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The formation of self-cleaning functions on silicone elastomers is crucial for practical applications but still

challenging. In this study, superhydrophobic silicone elastomers (SHSEs) with a 3D-hierarchical

microstructure were achieved during the curing process with the assistance of a homemade template.

The micro–nano structure formed by the assistance of the template makes the silicone elastomer

surface achieve robust superhydrophobicity with a WCA at �163�, which can easily self-clean, removing

surface contamination. Also, TiO2 particles transferred from the template endow the surface with

photocatalytic functions, which can degrade organic pollutants under UV irradiation. After sandpaper

abrasion, the formed SHSE can maintain its excellent hydrophobicity and show liquid repellency to wine

and coffee droplets. The SHSEs with self-cleaning functions have promising applications in water

treatment, medical facilities, and wearable devices.
1. Introduction

Silicone elastomers have gained considerable attention due to
their broad research scope and applications in micro-uidic
reactors, so robots, medical facilities, and wearable devices
due to their excellent exibility, hydrophobicity, visibility, and
air permeability.1–3 A self-cleaning ability is desirable since once
the surfaces are contaminated with stains, extra energy or
cleaning agents will be required to clean them. Typically, the
self-cleaning function can be realized in two ways. One is via
a physical process, which is to construct super-wettability
surfaces to get rid of dust during water rolling or sheeting.4,5

The other is a chemical photocatalytic process, by which pho-
tocatalysis would nally degrade organic pollutants into carbon
dioxide and water under light or UV irradiation, and then the
contaminants would be eventually removed.6–10 Multifunctional
surfaces are attractive since a surface with superhydrophobicity
has a high water contact angle (WCA $ 150�) and low sliding
angle (<10�) and could easily remove dirt by a rolling process;
meanwhile, the photocatalytic function could degrade the
organic pollutants in air or water.6,11,12

Two essentials should be considered about realizing super-
hydrophobicity. One is low surface energymaterials, and the other
Industrial Green Technology, College of

University, 354300, Wuyishan, China

nce, Fujian Normal University, 350007,

.com

ring, Guangzhou University, Guangzhou,

3@126.com; linjing@gzhu.edu.cn

the Royal Society of Chemistry
is a macro/nano-structural roughness.13–15 Compared to multiple
processes, a one-step process is more desirable for obtaining
robust SHSEs as any preceding or subsequent process (such as
coating) could destroy the surface micro/nano-structures, which
would lead to the loss of superhydrophobicity. Several methods
have been applied to achieve surface superhydrophobicity,
including sol–gel methods,16,17 laser-induced methods,18 electro-
chemical methods,19 plasma treatment,20,21 phase separation
methods,22 spin-coating,23 template methods.24,25 However, robust
superhydrophobicity is even more challenging since surface
superhydrophobicity is slowly decreased by adhesion of oily
contamination in practical uses. Once the surface was polluted,
the superhydrophobicity hardly recovered without washing by
organic solvent. Introducing semiconductor photocatalysis tita-
nium (TiO2) is probably a promising path to take off stained
organics, which can be easily removed by the photocatalytic effect
of TiO2.6–9,26 In addition, most superhydrophobic products are
fragile or unable to withstand abrasion. Abrasion accelerates
friction loss of underlying materials and may change the surface
from superhydrophobic to hydrophobic, resulting in the pinning
of the droplets to the surfaces.27,28 Designing a surface with
a micro/nanostructure to provide water repellency and durability
could improve the mechanical robustness.29

We proposed a facile route to get SHSEs with 3D-hierarchical
microstructure and photocatalysis in the present work. As shown
in Fig. 1(a), the homemade template was prepared by combining
an electro-etching process and a dip-coating method. During the
electro-etching process, aluminum plates were immersed in HCl
solution to obtain porous aluminum. The porous aluminum was
then coated by TiO2/PDMS suspension to form the homemade
RSC Adv., 2022, 12, 16835–16842 | 16835
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Fig. 1 Schematic of the preparation of (a) the homemade template (b) the SHSE.
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template. In Fig. 1(b), commercially available PDMS prepolymer
was added in a stainless-steel mold with the homemade template
sticked to the mold. Aer curing process, PDMS became a solid
rubber and then the homemade template was separated from the
cured PDMS elastomer (rubber), and then the SHSE was ob-
tained. Due to the rough surface with micro/nano-structure
copied from the porous template and the low surface energy
from PDMS molecules, the silicone elastomer has super-
hydrophobic self-cleaning properties. On the other hand, the
TiO2 particles transferred from templates make the surface
possess a photocatalytic self-cleaning function. Thus, SHSEs with
photocatalysis were prepared during a solidication process in
stainless steel mold assisted by porous aluminum templates.
This novel method will endow multi-functions on the surface of
elastomers during one molding process. Furthermore, it has
promising applications for extending other target functions
during polymer molding processes.
2. Experimental
2.1 Preparation of the TiO2/PDMS suspension

1 g tri-methoxy terminated polydimethylsiloxane (PDMS) was
dissolved in 99 g ethyl alcohol under magnetic stirring. 6 g TiO2

mixture of three different sizes mixed with the weight ratio of 20
nm : 100 nm : 200 nm ¼ 1 : 1 : 1 was added into the PDMS
solution under vigorous stirring, and then a TiO2/PDMS
suspension was formed.
2.2 Preparation of the homemade template

Porous aluminum plates (1.0 � 2.5 cm2) were obtained by the
electrolytic etching (in 3.6–3.7 wt% HCl solution) method at the
16836 | RSC Adv., 2022, 12, 16835–16842
anode under 7–8 V for 8–9 minutes. Aer cleaning with deion-
ized water, the template was dipped into TiO2/PDMS suspen-
sion for 30 seconds before it was pulled up at a speed of 1 mm
s�1. The as-prepared template was kept in the oven at 50 �C to
form a TiO2/PDMS coating on the porous aluminum, and then
the homemade template was obtained.
2.3 Preparation of the SHSEs

The template was put on the bottom of a stainless-steel mold.
Then, silicone elastomers were formed during the solidication
process (100 �C, 2 hours) in an oven using Sylgard 184 Silicone
elastomer base and its cross-linker (Dow Corning) in a 10 : 1
ratio. When keeping the mold in the oven and cooling it to 25 �C
for 6 h to ensure sufficient curing, SHSEs with photocatalysis
were achieved aer separating the silicone elastomer from
templates.
2.4 Characterization

X-ray photoelectron spectroscopy (XPS) was performed to
determine the chemical compositions of the hybrids using a VG
ESCALAB 250Xi model spectrometer (Thermo Electron, The
UK). High-resolution transmission electron microscopy
(HRTEM) was carried out using a Talos F2100X (Thermo
Scientic, The US) to investigate the interaction between PDMS
and TiO2. X-ray diffraction spectroscopy (XRD, Rinku-Miniex
600 Instrument, Japan) was performed to investigate the
crystal form of TiO2 in samples. Surface morphology is inves-
tigated by scanning electron microscopy (SEM, ZEISS EVO 18)
and Atomic Force Microscope (AFM, JPK Instrument). The
water-repellency properties of the surface of silicone elastomers
were investigated by testing water contact angles (WCAs) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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water slide angles (WSAs) using a DSA25 model contact angle
goniometer (KRUSS, German) with a 2.0 mL water droplet and
50.0 mL, respectively.

2.5 Sandpaper abrasion test

The superhydrophobic surface of a silicone elastomer is put
bottom down and slides with a weight of 50.0 g on the sand-
paper (grit no. 320) at a xed distance. WCAs and WSAs are
recorded at every 0.5 m.

2.6 Degradation of resazurin dye

During the preconditioning step, 10 mL Rz methanol solution
(0.02 mmol L�1) was added to the disk with samples and
covered with a UV-A transparent glass plate for 12 h in the dark
to ensure the surface absorbed the dye. This process was fol-
lowed by monitoring the UV-vis spectra with occasional agita-
tion of the solution (changed to 10.0 mL 0.01 mmol L�1 Rz) over
a certain period under irradiation with UV light (l ¼ 365 nm).

3. Result and discuss
3.1 Composition of the TiO2/PDMS coating on the porous
aluminum

TEM images in Fig. 2(a) show that the coating is composed of
micro/nano-structure particles from mixed TiO2. We can also
see PDMS laid outside the inorganic particles, which make
a contribution as a low surface energy component. X-ray
photoelectron spectroscopy was conducted to examine the
Fig. 2 (a) TEM images of as-prepared TiO2/PDMS, (b) XPS wide-scan surv
1s peak (d) XRD spectra of TiO2 and TiO2/PDMS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
elemental composition and the interaction between two
components. From Fig. 2(b), we can see clear peaks of Si 2s and
Si 2p showing up aer incorporating PDMS. Furthermore,
Fig. 2(c) shows that the O 1s peaks centered at 529.44 eV for
oxygen atoms from Ti–O and 531.53 eV for oxygen atoms from
–O–H, which is from the absorbed water molecules. The peak
for oxygen atoms from Ti–O shied to the lower binding energy
of 529.1 eV. Meanwhile, the strength of the oxygen atoms from
–OH in TiO2/PDMS becomes more robust than the ones from
Ti–O compared to TiO2, which indicates that a covalent reaction
happened between metal-oxide and organic PDMS.12 Three
methoxy groups from PDMS would become –OH aer hydro-
lysis. Furthermore, –OH groups will either interact with –OH
from the surface of TiO2 or –OH from PDMS (aer hydrolysis).
The XRD spectra in Fig. 2(d) show that the mixed TiO2 particles
are crystallized anatase, which shows typical peaks for crystal
facets of (101), (004), (112), (200), (105), (211), (204), and (200).
These peaks are kept in TiO2/PDMS, which indicates that the
composite could be assumed to possess the effective photo-
catalytic function as TiO2. In particular, the –OH generated
from the hydrolysis of trimethoxy-terminated PDMS favors the
interaction with TiO2.
3.2 Superhydrophobicity of the homemade template

TiO2/PDMS coatings were applied on porous substrates by
directly dipping method. Although some precipitation
occurred, we can shake the container by hand to disperse the
precipitated particles before the practice. We can see the
ey spectrum of TiO2 and TiO2/PDMS, (c) high-resolution scan of the O

RSC Adv., 2022, 12, 16835–16842 | 16837
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Fig. 3 (a) Water droplets sitting on TiO2/PDMS coating treated
substrates, (b) time-lapse photographs of water droplets bouncing on
TiO2/PDMS treated substrates, (c) water contact angle on TiO2/PDMS
treated glass as a function of UV irradiation time.
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droplets sitting well on TiO2/PDMS treated surface in Fig. 3(a).
Thus, TiO2/PDMS coated surface shows a highly water-
repellency property. The water bouncing test (Fig. 3(b))
Fig. 4 SEM images of (a) etched porous aluminum plate, (b) the coated
rating from templates; insets are WCA images after dropping a 2 mL water
EDS elemental analysis of the coated porous aluminum template and sil

16838 | RSC Adv., 2022, 12, 16835–16842
demonstrates that the water droplets can quickly bounce on the
surface, indicating that the surface is superhydrophobic other
than uncoated porous substrates. The UV irradiation test
[Fig. 3(c)] show that the WCAs can last unchanged (above 150�)
over 270 hours under UV irradiation. All the above results
indicate that the as-prepared TiO2/PDMS coating is super-
hydrophobic and has self-cleaning potential.30,31
3.3 Morphology characterization of the homemade template
and the SHSE

PDMS is hydrophobic with low surface energy at 21–22mNm�1,
and its intrinsic water contact angle is�110�. Roughness makes
it possible for a droplet to have more than one metastable
equilibrium position. The droplet can transfer from one meta-
stable equilibrium to another if the energy barrier can be
overcome.13 As shown in Fig. 4(a), aer the etching of the
aluminum plate, a 3D-hierarchical porous structure is pre-
sented in the etched aluminum plate. Aer the dipping process,
we can see the coating accumulating on the porous aluminum
plate while the hierarchical structures remain [Fig. 4(b)], and
the initial WCA is 160�. We can see from Fig. 4(c) that the sili-
cone elastomer has a 3D-hierarchical structure with an initial
WCA of 163�, which was copied from the template. However, the
porous aluminum template, (c) silicone elastomer surface after sepa-
droplet on the surfaces; (d) side-on silicone elastomer image, (e and f)
icone elastomer after separating from templates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The AFM images of silicone elastomers formed with (a and b) plane aluminum, (c and d) the homemade template.
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porous structure was lost due to the cross-linking reaction
during the curing process. Compared to the inner part of the
silicone elastomer, we can see a clear roughness structure from
the side-on image in Fig. 4(d). We can also see that the inner
Fig. 6 (a) Side view and (b) top view images of the superhydrophobic eff
and (d) after stretching to 130%; (e) schematic diagram of sandpaper ab

© 2022 The Author(s). Published by the Royal Society of Chemistry
part of the silicone elastomer has an intact structure, so the
template had only worked on the surface of the silicone elas-
tomer. From Fig. 4(e and f), we can see from the EDS elemental
analysis that Ti element exists on both template and the
ect proved by red wine and coffee; superhydrophobicity test (c) before
rasion test. (f) WCAs and WSAs after each abrasion test.

RSC Adv., 2022, 12, 16835–16842 | 16839
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template-assisted silicone elastomer, which comes from the
nano-TiO2. AFM results presented in Fig. 5(c and d) proved that
the roughness of template-assisted preparation silicone
increased compared to the silicone formed without the
template in Fig. 5(a and b), which was consistent with the SEM
results. The result indicated that both the hierarchical structure
and the component (TiO2 particles) could be successfully
transferred from the template.
3.4 Liquid repellency and wear resistance of the SHSE

Other than water droplets, the as-prepared silicone elastomers
showed liquid repellency. As presented in Fig. 6(a and b), we can
see both wine and coffee droplets can sit by a round shape on
the surface of the SHSE. As it is shown in Fig. 6(c and d), before
stretching, the water droplet is round and the WCA is 155� for
the SHSE. Aer stretching the SHSE to 130%, the water droplet
is also round with a WCA at 152�. This result indicated that the
superhydrophobicity of the bulk elastomer is kept during
stretching, which shows potential self-cleaning application
when deformation occurred. In addition, we carried out the
sandpaper abrasion test to explore the robustness and anti-
abrasive feature of superhydrophobic elastomers (Fig. 6(c)). It
presents in Fig. 6(d) that the initial WCA and WSA of SHSE are
163� and 5� separately. Both have no obvious change, with the
Fig. 7 (a) The WCA changes against UV irradiation time of 7 hours. (a1, a
and the SHSE; (a2, a4 and a6) the WCA after 7 hours for the untreated silic
of rolling offMB particles process (b1–b5) with a 50 mL water droplet on t
template formed silicone elastomer, both of themwere attached to a wh
dye solution: (d) the homemade template; (e) the SHSEs.

16840 | RSC Adv., 2022, 12, 16835–16842
abrasion distance increasing from 0 to 1.0 m (Fig. 6(b)). Aer
moving 1.0 m, the WCAs gradually decrease while WSAs
increase. Aer 3.5 m, theWCA decreases to 140.3� with aWSA at
80.7�. Thus, the superhydrophobic elastomer can maintain its
excellent liquid repellency aer sandpaper abrasion.
3.5 Self-cleaning performance of the homemade template
and the SHSE

WCAs test against UV irradiation time was recorded to evaluate
the UV duration. The initial water contact angle for the
untreated silicone elastomer, the template and the SHSE were
114�, 160� and 163�, respectively, as shown in Fig. 7(a1, a3 and
a5). It remained few changes during the UV irradiation process
for the three surfaces. Aer 7 hours, the water contact angles
were 114� for the untreated silicone elastomer, and 155� for
both of the template and the SHSE that maintained their
superhydrophobic property, as shown in Fig. 7(a2, a4 and a6).
As we know, the role of surface roughness has been discussed in
two famous main models. One is Wenzel's state. The other is
Cassie's state.32 In Cassie's state, the water droplets adopt a non-
wet contact mode which can roll off the dirt easily due to air
trapped between water droplets and substrates. As a super-
hydrophobic self-cleaning surface, it should have the ability to
get rid of dirt during the water droplet rolling process. As shown
3 and a5) Initial WCA of the untreated silicone elastomer, the template
one elastomer, the template and the SHSE. Still images from the video
he homemade template and (c1–c5) with a 20 mL water droplet on the
ite board tilted by 10�. UV-vis spectra for samples treated with resazurin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 7(b1–b5), the rolling process shows that the template is
superhydrophobicity in Cassie's state and has a practical self-
cleaning function. The same phenomenon happened in
template-assisted formed silicone elastomer. It is also in Cas-
sie's state that theMB powders were rolled off apparently during
water rolling, as it showed in Fig. 7(c1–c5). Interestingly, this
phenomenon indicated that the homemade template structure
was successfully copied from the template to the surface of the
silicone elastomer.

Resazurin is blue, and it is readily reduced to a pink reduced
form called resorun.33 The photocatalytic activity of both the
homemade template and templated assisted SHSEs were tested
against the breakdown of resazurin dye molecules.34,35 Gener-
ally, the removal of organic pollutants occurs as follows: when
the energy of the excitation source is higher than the bandgap of
TiO2, photoexcited electrons and holes are generated. The
photoexcited electrons can reduce the oxygen to form super-
oxide radicals or hydroperoxyl radicals; moreover, the holes
oxidize the adsorbed water or hydroxy into hydroxy radicals.36 As
reported by previous reports,37,38 these reactive oxygen species
can convert MB and Rz into CO2, H2O, and other minerals.
Fig. 7(d) shows that the template appeared to have an efficient
photocatalytic activity which made the dye become discolored
aer 90 min of UV irradiation. Compared to the template, as
shown in Fig. 7(e), the rate of the degradation process of SHSE
was slower. It took 210 minutes of irradiation to make Rz dye
discoloration. The reason is the content of TiO2 nanoparticles
embedded on the SHSE surface is less than the template, which
can also be proved from their corresponding EDS elemental
analysis in Fig. 4(e and f).

4. Conclusion

We introduce a template-assisted approach to preparing sili-
cone elastomers with excellent superhydrophobic self-cleaning
functions and photocatalytic activity. Notably, a bulk elas-
tomer material with multi-functions was obtained during the
one-step solidication process. The micro/nano-structure
formed by the assistance of the template makes the silicone
elastomer surface with an initial WAC at �163�, which is in
Cassie's state that can easily self-clean the surface contamina-
tion. Meanwhile, the SHSEs can maintain their excellent
hydrophobicity aer sandpaper abrasion and show liquid
repellency to wine and coffee droplets. Also, the TiO2 particles
transferred from the template make the surface has the pho-
tocatalytic activity to degrade Rz dyes and MB dyes in water.
This new approach is promising to fabricate multifunctional
materials in the one-step molding process.
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