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ABSTRACT: In nature, deep-sea fish featured with close-packed I o Ultra-black

. . . Bioinspired "
melanosomes can remarkably lower light reflection, which have = e
inspired us to design ultrablack coatings for enhanced solar-to-
thermal conversion. Herein, a biomimetic ultrablack textile is  |yapmck
developed enabled by the formation of hierarchical polypyrrole tsh
(Ppy) nanospheres. The fabricated textile exhibits prominently
suppressed reflectance of lower than 4% and highly enhanced
absorption of up to 96%. Further experimental results and
molecular dynamics (MD) simulation evidence the formation
process of hierarchical nanospheres. Based on high-efficient solar-
to-thermal conversion, the biomimetic textile with desirable
conductivity allows the development of a salt-free solar evaporator,
enabling a sustainable seawater evaporation rate of up to 1.54 kg
m~ h™" under 1 sun. Furthermore, the biomimetic hierarchical textile exhibits good superhydrophobicity, enhanced photothermal
property, and high electrothermal conversion, demonstrating significant potential in wearable thermal management (rescue vests) in
water conditions.
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S olar-to-thermal conversion is a direct and efficient way to In nature, there are diverse examples of black surfaces that
convert incident light into considerable heat for diverse can be used to maintain temperature, hunt, or camouﬂage.22’23
energy management and utilization." "' To achieve a desirable For example, the polar bear has black skin underneath the
photothermal property, extensive efforts have been dedicated white hair to efficiently absorb sunlight for maintaining body

temperature.”” In the deep sea, some fish species have evolved
ultrablack skins with close-packed melanosomes to enhance
the light absorption, extremely lower reflectance, and
camouflage themselves for near-stealth behavior.”®

The evolution of close-packed melanosome layers has
inspired the design of synthetic ultrablack materials with a

to develop a diverse intrinsic materials system for sunlight
capture and conversion.”'*~"® Furthermore, combined with
the design of hierarchically textured surfaces or controllable
three-dimensional (3D) porous structures, significant advances
have been made to suppress the reflection and enhance light

absorption'llz,&l5,16,19_21 A typical example of MXene nano- rational combination of superhydrophobic and photothermal
coatings with hierarchical surface textures via the thermal teatures. Here, we have designed biomimetic melanosome-like
shrinkage method can demonstrate light reflection lower than hierarchical nanosphere layers composed of polypyrrole (Ppy)
that of the planar one.’ Another example of fabricating freeze- and perfluorodecyl triethoxysilane (PFTS) on a textile surface
drying graphene aerogels is considered to be an efficient light via inverse polymerization. Molecular dynamics (MD)
capture method to remarkably extend the incidence path and simulations further evidenced the formation mechanism of
increase multiple reflections.”” In addition to the materials these nanospheres. The achieved biomimetic hierarchical
employed, a common characteristic of the conventional

photothermal system is severely affected by the exposed Received: August S, 2022 AND. .,
water environment, which can suffer from fluctuation or Revised: ~ November 7, 2022 @
severely weakened solar-to-thermal conversion performance. Published: November 15, 2022 -
Based on these issues, creating water-repellent and high- R4 43‘
efficient solar-to-thermal materials in a facile and effective way R —

is highly desired and still remains a challenge.
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Figure 1. (a) Schematic of the ultrablack fish living in deep seawater with color camouflage via unique black skin composed of closely packed
melanosomes. (b) Demonstration of synthesized bio-inspired ultrablack textile equipped with hierarchical nanospheres for enhanced light capture.
(c) Schematic illustration of the formation of superhydrophobic hierarchical polypyrrole (Ppy) nanospheres. (d) Photo of Ppy-based textile,
demonstrating an ultrablack color. (e,f) Scanning electron microscopy images of the hierarchical nanospheres on a textile surface. (g) Potential

mechanism of light capture by the hierarchical structures.

textile exhibited superhydrophobic, conductive, and highly
enhanced photothermal features with low reflection and high
light absorption. Based on this desirable performance, the
biomimetic hierarchical textile can function as a salt-free solar
evaporator to realize stable simulated seawater evaporation.
Moreover, the textile can be further applied as a super-
hydrophobic thermal management device enabled by solar
energy under extreme environments.”””> When exposed or
treated by water, it can still maintain a continuous and stable
surface temperature for advanced rescue vests, demonstrating
significant potentials in multifunctional solar-to-thermal
applications.

Some deep sea fish featuring ellipsoid-like densely packed
melanosomes can camouflage themselves with ultrablack skins
to effectively reduce the light reflectance and increase the light
path length and absorption (Figure 1a).”’ Here, the close-
packed melanosomes were imitated, and hierarchical Ppy
nanospheres grown on the textile surface were constructed in
our system (Figure 1b). The fabrication strategy was based on
a wet method, of which the mixture of pyrrole and PFTS on
the textile was immersed into water solution containing the
initiator FeCl;. Followed by a typical pyrrole polymerization
and PFTS hydrolytic process, the polymerized Ppy further
assembled into nanospheres to achieve surface energy
minimization. As the polymerized Ppy chains were composed
of conjugated units, they represented a hydrophobic property.
Moreover, the introduction of fluorinated additive and the
resulting hydrolyzed derivatives into the Ppy system can
remarkably reduce the surface energy. After hierarchical
assembly of Ppy-based nanospheres, close-packed melano-
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some-like layers were formed on the textile (Figure 1lc). As
shown in Figure 1d, a homogeneous biomimetic textile was
achieved. The enhanced light absorption capability was derived
from the hierarchical and compacted stacking of nanoscale Ppy
spheres (Figure 1le). The amplified scanning electron
microscopy (SEM) image in Figure 1f can further demonstrate
that the adjacent spheres have fused together for a relatively
stable structure. Furthermore, there exist some nanoscale gaps
inside the synthetic melanosome layers, allowing the effective
capture of incident light via high scattering and multiple inner
reflection (Figure 1g).

The close-packed nanosphere coating is expected to be an
effective strategy to maximize the efficiency of incident light
capture. Based on this, as schematically illustrated in Figure 2a,
compared with the laminated structures, the Ppy nanospheres
are considered to induce multiple light scattering and internal
reflections inside the Since the
laminated structure was formed by putting the FeCl;
interacting textile into the pyrrole/chloroform solution, the
formed hydrophobic Ppy chains could be effectively wetted by
the solution for stretching conformation. As a result, the
laminated Ppy morphology was finally formed (Figure 2b)."”*°
From the SEM image in Figure 2c, it can be clearly observed
that there are closely packed nanospheres and relatively
uniform gaps on the textile surface, ensuring low reflectance
performance of the biomimetic textile. UV—vis—IR spectra
further illustrated that the hierarchical Ppy nanospheres
presented lower transmittance and reflectance (reflectance
value was lower than 0.8% within the visible light area) almost
over the whole wavelength range compared to that of

hierarchical structures.
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Figure 2. (a) Schematic illustration of a laminated Ppy layer and biomimetic sphere-like Ppy layer, demonstrating enhanced light capture
performance of the biomimetic structure. (b,c) SEM images of laminated Ppy structures and hierarchical Ppy nanospheres. (d,e) UV—vis—IR
spectra of laminated and sphere-like Ppy layers: reflectance spectrum and absorption spectrum, showing enhanced light capture capability of the
hierarchical Ppy spheres layer with lower reflectance and higher absorption. (f) Photo of fish-shaped Ppy-based textile of laminated and hierarchical
structures with enhanced blackness. (g) Corresponding temperature versus time curves under 1 sun illumination. (h) Photo of a large-scale

biomimetic sphere-like Ppy-based textile.

laminated structures (Figure 2d and Figure S1). In addition,
the total light absorption performance (the absorption value
could reach up to over 99% within the visible light area) of the
biomimetic structure was higher than that of the laminated one
(Figure 2e and Figure S2). Moreover, the surface roughness of
the hierarchical textile (R, ~3.0 ym) was remarkably larger
than that of the laminated one (R, ~1.5 ym), enabling the
transmittance to be enhanced and depressing the reflectance
(Figure S3). Moreover, for the universality of the targeted
substrates, nanofiber-enabled nonwoven fabric modified with
hierarchical Ppy nanospheres was also fabricated, showing a
light absorption relatively lower than that of the biomimetic
textile (Figure S4).

Macroscopically, the biomimetic textile showed a color
much darker than that of the laminated one in natural light
(Figure 2f). Furthermore, Figure 2g clearly showed that the
equilibrium solar-to-thermal conversion temperature of the
hierarchical and laminated textile presented the values of ~65
and ~55 °C, respectively, under 1 sun illumination. Also, the
mechanical abrasion resistance of the biomimetic textile was
also considered. Benefitting from the fused connection
between nanospheres, the hierarchical nanosphere-enabled
surface represented favorable mechanical stability under
rigorous abrasive paper (P600) with 500 g weight applied
(Figure SSab). Note that even if the outermost Ppy layer is
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damaged, the next layer can still present good super-
hydrophobic features (Figure SSc,d). Moreover, the hierarch-
ical textile also demonstrated good mechanical strength for
further wearable applications (Figure S6). Based on the facile,
efficient, and scalable strategy, a large-area biomimetic textile
was constructed in Figure 2h and Figure S7.

To investigate the formation mechanism of hierarchical
nanosphere structures, the process of structural formation was
carefully investigated through SEM images. As shown in
Figures S8—S10, prior to the formation of Ppy nanospheres, a
homogeneous Ppy coating was first formed on the of textile
surface. Following the continuous increase of nanospheres, the
hierarchical Ppy nanospheres fully covered the textile for close-
packed nanostructures, demonstrating a structural advantage of
formation of superhydrophobic surfaces.”’ >’ Owing to the
introduction of hydrophobic PFTS, the hierarchically nano-
structured surface represented superhydrophobic wettability
with water contact angle (WCA) values of 159 and 156°,
respectively, on the front and back side (Figure SI1).
Moreover, energy-dispersive spectrometry (EDS) showed
that there was uniform distribution of the characteristic N
from Ppy chains and the F from hydrolyzed PFTS chains
(Figure S12—S14). X-ray photoelectron spectroscopy (XPS)
measurement further demonstrated that the outermost layer of
the hierarchical textile contained F with a content greater than

https://doi.org/10.1021/acs.nanolett.2c02385
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Figure 3. (a) MD simulation for the formation process of nanospheres within 3000 ps. (b) R, value of nanosphere versus time curve with a

g

decrease trend. Inset: Original Ppy and hydrolyzed PFTS chains randomly distributed in the unit. (c) Density of nanosphere versus time curve,
representing a gradual increased value. (d) Total potential energy of the whole system versus time curve, which decreases and tends to be a
balanced state. Inset: Amplified model of the nanosphere, demonstrating the hydrolyzed PFTS partially exposed to the air.

50%, enabling the improvement of the water-repellent
performance (Figure S15).

The potential mechanism of the melanosome-like hierarch-
ical nanospheres was further explored through MD simulations
using the Materials Studio software, and the COMPASS force
field was employed to determine the interactions between
atoms. As shown in Figure 3a and Figure S16, polymerized Ppy
chains and hydrolyzed PFTS were homogeneously distributed
in the bulk water solution. Since the Ppy chains and
hydrolyzed PFTS are hydrophobic and incompatible with the
bulk water phase, they tended to adjust their conformation into
a sphere-like collapsed state. The exposed PFTS chains are
expected to remarkably decrease the surface energy. Moreover,
the radius of gyration (R,) during the formation of
nanospheres was calculated in the simulation experiments. As
displayed in Figure 3b, with the increase of time, the value of
R, experienced a decreasing trend from 53.46 to 27.14 A. In
addition, the density of the nanospheres was also estimated,
resulting in a remarkable increase from 0.12 to 1.26 g/cm?®
(Figure 3c). Furthermore, we calculated the potential energy of
the whole system in the process of nanosphere formation.
Figure 3d clearly shows that the potential energy exhibited a
gradual decrease tendency from 11.10 X 10* to 9.89 X 10* kcal
mol™. More importantly, from the amplified image in Figure
3d, it could be observed that the hydrolyzed PFTS was
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partially exposed to the outer surface of the Ppy nanospheres,
providing low surface energy to the whole system.

Benefitting from the effective combination of enhanced
photothermal conversion and superhydrophobicity, a contact-
less infrared (IR) irradiation mode can be employed to heat
the water, which can exhibit significant potentials in sustainable
salt-free seawater evaporation.'”*" As displayed in Figure 4a,
the biomimetic textile was combined with hydrophilic cotton
textiles to construct integrated solar/electricity-enabled evap-
orators for solar and/or Joule heating. Note that the generated
high temperature (65 °C under 1 sun) could indirectly heat
the water molecules via a contactless IR irradiation strategy,
enabling efficient and sustainable water evaporation without
salt contamination.’’ As displayed in Figure 4b,c, the
evaporation rate of pure water and simulated seawater (3.5
wt % NaCl) could reach up to relatively high values of 1.65 and
1.54 kg m™ h™, respectively, under 1 sun. In addition, the
resultant evaporation rate in S, 10, and 20 wt % NaCl solution
represented 1.40, 1.21, and 1.05 kg m™ h™!, individually. The
corresponding solar vaporization efficiencies were also
calculated under different circumstances, demonstrating a
decreased tendency due to the increase of salt content (Figure
S17).

Also, the laminated textile and the hierarchical one were
employed to conduct the long-time continuous evaporation
experiments with 3.5 wt % NaCl solution. 2D IR images clearly
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Figure 4. (a) Sketch of the textile-based solar/electricity evaporators composed of hydrophilic cotton and superhydrophobic photothermal textile
for solar heating and Joule heating. (b) Mass change curves of the evaporator conducted in water and simulated seawater with different
concentration from 3.5 to 20 wt %. (c) Evaporation rates of a series of liquids. (d) 2D IR images of the laminated and hierarchical textiles under 1
sun illumination. (e) Photos of the textile after 10 h evaporation in 3.5 wt % NaCl under 1 sun. (f) Long-time continuous evaporation rates of the
laminated and hierarchical fabric in 3.5 wt % simulated seawater. (g) Photo of the Joule heating-enabled evaporator floated on the water surface.
(h) Temperature versus applied voltage curves in air and on the water surface. (i) Evaporation rates under a series of applied voltages.

illustrated that the hierarchical textile-based evaporator
represented temperatures higher that those of the laminated
ones (Figure 4d). After 10 h continuous evaporation under 1
sun, there was a visible aggregate of NaCl particles on the
surface of the laminated textile. However, no remarkable salt
accumulation can be observed on the hierarchical textile
(Figure 4e). The evaporation rate of the laminated textile-
based evaporator severely reduced to 0.72 kg m™> h™" after 4 h.
In contrast, the hierarchical textile-based evaporator still
maintained a stable evaporation rate from 1.52 to 1.4 kg m™
h™' (Figure 4f).

Owing to the conjugated structural units of Ppy chains, the
macroscopically assembled fused nanopheres also exhibit good
conductivity.” To construct the Joule heating-based evapo-
rator,”** Ag paste with a wire was first coated on the
hierarchical textile surface for conformal spreading. After
curing, the interfacial contact resistance could be significantly
decreased, ensuring favorable electrothermal conversion for
seawater evaporation in the absence of sunlight (Figure 4g). As
shown in Figure 4h, the biomimetic textiles reached an
equilibrium temperature of 64, 81, 95, 110, and 115 °C under
voltages of 14, 16, 18, 20, and 22 V, respectively. Based on the
Joule heating mechanism, the electric-heating-enabled evapo-
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ration rates can be effectively adjusted ranging from 0.78 to 1.5
kg m™* h™! under the applied voltage from 14 to 22 V (Figure
4i).

More interestingly, the biomimetic textile featured with
favorable photothermal and superhydrophobic properties can
be further employed to realize solar-enabled thermal manage-
ment.”*> As displayed in Figure Sa, Ppy-based textiles with
laminated and hierarchical structures were cut into photo-
thermal vests. Superior to the laminated structure, the
hierarchical one exhibited a higher temperature of ~72.7 °C
under 1 sun (Figure Sb). Even weak solar intensity of 0.4 sun
can still result in the equilibrium temperature of 47.7 °C of the
biomimetic hierarchical textile (Figure Sc). Note that for the
wearable textile, the generated high temperature has the risk of
ambustion. However, the air layer between textile and body
skin can effectively avoid the risk. Furthermore, the contactless
IR irradiation heating strategy through the air medium could
provide considerable thermal energy under safe circum-
stances.”> When exposed to the water-related condition, the
biomimetic textile could effectively repel water droplets,
enabling an obvious bouncing phenomenon formed (Figure
5d). As shown in Figure Se, there was remarkable water residue
observed on the surface of the laminated textile, which may

https://doi.org/10.1021/acs.nanolett.2c02385
Nano Lett. 2022, 22, 9343-9350


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02385?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a Laminated  Hierarchical b C_. 80
77777 8 70, ] Laminated textile Ambient temperature 31 ©
. o B Hierarchical textile
3 604
&t B
"t Functional « o 504
vest g'
[\ [0) 40 ’—1—-
| | =
2cm & 0.2 04 0.6 0.8 1.0
Solar intensity (kW/m?)
Laminated Hierarchical f Laminated textile Hierarchical textile [
textile textile
= &7 Water "\ ~36.3°C '\ ~65.6°C
) residue ; b
v y 323
1 5 Dry X '
L state
EFE [ J I ] i
Wetpmodel =T Wetmodel Under 1 sun T 266G
Water surface w Laminated textile
—— A Hierarchical textile
!g-j‘ 1» Original textile
.Otrigli_rlwal L Laminated ‘4
gxie textile  § i b : 4 v
| L ierarchical | v
# Little exposed 1 textile
Under the \ . toair v
water surface o L
> » >

Original textile Laminated textile
! Wint
3 Inter Laminated textile
\ N\
' D
Falling into
water Photothgrmal
heating

,/ Raid floating

Under 0.5 sun

4

3.5 @

5 X14 cm2

35 40 45 50 55 60 65 70

Hierarchical textile Textile area (cmz)

k so0

Hierarchical textile ‘

O 45
50.7 °C i 0

830 ° ——e
[= %
E . '
(] »— Hierarchical textile

Under 0.5 sun 5 X14 cm? = 15 ® - Laminated textile

35 40 45 50 55 60 65 70
Textile area (cm?)

Figure 5. (a) Photo of the hierarchical Ppy textile-based vest and the laminated one on human models. (b) Corresponding 2D IR image of
laminated and hierarchical Ppy textile. (c) Temperature versus solar intensity columns of hierarchical and laminated textiles. (d—f) Photos and IR
image of the two styles of textile after treated by simulated rain. (g) Photos of the demonstration of an underwater rescue vest enabled by original,
laminated, and hierarchical textiles. (h) Rising velocity versus textile area of the aforementioned three samples. (i) Sketch illustration of the
biomimetic textile enabled rescue vest, which can provide considerable buoyancy and further generate stable and sustainable heat under sunlight
not affected by the water environment. (j) Corresponding temperature of laminated and hierarchical rescue vest under 0.5 sun when floated on a
water surface. (k) Temperature versus textile area curves of laminated and hierarchical textile.

severely decrease the surface temperature, resulting in a surface
temperature from 62.1 to 36.3 °C under 1 sun. However, the
biomimetic textile could still maintain a relatively stable
temperature of 65.6 °C under 1 sun (Figure 5f). For the
wearable textile, air permeability and water vapor transmission
are also important for a comfortable experience. Due to the
hierarchical structure with abundant pores, the hierarchical
textile only exhibited good air/water permeability (Figure
S18).

Benefitting from the superhydrophobic feature of the
hierarchical textile, a demonstration of water rescue was
demonstrated in Figure 5g. When a person falls into the water
from the boat on a sunny winter day, the cold water can
severely lower their body temperature, freeze the body, and
further limit the body behavior. As shown in Figure Sg, the
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human model with blank textiles is still located under the water
surface due to the weak buoyancy. Superior to the laminated
textile, most of the hierarchical one was exposed to the air due
to its superhydrophobic feature. More importantly, a series of
vest areas were further adopted to investigate the relationship
between the textile area and floating velocity (Figure S19). As
a result, the rescue vest with a hierarchical textile could reach
the highest velocity of ~ 17.3 cm/s with a fabric area of ~67
cm? whereas the laminated one demonstrated a velocity of
~13.1 cm/s with the same textile area (Figure Sh). As a
demonstration, the biomimetic hierarchical textile could
provide extra buoyancy for remarkably enhanced floating
velocity and effectively remain warm under sunlight irradiation
(Figure 5i). As illustrated in Figure Sj, superior to the
laminated textile at ~31.5 °C under 0.5 sun, the hierarchical
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one demonstrated a favorable temperature of ~50.7 °C even
with low solar intensity. Moreover, the equilibrium temper-
ature of the vest with a series of textile areas could still
maintain a stable value (Figure Sk).

In summary, a bio-inspired ultrablack textile featured with
enhanced photothermal and favorable superhydrophobic
properties is rationally designed to achieve enhanced and
water-resistant solar-to-thermal conversion applications. The
favorable characteristic can derive from the formation of
hierarchical nanospheres with low surface energy on textile
surfaces. The achieved superhydrophobic photothermal textile
can function as a contactless solar/electrical-enabled evapo-
rator for salt-free and efficient seawater evaporation.
Furthermore, it can be further integrated into a wearable
solar-to-thermal rescue vest to realize underwater rescue and
maintain sustainable solar-enabled thermal supply. The design
principle of the superhydrophobic photothermal textile is
expected to provide a pathway for advanced solar-to-thermal
conversion devices, such as sustainable seawater desalination,
water-resistant solar heating devices, efficient photothermal
actuators on water, etc.
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