
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 9
/2

5/
20

24
 2

:4
8:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Polysulfide micro
aHubei Collaborative Innovation Centre for

Ministry of Education Key Laboratory for t

Functional Materials, Hubei University, Wu

Fax: +86-931-8277088; Tel: +86-931-496810
bState Key Laboratory of Solid Lubrication

Chinese Academy of Sciences, Lanzhou 730

zguo@licp.cas.cn

Cite this: Nanoscale Adv., 2019, 1, 281

Received 6th June 2018
Accepted 23rd July 2018

DOI: 10.1039/c8na00011e

rsc.li/nanoscale-advances

This journal is © The Royal Society of C
spheres with chemical
modification for generation of interfaces with
macroscopic colour variation and biomimetic
superhydrophobicity
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Both superwettability and structural colours have attracted considerable attention in recent years. In

addition, the combination of structural colours and superwettability could endow materials with broader

application prospects. The combination provides a new strategy to design novel functional materials, and

there are many studies pertaining to these materials that have been reported in recent years. Herein,

a polysulfide (PSF) superhydrophobic coating was synthesized successfully. The PSF superhydrophobic

coating possesses excellent superhydrophobicity, oleophobicity for diesel and macroscopic structural

colour variation when wetted. The colour is changed when the coating is wetted and it returns to its

original colour after drying. In addition, the surface presents better reusability and thermostability which

satisfies various daily needs. The PSF superhydrophobic coating can be considered as an excellent

candidate for designing wetting responsive materials, and it has enormous application potential in the

fields of detection, sensing, anti-counterfeiting and security. For the first time, we present a novel and

low-cost strategy to fabricate materials with both superhydrophobicity and structural colour, offering

significant insights into the practical application of these functional materials.
Introduction

As one of the most important surface characteristics, super-
hydrophobicity has been attracting increasing attention in
recent years. And this characteristic endows surfaces with many
special properties such as self-cleaning,1 anti-fouling,2 anti-
fogging3,4 and anti-frosting.5,6 Generally speaking, super-
hydrophobic surfaces possess properties of contact angle (CA)
more than 150� and slide angle (SA) less than 5�.7,8 There are
many classical theories for explaining this magical phenom-
enon, including the Wenzel state,9 Cassie–Baxter state10 and
Marmur state.11 All of the theories emphasize the necessity of
synergy between surface roughness and chemical composition
for acquiring excellent superhydrophobic surfaces. Therefore,
constructing a surface which possesses special surface topog-
raphy with a certain amount of interface energy is the main-
stream approach for obtaining superhydrophobic surfaces.12–14
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Another important surface characteristic, structural colour,
has also attracted considerable attention in recent years. The
phenomenon is attributed to the interference, diffraction and
dispersion of light with facile periodic morphologies.15–17

Materials with this characteristic have been widely used in
many elds such as sensing,18,19 bioassay,20,21 anti-counter-
feiting,22 and optical components.23 There are many materials
with improved optical properties that have been developed and
reported to obtain materials with structural colour, including
silicon dioxide, polymethyl methacrylate and polystyrene,24–35

since the fabrication of structural materials from colloidal
spheres is low-cost and facile. And we can adopt a colloidal self-
assembly method to obtain a surface with periodic morphology.
Therefore, this method has been considered as the mainstream
approach to fabricate materials with structural colour.36–39 In
contrast, the occurrence of structural defects on the surface
during the fabrication process limits the application of struc-
tural colour. Furthermore, with most polymers, even some
traditional optical materials, it is hard to obtain bright and
obvious structural colour due to their low refractive index which
hinders the generation of a wider (even complete) photonic
band gap (PBG).17,40–42 And to improve the structural color visi-
bility, black materials are usually added into the photonic
ordered arrays to absorb the scattered light on a broadband.43

Gianneschi et al. and Kohri et al. adopted this strategy and
Nanoscale Adv., 2019, 1, 281–290 | 281
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successfully acquired non-iridescent structural color using
black particles.44,45 However, the original black color of particles
limited the application of the responsive material. Although it
can present bright color, it cannot generate an obvious color
change for darker colors. The addition of melanin nanoparticles
also complicates the preparation technology. But when particles
themselves possess a high refractive index, high surface charge,
low mass density, and the ability for visible light absorption,
this problem is solved perfectly, and the color visibility can be
greatly improved.

In order to improve this situation, Zhang et al. made use of
persulde (PSF) polymeric microspheres which possess higher
refractive index (as high as 1.858) to construct a surface with
structural colour.37 The report introduced the production of
polysulde rubber in highly monodisperse spheres with bright
colour.

As is known to us, micro–nano-structured morphologies
could be created to obtain a superhydrophobic surface. Struc-
tural colour can also be obtained through the same
morphology.16 Additionally, the combination of these charac-
teristics improves the surface properties, such as self-cleaning,
selective wetting and colour variation via angle change. The
combination provides a new strategy to design novel functional
materials, and there are many studies pertaining to these
materials that have been reported in recent years.46–52 So, it is
necessary to explore the possibility of combining super-
hydrophobicity and structural colour.

Due to the special wettability, materials can only be wetted
by specic liquids, which provides the possibility of fabricating
materials with selective responsive structural colour, as shown
in Fig. 1. And the special colour variation by wetting provides
a novel strategy to design anti-counterfeit, responsive and even
security materials. Because PSF microspheres can greatly
enhance colour visibility, due to their higher refractive index,
PSF was chosen in this work to fabricate a material with both
superhydrophobicity and structural colour. Up until now, this is
the rst successful synthesis of a superhydrophobic PSF surface
with selective responsive structural colour. In this work,
Fig. 1 A schematic diagram of the material changing its structural
colour by swelling or shrinking of microspheres.

282 | Nanoscale Adv., 2019, 1, 281–290
nanoscale PSF microspheres were self-assembled to form
blocks with a micro–nano-structure. Aer that, the powders
were modied with triethoxy-1H,1H,2H,2H-tridecauoro-n-
octylsilane (TTO), and superhydrophobic PSF was synthesized
successfully. Aer concentration in ethyl alcohol, super-
hydrophobic PSF solution was coated on the glass slide,
acquiring a superhydrophobic PSF surface. The PSF super-
hydrophobic coating possesses excellent superhydrophobicity,
oleophobicity for diesel and macroscopic structural colour
variation when wetted. The colour is changed when the coating
is wetted and it returns to its original colour aer drying. In
addition, the coating can maintain its superhydrophobicity
aer more than 130 cycles of wetting. The coating is thermally
stable below 150 �C, which satises daily needs. The PSF
superhydrophobic coating can be considered as an excellent
candidate for designing wetting responsive materials, and it has
enormous application potential in the elds of detection,
sensing, anti-counterfeiting and security. For the rst time, we
present a novel and low-cost strategy to fabricate materials with
both superhydrophobicity and structural colour, offering
signicant insights into the practical application of these
functional materials.
Experimental
Materials

Reagents were obtained from the following sources: sublimed
sulfur and sodium hydroxide were purchased from Aladdin
(Shanghai, China); F127 was purchased from RuiDaHengHui
(Beijing, China); tributyl phosphate (TBP) was purchased from
Aladdin (Shanghai, China); and 1,2,3-trichloropropane (TCP)
and triethoxy-1H,1H,2H,2H-tridecauoro-n-octylsilane (TTO)
were purchased from Innochem (Beijing, China).
Synthesis of polysulde spheres

PSF microspheres were synthesized by a method proposed in
a previous report.37 Initially, 8 g sublimed sulfur were added
into 250 mL sodium hydroxide solution which contained 10 g
NaOH at 140 �C to generate Na2S2 precursor solutions. The
mixed solution was kept stirring for 1 h until all the sulfur
dissolved and a reddish brown Na2S2 precursor solution was
obtained. In this work, all the Na2S2 precursor solutions were
produced under the same conditions. Then, 30 mL of the
precursor solution were mixed with 150 mL of the mixed solu-
tion constituting deionized water and ethanol in a three-necked
ask with a condenser pipe. The mixed solution was stirred
vigorously at 70 �C; then, 0.3 g F127 was added into the solution.
A mass of bubbles was generated in the ask aer vigorous
stirring. Hence, 1 mL TBP was added into the system to elimi-
nate bubbles, and the solution became clear and limpid. In the
end, 0.75 g TCP was quickly added into the reaction system with
vigorous stirring. A turbid emulsion was obtained 30 min later.
In addition, the system was kept stirring at 70 �C for 6 h. Aer
that, a PSF colloidal sphere solution was obtained. The colloidal
solution was washed with water several times by centrifugation,
and all the liquid was pumped out to acquire block solids on the
This journal is © The Royal Society of Chemistry 2019
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Table 1 Different ratios of deionized water and ethyl alcohol to
fabricate PSF microspheres

No.
The Na2S2 precursor
solution (mL)

Deionized
water (mL)

Ethyl alcohol
(mL)

F-127
(g)

TCP
(g)

I 30 150 30 0.3 0.75
II 30 108 42 0.3 0.75
III 30 96 54 0.3 0.75
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lter paper which was removed aer drying. The remaining
solids were dried at 60 �C for 6 h. Moreover, the solid can
present special non-iridescent structural color.

Fabrication of superhydrophobic polysulde spheres

Some PSF sphere solids (0.5 g), which had been dried
completely, were ground and put into 200 mL ethyl alcohol with
vigorous magnetic stirring. Aer 30 min, the particles were
dispersed in the solution. Moreover, the mixed solution also
presented a dark green color, the same as the PSF sphere solids.
500 mL TTO were added into the system with a microsyringe and
kept stirring for 24 h. Aer that, all the liquid was pumped out
by suction ltration from the system. The remaining solids were
washed with ethyl alcohol several times and redispersed into
20 mL ethyl alcohol in a small transparent bottle. The liquid
also exhibited a dark green color aer redispersion.

Fabrication of the superhydrophobic polysulde sphere
coating

The PSF superhydrophobic solution was stirred adequately in
the bottle. Aer that, 2 mL of the as-prepared solution were
dropped and spread out evenly onto cleaned glass substrates.
Aer drying for 1 h at 60 �C, the ethanol had evaporated
completely, and a light brown coating with superhydrophobicity
was formed on the substrates. The thickness was determined by
the quantity of the PSF spherical particle solution coated on the
substrate.

Characterization

XPS was performed on an X-ray photoelectron spectrometer
(Thermo Scientic ESCALAB 250 Xi). Measurements were made
using the Al Ka line as the excitation source. Fourier transform
infrared spectroscopy (FTIR) was performed using a Thermo
Scientic Nicolet iS10. TG measurements were done with
a NETZSCH STA 449 C using a dynamic heating rate of
10 �C min�1 in air. Diffuse reectance UV/Vis spectra were ob-
tained with a Hewlett Packard 8452A diode array spectropho-
tometer. Scanning electron microscopy (SEM) images were
obtained using a JSM-5601LV scanning electron microscope
operating at 5 keV. Samples were prepared for SEM by lightly
dusting them onto adhesive carbon and affixing them to
aluminum mounts. And the size distribution was measured
using a Zetasizer Nano ZS. All samples were coated with 50 Å of
platinum. Contact angles (CAs) were measured with
a JC2000D1. Three-dimensional surface imaging of the paper
was carried out by surface imaging system atomic force
microscopy (AFM, CSPM 5500). Optical photographs were taken
on an iPhone 7.

Results and discussion
Polysulde microspheres

There are many studies that have reported the theory of struc-
tural colours, and they have been reviewed by our previous
studies.15,16 Light with a specic wavelength can be captured
and located in the structure of the photonic band-gap in
This journal is © The Royal Society of Chemistry 2019
a photonic crystal material, and other wavelength lights will be
reected. Hence, the material can exhibit various structural
colours such as metal colours, iridescence and other single
colours. The wavelength of reected light on the surface can be
quantitatively calculated by Bragg's law and Snell's law (eqn
(1)):52

ml ¼ 2dhkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � sin q2

p
(1)

where l is the position of the PBG, n is the refractive index of the
material, and nPSF ¼ 1.65. q is the included angle between the
incident light and the surface, m is the diffraction series, “dhkl”
is the spacing of diffraction layers for the FCC packing structure
shown in the material which can be calculated using eqn (2):

dhkl ¼ D
ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðh2 þ k2 þ l2Þp (2)

where D is the space between adjacent pore layers and can also
be seen as the diameter of the particle and h, k, and l are
parameters which accord with the Miller indices of a given
diffraction plane.

Structural color can be attributed to the interaction between
light and periodically organized architectures. Colloidal micro-
spheres distribute uniformly on the surface to generate
a photonic band gap structure. When the structure is exposed to
light, a specic wavelength of incident light will be located in the
structure, and others will be reected. Therefore, the surface can
present special structural color. Judging from Bragg's law and
Snell's laws, the color is affected by the refractive index of the
material, angle of incidence and particle spacing. We can
modulate these specic parameters to acquire special structural
colors. Hence, it is possible to select structural colours by
controlling the size of PSF spheres and the distance between
each of the particles. The size of PSF spheres can be controlled
by adjusting the ratio of ethyl alcohol and deionized water.37 And
the distance between each of the particles can also be controlled
by liquid absorption or dehydration of the spheres. As shown in
Fig. 1(a) and (b), the distance between each of the particles will
diminish by ination when the spheres absorb liquid. Due to the
inltration of liquid, each microsphere is full of ethanol. At this
time, the reectance of this material is changed and can be
calculated using eqn (1). And the surface can exhibit a single
structural colour. But as the liquid is drying, the spheres will
shrink and the distance between each of the spheres will
increase. Hence, the surface cannot exhibit structural colour.
Hence, PSF sphere surfaces, which can present a single struc-
tural colour, were fabricated in this work (Table 1). The as-
prepared emulsion was ltered by vacuum ltration, all liquid
Nanoscale Adv., 2019, 1, 281–290 | 283
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Fig. 3 (a) The images of I green, II red and III violet PSF particles. (b)
The solution of the modified particles. The solution also exhibits the
same structural colour as that of the particles after stirring. And the
bottom right corner of each of the images shows the status of
precipitation of the particles after being left to stand for a while.
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was removed from the system, and PSF spheres remained and
distributed on the lter paper uniformly, as shown in Fig. 2(a)
and (c). The single structural colour exhibited on the lter
papers is also present on the bottom of the centrifuge tube aer
centrifugation (Fig. 2(b)). The lter papers present green (I), red
(II) and violet (III) colors when the three kinds of PSF spheres
with different sizes are arranged on the surface, respectively.
Sizes of PSF spheres were measured with a Zetasizer Nano ZS
(Fig. 2(d)), and with increasing PSF sphere size, the structural
colour was transformed from green to red to violet.

In addition, the microspheres of 180 nm (green), 240 nm
(red) and 310 nm (violet) diameters mainly distribute on the
lter paper, which almost accord with Bragg's law and Snell's
laws. Judging from the SEM images of the lter paper (Fig. 2(e)),
countless PSF spheres were distributed on the lter paper,
almost covering the paper structure completely. Spheres were
uniformly distributed on the paper surface with a hexagonal
closest packed structure. On the other hand, some defects were
created during the packing process, but the structure retained
periodic permutations which is the required condition for the
generation of structural colour. Superhydrophobic polysulde
powders with non-iridescent colour were prepared.

Based on the classical model of superhydrophobicity,
surface roughness and chemical composition are essential
factors which together determine the wettability properties.9–11

Hence, it is necessary to increase surface roughness and
decrease surface energy for the surface wettability trans-
formation of hydrophilic to superhydrophobic. Considering
that structural colours require an orderly and regular distribu-
tion of particles, surface roughness requires an appropriate
increase to guarantee that the surface presents not only super-
Fig. 2 (a) A schematic diagram of the preparation process to fabricate th
the bottom of centrifuge tubes. And I, II and III present different structural
deposited on filter paper (I green, II red and III violet). (d) Size distributio
spheres deposited on filter paper.

284 | Nanoscale Adv., 2019, 1, 281–290
hydrophobicity but also structural colours. An innitesimally
small amount of triethoxy-1H,1H,2H,2H-tridecauoro-n-octylsi-
lane (TTO) was used tomodify PSF powders. As shown in Fig. 3(a),
PSF powders exhibited a single structural colour and the colour
was disparate due to the difference in PSF microsphere sizes. The
powders were added into 0.25%TTO solution and kept stirring for
24 h. The solutions aer the reaction and concentration were
stored in three small transparent bottles, respectively, as shown in
Fig. 3(b). And each bottle also exhibits a specic single structural
e PSF coating on filter paper. (b) The sediment of PSF microspheres on
colours (I green, II red and III violet). (c) Different size PSFmicrospheres
n of I, II and III PSF microspheres. (e) SEM images of II red PSF micro-

This journal is © The Royal Society of Chemistry 2019
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colour which is similar to the PSF powders' colour before the
reaction. That can be attributed to the low dispersibility of the
modied particles. Hence, the particles can retain their aggrega-
tion structure in ethyl alcohol without any destruction of color.
Micro-sized aggregates usually precipitate; aer a while, the
particles will precipitate at the bottom of the bottle, as shown in
the bottom right corner of each of the gures in Fig. 3(b). Hence,
when using the solution, it needs to be stirred.

XPS spectra (Fig. 4(a)) of the particles demonstrated that
many elements were introduced into the particles aer modi-
cation with TTO. Intense peaks of F, C, Cl and Si elements were
observed for the modied particles compared with the original
ones. Furthermore, the modied particles generate a more
complicated curve in the FT-IR spectra of PSF particles
(Fig. 4(b)). The spectra of both modied and unmodied parti-
cles present an intense absorption peak of C–H at 2800 cm�1.
Especially, there is a weak absorption peak of S–H stretching at
2600 cm�1. The C–S bond generated an absorption peak at
1200 cm�1. Moreover, the C–F bond produced an absorption
peak at 1050 cm�1, and the C–F bond in the modied particles
generated a stronger absorption peak than that in the original
particles. Aer modication, there was an absorption peak at
750 cm�1 due to C–Cl. And the absorption peak at 1050 cm�1

was generated by C–F. C–Si also generated an absorption peak at
1642 cm�1. And the difference in intensity of the –OH absorption
peak at 3400 cm�1 also demonstrated that TTOmodied the PSF
powders by reaction with –OH. In conclusion, the FT-IR and XPS
spectra demonstrated that TTO modied the PSF powders
successfully in the reaction process. And the modied particles
possess a massive amount of –Si(CF3)3 which endows the surface
with superhydrophobicity and superoleophobicity of diesel
compared to the unmodied particles.

The TG curves (Fig. 4(c)) demonstrated that the modication
with TTO did not have any inuence on the thermodynamic
Fig. 4 (a) XPS spectra, (b) FT-IR spectra, (c) TG curves and (d) XRD patter
spectra of themodified PSF particles when generating structural color. (f)
the modified PSF coatings.

This journal is © The Royal Society of Chemistry 2019
properties of the PSF powders. An innitesimally small amount
of TTO was used during the reaction. Therefore, the thermo-
dynamic properties were not affected by modication. And the
XRD patterns (Fig. 4(d)) also conrmed that the crystal form did
not transfer aer modication. Both original particles and
modied particles were amorphous and exhibited a smaller
percentage of microsphere contraction and little warping on the
substrate. However, the smaller percentage of contraction can
suitably transform the structural colour of the surface when
drying or wetting. Therefore, it is an excellent candidate for
designing a responsive surface. For standardization of the
structural colour expression, the reection spectra of the
modied PSF particles when generating structural color
(Fig. 4(e)) were measured. And data of themodied coating were
converted into Commission Internationale deL'Eclairage (CIE)
chromaticity, which is shown in Fig. 4(f). The CIE chromaticity
diagram was used to visualize the variation of structural colour,
and it is important for the study of the structural discolouration
of surfaces.

Particles with a single structural colour possess broad pros-
pects in painting and decoration. And superhydrophobicity also
extends the application elds of particles and endows the
coating with responsiveness for the liquid.

Superhydrophobic surface with non-iridescent colour

The superhydrophobic PSF coating solution was prepared and
stored in a glass bottle (Fig. 3(b)). The solution also exhibited
a single structural colour which is same as the colour that the
PSF powders presented. 5 mL of the solution was dropped and
spread out evenly on cleaned glass substrates. Aer drying for
6 h at 60 �C, the ethanol evaporated completely and the
superhydrophobic coating was formed on the substrates, which
are displayed in Fig. 5(a). The coating did not exhibit the same
single structural colour as that of the particles (Fig. 3(a)).
ns of the original PSF particles and modified particles. (e) The reflection
CIE chromaticity diagram for the green, red, and violet color changes of

Nanoscale Adv., 2019, 1, 281–290 | 285
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Fig. 5 (a) Optical photographs of no. I, II and III solutions coated on
a glass slide. (b) Optical photographs of a liquid droplet distributed on
the coating and CA images of I, II and III coatings (in the top right
corner). (c) Images of a liquid droplet rolling on the surface (sliding
angle # 5�). (d) Images of the surface with low adhesion for the
droplet.
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However, the coating exhibited excellent super-hydrophobicity
(CA $ 150� and sliding angle # 5�), as shown in Fig. 5(b) and
(c). The surface presented strong repellence against water. The
droplet can easily be removed and rolled without any resistance,
which is demonstrated in Fig. 5(d), where a droplet was lowered
down and brought into contact with the surface. But the droplet
still maintained its globular shape throughout the process.
When the syringe with the droplet at the tip was li up, the
droplet remained at the tip and le the surface in a whole
without any shape change.

As shown in the optical photographs and SEM images of the
coating prepared from the original green particles and modied
particles (Fig. 6(a)), the superhydrophobic surface did not exhibit
the green structural colour that was presented by the original
particles. The SEM images of the original coating (Fig. 6(b))
revealed that the original PSF spheres were distributed uniformly
and were well-structured due to the capillary force of liquid
evaporation. Countless homogeneous PSF spheres were arranged
on the slide substrate uniformly and distributed on the substrate
by hexagonal closest packing which led to a PBG structure.
Because of this tight arrangement, the surface exhibited a single
macroscopic green structural colour. Moreover, it was hydro-
philic, and could be wetted by a liquid (Fig. 6(a)). The coating
composed of modied PSF particles presented excellent
286 | Nanoscale Adv., 2019, 1, 281–290
superhydrophobicity, which is revealed by Fig. 5(b) and 6(c). The
SEM images (Fig. 6(d)) were different from those in Fig. 6(b). This
can be attributed to particle formation. Countless microspheres
aggregated and generated particles with a micro–nano-structure
before being modied by TTO.

Therefore, the particles can maintain their structural colour
in solution, as is displayed in Fig. 3(b); nonetheless, they cannot
generate enough roughness, as shown in Fig. 6(e). Fig. 6(d)
clearly demonstrates that the coating is composed of polymeric
microspheres and generates micro–nano-roughness on the
substrate. Comparing the AFM images of the original and
modied surfaces (Fig. 6(e)), the modied surface is found to be
rougher than the original one. And the value of roughness of the
modied surface is also higher. Considering that the Marmur
state combines theWenzel state and Cassie–Baxter state,16 some
air can be trapped in grooves of the rough surface when
a droplet comes into contact with the surface, as simulated in
Fig. 6(f). These grooves can also be discovered in the AFM
images (Fig. 6(e)). Also, in the surface composed of the original
PSF powders, these structures can be obtained. However, the
surface presented hydrophilia. That is because it exhibits
nanoscale roughness and there are no hydrophobic groups in
the molecule. Due to the particle aggregation and modication
by reaction with TTO, the surface composed of modied PSF
powders generates greater roughness, and numerous hydro-
phobic groups were introduced into the molecular chain.
Hence, the surface can obtain excellent superhydrophobicity.

As one of the applications of a superhydrophobic surface, self-
cleaning is necessary for the coating to survive in natural envi-
ronments. Dust is one of the major contaminants that can pollute
and damage the functional surface. And self-cleaning is important
for the surface to protect its functionality. Therefore, dust was
used in this study to act as a contaminant. The whole process is
presented in Fig. 6(g). A certain amount of dust was placed on the
surface. Aer that, a water column was injected onto the surface.
When a droplet made contact with the dust, the dust adhered to
the droplet surface and rolled down with the droplet. Then the
surface cleanness was restored without any dust on it. And in the
whole process, the surface was neither wetted nor cracked by the
injection of the water column, which demonstrates that the
coating possesses a certain degree of mechanical strength.

In addition, the thickness of the coating (II red) was
measured, and the cross-sectional SEM images of the coating on
the glass substrate are shown in Fig. 6(h)–(j). The thickness can
be modulated by adjusting the amount of solution. The coated
area was limited to 2 cm� 2 cm. And 1.5, 2 and 2.5 mL of the as-
prepared solution were dropped and spread out evenly onto
cleaned glass substrates, respectively. And the thickness of the
as-prepared coating can be clearly measured from the SEM
images. The coating thicknesses when using 1.5, 2 and 2.5 mL
solution are 8.875 mm, 10.066 mm, and 15.657 mm, respectively.
With increasing solution volume, the thickness of the coating
increases. As shown in the top right corner of Fig. 6(h)–(j), the
CA is almost 150�, and it cannot be affected by the thickness.
The reection spectra are shown in Fig. 6(k). They demonstrate
that the structural color cannot be affected by the thickness
either.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) The optical photograph and CA image of the coating composed of the original PSF particles. (b) SEM images of the coating composed of
the original PSF particles. (c) The optical photograph andCA image of the coating (I green) composed of themodified PSF particles. (d) SEM images
of the coating composed of the modified PSF particles. (e) AFM images of the coatings composed of the original PSF particles and modified PSF
particles. (f) Schematic diagram of the Marmur state. (g) Self-cleaning experiment of the coating composed of the modified PSF particles. (h–j)
Cross section of the coating (II red) with different thicknesses: (h) 8.875 mm, (i) 10.066 mm, and (j) 15.657 mm. The top right corner presents the CA
image of the coating. (k) The reflection spectra of the II red sample with different thicknesses: (h) 8.875 mm, (i) 10.066 mm, and (j) 15.657 mm.
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Responsive and repeatable structural colour conversion by
liquids

The as-prepared coating possesses a macroscopic colour
response for liquids which can wet the surface. That is attrib-
uted to the swelling or shrinkage of microspheres which has
beenmentioned in the previous section (Fig. 1). And the coating
This journal is © The Royal Society of Chemistry 2019
can repeatedly respond to the stimulation of liquids, even
different kinds of liquids. The response process is presented in
Fig. 7(a). A droplet wetted the surface and generated a localized
wet spot on the surface. The area exhibited a special single
structural colour under visible light. (In Fig. 7(a), green colour
was chosen as an illustration.) Aer the evaporation of the
Nanoscale Adv., 2019, 1, 281–290 | 287
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Fig. 7 (a) Schematic diagram of the colour variation of the coating
wetted by a droplet. (b–d) The optical photographs of colour variation
after wetting of no. I, II and III superhydrophobic PSF coatings. From
left to right, the images present the original coating, the coating
wetted by ethyl alcohol, and the coating after drying. The rightmost
images are the CA images and optical photographs of the droplets
distributed on the surface.
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liquid, the colour faded away, and the coating returned to its
original colour. As shown in Fig. 7(b)–(d), all the coating
samples presented a macroscopic colour response for ethyl
alcohol. When a drop of ethyl alcohol was dropped on the
surface, the coating generated high-contrast colour variation
and exhibited structural colours which were similar to the
colours of the original particles (Fig. 3). Aer the evaporation of
Fig. 8 (a) The thermostability of the no. I superhydrophobic coating. (b
photograph of a droplet distributed on the superhydrophobic surface
superhydrophobic surfaces. (d) CA images of water, diesel, 1,2-dichloroe
cycle testing of the no. I coating wetted by different liquids. (f) The optic

288 | Nanoscale Adv., 2019, 1, 281–290
the liquid, the coatings returned to their original colour and
also possessed excellent superhydrophobicity and water repel-
lency (CA $ 150�), as shown in the top right corner of Fig. 7(b)–
(d). Moreover, the reectance at this time can also be calculated.
Judging from eqn (1) and the parameters of Fig. 2(d) and 4(e),
the reectance at this time can be calculated, and the valve is
1.513.

Considering the degree of colour variation, the no. I sample
was chosen to perform various performance tests because of the
bright colour variation. Firstly, the thermostability of the
coating was tested. The no. I sample was put into a muffle
furnace and heated for 2 h at 20, 30, 40,., 150 �C, respectively.
Aer cooling, its superhydrophobicity and colour variation were
tested. And the whole test process is demonstrated in Fig. 8(b).
The thermostability of the coating is shown in Fig. 8(a). Judging
from the TG curves of the particles (Fig. 4(c)), the test temper-
ature range was maintained between 20 �C and 150 �C. Fig. 8(a)
demonstrates that the coating possessed a certain degree of
thermostability, and can also retain its superhydrophobicity
and responsive structural colour below 150 �C. However, per-
sulde is unstable at high temperature and can easily be
oxidized to sulfur dioxide. However, it can still retain its func-
tionality below 150 �C, which means that the coating is suitable
for use in daily life. In addition, the responsive performance can
aid the detection of the liquid by the naked eye. Moreover, we
tested the responses of the coating for several other liquids. To
our astonishment, all three coatings (I, II and III) presented not
only excellent superhydrophobicity, but also a certain degree of
oleophobicity. As shown in Fig. 8(c) and (d), ve kinds of liquid
were chosen to test the performance. And only diesel and water
could maintain a globular shape on the surface and presented
a large CA, almost �150�. Other liquids such as ethyl alcohol,
) The images of colour variation by ethyl alcohol wetting and optical
. (c) The statistics of the water and diesel CA on the no. I, II and III
thane and ethyl alcohol on the no. I surface. (e) The statistical data of
al photographs of the no. I coating wetted by different liquids.

This journal is © The Royal Society of Chemistry 2019
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1,2-dichloroethane, normal octane and hexamethylene wetted
and spread on the surface, which means that the coating can
detect liquids whether they are pure water or diesel. And when
other liquids made contact with the surface, the coating
exhibited a specic single structural colour (Fig. 8(f)). Cycling
durability was also tested for this paper. As shown in Fig. 8(b),
one cycle included three steps. First of all, the coating was
wetted by a liquid and then it exhibited a specic structural
colour. Aer that, the coating was dried at 60 �C. Aer drying
completely, the superhydrophobicity of the coating was tested.
Next, these steps were repeated several times until the coating
began to lose its functions. Four liquids were chosen to test the
cycling durability of the coating. The results are presented in
Fig. 8(e). The coating can maintain its functions for 148 cycles
when wetted by ethyl alcohol. With increasing number of cycles,
the surface began to be damaged and lost both its super-
hydrophobicity and structural colour. This can be attributed to
the weak dissolution of PSF particles in ethyl alcohol. And in
other oil liquids, the coating could withstand approximately
130 cycles. In this test, the coating presented better cycling
durability and could respond to various liquids.

The coating is adequate for use in daily life and its macro-
scopic colour response behavior gives it enormous application
potential in military, medicine, mechanical and other elds.
Conclusions

For the rst time, a polysulde coating with super-
hydrophobicity and structural colour was successfully prepared
by a facile process. The PSF superhydrophobic coating
possesses excellent superhydrophobicity, oleophobicity for
diesel andmacroscopic structural colour variation when wetted.
The colour is changed when the coating is wetted and it returns
to its original colour aer drying. In addition, the surface
presents better reusability and thermostability which satises
various daily needs, exhibits better survivability under rainy,
windy and hot natural environments. Hence, it has enormous
application potential in the elds of detection, sensing, anti-
counterfeiting and security, and the PSF superhydrophobic
coating can be considered as an excellent candidate for
designing liquid responsive materials. For the rst time, we
present a novel and low-cost strategy to fabricate a PSF surface
with both superhydrophobicity and structural colour, offering
signicant insights into the practical application of this func-
tional material.
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