV-visible spectrophotometer coupled to an integrating sphere. Since the coatings 
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10

were applied above the Al substrates, the total transmittance is zero (Ts=0), and the solar 

absorptance can be assessed as:

                                                                   (1)𝐴𝑠 = 1 - 𝑅𝑠

where Rs is the solar reflectance defined as the ratio between reflected and incident solar flux. 

Reflectance of the HCS-based coatings was also modeled using finite-difference time-domain 

(FDTD) calculations (Figure S2). The 5-µm thick coatings comprised of the randomly arranged 

monodisperse HCSs with variable diameter and shell thickness were simulated.  The simulation 

volume was limited by periodic boundary conditions applied along both lateral directions as well 

as perfect matched layers along vertical direction.

Nitrogen adsorption was used to estimate the pore size distribution and pore volume of materials 

by measuring the amount of the gas condensed on the sample at variable pressure. The size of 

fluororesin molecule was assessed using dynamic light scattering (DLS, Malvern Zetasizer nano 

ZS90). 

Adhesion of the HCS coatings was evaluated according to the ISO 2409 standard. Specifically, 

HCS coatings were cut horizontally and vertically at a distance of 1 mm and stuck with a tape 

several times to classify the fraction of detached material according to a standard scale.
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3. Results and discussion

3.1 HCS-based coatings: key factors of high absorptance 

As mentioned above, the synthesis of the HCSs involves four consecutive steps. Figure 3 

demonstrates evolution of the morphologies of the SiO2 nanospheres obtained at each step. It can 

be observed that the initial diameter of the SiO2 nanospheres is approximately 170 nm (Figure 3a), 

which ensures the subwavelength size of the resulting HCS product. Figure 3b,c demonstrates the 

morphologies of the SiO2@RF and SiO2@C nanospheres, respectively. Both these products show 

partial agglomeration, leading to the formation of micron-sized surface features. SEM and TEM 

images of the final product reveal hollow structure of the carbon nanospheres, particularly owing 

to appearance of nanospheres with a broken shell (Figure 3d,e). The break of the shell may result 

from the grinding process of the partially agglomerated nanomaterial; however, the majority of the 

HCSs preserve unbroken shell. In this respect, the broken nanospheres are expected to weakly 

affect the optical properties of the resulting HCS-based coatings. Noteworthy, the average size of 

the HCSs reduces down to 153 nm with respect to 170-nm diameter pristine SiO2 nanospheres. 

This is caused by the shrinkage of SiO2
36 and the carbon sphere during the calcination process. 
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According to the performed TEM studies the thickness of the carbon shell is about 14 nm (Figure 

3e, inset).

Figure 3. (a-d) Series of SEM images showing the evolution of the morphology of the SiO2 

microspheres on each consecutive fabrication step. (e) TEM image of the produced HCSs. Inset 

provides magnified view of representative nanosphere with the outer and inner diameters around 

153 and 125 nm yielding in the corresponding average carbon shell thickness of 14 nm.  (f) Optical 

image of the HCS-based powder. The scale bars in the images (a)-(f) correspond to 500 nm, 1 μm, 

500 nm, 500 nm, 200 nm, 2 cm respectively.
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As recently reported by Guo et al., HCSs as spherically symmetric structures exhibit geometry-

dependent scattering resonances that selectively enhance reflectance at certain wavelengths and 

lead to conspicuous coloration of the HCS-based coatings.37 However, our HCS powders appear 

completely black (Figure 3f), which can be ascribed to the smaller size of the used nanospheres 

with respect to those reported in 37. This deduction was particularly confirmed by numerical 

modeling of the reflectance spectra of the HCS-based coatings containing several layers of 

randomly arranged HCSs with different diameters (Figure S2). As expected, the reflectance peaks 

observed in the calculated spectra demonstrate systematic blueshift at decreasing diameter of the 

HCSs, moving out of the solar wavelength range when the diameter of HCSs reaches 150 nm. As 

we will show further, this is well consistent with the measured spectral response of the HCS-based 

coatings. Therefore, in our case, the spherical symmetry of the used HCSs does not represent a 

problem, allowing to obtain highly absorbing nanomaterial via simple synthesis procedure. 

Noteworthy, utilization of the polydisperse HCSs can potentially solve the problem associated 

with a structural color that comes from the spherical symmetry of the nanoparticles. For example, 

this can be easily achieved by using TEOS with low purity. However, apart from expectedly low 
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reproducibility of the produced coatings, polydisperse HCSs cannot provide the densest 

arrangement that will require more binder and result in higher reflectance of the produced coatings. 

The paint solutions were prepared by mixing the HCSs with the fluororesin binder at different 

mass ratio (P:B) and air-sprayed on the Al sheets. Noteworthy, the binder concentration strongly 

affects the spraying process. At a specific P:B ratio, a lower binder concentration results in higher 

amount of the used solvent and lower viscosity of the resulting solution. When the viscosity is too 

low, the fluidity of the liquid drops on the Al sheet is too high, which is not conducive to the 

formation of uniform coating, especially at the non-horizontal surface. However, if the viscosity 

is too high, the risk of clogging of the spray gun increases. Therefore, we chose the range of the 

binder concentrations at which spraying can be carried out safely. At such concentrations, because 

the fluidity of the droplets is very low, spraying procedure are to be performed several times to 

produce uniform HCS-based coating completely covering the Al sheet (Figure S3). The minimal 

thickness of such uniform coating was assessed to be about 30 µm (Figure S4).  

Integral reflectance Rs of the HCS-based coatings produced at different P/B ratio was 

systematically measured across the wavelength range of 250-2500 nm. These measurements 

showed that the coating reflectance increases with the binder content (Figure 4). More specifically, 
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when P/B is 1:10, the integral solar absorptance As is 0.963 (Rs=0.037), reaching 0.985 (Rs=0.015) 

at P/B=1:2. Further decrease of the binder content leads to a visible reduction of the adhesion of 

the produced coatings. The variation of the solar absorptance with the binder amount is associated 

to a corresponding evolution of the morphology of the produced HCS-based coatings. In particular, 

Figure 5a,b shows that the surface of the black coating produced at P/B of 1:10 exhibits rather 

gentle protrusions insufficient to provide significant light trapping performance. Furthermore, 

HCSs can hardly be identified beneath the coating surface, indicating an excessive amount of the 

binder. This leads to an increased refractive index contrast at the air–coating interface. In contrast, 

the rough surface of the coating produced at P/B of 1:2 is characterized by multiple micron-scale 

pits made of agglomerated nanospheres where light can penetrate and undergo multiple scattering 

and absorption events (see Figure 5c). A closer look at the surface morphology of such coating 

shows agglomerated HCSs capped by a thin resin “skin” (Figure 5d), which favors suppression of 

the Fresnel reflection and facilitates the absorption of the incident light. Both the rough surface 

morphology and the relative increase of the pigment mass content contribute to the strong integral 

absorptance of the HCS-based coatings produced at P/B = 1:2. In this respect, it is complicated to 

assess contribution of both factors to the achieved low solar absorptance. Noteworthy, as it was 
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mentioned above, the minimal thickness of the uniform HCS-based coating was about 30 µm. 

Further increase of the coating thickness provided no evident improvement of the integral solar 

absorptance, while required excessive usage of the nanomaterial and chemicals.  

Figure 4. Reflectance spectra of the HCS-based coatings produced at different P/B mass ratio. 
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Figure 5. SEM images illustrating morphology of the HCS-based coatings with a P/B ration of 1:2 

(a,b) and 1:10 (c,d). The scale bars correspond to 5 μm in (a,c), and 500 nm in (b,d).

To clarify the effect of the hollow microsphere geometry on the absorption characteristics of the 

HCS-based paints, we fabricated and tested the additional type of coating made of solid carbon 

sphere (SCS) mixed with a binder at similar P/B ratio (see Figure S5). Similarly to the HCS-based 

coatings, the averaged reflectance of the SCS-based coatings increases at elevated binder content 

as it is illustrated in Figure 6. The strongest solar absorptance of 0.978 (Rs=0.022) was achieved 

at P/B ratio of 1:1. Noteworthy, such coating possesses physical characteristics and surface 

morphology close to those for the HCS-based coating produced at P/B ratio of 1:2 (see Figure S6). 

Meanwhile, difference in the achieved averaged reflectance for both coatings clearly reveals the 

positive effect of the hollow morphology of the nanospheres on light-absorbing performance of 

the resulting coating. At first glance, the difference between HCS- and SCS-based coatings may 

seem insignificant; however, for certain applications as stray light suppression, such improvement 

will play crucial role in resulting device performance. For example, when the stray light hits the 
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black-covered hood for 10 subsequent reflections, the HCS coating will provide 46-fold stronger 

suppression of the reflected light intensity compared to that of the SCS-based coating.

Figure 6. Reflectance spectra of the SCS-based coatings produced at different P/B ratio.

3.2 Preservation of hollow morphology of the nanospheres mixed with a binder 

To ensure the highest absorption, the HCSs must preserve hollow morphology when mixed with 

a binder to produce the ultra-black coating. However, the fluororesin can potentially penetrate 

inside the HCSs through the nanopores formed in the carbon shell of the HCSs during calcination 

process (Figure 2). RIE procedure was first carried out to reveal internal structure of the HCSs in 

the produced coatings. The surface morphology of the HCS-based coating (with P/B ratio of 1:2) 

etched at different depths by varying exposure time from 2 to 10 min is illustrated by a series of 
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SEM images in Figure 7. As can be seen, no visible blockage is detected inside the isolated HCSs 

visualized at different etching stages confirming impermeability of the carbon shells. 

Figure 7. Series of SEM images showing surface morphology of the HCS-based coatings after 

their reactive ion etching at different etching time: 2 min (a), 4 min (b), 6 min (c) and 10 min (d). 

The scale bars are 500 nm for all images. 

To further explore why fluororesin does not penetrate into the HCSs, the distribution of the pore 

size in the carbon shell were examined using nitrogen adsorption method. The N2 adsorption-
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desorption isotherms of the HCSs (Figure 8a) shows a sharp capillary condensation at high partial 

pressure (p/p0=0.91-0.99; p is the pressure at equilibrium, p0 is the saturated vapor pressure) as 

well as H1-type hysteresis loop, indicating a narrow pore size distribution. At low partial pressure 

(p/p0<0.4), the adsorption and desorption curves are very close, indicating the presence of the 

multiple nanopores. The relationship between differential pore volume (ΔV/ΔW) and pore size 

(W) was obtained through the Density Functional Theory. As shown in Figure 8b, the HCSs show 

a bimodal pore distribution. The main maximum at 120.8 nm can be attributed to the hollow core 

of the HCSs, while the second one (around 1 nm) – to the nanopores in the carbon shell. 

Approximate size of the fluororesin particles was evaluated using DLS and Tyndall test (Figures 

S7 and S8). DLS measurements indicated hydrodynamic feature size of the fluororesin of about 

few hundred nanometers, that could correspond to one-dimensional size of the unfold fluororesin 

chain. Distinct laser radiation path observed during the Tyndall test also confirmed similar 

characteristic size of the fluororesin. The difference in the characteristic size of the shell nanopores 

and the fluororesin apparently explains the impermeability of the carbon shell.
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Figure 8. (a) Adsorption-desorption isotherm of nitrogen with respect to the HCS; (b) Differential 

pore volume ΔV/ΔW as a function of the pore size W calculated by the Density Functional Theory. 

Inset shows a magnified view of the red-square area.

3.3 Adhesion of the HCS-based coatings

The adhesion of the ultra-black coatings to the substrates is essential for practical applications. 

The adhesion of the HCS-based coatings produced at different P/B ratio was evaluated by the 

standard cross-cut tape test (ISO 2409). Figure 9 provides optical photograph of the coatings 

arranged on a black cloth after performing adhesion test. Reflectance spectrum of the black cloth 

is provided in Figure S9.  As can be seen, the HCS-based coatings with high binder content (P/B 

ratio of 1:8 and 1:10) demonstrate remarkable adhesion characterized by small detached areas only 
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near the cut intersections. This results can be used to rate such coatings as grade 1. The coatings 

produced at moderate P/B ratio of 1:6 and 1:4 shows detached areas not only at the intersection 

but also along the cut edges. Nonetheless, the affected cross-cutting area was less than 15%, and 

the adhesion of such coatings can be rated as grade 2. For HCS-based coatings with the highest 

absorbance (P/B ratio of 1:2), their adhesion was rated as grade 3 according to the affected cross-

cutting area less than 35% making such coatings of practical interest as well. At even higher P/B 

ratios, such as 1:1, the adhesion becomes too weak leading to large-area peeling of the coating 

material even when it is subjected to slight scratches. 
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Figure 9. Digital images of the HCS-based coatings produced at different P/B ratio after 

performing the standard adhesion tests on a black paper. The black paper with solar reflectance of 

0.041 is used as the background. The P/B ratio is (a) 1：2; (b) 1:4; (c) 1:6; (d) 1:8; (e) 1:10. The 

length of a lattice with a white border is 2 mm.

Finally, to highlight the importance of the obtained results, we compare the main relevant 

characteristics of several reported state-of-the-art ultra-black carbon-based coatings with those 
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obtained for the developed HCSs-based coatings (Table 1). Pure (or binder-free) low-density 

carbon-based materials typically provide integral absorption better than 0.99. However, these 

characteristics decrease significantly (ca. 0.02) when the nanomaterial is mixed with the binder 

that is required to achieve strong adhesion to the substrate in realistic applications.28-30 Similar idea 

is clearly illustrated in Supporting Movie showing the reflectivity of He-Ne laser from several 

ultra-black coatings.  Conversely, the integral absorptance of the HCS-based coatings maintains a 

high value of 0.985. This direct comparison indicated that the innovative HCS-based coatings 

provide an excellent trade-off between strong broadband light absorption and good adhesion to the 

substrate.

Table 1. The light absorption and adhesion performance of ultra-black carbon-based nanomaterials

Optical property

ultra-black materials spectrum 

range 

(nm)

integral 

absorptan

ce

Adding 

binder

Adhesio

n
Refs.

Graphite nanocone nanowire 

composite
400-2000 ca 0.995 No \ [16]

Hierarchical porous carbon spheres 300-2000 ＞0.997 No \ [13]
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Carbon aerogel 400-2000 ＞0.997 No \ [19]

Carbon Vesicles 250-2000 >0.998 No \ [37]

Carbon aerogel 400-1100 ca 0.98 Yes grade 0 [31]

350-800 ca 0.973Multiwalled carbon nanotubes 

(MWCNT) 850-2400 ca 0.961
Yes grade 3 [28]

AlOOH/MWCNT 300-2500 ca 0.975 Yes grade 1 [29]

Hollow carbon spheres 250-2500 0.985 Yes
grade 2 

and 3

this 

work

*

4. Conclusion

In this study, coatings with excellent solar absorptance were successfully fabricated by a simple 

and high-performing air-spraying process with a specially designed paint containing HCSs as a 

pigment and a fluororesin as a binder. By optimizing the pigment/binder ratio (P/B), a maximum 

solar absorptance of 0.985 was obtained at P/B of 1:2. Reactive ion etching proved the hollow 

nano-morphology of the HCSs that was preserved after the curing process. Tyndall effect, dynamic 

light scattering and nitrogen adsorption were used to assess and compare the typical size of the 

fluororesin particle and nanopore in the HCS shell explaining why the former can’t penetrate inside 

the HCSs. The presence of hollow nanospheres allows to reduce the overall density of the coatings, 

Page 25 of 34

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

thus decreasing the Fresnel reflection, while the micro-scale surface morphology formed by the 

agglomerated HCSs favors multiple reflections facilitating light absorption. In addition to 

remarkable light absorption performance, good adhesion of the ultra-black coating to a substrate 

is mandatory for practical application, which can be achieved by using a binder. However, the 

addition of a binder typically causes a substantial increase of the averaged reflectance. In this work, 

we have optimized the pigment/binder ratio and spraying procedure to achieve the coating 

maintaining a strong absorbance combined with satisfactory good adhesion (grade 2 and 3 

according to the ISO 2409 standard). Demonstrated characteristics make the produced HCS-based 

coatings suitable for realistic applications such as solar energy harvesting, photothermal 

conversion and designing of high-precision optical instruments. Moreover, the produced ultra-

black coatings possess rather low reflectance in the mid-IR spectral range (see Figure S10).  This 

indicates their high thermal emittance that is helpful for the temperature balance of the optical 

instrument designed for space applications.

It should be stressed out that small amount of the hollow nanospheres appears to have a broken 

shell after the grinding process. This can cause a certain increase of the reflectivity owing to 

penetration of the binder inside the broken nanospheres. In this respect, further optimization of the 
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fabrication procedures can potentially improve light absorbing characteristics without reducing 

adhesion performance. Nanospheres with more complicated multi-layer morphology can be also 

considered as promising way to improved light absorption characteristics of the black paint15,38. 

However, additional studies are to be implemented to evaluate their matching with a binder to 

realize coating with good adhesion. Such aspects as mixing ratio and potential penetration of 

binder molecules inside the multi-layer nanospheres should be studied carefully to make the 

decision regarding their capability to improve the already obtained characteristics. Other factors 

as final price of the black paint and are also relevant for realistic applications.
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