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a  b  s  t  r  a  c  t

Excessive  ice  accretion  on  infrastructures  can  lead  to severe  damage  and  dysfunction.  In the  context  of
combating  the build-up  of  unwanted  icing and at the  same  time  maintaining  sunlight  transmission,  for
instance  on  solar  panels,  windows  and  sensors,  mechanically  durable  and  transparent  icephobic  coatings
are  highly  desired.  Herein,  we design  and  fabricate  an icephobic  coating  possessing  for  the  first  time
combined  properties  of  ultrafast  self-healing  and  outperforming  transparency.  Our  coating  can  restore
more than  80 %  of the ultimate  tensile  strength  within  45 min  of  healing  at  room  temperature  after
introducing  a cut. By  a combination  of  both  experiments  and atomistic  simulations,  we establish  the
atomistic  mechanism  for ultrafast  self-healing,  i.e.  the optimal  balance  between  polymer  chain  flexibility
and concentration  of hydrogen  bonding  pairs. Equipped  with  such  ultrafast  self-healing  property,  the
coating  shows  a stable  ice adhesion  strength  of 52.2  ± 8.9  kPa  after  20  icing/deicing  cycles,  and  48.2  ± 4.6
kPa  after  healing  from  mechanical  damage,  exhibiting  exceptional  robustness  for  anti-icing  applications
that  require  high  mechanical  endurance.  Importantly,  the  coating  on  glass  shows  a light  transmittance  of

89.1 %  in  the  visible  region,  which  is  remarkably  close  to  bare  glass  (91.9  %). Moreover,  the  coating  is  recy-
clable  due  to the dissociable  crosslinks,  providing  a sustainable  aspect  missing  in existing  state-of-the-art
icephobic  coatings.  This  coating  combines  the  properties  of  icephobicity,  mechanical  durability  (via  self-
healing),  transparency  and  recyclability,  and  thus  enlightens  the  design  of  multifunctional  materials  for
meeting complex  environmental  requirements  encountered  in the  field  of  anti-icing.

©  2019  Published  by  Elsevier  Ltd.
. Introduction

Excessive accumulation of ice and snow has a severe effect
n infrastructures and transportation, including airplanes, marine
tructures, wind turbines, power lines and many others [1–8].
pecifically, the build-up of unwanted icing on the exposed sur-
aces can block the passage of light to the surfaces, leading to the
ysfunction of apparatus that require high light transmission, such
s solar panels, windows and sensors [9]. Traditional methods for
ce removal, for instance by active heating or using anti-freezing
uids are known to be energy-intensive and could yield unsolv-
ble environmental problems [10]. Recently, various surfaces with
ow ice adhesion strength (<100 kPa) were developed to mitigate

he icing problem [2,11–15]. However, to continuously protect the
urfaces that desire optical transparency, low ice adhesion strength
s not enough. Mechanical durability and high transparency should

∗ Corresponding authors.
E-mail addresses: senbo.xiao@ntnu.no (S. Xiao), jianying.he@ntnu.no (J. He),

hiliang.zhang@ntnu.no (Z. Zhang).

ttps://doi.org/10.1016/j.apmt.2019.100542
352-9407/© 2019 Published by Elsevier Ltd.
be also integrated into the coating. Nevertheless, the mechanical
durability of these icephobic surfaces remains an unresolved issue,
especially in the outdoor applications where these surfaces are
exposed to abrasion and scratches. Mechanical damage can easily
develop in these new surfaces in the de-icing process, which fur-
ther induce strong ice adhesion caused by ice-surface interlocking,
significantly shortening the lifespan of the anti-icing functionality
[16]. Introducing self-healing function into icephobic surfaces is
an effective strategy to address the interlocking effect induced by
mechanical damage, which is also a practical approach for durabil-
ity of surface icephobicity [16,17]. Currently, self-healing icephobic
coatings require high temperature or a long self-healing time to
restore mechanical damage [16,17]. It is thus important to under-
stand the determinants of self-healing and to seek rational design
principles to optimize self-healing materials for the purpose of anti-
icing. Furthermore, coating transparency, which is highly desired
in specific application areas is still a missing property in the previ-

ously reported self-healing icephobic materials [9,16,17]. Hence,
developing an icephobic surface with combined outperforming
self-healing rate and high optical transparency is in urgent need.

https://doi.org/10.1016/j.apmt.2019.100542
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
mailto:senbo.xiao@ntnu.no
mailto:jianying.he@ntnu.no
mailto:zhiliang.zhang@ntnu.no
https://doi.org/10.1016/j.apmt.2019.100542


2 pplied

h
a
H
a
m
r
a
s
a
t
s
o
[
d
[
d
[
s
r
r
d
s
d
b
w
t
w
s
c
o
n
w
[
t
H
t
o
c
w
r

a
(
f
r
i
i
p
p
s
P
w
h
s
w
H
p
b
c
s
n
t
t

e

 Y. Zhuo, S. Xiao, V. Håkonsen et al. / A

There are many methods to realize self-healing, for example
igh temperature oxidation [18], the addition of a self-healing
gent [19] and incorporating polymer with dynamic bonds [20–28].
igh temperature oxidation requires ultrahigh temperature (such
s 1200 ◦C) to form metallic oxide to fill the damage [18]. The
aterials that based on adding self-healing agents and incorpo-

ating polymer with dynamic bonds can also be named as extrinsic
nd intrinsic healing materials, respectively [27,29,30]. The extrin-
ic healing polymers contain pre-embedded encapsulated reactive
gents which release at the cracking interfaces to fill and repair
he damage [19,28,31]. The self-healing property of these extrin-
ic healing polymers is efficient, but usually has a limited number
f healing cycles owing to the exhaustion of the reactive agents
32]. In contrast, the intrinsic healing polymers repair mechanical
amage by formation of dynamic bonds, such as hydrogen bonds
20–23], metal-ligand coordination [24], ionic interactions [25],
isulfide bridges [26,27], and key-and-lock van der Waals forces
28]. The intrinsic healing materials thus possess a non-exhaustible
elf-healing property, which is more suitable for materials under
equirements of long operation lifespans, such as icephobic mate-
ials. The self-healing process of the intrinsic healing polymers is a
iffusion-reaction process of polymer chains, which contains three
tages [33], namely the generation of reactive sites, followed by the
iffusion of polymer chains, and finally the reformation of dynamic
onds (reaction) [34]. Previous reports have found that polymers
ith non-crystalline structures displayed higher self-healing rates

han those with tightly packed crystalline molecular structures,
hich reveals the effect of crystal structure on restricting chain

egmental motion (diffusion) accounting for low self-healing effi-
iency [27,29]. These results have demonstrated the significance
f the flexibility of chains. Driven by positive entropy change and
etwork density gradients near damaged areas, the polymer chains
ill continuously diffuse into each other, thus filling the damage

34]. During this process, dynamic bonds will form when the reac-
ive sites are encountered, to strengthen the damaged interface.
owever, in turn, the formed dynamic bonds will hamper the fur-

her diffusion of polymer chains. Hence, not only can the flexibility
f polymer chains affect the healing of damage, but also the con-
entration of reactive sites. This means that flexible polymer chain
ith optimal concentration of reactive sites should be designed to

ealize fast self-healing.
Herein, by adopting flexible and colourless polymer segments

s well as tuning the concentration of hydrogen bonding sites
cH), we designed and fabricated an icephobic coating with ultra-
ast self-healing rate and high transparency. Specifically, we first
ationalized the two critical factors, chain diffusion and bond-
ng site density, in the nanoscale mechanics of the self-healing
nterface by atomistic modelling and simulations. We  then pre-
ared a polydimethylsiloxane-urea (PDU) coating consisting of
olydimethylsiloxane (PDMS) chains and urea groups (Fig. 1),
erving as flexible segments and bonding sites, respectively. The
DMS chains contain asymmetric alicyclic segments by design,
hich are in favor of chain motion (diffusion) and thus fast self-

ealing. In addition, we tuned the molecular weight of the PDMS
egment to control the concentration of hydrogen bonding sites,
hich is another key determinant of the self-healing property.
igher concentration of hydrogen bonding sites can lead to higher
ossibility of reformation of hydrogen bonds during self-healing,
ut can also render the increase of friction between polymer
hains thus lower diffusion rate. We  chose the urea groups to
erve as dynamic crosslinkers (hydrogen bonds) in the coating
ot only for healing any possible mechanically damaged area in

he coating, but also for their colorlessness to ensure high optical
ransparency.

Following our polymer design principle, the prepared coating
xhibited ultrafast self-healing rate, recovering more than 80 % of
 Materials Today 19 (2020) 100542

the ultimate tensile strength within 45 min  of healing upon cutting
at room temperature. The ultrafast self-healing properties of the
designed elastomer outperforms the results of other similar self-
healing materials from previous studies [21,23,24,26,27,35,36].
Moreover, the self-healing coating on glass demonstrated high
optical transparency, showing a transmittance of 89.1 % in the
visible region which is close to bare glass (91.9 %). Owing to the
hydrophobicity and the low Young’s modulus of the polymer,
the coating showed a low ice adhesion strength of 38.3 ± 0.5 kPa.
Importantly, the coating icephobicity was  found to be highly
durable due to efficient self-healing, showing a stable low ice adhe-
sion strength of 52.2 ± 8.9 kPa during 20 icing/de-icing cycles, and
48.2 ± 4.6 kPa after healing from purposely introduced mechani-
cal damage. The sufficiently low ice adhesion, combined with the
enhanced mechanical robustness, high light transparency as well
as recyclability, make the coating suitable for practical applications
in the field of anti-icing.

2. Results and discussion

2.1. Preparation of PDU

PDU was  synthesized from commercially available isophorone
diisocyanate (IDI) and bis(3-aminopropyl)-terminated PDMS
(H2N-PDMS-NH2). In order to elucidate the effect of the length
of free segments in polymer diffusion, three molecular weights
of the PDMS segment, i.e. 1000, 3000, and 5000 Da, were cho-
sen in the fabrication the PDU samples, as shown in Figs. 1 and
S1. The resulting polymers were denoted as PDU1000, PDU3000,
and PDU5000, respectively. To compare with a sample displaying
the crystallization effect (which is non-existent in the PDU sam-
ple), H2N-PDMS-NH2 (molecular weight: 3000) with symmetric
4,4′-Methylenebis(phenyl isocyanate) (MPI), termed PDUM3000,
was also fabricated (Fig. S1). The symmetric MPI  units in the
PDUM3000 is a strong promoter for crystallization in the as-
prepared PDUM3000 sample. More details on the experiments
are given in the Materials and Methods Section in Supplementary
Materials. 1H nuclear magnetic resonance (NMR) spectroscopy and
attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy confirmed the successful synthesis of the polymers
(Figs. S2 and S3). In addition, thermogravimetric analysis (TGA)
demonstrated the thermal stability of PDU and PDUM, with no
decomposition detected below 250 ◦C (Fig. S4).

As it is known that the intrinsic self-healing of polymers relies on
the exchange of dynamic groups [22], the hydrogen-bonding inter-
actions are highly relevant to the self-healing property of both the
PDU and PDUM samples. The hydrogen-bonding interactions of the
polymers were characterized by ATR-FTIR analysis in the tempera-
ture range of 30 ◦C–150 ◦C [22,37,38]. As depicted by the ATR-FTIR
spectra shown in Figs. 2 and S5, the bands from ∼1750 cm−1 to
∼1600 cm−1 are ascribed to the amide I mode of the urea group of
PDU and PDUM, while the bands from ∼1575 cm−1 to ∼1500 cm−1

are attributed to the amide II mode of the urea group [38]. In the
amide I region of PDU (Fig. 2a–c), the peaks at 1628 cm−1, attributed
to the stretching of hydrogen bonded C O, exhibit a blue-shift to
1636 cm−1 and reduction of intensity as temperature increases
from 30 ◦C to 150 ◦C, while several peaks arise at higher wavenum-
ber (1647, 1653 cm−1 and so on) synchronously. Such evolution
of signals indicates the dynamic dissociation of hydrogen bonds.
Furthermore, in the amide II region, with the rising temperature
from 30 ◦C to 150 ◦C, the peaks of PDU (Fig. 2a–c) at 1572 cm−1
related to the in-plane bending of hydrogen bonded N H decline,
while several new peaks (at 1559, 1541 cm−1 and so on) increase.
The corresponding signals monitored in the PDUM3000 sample
are similar to the PDU samples (Fig. 2d). In addition, in the N H
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Fig. 1. Molecular structures and self-healing mechanism of PDU and PDUM. The different molecular weights of the PDMS segment for PDU are 1000, 3000 or 5000 Da,
and  3000 Da for PDUM. Reformation of hydrogen bonds at the cut interface facilitates the self-healing.
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Fig. 2. In situ ATR-FTIR spectra obtained from PDU1000 (a),  PDU3000 (b),  PD

tretching region (3600∼3100 cm−1, Fig. S5) the broad bands at
3330 cm−1 correspond to the stretching of hydrogen bonded

 H, showing a decrease with increasing temperature. Meanwhile,
ew peaks at higher frequency, representing the free N H, arisen
nd increased. In summary, the evolution of the ATR-FTIR spectra
s the temperature was increasing clearly indicates the breakage of
ydrogen bonds and the generation of free C O and N H in all the
onsidered samples. Notably, the changes in the signals obtained

rom PDU3000 and PDU5000 were more pronounced than from
DU1000 and PDUM3000, which implies relatively easier break-
ge of hydrogen bonds in the PDU3000 and PDU5000 samples
Fig. 2).
0 (c) and PDUM3000 (d), at an increasing temperature from 30 ◦C to 150 ◦C.

2.2. Self-healing and mechanical properties

The self-healing and mechanical properties of PDU and PDUM
were investigated by means of the uniaxial tensile test. For this
purpose, self-healed polymer samples subjected to mechanical
damage by a cut with a scalpel were compared with pristine uncut
samples. As shown by the stress-strain curves in Fig. 3a–d, the
samples not subjected to cutting show largest extensibility (black

curves). The elongation at breakage of the PDU samples increases
with the molecular weight of free segment (PDMS), while a reverse
trend was observed for the Young’s modulus, i.e. decreasing from
20.71 ± 0.60 MPa  to 0.28 ± 0.02 MPa  (Fig. S6). Given that the PDU
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Fig. 3. Self-healing properties and mechanical properties of the elastomers at room temperature. Stress-strain curves obtained for the original and self-healed PDU1000
(a),  PDU3000 (b), PDU5000 (c), and PDUM3000 (d). (e) Healing efficiency of PDU, PDUM, and other previously reported elastomers (R1 [23], R2 [24], R3 [26], R4 [35], R5 [21],
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6  [36] and R7 [27]). (f) Self-healing capability of the PDU3000 sample with cross-se
s  ∼93 g (right). (g) Optical microscopy images of scratched PDU3000 during the self
n  (a) and (d) are the magnified versions.

hains are cross-linked by hydrogen bonds, the hydrogen-bonding
ensity decreases with increasing molecular weight of the PDMS
egment, which is responsible for the decrease of Young’s moduli
mong the samples. Such results agree with predictions given by
he classical polymer physics theory [39],

∼ 1
Nx

(1)

here E and Nx are the elastic modulus and the number of
onomers between two crosslinking points (the length of the

ree segments), respectively. It should be noted that the stress-
train curve of PDUM3000 (Fig. 3d) was different from that of
he PDU (Fig. a–c). Although PDUM3000 possesses the same Nx

s PDU3000, its Young’s modulus is much higher, as shown in
ig. S6. The stress-strain curve obtained from PDUM3000 shows a
istinct necking point (ultimate tensile strength indicated by the
ed circle in Fig. 3d) at the early stage of the tensile test. After
he necking, the stress-strain curve features a gradual decrease
efore failure. The difference between PDUM3000 and PDU3000 is
ttributed to their different molecular structures, leading to differ-
nt degrees of crystallinity, which will be discussed in the following
ext.

To establish the self-healing potential in the materials, the sam-
les were first cut in halves, which were then aligned and brought
ogether in contact again for healing, during varying healing times
t room temperature, before subjected to the tensile test. As shown
n Fig. 3a–d, the tensile strength of all the healed samples increases

niversally with the healing time. Most interestingly, PDU3000
nd PDU5000 exhibited a pronounced self-healing ability, showing
arge elongation (over 200 %) at breakage within 30 min  of self-
ealing. In contrast, PDU1000 and PDUM3000 presented nearly no
l area of ∼0.25 cm2 cut in half by a scalpel (left). The lifted weight after self-healing
ng process. All of the optical microscopy images share the same scale bar. The insets

self-healing ability even when for healing times up to 24 h. In order
to quantify the self-healing capacity, we  used the healing efficiency,
defined as the ratio of the tensile strength of the healed sample to
the original non-damaged sample [21,23,24,26,27,35,36]. The heal-
ing efficiency of the samples varies with the healing time, as shown
in Fig. 3e. PDU3000 and PDU5000 displayed healing efficiencies of
62.9 ± 4.9 % and 49.1 ± 0.9 %, respectively, within 30 min, extending
the upper bound when considering all other self-healing polymeric
materials reported in the literature. As the healing time increased
to 12 h, the healing efficiency of PDU3000 and PDU5000 further
increased to a stable and striking value exceeding 90 %. The trend of
the healing efficiency coincides with the diffusion-reaction model
proposed by Yu et al. [33]. Comparing with previous reports (Fig. 3d)
[21,23,24,26,27,35,36], the two self-healing elastomers PDU3000
and PDU5000, locate in the upper left corner of Fig. 3e, indicat-
ing outstanding self-healing rates. Especially, PDU3000 shows the
fastest healing rate with healing efficiencies up to more than 80 %
and 90 % within healing times of 45 min  and 2 h, respectively. To
visualize the ultrafast self-healing ability of PDU3000, a sample was
cut into two pieces, which were then aligned and brought together
in contact. In a short time period of 30 s, the healed sample was able
to sustain a stress of ∼36.5 kPa, as shown in Fig. 3f and Movie S1.
In addition, the healing process of PDU3000 and PDU5000 after a
cut in the surface was  monitored by optical microscopy, as shown
in Figs. 3g and S7. The two halves of PDU3000 adjacent to the cut
is seen to move closer apace in 1 h. Afterwards, the cut developed
into a slight indentation after 24 h and almost disappeared (where

no pronounced difference between the cut and intact surface is
observed) with a prolonged healing time of 48 h (Fig. 3g). A similar
self-healing process was  also observed in PDU5000, as shown in
Fig. S7.
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Fig. 4. Healing Interface thickness and detachment under stress. (a) Representative snapshot of the coarse-grained models of two identical polymer blocks in the three
systems, PM5, PM10 and PM20, after 2 �s healing simulation (left), with the interface marked by green lines. The thickness of the interface was defined as the distance
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locks in each system. The force loading mode is shown in the inset. Stress fluctuat

.3. Fast self-healing mechanism

In order to understand the atomistic interactions and polymer
hain dynamics at the self-healing interface, atomistic modelling
nd molecular dynamics (MD) simulations were carried out with
oarse-grained polymer systems that qualitatively feature the
xperimental systems. As shown in Fig. 4 and by modelling details
iven the Materials and Methods Section in the Supplementary
aterials, three polymer systems, termed PM5, PM10, and PM20,
ith varied density of strong interaction sites (representing hydro-

en bonds) were built for self-healing and detachment simulations
Fig. S8). Briefly, all these three systems contained two identical
locks of 10 well-mixed 200-monomer chains. Each polymer in
he PM5  system contained 5 strong interactions sites evenly dis-
ributed along the chain, while the ones in the PM10 and PM20
ystems contained 10 and 20 strong interaction sites, respectively.
he two blocks of polymer in each system were let to adhere (heal)
or 2 �s, and then were detached from each other by pulling forces
or accessing the interface robustness (Fig. S9).

The properties of the polymer healing interface were deter-
ined by the density of strong interaction sites in the polymer.

he adhesion potential of the healing interface showed an inverse
orrelation with the strong interaction site density in the three
ystems. During the healing time of 2 �s, the healing interface in
he PM5  system reached the lowest adhesion potential despite the

owest density of strong interaction sites among the systems, as
hown in Fig. S10. Interestingly, a lower density of strong interac-
ion sites in the system led to a higher fluctuation of the interface
 the right. The density profiles of the two polymer blocks display the same color as
ive interface stress profiles were monitored upon detachment of the two polymer
sulting from polymer creeping in the PM5 is highlighted by the yellow circle.

adhesion potential, meaning higher chain mobility at the healing
interface, which further resulted in varied healing interface thick-
ness in the three systems at the end of the healing simulations.
As shown in Fig. 4a, the healing interface thickness was  ∼5 nm in
the PM5  system, significantly higher than ∼3 nm and ∼2 nm in the
PM10 and PM20 systems, respectively, at the end of the 2 �s healing
simulations.

Adhesion strength of the healing interface in three systems was
probed by counter pulling force acting on the two  identical poly-
mer  blocks in each system, as depicted in Fig. 4b. The pulling force
monitored in five independent simulations of each system was nor-
malized by the cross-sectional area of the simulation system, which
yielded the interface adhesion stress. Although the healing inter-
face in the PM20 system is the thinnest (Fig. 4a), it yet showed the
highest rupture stress of 122.1 ± 1.8 MPa, outperforming the heal-
ing interfaces in PM10 (119.7 ± 1.1 MPa) and PM5  (77.4 ± 1.8 MPa).
The high interface rupture stress in PM20 can be attributed to
the high strong interaction site density, the key role of reform-
ing a strong interface. Interestingly, the healing interface in PM10
seemed more ductile than in the PM20, as longer pulling displace-
ment was  needed for detaching the interface, as shown by the
representative stress profiles in Fig. 4b. It is worth noting that dis-
tinguishing fluctuations were observed in the stress profiles right
after the peak stress value in detaching the healing interface in
the PM5  system (yellow circle, Fig. 4b), which indicates different

interface failure mechanisms in this system compared to PM10
and PM20. Indeed, the healing interfaces in both PM10 and PM20
detached following an adhesive failure mode, while the two poly-
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er  blocks in PM5  creeped first before being torn away from each
ther, as shown in Fig. S11.

In summary, the results from atomistic modelling and MD sim-
lations indicated that the density of strong interaction sites in the
olymer can significantly affect the interfacial healing dynamics
nd re-open mechanics under loading. With high density of strong
nteraction sites, for instance, hydrogen-bonding sites, the poly-

er  system will sacrifice polymer chain mobility and become more
igid, resulting in thin healed interfaces. Despite the thin healed
nterface, high density of strong interaction sites can yet guaran-
ee high interface rupture stress, which favours higher self-healing
trength. With low density of strong interaction sites, the poly-
er  chains can diffuse easily, which can result in a thicker and

hus weaker healed interface. Owing to weak internal interaction
n the polymer body, creeping can happen earlier under stress. The
reeping behaviour of the polymer can severely hinder the inter-
ace strength and lead to failure of polymer adhesion. For achieving
ufficiently thick and strong healing interfaces, it is important in
xperiments to look for an optimal density threshold of strong
nteraction sites for the highest self-healing efficiency.

The results from the atomistic modelling and MD simulations
hed light on polymer design for high self-healing efficiency, and
hus why PDU3000 shows the fastest self-healing rate amongst the
onsidered samples. The self-healing properties are dominated by
H and the flexibility of moieties, and the PDU3000 coating exhibits
n optimal balance between these two factors. The cH of PDU and
DUM is proportional to the stoichiometric ratio of the molec-
lar formula (Fig. S12) and decreases with increasing molecular
eight of the PDMS segments. Since hydrogen bonds in PDU are

olely formed between the urea groups, the cH is proportional to
he atomic percent (at%) of nitrogen (N). To study the at% of N,
he chemical composition of the freshly cut surfaces of PDU was
nvestigated by X-ray photoelectron spectroscopy (XPS). The sam-
le surfaces were etched by argon for 100 s before characterization.
PS wide scan of PDU shows the peaks of oxygen (O) 1s, N 1s, car-
on (C) 1s, silicon (Si) 2p (Fig. S13). The at% of N indeed shows the
ame trend with the calculated cH, i.e. decreasing with increasing
olecular weight of the PDMS segments (Fig. S13). High at% of N

n the surface favours the formation of hydrogen bonds (reaction),
ut leads, however, to high friction between polymer chains and
hus low chain mobility, as well as poor self-healing ability. Based
n the XPS results, the PDU3000 sample shows the most optimal
H, and hence leads to the fastest self-healing rate of this study.
he N H groups can exist in two states, namely either being free
N H) or hydrogen bonded (N H· · ·O). On the cut surface, bonded

 H groups hinder the mobility of the polymer chains, while free
nes facilitate the healing process. The N 1s orbital of bonded N H
roups lies in a lower binding energy range than in the free N H
roups [40–42], which can be distinguished by narrow-scan XPS
nalysis. As shown in Fig. 5a–c, after fitting two-peak components
f XPS spectra in N 1s region, the corresponding N 1s involved
bonded state, green) and uninvolved (free state, blue) hydrogen
onding can be classified. As expected, the largest percentage of
onded N H groups is observed in PDU1000, indicating that the
olymer chains are strongly restricted by hydrogen bonds in the
elf-healing process. In comparison, smaller portions of bonded

 H groups are expectedly observed in PDU3000 and PDU5000.
n order to quantify the content of bonded and free N H on the
resh surfaces, their atomic percent, Nb% and Nf% respectively, are
alculated by

% = Ab × N% (2)
b Ab + Af

f% = Af
Ab + Af

× N% (3)
 Materials Today 19 (2020) 100542

where N%, Ab and Af are the atomic percent of N obtained from the
wide scan, and the integrating areas corresponding to the bonded
and free N (green and blue regions in Fig. 5a–c), respectively.
As shown in Fig. 5d, the atomic percent of bonded N H groups
decrease with increasing molecular weight of the PDMS segment,
showing the same trend as for cH. The atomic percent of free N H
groups in PDU3000 exhibits the highest value, even higher than in
PDU1000. This is thus a strong evidence that the free N H groups
underlie the fastest self-healing mechanism, which consequently
enables the fastest self-healing rate in PDU3000. Comparison of
PDU3000 and PDUM30000 reveals yet another important factor of
self-healing. Despite the fact that PDUM3000 and PDU3000 have
comparable cH values, PDUM3000 shows negligible self-healing
abilities. Because PDUM3000 contains symmetric MPI  units by
design, crystallization is greatly promoted in the polymer body,
as confirmed by differential scanning calorimetry (DSC) in Fig. 5e
[27,29]. There is an exothermic peak starting from around 60 ◦C in
the DSC curve of PDUM3000, resulting from the crystallization of
the symmetric benzene rings (Fig. 5e and f). Conversely, there is
no crystalline peak observed in the DSC curves of the PDU samples
(Fig. 5e). It should also be noted that the necking in the stress-strain
curves of PDUM3000 is also the result of the crystalline structure
[43].

Since PDU3000 demonstrated the best molecular composition
for self-healing amongst the considered samples, it was subjected
to cyclic tensile tests for characterization of the healing mecha-
nism and mechanical energy dissipation (Figs. 5g–i and S14). The
typical loading-unloading curves within the first 10 cyclic tests on
PDU3000 at a constant strain of 200 % clearly exhibit the Mullins
effect (cyclic softening), owing to the cleavage of hydrogen bonds
and reconstruction of polymeric networks [44]. The hysteresis
energy, which is the integrated area of the loop, decreases in each
test cycle, as depicted in Fig. 5g. The hysteresis ratio, i.e. the ratio
of hysteresis energy to loading energy (integrated area under load-
ing curve), shows a reduction from 0.72 to 0.65 at the first two
cycles and then stabilizes at a value around 0.65 (Fig. 5g). This can
be attributed to the rupture of weak hydrogen bonds and reorga-
nization of polymeric chains into a favourable orientation after the
first cycle [44]. Such a high hysteresis ratio during cyclic tensile
tests suggests fast chain relaxation and fast dynamic dissociation-
association of hydrogen bonds in the body of the polymer. To verify
the effect of time on the hysteresis ratio, another cyclic test with
interval waiting time of 30 min  between the first two cycles was
carried out. As shown in Fig. 5h, the hysteresis ratio increased sig-
nificantly after the 30 min  interval time. In addition, the peak stress
of the second cycle after 30 min  is also larger than that without
interval time at the same strain (Fig. 5h), which can be attributed to
sufficient relaxation of the polymer chains and most likely reforma-
tion of a higher number of hydrogen bonds. The ratio of hysteresis
energy between the second cycle and the first cycle can be defined
as self-healing recovery ratio [22]. As shown in Fig. 5i, the recov-
ery ratio of the second cycle shows a significant increase from 0.40
to 0.63 after the interval time of 30 min. Such obvious improve-
ment in recovery ratio indicates that the elastomer can serve as
an ideal candidate for self-healing materials under similar or lower
mechanical operational frequency, for instance in the case of icing
and de-icing cycles [16].
2.4. Anti-icing properties

Since PDU3000 exhibits the best self-healing properties, its
potential for anti-icing applications was further investigated. The
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Fig. 5. Molecular structure and cyclic tensile tests of PDU. Narrow-scan XPS spectra and their fitting curves of PDU1000 (a), PDU3000 (b), and PDU5000 (c) in the N 1s
region. (d) Atomic percent of hydrogen bonded and free N derived from wide and narrow scans. (e) DSC curve of the PDU samples and PDUM in the temperature range of
-
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50 C and 100 C. (f) Schematic of packing and crystalline structure of PDUM3000
est.  (h) Stress-strain curves of the 1st cycle (green), 2nd cycle (orange) and 2nd cycle
0-min  rest (blue).

etachment of ice from smooth coatings is an interfacial fracture
rocess, in which the maximum ice shear strength � is given by

 =
√

EG

�a�
(4)

here E, G, a and � are the elastic modulus, surface energy, crack
ength and a non-dimensional constant related to the geometric
onfiguration (in some cases the geometrical contribution a can be
eplaced by the coating thickness t) [45,46]. In other words, elas-
ic modulus and surface energy of the coating play important roles
n terms of the ice adhesion strength. Firstly, Young’s modulus of
DU3000 was found to be 0.42 ± 0.04 MPa  (Fig. S6), only one-third
f commercial Sylgard 184 [16]. Such low elastic modulus is in
avour of the detachment of ice from the coating [12]. To study the
urface energy of PDU3000, its wettability was quantified by evalu-
ting water droplet dynamic contact angle, as shown in Fig. 6a–c. A
eionized water droplet was expanded and shrunk on the sample
o obtain the advancing contact angle (ACA, Fig. 6a) and receding
ontact angle (RCA Fig. 6b). The ACA of PDU3000 was found to be
22◦, which is similar to the value of commercial Sylgard 184, con-
rming the hydrophobicity and low surface energy of the coating

2]. However, the PDU3000 molecule itself is amphiphilic, because
t contains both hydrophobic PDMS segments and hydrophilic urea

roups. Once the coating is exposed to water, the hydrophilic parts
an rearrange at the polymer-water interface, driven by the hydra-
ion energy [47]. Therefore, PDU3000 presents a low RCA of 70◦

nd a large contact angle hysteresis (CAH) of 52◦. Notably, the high
ysteresis energy and hysteresis ratio during the first 10 cycles of the cyclic tensile
30-min rest (blue). (i) Recovery ratio of the 2nd cycle (green) and the 2nd cycle after

mobility of PDU3000 molecule will also contribute to its dynamic
polymer rearrangement in contact with water.

Overall, the low Young’s modulus as well as the hydrophobicity
of PDU3000, make it a competent candidate for icephobic materi-
als in combating unwanted ice accretion [16]. Nowadays, durable
passive icephobic coatings have become the most desired materi-
als to mitigate the ice problem [2]. The fast self-healing property
of PDU3000 can avoid the accumulation of mechanical damage in
the icephobic coating which can lead to catastrophic failure dur-
ing practical applications [16]. The icephobicity of PDU3000 was
evaluated by measuring the ice adhesion strength via the verti-
cal shear test [16,48], as shown in Fig. 6d. The PDU3000 coating
with a thickness of 378 �m exhibited a low ice adhesion strength
of 38.3 ± 0.5 kPa, which is far below the threshold of icephobic-
ity that have been defined (< 100 kPa) [2,49] and much lower
than commercial silicone (Sylgard 184: 169.6 ± 3.3 kPa) of simi-
lar thickness [16]. The low ice adhesion strength of PDU3000 is
ascribed to the low surface energy as well as the low Young’s
modulus. Low surface energy guarantees low work of adhesion
between ice and the coating, and low Young’s modulus facilitates
the formation of voids at the polymer-ice interface under load-
ing, both of which favour the detachment of ice from the coating,
as described by Eq. (4). Most importantly, the PDU3000 icepho-
bic coating presents remarkable mechanical durability due to its

optimized self-healing properties, showing ice adhesion strength
around 50 kPa during 20 icing/deicing cycles and 48.2 ± 4.6 kPa
even after the cutting/healing process (Fig. 6e). The fast self-healing
ability can not only heal defects at the nano- and microscale
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Fig. 6. Wettability and anti-icing properties of PDU3000. Image of (a) advancing contact angle and (b) receding contact angle. (c) Obtained values for the advancing contact
angle  (ACA), receding contact angle (RCA) and contact angle hysteresis (CAH). (d) Schematic ice adhesion test setup. (e) Ice adhesion strength of the PDU3000 coating during
20  icing/de-icing cycles (green zone), and after cut/healing test (yellow zone). The blue region during the icing/deicing cycles indicates the error.
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ig. 7. Transparency and recyclability of the PDU. (a) Photograph of a glass sub
lass  (green), glass coated with PDU3000 (blue), and glass coated with PDU5000 (o
issolved and recast to form a new transparent solid thin film.

o maintain the coating integrity during icing/deicing cycles and
revent catastrophic devastation, but can also repair mesoscale
echanical damage avoiding the ice interlocking effect.

.5. Transparency

When ice accretes on solar panels, windows, or sensors, the
ransparency will decrease rapidly, resulting in the loss of their
fficiency or even dysfunction. Transparent icephobic coatings can
ffectively address this problem since they can maintain high trans-
arency to the underlying substrate and reduce the accretion of ice
imultaneously. However, high transparency has to date not been
ombined with self-healing to yield both transparent and durable
cephobic coatings [16,17]. As in the designed polymer, colourless
egments were used in the synthesis of PDU, leading to excellent
ransparency with resulting phase separation detected. After apply-

ng the coating (thickness: ∼350 �m)  on glass, exceptionally high
ransparency was  maintained, showing almost no visible difference
ith bare glass (Fig. 7a). The transmittance in visible region of bare

lass, glass coated with PDU3000, and glass coated with PDU5000
 coated with PDU3000 showing the high transparency. (b) Transmittance of bare
). The dashed lines are the corresponding average values. (c) Broken samples were

were measured for detailed comparison. All the samples showed
a transmittance higher than 87.5 % in the wavelength range of
400 nm–800 nm (Fig. 7b). The average transmittance of glass coated
with PDU5000 reached 93.9 %, even higher than the value of bare
glass (91.9 %), as shown in Fig. 7b. This effect is attributed to the
lower refractive index of polymers than glasses, which means more
light can pass through the surface [50]. The average transmittance
of glass with coated PDU3000 also exhibited a high transmittance
of 89.1 % in the visible region, only slightly lower than bare glass
(Fig. 7b). The exceptionally high transmittance of the prepared coat-
ings demonstrates that they can be applied in the situations that
require high transparency to maintain their functionality.

2.6. Recyclability

Fabricating recyclable materials is a crucial way to realize a more

sustainable society. However, the current state-of-the-art icepho-
bic polymer coatings are usually covalently cross-linked networks
[2,12,46,51–53], which cannot be reused. Herein, our PDU pos-
sesses good processability and is recyclable and sustainable, since
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he internal dynamic hydrogen bonds easily dissociate in organic
olvents, such as tetrahydrofuran, chloroform, etc. As shown in
ig. 7c, broken pieces of PDU3000 were dissolved in tetrahydrofu-
an, followed by recasting and evaporation in a petridish to obtain a
olid compact thin film. The transparency of PDU is fully maintained
fter this recycling operation.

. Conclusion

An icephobic coating with combined properties of ultrafast self-
ealing and high transparency was for the first time designed and
repared in this work. The material showed outperforming abil-

ties to restore more than 80 % of the ultimate tensile strength
fter cut within 45 min  of healing at room temperature. Such ultra-
ast self-healing rate benefits from the polymer design of flexible
egments as well as the high concentration of free pairs for hydro-
en bonding, with nanoscale mechanics of the healing interface
lucidated by atomistic modelling and simulations. The efficient
elf-healing function endowed the coating with the ability to heal
efects at nano- and microscale to prevent catastrophic devastation
nd maintain the coating integrity during icing/deicing cycles, as
ell as repairing the mechanical damage at the mesoscale to avoid

he interlocking effect. As a result, the coating exhibited durable
cephobicity, showing low ice adhesion around 50 kPa during 20
cing/deicing cycles and even after mechanical damage. Besides,
he coating on a glass substrate presented a high transmittance
f 89.1 %, close to the transparency of bare glass. The icepho-
ic coating thus possesses great potential for icing protection on
urfaces that require high light permeation for operation, such
s solar panels, windows and sensors. The coating design in this
ork combines the properties of icephobicity, mechanical dura-

ility (via self-healing), transparency and recyclability, which shed
ight on materials diversity design for meeting complex environ-

ental requirements encountered in the field of anti-icing.
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