
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 8
:1

1:
15

 P
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
Facile approach
aZhejiang Provincial Key Laboratory of Adva

Technology, College of Chemical and Biol

Hangzhou 310027, China. E-mail: qhzhan

Tel: +86-571-8795-3382
bInstitute of Zhejiang University-Quzhou, 32

† Electronic supplementary informa
10.1039/d0ra01786h

Cite this: RSC Adv., 2020, 10, 19157

Received 25th February 2020
Accepted 19th April 2020

DOI: 10.1039/d0ra01786h

rsc.li/rsc-advances

This journal is © The Royal Society o
to design a stable, damage
resistant, slippery, and omniphobic surface†

Muhammad Imran Jamil,a Lina Song,a Juan Zhu,a Numan Ahmed, a Xiaoli Zhan,*ab

Fengqiu Chen,ab Dangguo Cheng ab and Qinghua Zhang *ab

Creating a robust omniphobic surface that repels various liquids would have broad technological

implications for areas ranging from biomedical devices and fuel transport to architecture. The present

omniphobic surfaces still have the problems of complex fabrication methods, high cost, and being

environmentally harmful. To address these challenges, here we report a novel process to design a non-

fluorinated, long-term slippery omniphobic surface of candle soot nanoparticles with a silicone binder

that cures at room temperature. The porosity, nanoscale roughness, strong affinity of the substrate with

the silicone lubricant, and retention of lubricant after curing of the binder play an important role in its

stability and low ice adhesion strength at sub-zero temperature. The developed surface exhibits damage

resistant slippery properties, repellency to several liquids with different surface tensions including blood,

delay in freezing point along with ultra-low ice adhesion strength (2 kPa) and maintains it even below

7 kPa under harsh environmental conditions; 90 frosting/defrosting cycles at �90 �C; 2 months under an

ice layer; 2 months at 60 �C; 9 days flow in acidic/basic water and exposure to super-cold water. In

addition, this novel technique is cheap, easy to fabricate, environmentally benign and suitable for

large-scale applications.
1. Introduction

Non-wetting surfaces are designed with suitable roughness and
chemical composition, and are benecial in a wide variety of
commercial applications.1 The non-wetting properties of the
lotus leaf originate due to the presence of air pockets within the
texture. Lotus leaf inspired surfaces continue to show non-
wetting properties as long as the air pockets remain stable.2

Maintaining stable air pockets, however, is challenging: the air
pockets can lose the stability upon physical damage to the
texture, can be distorted by wetting pressures,3 and can be
displaced by low surface tension liquids.4 Besides, frost nuclei,
or condensation which is formed at the nanoscale in the
texture, can totally change the wetting properties and render the
textured surface highly wetting.5,6 Slippery liquid-infused
porous surfaces (SLIPSs) is a different approach to attain non-
wetting properties.7 SLIPSs involves surfaces having pockets of
a lubricating liquid other than that of air as in the case of
superhydrophobic surfaces.8 SLIPSs are highly in demand in the
elds of materials science and chemistry due to their wide
nced Chemical Engineering Manufacture

ogical Engineering, Zhejiang University,
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4000 Quzhou, China

tion (ESI) available. See DOI:

f Chemistry 2020
applications such as in anti-fouling, oil–water separation,
bubble and droplet manipulation, and anti-icing surfaces.9–12

Ice build-up on surfaces has become a serious issue in
household appliances, outdoor public and in several industries
including transportation, wind turbines, power plants, and
telecommunications.13 Different icephobic techniques have
been applied to protect the surfaces from ice formation. The
“rst-generation” of icephobic strategies involved the use of
infrared or electro-thermal heating, low freezing point agents
(glycols, salts), mechanical forces (vibration, ice-plowing, elec-
tromagnetic impulse). These strategies are expensive, environ-
mentally harmful and high energy consuming. The “second-
generation” of icephobic strategies involve the surface engi-
neering inspired by nature.14 In recent research the lotus leaf-
inspired (superhydrophobic)15,16 and Nepenthes pitcher plant-
inspired SLIPSs (slippery liquid-infused porous surfaces) are
being used for icephobic purpose.17–19

Superhydrophobic surfaces prevent the wetting and ice
formation through small contact area due to the presence of air
between the water and the substrate.20–23 However, the inherent
drawbacks of superhydrophobic surfaces are their poor stability
under high pressure of condensed water droplets, hard to repair
aer damage and the presence of a high-energy interface (solid–
liquid). This interface increases the ice adhesion strength5,24,25

and promotes the heterogeneous ice nucleation on these
surfaces.26,27 The SLIPSs are used due to the smooth nature of
the infused liquid.7,28 The infused lubricant forms a stable
RSC Adv., 2020, 10, 19157–19168 | 19157
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lubricating lm in the porous structure of the substrate by
replacing the unreliable trapped air. The infused liquid's
smooth nature in SLIPS increases the mobility of water droplets
and decreases the ice adhesion value at the interface.29–31

However, SLIPS does not show durability due to the depletion of
infused-liquid under high shear ows and during several icing–
deicing cycles.32,33 Inspired by ice skating, Wang et al. developed
the anti-icing SLIPSs with a self-lubricating layer of water from
moisture and melted ice.34,35

In another strategy, Beemer et al. and He et al. used the
PDMS gels for super-low ice adhesion value (6 kPa) and
explained the crack initiator mechanism on so material.36,37

Irajizad and his coworkers introduced the concept of stress-
localization to develop durable icephobic surfaces with ultra-
low ice adhesion value (1 kPa).38 Organogels were also devel-
oped by swelling the PDMS network with lubricants for anti-
icing applications.39–41 Yu et al. synthesized a stable organogel
and then lubricated with amphiphilic lubricating oil for low ice
adhesion strength.42

Golovin and his coworkers designed the elastomers by
lowering their cross-link density and shear modulus for ultra-
low ice adhesion. They inserted the miscible polymeric chains
to introduce the interfacial slippage.43,44 Recently, the same
author introduced the low interfacial toughness material and
removed the accreted ice due to gravity. The interfacial tough-
ness depends on the bonding, high-stress region between the
substrate and ice.45 Recently, we fabricated a durable super-
hydrophobic candle soot coating which showed 20 kPa ice
adhesion strength at room temperature but it displayed high ice
adhesion at �20 �C and its Cassie–Baxter state was damaged
aer one day dip under the ice.16 However, the challenge still
remains to design a facile fabrication of slippery surface which
not only shows stability aer long-term dip under ice, low ice
Fig. 1 Schematic represents the fabrication of candle soot slippery liqui

19158 | RSC Adv., 2020, 10, 19157–19168
adhesion strength even at�150 �C but also repel several liquids
with different surface tensions including blood.

Here, we develop a new approach to fabricate a stable, slip-
pery, and environment-friendly omniphobic surface. We used
the RTV-1 silicone as a binder; the candle soot particles were
deposited on it in order to create porosity, nanoscale roughness,
and large surface area for lubricant retention. The surface
showed long-term stability due to the strong affinity and same
chemical composition of lubricant with the binder RTV-1. The
developed surface also exhibited, repellency to several liquids
with different surface tensions including blood, delay in
freezing point along with ultra-low ice adhesion value (2 kPa)
and maintains it even below 7 kPa under harsh environmental
conditions; 90 frosting/defrosting cycles at �90 �C; 2 months
under the ice layer; 2 months at 60 �C; 9 days ow in acidic/basic
water and exposure to super-cold water. Besides, this novel
technique is easy to fabricate, cheap, environment-friendly, and
appropriate for large-scale applications.
2. Experimental section
2.1 Materials

RTV-1 binder (PDMS component) was purchased from Xing
Yong Wei Silicone China. Paraffin wax candles were obtained
from the main market of Zhejiang university. The substrates
silicon wafers, glass slides, and aluminium metal were used for
coating purpose. Acetone and ethanol were used to clean the
substrate. Lubricant dimethyl silicone oil (PMX-200, 10 mPa,
neat 25 �C) was purchased from Aladdin industrial Co. China.
Sodium hydroxide, hydrochloric acid, glycerol, ethylene glycol,
propylene glycol, poly ethylene glycol, dimethylsulfoxide
(DMSO), and formamide (DMF) were purchased from Chemical
Reagent Co. Coffee and milk were purchased from the main
market of Zhejiang university.
d infused porous surface (CS + SLIPS).

This journal is © The Royal Society of Chemistry 2020
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2.2 Fabrication of slippery soot surface

The extremely stable and slippery candle soot surface was
fabricated by following these steps; rst, the glass slide was
washed with C2H5OH and CH3COCH3 respectively. Then, the
adhesive base material RTV-1 was spin-coated on a glass slide
with 4000 rpm speed to get a thin layer of adhesive RTV-1 with
90 mm thickness. Then aer 2–3 minutes (before the curing and
crosslinking of RTV-1), the glass slide coated with RTV-1 and
brought above the candle ame, it was moved across back and
forth to get a smooth and uniform layer of soot particles (Fig. 1).
The deposition of soot particles was continued for one minute
until the whole RTV-1 coated glass slide turned black. To obtain
small size (12–25 nm) of soot particles and defect-free slippery
surface, the topmost part of the candle ame was selected for
the deposition of soot particles. The non-embedded (extra) soot
particles were removed with air pressure. Then the prepared
soot coated superhydrophobic surface was covered by applying
the droplets of dimethyl silicone oil. The lubricant silicone oil
was applied only for 15 minutes then the substrate was stood
vertically to remove the excess lubricating oil. Finally, the
substrate was allowed to stand until its complete dryness and
curing of base adhesive material RTV-1 at room temperature.
The schematic of the detailed fabrication process of the slippery
candle soot surface has been shown in the ESI, Fig. S2.†
2.3 Characterization of surface properties

The roughness and topography of the fabricated surface were
measured by operating AFM (Agilent 5500) with tap mode and
SEM (Hitachi SU-8010) with 3.0 kV energy of beam and 10.0 mm
working distance respectively. The average value of contact
angle, sliding angle, and the contact angle hysteresis (sessile
drop, needle in method) of various liquid droplet (10 mL) with
different surface tension was determined by Dataphysics OCA
50 California USA. The liquid-repellent property was deter-
mined by applying water, glycerol, ethylene glycol, propylene
glycol, poly ethylene glycol, dimethylsulfoxide (DMSO), form-
amide (DMF), blood, milk and, coffee respectively. The surface
tension of these liquids was also measured with the help of by
the pendant drop method. The surface area and porosity of soot
particles were determined by using the micrometric instrument
ASAP 2020. The nitrogen adsorption was performed at �196 �C
with 10 second equilibration intervals. Data were collected from
vacuum to one atmospheric pressure.
2.4 Icephobic performance

The icephobicity of the fabricated surfaces was determined with
the help of crystallization delay, freezing delay of the water
droplet, and ice adhesion strength. The crystallization point of
water was determined on three samples with the help of a DSC
(TAQ 200). For this purpose, three aluminium pans were ob-
tained, one is taken as blank (hydrophilic), second is coated
with RTV + Soot particles (superhydrophobic surface), third is
coated with RTV + Soot particles + dimethyl silicone oil (slippery
surface). 3 mg water (deionized) is added in each pan. The
prepared samples were placed at the same time in the plate of
This journal is © The Royal Society of Chemistry 2020
DSC TQ200, temperature was adjusted with cooling rate 5 �C per
minute to �70 �C, then isothermal for 3.00 min. The freezing
delay of water was recorded on hydrophilic glass, super-
hydrophobic (CS + RTV-1) surface and slippery (CS-SLIPS)
surface with the help of a goniometer. For this purpose, the
prepared surfaces were placed on a Peltier cooler and main-
tained their temperature at �20 � 2 �C. The temperature of the
environment was 22.0 � 5 �C with relative humidity (60 � 3%).
We calculated the freezing delay of water (7 mL droplet) by
observing the appearance of the water droplet was noted very
carefully until a sharp solid peak was appeared in the water
droplet. The same experiment was repeated ve times to obtain
its mean value.

The ice adhesion strength was calculated on hydrophilic
glass, superhydrophobic (CS + RTV-1) surface and slippery (CS-
SLIPS) surface. Finally, the ice adhesion values were calculated
on the slippery soot surface aer its certain stability tests. For
this purpose, the prepared samples (CS-SLIPS) having (1.5 mL)
deionized water was dropped in a plastic cuvette having
dimensions (10 mm � 10 mm � 45 mm). The samples were
turned down and put in the refrigerator at�10 �C for 4 h. Before
measuring the ice adhesion strength, the samples were put into
the cooling chamber at �20 �C for 8 minutes for their stabili-
zation. The dynamometer (NK-50) was used to measure the ice
adhesion strength.
2.5 Mechanical stability tests

The stability of the fabricated candle soot slippery surface (CS-
SLIPS) was determined with the help of icing/deicing cycles,
frosting/defrosting cycles, super-cold water-impact, liquid
nitrogen/water cycles, dipping under ice and acidic/basic water
ow. The frosting/defrosting cycles test was performed on the
fabricated slippery soot surface at �20 �C, �90 �C and under
liquid nitrogen temperature (�150 �C). The icing/deicing cycles
test was performed 100 times on the fabricated slippery soot
surface at �20 �C. The super-cold water-impact test was per-
formed by dropping 800 mL beaker of super-cold water on the
slippery candle soot surface (CS-SLIPS). The slippery candle soot
surface was also dipped under the ice for 2months. The thermal
stability of the slippery soot surface was measured by putting
the fabricated glass slide in an oven at 60 �C for 2 months. The
water contact angle, sliding angle, ice adhesion value and mass
loss of the lubricants (BS 224S (Sartorius, Beijing) analytical
balance) were measured on daily basis during the period of 2
months. The stability of the candle soot slippery surface was
also measured by putting the fabricated glass slide in a beaker
lled with 200 mL of deionized water, acidic (pH ¼ 4) and basic
water (pH ¼ 12) with gentle ow of water for 9 days. The water
contact angle, sliding angle, ice adhesion value andmass loss of
the lubricants (BS 224S (Sartorius, Beijing) analytical balance)
were measured on daily basis during the period of 9 days. The
mass ratio was calculated with the help of the following formula
Mratio ¼ Maer/Mbefore. The developed surface was also pressed
with nger, adhesive tape (Scotch-600 + 200 g weight) and, cuts
were applied with the help of knife in order to determine its
stability aer physical damages.
RSC Adv., 2020, 10, 19157–19168 | 19159
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3. Results and discussions
3.1 Design principle of SLIPSs

Before laying to the fabrication method, we discuss the design
principle of SLIPS (slippery liquid infused porous surfaces). The
stable slippery surface must fulll the following criteria (i)
lubricating oil and probe liquid must be immiscible; (ii) lubri-
cant must be wet and wick into the solid substrate (surface
energy of solid substrate must be higher than the surface
tension of lubricating oil, ought tomismatch the probe liquid; if
intrinsic surface energy of solid substrate does not match with
lubricating oil, the chemical composition of solid substrate
could be modied). (iii) The solid substrate must have a higher
affinity for the lubricating oil over the probe liquid. (iv) The
solid substrate should preferably have nanoscale roughness in
Fig. 2 Schematic shows the fabrication of stable SLIPS due to the
capillarity of porous soot particles.

Fig. 3 Schematic shows the candle soot slippery surface (CS-SLIPS) as

19160 | RSC Adv., 2020, 10, 19157–19168
order to provide the large surface area for the retention and the
strong adhesion of lubricating oil.18,46 Our slippery soot coating
follows all the principles as conspicuously evident in the Video
S1, ESI.†
3.2 Fabrication and surface properties of slippery soot
surface

Although the soot particles show great water repellency, they do
not have any physiochemical interaction with the substrate
which conrms its poor adhesive property.47 To address this
issue, a silicone binder (RTV-1, PDMS component) is used to
develop its adhesive behavior with the substrate. The RTV-1
(room temperature vulcanizable) is used as a low modulus
hydrophobic binder. The base material RTV-1 is viscoelastic,
resistant to high temperature, readily curable and non-
deformable.

The binder RTV-1 was spin-coated (4000 rpm, thickness
90 mm) on the substrate. Then, the RTV-1 coated substrate was
brought above the candle ame and we selected the topmost
part of the candle ame (3.2 cm above the wick of candle,
supplementary Fig. S1†) in order to deposit the soot particles
with smaller size #20 nm. The soot deposition continued for
one minute with constant to and fro motion of RTV-1 coated
substrate in order to get a uniform layer of soot particles. RTV-1
coated substrate turned black with sustainable thin lm of
a good reservoir and lock in place of silicone oil.

This journal is © The Royal Society of Chemistry 2020
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rubber owing to it's non-deformable and resistant to high
temperature as shown in Fig. 1 and S2, ESI.† Fig. S3a, ESI,†
shows the porous morphology and fragile structure of the soot
particles without binder (RTV-1). The soot particles deposited
into the binder RTV-1 are shown in SEM image of Fig. S3b, ESI.†
The collected spherical soot particles have average size of
20 nm. The results of AFM show that the soot deposited
substrate has average root mean square roughness (Rrms) of
168 nm as shown in Fig. S3c and d, ESI.† The prepared soot
coated superhydrophobic surface was covered by applying the
droplets of dimethyl silicone oil. The silicone oil gets completely
penetrated into the soot coated substrate due to its porosity,
suitable surface energy, and nanoscale roughness (cause
increase in surface area). The porosity and nanoscale roughness
of soot particles (Fig. 2) enhances the adhesion and immobili-
zation of lubricant due to the capillarity.48

The nitrogen adsorption–desorption isotherms in Fig. S5†
shows the surface area up to 156.66 m2 g�1 and the total pore
volume up to 0.5144 cm3 g�1 with 13.8 nm pore diameter. In
addition, the magnied SEM images and other structural
parameters of the porous soot particles have also been shown in
Fig. S4 and Table S1† respectively. Thus, these small size
interconnected pores enhanced the complete spreading, and
rmly holding of lubricant for the good slippery behavior of
soot particles.

In addition, the adhesive base material RTV-1 silicone and
the lubricant silicone oil show strong affinity with each other
Fig. 4 (a) 2-D AFM image of slippery soot surface (b) 3-D AFM image of sl
SEM image of slippery soot surface.

This journal is © The Royal Society of Chemistry 2020
due to their identical chemical composition. The lubricant was
applied only for 15 minutes, then the substrate was stood
vertically to remove the excess lubricating oil. Finally, the
substrate was allowed to stand until its complete dryness and
curing of binder RTV-1 at room temperature. The soot coated
RTV-1 network swelled and proved to be a good reservoir for the
retention of silicon oil as shown in Fig. 3. Further chemistry
about the RTV-1 binder and its curing at room temperature has
been discussed in Scheme S1, ESI.†

The smooth nature of the developed slippery surface of soot
is manifest in Fig. 4 by AFM and SEM results. The interaction of
water with superhydrophobic and slippery surfaces of soot
particles can be seen in ESI Video S2.† It shows that the position
of trapped air in superhydrophobic surface (shiny silver mirror)
has been replaced with lubricating oil to make it slippery in
nature.

The wettability results of the uncoated (hydrophilic) and
coated (hydrophobic to slippery) surfaces are shown in ESI
Fig. S6.† The contact angle hysteresis (CAH) of water droplet
(10 mL) was also measured on the prepared samples as available
in Fig. 5. The low CAH ¼ 3� value of slippery soot surface also
indicates its smooth nature without the pinning points.

The slippery performance of the prepared surface is also
determined with the help of sliding angles (SA) and contact
angles (CA) of various liquid droplets having different surface
tensions. The Fig. 6 shows that the value of contact angles of
different liquid droplets rise with the increase of surface
ippery soot surface (c) SEM image of slippery soot surface (d) Magnified

RSC Adv., 2020, 10, 19157–19168 | 19161
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Fig. 6 (a) Contact angle of various liquid droplets (10 mL) on the soot slip
soot slippery surface. (c) Contact angle (CA) and Sliding angle (SA) photo

Fig. 5 Contact angle hysteresis of water on sample surfaces.

Fig. 7 Photos (a and b) represent the blood repellency and its contact a

19162 | RSC Adv., 2020, 10, 19157–19168
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tension for 10 mL droplet volume. The contact angles of 10 mL
droplets of formamide, dimethylsulfoxide (DMSO), ethylene
glycol, glycerol, and water are 70 � 2.0�, 73 � 2�, 79 � 2�, 85 �
2�, and 118 � 2� respectively. The sliding angles increase with
the rise of surface tensions of various liquid droplets for 10 mL
droplet volume. The sliding angles of 10 mL droplet volume of
formamide (DMF), dimethylsulfoxide (DMSO), ethylene glycol,
glycerol, and water are 2.4 � 0.5�, 4.2 � 0.5�, 4.5 � 0.7�, 5.5 �
0.6�, and 6� 0.5�, respectively as shown in Fig. 6b. Fig. 6c shows
the photos of contact angles and sliding angles of various liquid
droplets for 10 mL droplet volume on the soot slippery surface.
These photos clearly show difference of wetting of behavior of
various liquid droplets having different surface tension.

The omniphobic nature of soot slippery surface provide
a straightforward solution for blood repellency, resistance to
fouling (Fig. 7) and repellency of liquids with different surface
tension. The slippery behavior of the above mentioned liquids
pery surface. (b) Sliding angles of various liquid droplets (10 mL) on the
s of various liquid droplets on the soot slippery surface.

ngle with soot slippery surface.

This journal is © The Royal Society of Chemistry 2020
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with different surface tensions including coffee, milk and blood
can be shown in the Video S3.†

3.3 Delay in freezing point on candle soot slippery surface

The delay in the crystallization of water droplets was determined
through differential scanning calorimeter (DSC, Q200 system, TA
instruments) analysis by decreasing the temperature
Fig. 8 DSC curves of super-cooled water droplet on blank crucible
(hydrophilic), crucibles with candle soot (superhydrophobic) and
crucibles with candle soot slips (slippery).

This journal is © The Royal Society of Chemistry 2020
incrementally and the complete freezing phenomenon of a single
water droplet was observed with the help of goniometer (CAM
200 OCA) at �20 �C.42,49 The DSC results reveal that the candle
soot slippery (CS-SLIPS) crucible shows small heat ow (released
due to water crystallization) as compare to superhydrophobic (CS
+ RTV-1) and blank hydrophilic crucible. The small heat ow is
attributed to the insulating thin layer of lubricant oil. The ultra-
smooth interface of oil-infused soot particles lowers the crystal-
lization rate of water droplet due to the reduced ice nucleation
sites as compared to the superhydrophobic surface. Since the
blank crucible is hydrophilic in nature and hasmore contact area
with water droplet, therefore the water droplet of hydrophilic
crucible shows large heat ow (171 W g�1) and crystalizes at
�9.9 �C (high temperature) as compared to superhydrophobic
(CS + RTV-1, �12.8 �C) and slippery oil-infused candle soot
surface (CS-SLIPS, �13.3 �C) as shown in Fig. 8. Thanks to the
reduced ice nucleation sites of oil-infused soot particles and their
slippery property for delaying the crystallization of water (3.4 �C).

The complete freezing phenomenon of a single water droplet
(7 mL) was also observed on hydrophilic (glass), candle soot
deposited glass (superhydrophobic) and slippery oil-infused
soot surface at �20 � 2 �C. The transparent center of water
droplet gets disappeared and a sharp peak of ice appeared aer
the completion of freezing process. The freezing delay of water
droplet on the prepared samples was observed in this order:
slippery surface (CS-SLIPS) > superhydrophobic surface (CS +
RTV-1) > hydrophilic surface (glass). The slippery surface of soot
particles (CS-SLIPS) showed six times more freezing delay of
water as compared to hydrophilic glass as shown in Fig. 9. The
delay in freezing point and crystallization of water affirm that
the slippery surface of soot particles prevents the ice formation
by removing the water droplet before its freezing. The freezing
delay of water droplet is credited to the slippery interface due to
lack of pinning points and heterogeneities. The candle soot
slippery interface is suitable for homogenous nucleation of
water according to the classical nucleation theory.50 Eqn (1) and
(2) represents the relation between the homogenous nucleation
barrier (DGhomo) and heterogeneous nucleation barrier
(DGHeter). The value of their cofactor S(q) was determined by
using the following eqn (3) which depends on contact angle q.

DGhomo ¼ �4

3
pr3DGV þ 4pr2sIL (1)

DGHeter ¼
�
� 4

3
pr3DGV þ 4pr2sIL

�
SðqÞ ¼ DGhomoSðqÞ (2)

SðqÞ ¼ 1

4
ð2þ cos qÞð1� cos qÞ2 (3)

Here r indicates nucleation radius, sIL represents interfacial
energy between ice nucleus and liquid water, DGV is driving force
for solidication and q is contact angle of ice nucleus on slippery
soot coating as shown in Fig. 9. The value of the contact angle in
our case is 120� andwhich results theDGHeterz 0.84DGhomo. The
candle soot slippery surface promotes the homogenous nucle-
ation51,52 of water instead of heterogeneous nucleation due to its
chemically homogenous and smooth interface.53
RSC Adv., 2020, 10, 19157–19168 | 19163
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Fig. 9 Photographs show the delay in the freezing process of water droplet (7 mL) on hydrophilic glass, superhydrophobic soot surface (CS +
RTV-1) and slippery soot surface (CS-SLIPS).

Fig. 10 Ice adhesion strength on sample surfaces.
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In short, when the temperature of the soot coated super-
hydrophobic surface decreases, the trapped air (Cassie–Baxter
state) in between the soot particles and the water droplet is
removed with the passage of time then soot particles provide
nucleation site for the water molecules to form a stable ice
nucleus in short time. But in case of slippery liquid infused
surface SLIPS, the possible nucleation sites of soot particles are
reduced by applying silicone oil.28 The solid–liquid interface is
converted into liquid–liquid interface (SLIPS) which helps to
slow the homogenous nucleation as compared to
Fig. 11 Candle soot slips (CS-SLIPS) maintain its slippery behavior after
2 months dip under the ice.

19164 | RSC Adv., 2020, 10, 19157–19168
superhydrophobic surface. Thus, SLIPS surface of soot particles
provides a chemically homogeneous interface and drastically
reduces the possible nucleation sites which results delay in
freezing point of water.

3.4 Ice adhesion strength

The icephobic surfaces show ice adhesion sice < 100 kPa.43,45 In
our case, the soot slippery surface showed extremely low ice
adhesion (3 � 1 kPa) as compared to the superhydrophobic
(20 � 5 kPa) and hydrophilic glass (615 � 20 kPa) as shown in
Fig. 10. A real icephobic surface can also remove the ice under
gravity action, small vibration and wind forces. We have per-
formed different tests at different temperatures (25 �C to�90 �C)
and observed the ice fall under the action of gravity, vibration, air
pressure, and small force of tweezers. For this purpose, the ice
pieces of different sizes were made on the slippery soot surface
then their fall was observed under the action of gravity. This
shows that a large and a small piece of ice can be easily removed
from the developed slippery surface as evident in the ESI Video
S4.† We also observed the ice removal at �20 �C on slippery soot
surface due to wind force as shown in ESI Video S5.† This test
shows that the ice can be easily removed from the slippery soot
surface at low temperature. Finally, we observed the ice removal
with the help of small force (tweezers) at different temperatures
(25 �C to �90 �C). This test also conrms the easy removal of ice
from the slippery soot surface even at�90 �C as shown in the ESI
Video S6.†

3.5 Stability of slippery soot surface

The poor stability of slippery surfaces is a big problem that
hinders its use for industrial applications. The leakage and
evaporation of lubricant can destroy its slippery and icephobic
behavior. To address this issue, we have developed a long-life
slippery surface of soot particles with the durable binder
(RTV-1, cured at room temperature and swelled in the presence
of lubricant). The capillarity effect of porous soot particles and
chemical affinity of the lubricant with base material RTV-1
(binder) played an important role in the longevity of the
surface. In order to determine the stability of the developed
slippery surface tests viz. icing/deicing cycles; frosting/
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 Contact angle of water on candle soot slippery surface after
different mechanical tests.

Fig. 12 Schematic shows the sliding angle of candle soot slippery
surface (CS-SLIPS) after different stability tests.
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defrosting cycles; super-cold water-impact; liquid nitrogen/
water cycles; dip under ice; thermal stability at 60 �C and
acidic/basic water ow were performed. The slippery soot
surface maintained its slippery property (SA, 10 � 1�) with ice
adhesion value (3 � 0.3 kPa) aer 100 icings/deicing and 120
frostings/defrosting cycles at�20 �C as shown in Fig. 12 and 13.
In order to convince the readers about this novel surface, 90
times frosting/defrosting test was performed at �90 �C. At the
end, little increase in sliding angle 15 � 1� (decrease in contact
angle, 110 � 2�, Fig. 14) and increase in ice adhesion value (3.5
� 0.3 kPa) was observed as compared to initial state values of
the slippery soot surface as shown in the Fig. 12 and 13
respectively.

We also determined the stability of slippery soot surface
under drastic conditions (��150 �C substrate temperature) 100
liquid nitrogen/water cycles. The developed slippery surface was
put into the liquid nitrogen for 50 seconds then quickly dipped
it into the water in order to make a thin ice layer. A gentle
Fig. 13 Schematic shows the ice adhesion strength of candle soot
slippery surface (CS-SLIPS) after different stability tests.

This journal is © The Royal Society of Chemistry 2020
vibration or a weak shear force is enough to remove the thin
layer of ice before its melting as shown in ESI Video S7.† Finally,
increase in sliding angle 15 � 2� (decrease in contact angle 112
� 2� Fig. 14) and increase in ice adhesion value (4� 0.3 kPa) was
observed as compared to initial state values of the slippery soot
surface as shown in Fig. 12 and 13 respectively. The slippery
behavior of super-cold water (�10 �C) was also observed on the
developed slippery soot surface. First, we dropped small super-
cold water droplets then 800 mL beaker of super-cold water with
certain height was dropped on to the slippery soot surface as
shown in ESI Video S8.† This test shows that the surface
maintains its slippery and hydrophobic property even aer the
impact of super-cold water and little increase in sliding angle 14
� 2� (decrease in contact angle 108� 2�, Fig. 14) and increase in
ice adhesion value (3.5 � 0.2 kPa) was observed as compared to
initial state value of the slippery soot surface as shown in Fig. 12
and 13 respectively.

The stability of developed surface was observed by dipping it
completely under the ice for 2 months at �10 �C as shown in
Fig. 11. Aer 2 months, the surface was placed at room
temperature for some time then the thick layer of ice was
allowed to fall off under the gravity action shown in ESI Video
S9† and little increase in sliding angle 12 � 1� (decrease in
contact angle 116 � 2� Fig. 14) and increase in ice adhesion
value (4 � 0.2 kPa) was noted aer 2 months as compared to
initial state value of the slippery soot surface as shown in Fig. 12
and 13 respectively.

Similarly the thermal stability of the developed surface was
observed by putting it in an oven at 60� for 2 months and
increase in sliding angle 12 � 1� (decrease in contact angle 156�

Fig. 14) and increase in ice adhesion value (3.5 � 0.2 kPa) was
noted as compared to initial state value of the slippery soot
surface as shown in the Fig. 12 and 13 respectively.

In order to observe the stability of the developed surface in
owing water, the surface was dipped in three different beakers
(200 mL pure water, mild acidic water, mild basic water) for 9
days with gentle water ow and the water was changed aer
RSC Adv., 2020, 10, 19157–19168 | 19165
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every 24 hours respectively. The contact angle, sliding angle and
mass loss was noted every time. Finally, the change in a mass
loss was negligible (Fig. S7, ESI†) due to the very strong affinity
of lubricant with soot particles and curable binder RTV-1. The
increase in sliding angle 21 � 3� (decrease in contact angle 102
� 2�, Fig. 14) and increase in ice adhesion value (5 � 0.2 kPa)
was observed as compared to initial state value of the slippery
soot surface as shown in Fig. 12 and 13 respectively. The
increase in sliding angle aer 9 days water ow in mild acidic/
basic conditions indicates that the depletion of lubricating layer
(dimethyl silicone oil) starts. If the same experiment is per-
formed for longer periods under higher water stirring, then the
complete loss of lubricating layer may occur resulting the loss of
slippery property. This problem can be solved by increasing the
thickness of acid/base resistant RTV silicone rubber (binder,
lubricant reservoir) as well as by using high viscosity and cross-
linking silicone lubricant. Generally slippery liquid infused
surfaces have contact angle of water above 100�. In our case the
developed slippery surface of candle soot maintained its contact
angle above 100� aer different tests performed in harsh
conditions as shown in Fig. 14. The reason behind this is the
strong affinity of silicone oil with low energy soot particles.

We know that the liquid repellent property of the surfaces is
destroyed in harsh conditions and do not show damage resis-
tant slippery property. But in our case, the uidic nature of low
viscosity silicone oil and its strong affinity with the porous soot
Fig. 15 (a) Mechanical stability of the candle soot slippery surface after su
in different directions on slippery soot surface (c) shows the stable slipp

19166 | RSC Adv., 2020, 10, 19157–19168
particles along with RTV binder helps to make a damage
resistant slippery surface. The possible mechanism of the
developed damage resistant slippery surface is the replenishing
of the lubricating layer aer physical damages. The lubricant in
the porous soot and RTV rubber can ow freely towards the
damaged area due to the surface-energy-driven capillary action,7

and rells the physical voids spontaneously. Thus we can say
that the rmly locked silicone oil into the nanopores of soot
particles forms a defect-free lubricating interface that elimi-
nates the pinning of liquid applied to its surface. This leads to
form a robust damage resistant slippery surface.54 The Fig. 15
shows the stability of the slippery soot surface aer tape peel
with 200 g weight, pressing with nger, and applying many cuts
in different directions on the surface. The SEM images of the
slippery soot surface before and aer applying physical
damages have been shown in the Fig. 16. In addition, we used
the polarizing microscope (NikON, ECLIPSE E600W, Japan) to
observe the clear difference in the slippery soot surface before
and aer applying physical damages. The resulting images have
been shown in the ESI S8 and S9.† The stability of the developed
damage resistant slippery surface can be clearly seen in Videos
S10 and S11.† The slippery surface of candle soot maintained its
stability aer different tests performed in harsh conditions as
shown at the end of ESI.† Moreover, the stability can also be
increased by increasing the thickness of the coating as well as
using high viscosity and cross-linking silicone oil.
bjection to pressing, tape peel, and touching. (b) Applying physical cuts
ery surface of soot particles in the presence of physical cuts.

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 (a–c) SEM images shows themechanical stability of the candle soot slippery surface after subjection to pressing, tape peel, touching, and
knife cuts. (d) SEM image of candle soot surface after applying cut without lubricant.
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4. Conclusion

In conclusion, we have demonstrated a new approach for
fabricating a simple, low cost, scalable and environmentally
friendly SLIPS surface which relies on silicon-oil-infused
nanostructure of porous soot particles deposited on binder
RTV-1. The developed surface shows repellency to several
liquids with different surface tensions including blood and
damage resistant slippery property due to strong affinity of
silicone oil with soot particles along with RTV-1 silicone binder.
The stable and defect-free lubricating interface shows delay in
freezing point along with ultra-low ice adhesion strength (2 kPa)
and maintains it below 7 kPa aer harsh environmental
conditions. The slippery soot surface also exhibited low ice
adhesion strength at sub-zero temperature. We believe this new
development is also suitable for large scale applications such as
anti-fouling and drag reduction.
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