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ABSTRACT

In recent years, oil-contained deicing materials have aroused peoples' concern due to their weak ice adhesion
feature. Yet the loss of lubricant on oil-contained surface caused by contact or volatilization should be consid-
ered. Oily sebum secreted by sebaceous glands lubricates and moisturizes our skin, and can be reproduced
continuously even after daily cleaning. In this work, inspired by sebaceous glands, a self-lubricant (SL) coating
with ultra-low ice adhesion and excellent deicing durability was designed via continuously secreting lubricants.
To determine the suitable simulant of oily sebum, the tribological tests and theoretical simulation analysis of
lubricant on ice were conducted, confirming the effect of polydimethylsiloxane (PDMS) lubricants. By well
mixing lubricant and resin, and sebaceous glands-like structures formed in coating matrix after curing, which
endowed coating with lubricant storage feature and sebum-like secretion structure. The affinity of PDMS mol-
ecules to ice and the regeneration of lubricant film ensured the deicing durability of coating. Ice adhesion
strength can be kept below 100 kPa even after 100 icing-deicing cycles, and can recover low ice adhesion
strength (~50 kPa) via lubricant secreting. This work highlights the importance of lubricant selection and gives a

new vision to designing durable icephobic materials.

1. Introduction

The freezing phenomena and accumulation of ice brings safety
hazards in many fields such as winter transportation [1], wind turbines
[2], aircraft [3], offshore platforms [4], high-speed railway and power
transmission [5,6]. In order to prevent ice formation and avoid the losses
caused by unexpected icing, anti-icing and deicing materials have been
developed in recent years to reduce the hazards of ice accumulation
[7-10]. Natural surfaces with special wettability have attracted great
attention of researchers, and masses of bionic interface anti-icing and
deicing materials were developed. Inspired by lotus leaves, super-
hydrophobic surfaces (SHSs) were built and applied on anti-icing
[11-13]. On SHSs, water drops bounced and slid away off quickly due

to the air shield trapped on the surface, which avoided ice accumulation
[14-16]. However, freezing phenomena was inevitable on SHSs in cold
humid ambience and led to high ice adhesion strength due to the
interlock effect between ice and SHSs [9]. Surface morphology of SHSs
can be destroyed via mechanical deicing, which irreversibly decrease
superhydrophobicity and anti-icing performances. To overcome the
drawback of SHSs, external energy, such as, solar light [17-20] and
electricity [17,21] were introduced to melt ice on SHSs to ensure non-
destructive deicing. Bioinspired by Nepenthes pitcher plants, re-
searchers developed various slippery liquid-infused porous surfaces
(SLIPS) [22], and reported excellent anti-icing performance [23-26].
Lubricant impregnated in functional porous solid has not only created
isotropic smooth surface to delay icing but also isolated the direct
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contact of ice block and solid surface to reduce ice adhesion strength.
Yet, lubricants on SLIPS drained inevitably by contact repeatedly or
volatilization, which led to the loss of anti-icing performance [27-30].
Thus, series of durable anti-icing SLIPSs were developed by enhancing
porous surface strength [31,32], or the interaction between lubrication
molecules and surface [33-36], etc. Penguins lived in the Antarctica, but
no ice was found on its skin. Researchers have found that the excellent
anti-icing feature of penguin credit to the structure of feather and oily
secretion [37,38]. Inspired by the chemical composition and structure of
penguin's feathers, Wang et al. fabricated polyimide fiber membrane
with water repellence characteristics. By choosing an effective distance
between nanofiber, coalescence of microdroplets was prevented and
anti-icing performance was achieved [37]. Besides, some insects and
fishes can survive in subzero condition, which was contributed to
themselves antifreeze protein that depress the freezing temperature by
preventing heterogeneous ice nucleation [39,40]. Inspired by the ice
nucleation suppression mechanism, AFPs mimics including poly-
ampholytes, graphene oxide and polypeptides were developed for pre-
venting ice formation [41,42].

Sebaceous glands are microscopic organs on human skin, they
secrete sebum compound continuously to protect our skin by reducing
moisture loss, inhibiting bacterial growth and lubricating skin to prevent
skin scratch, etc. [43]. In this work, inspired by skin sebum secretion, a
sebaceous glands-like self-lubricated (SL) icephobic coating that can
secrete lubricants continuously to form lubrication layer was developed.
Though lubricants were widely used to prepare the SLIPS materials, an
important issue that how to select a suitable lubricant, was rarely
considered. Experimental and theoretical analysis of two kinds of lu-
bricants including poly-a-olefins (PAOs) and polydimethylsiloxane
(PDMS) were considered, and found that PDMS was easier to form a
stable oil film on ice surface, which shows a better lubricating perfor-
mance than PAO lubricant. Thus, the PDMS lubricant acted as sebum
simulant was used to prepare self-lubrication (SL) coating. In the coating
matrix, numerous sebaceous gland-like porous structure that can
regenerate lubricant layer from bulk to surface by the connected holes
achieved long-term anti-icing. The PDMS lubricant film on SL coating
surface can prevent the direct interaction between ice and surface,
which can greatly reduce the ice adhesion strength. Both the lubricant
with sustained secretion in sebaceous gland-like structure and the af-
finity of lubricant endowed coating with durable deicing property. The
coating retained icephobic feature even after 100 icing-deicing cycles,
and even if the surface lubricant was washed off with detergent, the
coating can restore an ultra-low ice adhesion state by slowly releasing
the lubricant at room temperature. The demonstrative experiments also
confirmed the availability of SL coating in diverse application sur-
roundings. This work provides a new perspective for designing durable
icephobic coating.

2. Experimental section
2.1. Materials

Polydimethylsiloxane, hydroxypropyl silicone oil (My ~ 2200) were
purchased from Shangdong Dayi Chemical CO., LTD. 2-Hydroxyethyl
methacrylate (HEMA) and butyl acrylate were purchased from
Shanghai Aladdin Bio-Chem Technology Co., LTD. Toluene diisocyanate
(TDI) was purchased from TCI (Shanghai) Development Co., Ltd. Poly a
olefins (PAOs) were purchased from Shanghai Dowpol Chemical Inter-
national Co., Ltd. Xylene was purchased from Macklin, and azodiiso-
butyronitrile (AIBN) was purchased from J&K Scientific. Dibutyltin
dilaurate (DBTDL) was purchased from Damao Chemical Reagent Fac-
tory. 2-Acetoxy-1-methoxypropane (PMA) was purchased from Aladdin
and dewatered by magnesium sulfate before used.
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2.2. Characterization

Viscosities of lubricants in low temperature were measured by a
rheometer (HAKKE, RS6000) at —20 °C. Contact angles on ice of various
lubricants were conducted on DECCA-100 optical contact-angle meter
(DECCA precision instrument Co., LTD Shenzhen) and Laplace-Young
algorithm was used to fitting CA values automatically, the test temper-
ature was —20 °C. Scanning electron microscope (SEM) images were
observed on a field emission scanning electron microscope (FESEM,
JEOL JSM-6701F) at 5-10 kV. MFT-R4000 reciprocating friction and
wear tester (Lanzhou Huahui) was used to measure the coefficient of
friction (COF) on ice at various friction conditions as shown in Figs. 1a
and S1. Ice with a smooth surface was prepared by cooler in advance.
The mixture of acrylate prepolymer and silicone modified crosslinker
was dropped on poly tetra fluoroethylene (PTFE) column with diameter
at 6.4 mm and cured for 3 h at 50 °C, the cured silicone modified
polyurethane (SPU) coating was used for tribological measurements. By
varying the load and temperature, COFs of SPU on ice surface was
measured to find a high COF friction condition for further lubricant
selection as shown in Fig. S2, it was found that SPU slid on ice under 4 N
and — 20 °C condition showed the highest COF as we measured.
Lubrication performances of oils were measured by tribological tests
with infinitesimal lubricants acted as medium to lubricate ice (4 N,
—20 °Q).

2.3. Synthesis of acrylate prepolymer

Monomer solution consisting of 6 g HEMA, 11 g butyl acrylate, 30 g
xylene and 0.2 g AIBN was slowly added to solution of 4 g butyl acrylate
and 10 g xylene under stirring at 80 °C for 2 h as shown in Fig. S3. The
acrylate prepolymer with viscous state was obtained by reacting at 80 °C
for another 4 h. The prepolymer solution was used to preparation SPU
and self-lubricated (SL) coating without any treatment.

2.4. Synthesis of silicone modified crosslink agent

22 g hydroxypropyl! silicone oil was slowly added to solution con-
sisting of 3.4832 g TDI and anhydrous PMA with the existence of two
drop dibutyltin dilaurate (DBTDL) under stirring tenderly at room
temperature as shown in Fig. S4a. After 6 h, crosslink agent for silicone
modified polyurethane was obtained. IR spectrum of silicone modified
crosslink agent was shown in Fig. S4b.

2.5. Preparation of SPU and self-lubricated (SL) coating

SPU was obtained by mixing a certain quantity of acrylate prepol-
ymer and silicone modified crosslinker, and the mixed solution was
sprayed on steel test sheet to obtain a flat coating at 50 °C for 3 h. A
certain quantity of SPU prepolymer was mixed with various contents of
PDMS by ultrasonic dispersion for 0.5 h. After adding crosslinker, the
mixture was sprayed on steel substrate and heating at 50 °C for 3 h, the
self-lubricated (SL) coatings with 0 wt%, 13.74 wt%, 24.15 wt%, 32.33
wt%, 38.91 wt% and 44.32 wt% lubricant contents were prepared.

2.6. Ice adhesion strength test

A laboratory-made ice adhesion tester was used to measure ice
adhesion strength. As shown in Fig. 3a, the tester meanly consists of
three parts, including motion control system, cooler and force sensor.
Cryogenic circulator was used to obtain testing temperature of —20 °C.
Coating was precooled on cooler and 2 mL deionized water was froze in
a 2 cm * 2 cm square mold for 1 h before tests. Mechanical force par-
alleled to coating was conducted on mold to peel off ice cube with ve-
locity of 0.001 m/s. The force (Fic) needed for removing ice cube was
measured by a force sensor. Ice adhesion strength (7ice) is calculated
according to formula as follows:
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Fig. 1. (a) Schematic of ice friction tester. (b) The COFs on ice surface with different lubricants (load 4 N, frequency 1 Hz). (c) The IGMH figures of the most stable
PAO-H,0 and Si-H>O complexes. (d) The CAs of lubricants on ice. (e) Schematic of the lubricating film on ice for two lubricants.
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Among them, Tjc is ice adhesion strength, F is the shear force needed
to remove ice and S is the contact area between ice and sample surface.

2.7. Deicing durability test

Deicing durability test was conducted at the same condition as
shown in ice adhesion strength test. Water freezing in ice and the
measurement of ice adhesion strength was taken as an icing-deicing
cycle. The durability of SL coating was taken by repeatedly carry out
the icing-deicing cycles.

2.8. Theoretical stimulation of the interaction between water and
lubricant molecules

Firstly, Minnesoda functions (M06-2X) [44-46] and 6-3114G(d,p)
basis set [44-46] were used to optimize the geometry structure of PAO-
H,0 and PDMS-H;0 complexes. The vibration frequency analysis was
conducted at the same level to make sure all the optimized structures
were the smallest at the potential energy surfaces respectively. The
combination of M06-2X functional and Pople basis set was widely used
to study the weak interaction of non-covalent systems [47-50]. After
that, we calculated the interaction of energy (Ei,¢) at the same level for
the lowest-energy PAO-H;0 and PDMS-H2O complexes by using the
formula,

where E (X-H30), E (X) and E (H20) are the electron energies of the most
stable compound X-H»0, X and H50, respectively. Herein, the basis-set
superposition error (BSSE) correction has been considered by using
the counterpoise method [51]. In order to deeply understand the nature
of the bonds between PAO/PDMS and water, the independent gradient
model based on Hirshfeld electron density distribution (IGMH) [52]
figures of the obtained complexes were also analyzed. All the above
calculations are performed using Gaussian 16 software [53]. The
GaussView program [53] is used to obtain the geometric structures. The
Multiwfn program is used to obtain IGMH isosurface maps [53].

3. Results and discussion
3.1. Tribological measurements for lubricant selection

Before the SL coating preparation, the suitable lubricant was
considered at first. In this work, the friction behaviors of lubricants on
ice were tested for oily lubricant selection. The schematic of friction
process on ice was drawn in Fig. 1a. The SPU coating attached on PTFE
pin was used as the upper friction pair, and infinitesimal PAO or PDMS
was acted as the medium to lubricate ice surface. The friction co-
efficients (COFs) of poly a-olefins (PAOs) and polydimethylsiloxane
(PDMS) were shown in Fig. 1b. Interestingly, the COFs of PAOs on ice
surface risen from 0.027 + 0.004 to 0.055 + 0.013 with the increase of
structural unit that affects the viscosity of PAO (Table S1). But for PDMS
lubricant, an ultra-low one-tenth of COF was presented and remained
nearly constant at ~0.005 + 0.003, which was free from the influence of
viscosity of PDMS.

To explore the reason for the difference in the lubrication perfor-
mance of these two types of lubricants, the interaction between lubri-
cant molecule and water molecule was studied by density functional
theory (DFT) calculations. The most stable structures of X-HO (X =
PAO/PDMS) are obtained and shown in Fig. S5. In the PAO-H0 com-
plex, H,O molecule combined with two hydrogens on the alkane
through its oxygen atom to form O...H bonds with bond lengths of 2.146
and 2.004 A, respectively. The interaction energy (Eg) between H,0
and PAO was 2.31 kcal/mol that indicates heat absorption and unstable
interaction. On the contrary, the Ej;; between H,O and PDMS was —5.74
kcal/mol, indicating that the binding process was exothermic and stable
interaction. Moreover, the two H---O intermolecular bonds formed be-
tween H,O and PDMS were as short as 1.755 and 1.740 A. The shorter
bonds and negative interaction energy indicated that H,O molecule was
more inclined to combine with PDMS. To intuitively visualize the weak
interaction, the independent gradient model based on Hirshfeld electron
density distribution (IGMH) figures were also obtained and plotted in
Fig. 1c, where the isosurface color of the hydrogen bond formation re-
gion in PDMS-H20 was obviously blue, indicating the strong electro-
static attraction between them. But for PAO-H,0, the dominant green
zones demonstrated the wear Van der Waals interaction between PAO
and Hy0 molecules. Thus, as compared to PAO lubricant, PDMS was
easier to combine with H2O through hydrogen bonds to form stable
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PDMS-H50 complexes. In other words, PDMS can form more stable
lubricant layers on ice than PAOs, thus a lower COF on ice surface was
presented.

The static contact angle of lubricants on ice surface also confirmed
their affinity. As shown in Fig. 1d, the contact angle of PAO droplet was
about 47.7 + 2.2°, which showed the lowest CA among the tested PAOs.
But the contact angles of PDMS droplets were <20°. The CA value means
PDMS lubricant wetted ice surface to form a stable oily lubricating film
easily. Therefore, we deduced that it was hard to form a complete and
stable lubricating film on ice surface when lubricated by PAOs. The PAO
adhered on the friction pin and wetted ice surface mildly due to its weak
interaction between lubricant and water molecules. And the PAO with
high viscosity was more easily to hinder the movement of friction pin,
which led to a high friction coefficient. But for PDMS, the lubricant
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wetted the ice surface quickly, and stable and homogeneous lubricating
film formed at the friction interface. Hardly any PDMS lubricant adhered
on the friction pin, thus the COF of PDMS on ice was independent on its
viscosity (Fig. le). From the above analysis, the conclusion can be
concluded that PDMS lubricant can form a complete and stable lubricant
film on ice surface, and effectively avoid direct interaction between ice
and substrate to reduce the ice adhesion strength.

3.2. Preparation of SL coating
Thus, inspired by sebaceous gland on our skin, the self-lubrication
(SL) coating with self-secretion lubricant was proposed, which PDMS

was acted as sebum simulant. Fig. 2a shows the preparation process of SL
coating. Acrylic resin, silicone polyisocyanate curing agent and PDMS

Prepolymer

U

13.7 wt% 24.1 wt%

32.3 wt%

44.3 wt%

i ° - - - -

i 1 Polymer Polymer
column column

i SPU SL coating

B

I L ® °

° e
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Fig. 2. (a) Preparation of SL coating. (b) Optical photographs, (b) surface morphologies and (d) cross section SEM of SPU coating and SL coatings with various PDMS
contents. (e) The friction coefficient of SPU coating and SL coatings on ice surface (—20 °C, 4 N, 2 Hz).
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lubricant were dissolved and mixed violently in the right amount of
solvent. The mixture was sprayed on substrate surface and cured at 50 °C
for 3 h to obtain SL coating. The sebaceous-gland-like porous structure
in SL coating formed by phase separation and solvent evaporation in
curing process. Fig. 2b shows the optical photograph of SL coating with
different PDMS contents. The filter paper touched to the SL coating
surfaces to judge the lubricant secretion, and only obvious oil mark was
observed on the SL coating contained with 44.3 wt% PDMS content.
Surface and cross-sectional morphologies of SL coatings were also
detected by scanning electron microscope (Fig. 2c and d). As shown in
Fig. 2c, the SL coating without PDMS lubricant exhibits smooth surface
without holes, while holes with tiny holes ranging from 10 to 40 pm
appears when PDMS lubricant content increase above 13.7 wt%. With
the lubricant content increase in SL coating, the size and number of holes
were also increased. Fig. 2d demonstrates the cross-sectional SEM im-
ages of SL coating clearly. With the increase of lubricant content, the size
and number of interpenetrated vesicles became larger, which indicated
plentiful of impregnated PDMS lubricant secretion and resulted in the
macroscopical oil mark on SL coating (Fig. 2b). To confirm the lubri-
cation of SL coatings, their friction performances on ice surface were
conducted under -20 °C. The SL coating attached to the upper friction
pin, and slid on ice surface under 4 N load. The friction coefficient was
summarized in Fig. 2e, and found that SL coating surface has a lower
friction coefficient (~0.20) than that of SPU coating surface (~0.65).
The significant difference of friction coefficient can be attributed to the
rapid formation of PDMS lubricant film on the friction zone with
reciprocating friction of SL coating surface.

3.3. Durability of de-icing

Ice adhesion strength was widely used to evaluate the deicing per-
formance. Here, a laboratory-made device was used to measure the peak
force of ice shedding to calculate ice adhesion strength (Fig. 3a), and the
ice adhesion strength of SL coatings with various PDMS lubricant con-
tents were summarized in Fig. 3b. Ice adhesion strength on the SPU
coating was 347.9 + 32.8 kPa, and the adhesion strengths gradually
decreased with the increase of lubricant. The lowest ice adhesion
strength was found on SL coating with 44.32 wt% lubricant content that
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was as low as 5.2 4+ 1.8 kPa. With the increase of lubricant, more free
lubricant was found on coating surface, greatly decreased the contact
area between ice and substrate which endowed easily deicing feature.
The durability of deicing performance was conducted on the SL coating
with 44.32 wt% lubricant content. After 100 icing-deicing cycles, the ice
adhesion strengths gradually increased to about 90 kPa (Fig. 3c), which
indicates the destruction of lubricating film between ice and coating
surface after repeatedly contact-detach cycles. In consideration of the
actual application scenario, the coating surface would be contaminated
by dust or washed by detergent. So, for above conditions, the ice
adhesion strength on dust covered SL coating surface and washed SL
coating surface were tested. The results were summarized in Fig. 3d and
the low ice adhesion strengths, 51.6 + 25.9 kPa for detergent washed
surface and 24.5 + 2.1 kPa for dust covered surface, were showed,
respectively. The resistance to water flow washing of SL coating was also
measured. The SL coating surface was fixed on a mechanical agitator and
rotated with 200 r/min in water, and ice adhesion strengths were tested
after washing with a period of time to evaluate the anti-water flow
ability. As shown in Fig. 3e, ice adhesion strength rose slowly with the
increase of water washing time, and after 34 h water flushing the ice
adhesion strength increased to 99.1 + 27.9 kPa. In addition, the re-
covery of icephobicity is the most important features for SL coating. The
PDMS lubricant secreted from SL coating matrix to guarantee low ice
adhesion strength even the surface lubricant was rinsed cleanly by
ethanol. As shown in Fig. 3f, the ice adhesion of SL coating raised to 175
kPa rapidly after washing by ethanol, while reduced to 80 kPa after left
at room temperature for one day. With the increase of days, the ice
adhesion also reduced slowly. Lubricant stored in vesicles might grad-
ually spread and secrete to coating surface, like sebaceous glands
secreted sebum as shown in Fig. 3g. The surface lubricant was gradually
regenerated and ice adhesion strength was as low as 29.8 + 3.0 kPa after
placing coating at room temperature for 30 days. As shown in Fig. 3h,
the initial ice adhesion strength of SL coating was pretty low (Tjce < 10
kPa) and we have measured the most durable deicing tests cycles
compared with other oily lubricant anti-icing surfaces [54-59]. With the
existence and regeneration of surface lubricant layer, SL coating showed
excellent deicing performance and durability.
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impregnated anti-icing materials [54-59].
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SL coating SL coating

Fig. 4. (a) Ice shedding by gravity on steel and SL coating surfaces. (b) Ice cubes falling process on SL coating treated tray and uncoated tray. (c) Large-scale deicing
on steel and SL coating. (d) Scheme and photographs of defrosting in cold windy environment.

3.4. Deicing performance

To confirm the usability of SL coating, some application proof tests
were conducted. As shown in Fig. 4a and Movie S1, ice pillar frozen on
SL coating surface can fall off by its own gravity when put the surface
vertically, yet it cannot fall off on steel surface due to the strong adhe-
sion between ice and steel surface. The cube tray was coated with SL
coating, and the ice cubes frozen in refrigerator (—30 °C) for one night.
Almost all ice cubes fall off from the cube tray coated with SL coating
when overturned, while it was hard to fall off from the bare cube tray
and stay tightly on it even twisted many times (Fig. 4b and Movies S2,
S3). Large-scale deicing performance of SL coating was also presented. A
half of steel plate with 60 * 90 cm was painted with the SL coating, and
as a contrast, the other half of steel plate was naked. Amount of water
poured on the steel plate surface and frozen in —30 °C for 24 h, as shown

in Fig. 4c and Movie S4, the ice layer fell off entirely from SL coating
surface when we took the steel plate from refrigerator, but the ice layer
attached on the steel surface tightly. The defrosting ability in cold windy
environment at the temperature of —15 °C was further tested to simulate
the working environment of airplane. As shown in Fig. 4d, the half area
of airplane wing model was covered by SL coating and the other half
place was covered by epoxy resin. Wing model was placed in a cold
humid environment for 30 min, and the surface was covered with frost,
as shown in Fig. 4d. After frosting, wind with velocity of ~28 m/s blown
on the wing model for 10 min. Frost on SL coating was approximately
removed by wind, yet residual frost was found on epoxy covered surface,
which was owing to the low ice adhesion strength on SL coating surface.
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4. Conclusion

In this work, bioinspired from sebaceous gland, a self-lubricated (SL)
coating with ultra-low ice adhesion strength and excellent durability
was fabricated. To find the optimal sebum simulant, the lubrication
performances and mechanism of two series oils, including PAO and
PDMS, on ice were considered firstly. Experimental and theoretical
simulation results confirmed the differences of lubrication performances
and figured out that PDMS had better affinity to ice surface than PAO,
which guaranteed the formation of PDMS lubricative film on ice surface
to reduce COF. Thus, the PDMS lubricant was selected as sebum simu-
lant to prepare sebaceous gland-like SL coating. The PDMS in SL coating
can also form a complete oil film to reduce the direct contact between ice
and another surface owing to the good ice affinity, therefore, greatly
decreased the ice adhesion strength(<100 kPa). With the existence of
sebaceous gland-like structure, SL coating possessed self-recover per-
formance. And the SL coating with low ice adhesion strength and long
service life showed broad application prospect in de-icing area. The oil
selection and SL coating designation may provide universal ideas for
icephobic materials.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.porgcoat.2022.107311.
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