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Bioinspired solar anti-icing/de-icing surfaces based on phase-change

materials

Siyu Sheng', Zhicheng Zhu?, Zhanhui Wang', Tongtong Hao', Zhiyuan He!" and Jianjun Wang"**

ABSTRACT Solar anti-icing/de-icing is an environmentally
friendly way to convert light energy into heat with the purpose
of melting/removing ice. However, the inherent intermittency
of solar irradiation limits the application of solar-thermal
energy-conversion technologies, when continuous de-icing is
required. Herein, we investigate a solar phase-change material
(SPCM) that consists of expanded graphite (EG)/paraffin/
polydimethylsiloxane (PDMS), which can not only perform
the solar-thermal conversion but also release/store thermal
energy. Under sunlight, the SPCM effectively collects and
converts the light energy into thermal energy for later anti-
icing/de-icing. To prepare for a no-light period, e.g., in the
evening, the converted thermal energy can be stored in the
SPCM using a phase transition. In this way, the energy can be
released when needed to keep the temperature of a surface
from freezing. The SPCM surface shows excellent anti-icing/
de-icing properties such as a long droplet freeze-delay time (¢,
> 2 h), even at an ultra-low temperature (—40°C), using only
the light of one sun. This freeze-delay time is much longer
than that for a surface without PCM. The tested SPCM sur-
faces show a high de-icing rate (2.21 kg m h™') under real-life
conditions. In addition, the SPCM shows a high de-icing rate
and excellent durability. This study provides a promising
route for the utilization of solar energy in anti-icing/de-icing
applications.

Keywords: bioinspired, phase-change materials, anti-icing/de-
icing, solar energy, multifunctional

INTRODUCTION

Unwanted ice formation and accretion create many serious
problems for a wide range of applications such as power-
transmission systems, shipping, aviation, and outdoor equip-
ment [1-4]. Today, many anti-icing applications still use con-
ventional anti-icing methods such as manual removal, chemical
de-icing with fluids, and electric heating [5,6]. To overcome the
disadvantages of these methods (environmental pollution and
high energy consumption), a number of novel passive anti-icing
methods were reported to complement existing technologies [7-
11]. In particular, the relatively new approach of using solar
anti-icing/frosting surfaces (SASs) has attracted increasing
research interest. This method uses solar energy to generate ice-
phobicity [12-15]. The use of SAS is considered an energy-

saving and environment-friendly anti-icing approach because
solar energy is pollution-free, generally available in most areas,
and sustainable. Recently, light-to-heat conversion methods
were developed and used for SASs. Relevant approaches include
carbon-based methods [16-18], plasmonic-metal-based [8,19-
21], and semiconductor-based methods [22]. The light-to-heat
conversion capability ensures that SAS materials can use heat to
delay ice-formation or even melt ice. However, a core problem is
often ignored in SAS studies: what happens if there is no sun-
light, particularly in the evening? In fact, solar radiation is
inherently intermittent, and it is hard to receive sunlight reliably
even during the daytime due to weather changes. Storing energy
thermally and releasing it when needed is one way to tackle the
intermittent-sunlight problem. Thus, it is highly desirable to
find SAS materials with the ability to capture, convert, and store
solar energy efficiently.

In nature, a special non-freezing plant species, Lobelia telekii,
which grows at high altitudes, can store solar thermal energy
during daytime and release latent heat at night to avoid freezing
[23,24]. There is a liquid in Lobelia telekii, which can be con-
sidered as a natural phase-change material (PCM) that stores
and releases thermal energy. When the temperature is high
(above the melting point of PCM, typically during daytime), the
PCM melts and absorbs a lot of thermal energy. When the
temperature decreases significantly (below the crystallization
point of the PCM, typically at night), it releases the stored
thermal energy as heat to avoid cooling/freezing. In other words,
PCMs automatically manage the balance between demand and
supply of thermal energy. Using this method, the plant is able to
sustain a temperature above 0°C, even when the ambient tem-
perature varies between —10 and 10°C during the year
(Fig. la, b).

Following examples found in nature, it may be possible to use
this approach for commercial solar anti-icing applications.
PCMs are already successfully used in buildings for efficient
energy storage [25-29]. The high solar-energy storage capacity,
the massive amount of latent heat, and the constant phase-
change temperature make PCMs promising candidates for solar
anti-icing applications [30-32]. Therefore, it is highly desirable
to design and fabricate solar PCMs (SPCMs) with sufficient
capability to capture, convert, and store solar-energy efficiently.
In this study, we prepared round-the-clock SPCMs that consist
of expanded graphite (EG)/paraffin/polydimethylsiloxane
(PDMS), and combined solar-thermal conversion with thermal
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(a) Schematic showing solar thermal energy conversion and storage of the afro-alpine plant species Lobelia telekii. (b) Temperature variation in the

flower/central fluid of the plant and the ambient environment during a typical day [23]. (c) Schematic showing the preparation of EG and a PCM composite
for solar-thermal conversion and thermal-energy storage. (d) Schematic illustrating the solar-thermal energy conversion and storage in an SPCM.
(e) Variation in temperature of the SPCM surface under solar irradiation (100 mW cm™) at an ambient temperature of —12°C.

energy storage. The broad light-absorption, efficient solar-
energy conversion, high solar-energy-storage capacity, and
superior anti-icing/de-icing properties of the SPCM surface
make it a promising candidate material for anti-icing/de-icing
applications.

EXPERIMENTAL SECTION

Materials

Expandable graphite powder was purchased from the company
XFNANO. Dodecane, tridecane, tetradecane, pentadecane, and
methyl laurate were purchased from Sigma-Aldrich. PDMS
prepolymer (SYLGARD 184A) and thermal curing agent (SYL-
GARD 184B) were purchased from Dow Corning. All these
materials were used without further purification.

Composite preparation

Expandable graphite powder was treated at 900°C for 10 s using
a muffle furnace to obtain EG. EG and PCM were mixed toge-
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ther (1:10, w/w), and subsequently transferred into a rotary
evaporator (for 1 h under 45°C) to make the PCM fully absorbed
in the EG. Subsequently, the EG@PCM composites were thor-
oughly mixed with PDMS prepolymer in proportion (1:1, 1:2,
1:3, w/w). Then, the mixture was placed in a round mold for
shaping. The thickness could be adjusted in this process (5,
10 mm). Finally, the mixture in the mold was degassed to
remove any air bubbles before thermo-curing. The SPCM was
then obtained by curing at 65°C for 3 h.

Characterizations

The surface morphology of all samples was characterized using a
scanning electron microscope (SEM, JEOL-JSM-7500F, Japan).
The light reflection of the ultraviolet-visible near infrared (UV-
vis-NIR) spectrum was obtained using a Cary-7000 spectrometer
(Agilent, USA). The solar anti-icing experiments were con-
ducted with a solar simulator (CEL-S500, Beijing Au-light Co.,
Ltd., China), which was equipped with an optical power meter
(CEL-NP2000, Beijing Au-light Co., Ltd., China) and an IR
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imaging camera (Tis-55, Fluke, USA). The surface structures of
the sample films were measured using attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectroscopy (Bruker
TENSOR-27). The distribution of PCM on the samples was
characterized using an inverted fluorescence microscope. Dif-
ferential scanning calorimetry (DSC) data were obtained with a
differential scanning calorimeter (Netzsch DSC 204 F1) with
sealed Al pans. The measurements were conducted under N,
flow, with a heating and cooling rate of 5°C min™" ranging from
—40 to 40°C. Thermal conductivity measurements were carried
out with a CTHERM TCI spectroscope.

RESULTS AND DISCUSSION

The preparation process of the SPCM is shown in Fig. 1c. First,
expandable graphite was treated at high temperature to obtain
EG, which typically yielded a porous structure and large surface
area. The PCM (tetradecane) was then infiltrated into the EG
using a vacuum adsorption method, which produces the com-
posite material tetradecane@EG. Then, the composite powder
tetradecane@EG was blended with PDMS via molding and
curing to obtain the SPCM (tetradecane@EG@PDMS). Fig. 1d
shows the energy-storing/releasing mechanism of the SPCM
surface. When sunlight is available, the SPCM surface can

effectively absorb solar irradiation and convert it to heat, while
producing anti-icing/de-icing effects. Some of the solar energy
can be stored using the phase transition of the SPCM. When
there is no sunlight (e.g., in the evening), the ambient tem-
perature begins to decline and approach the crystallization point
of the SPCMs. Then, the latent heat is released via the phase-
transition, which makes it possible to keep the surface tem-
perature above the freezing temperature of water. The tem-
perature variation curves of the SPCM (black line) and the
environment (red line) are plotted in Fig. 1e. The SPCM surface
temperature began to decrease with decreasing ambient tem-
perature, when there was no sunlight. When the ambient tem-
perature dropped to —4°C, a constant temperature plateau
period of the SPCM-surface (lasting 710's) was observed and
attributed to the release of stored heat. As a result, the tem-
perature of the SPCM surface was about 10°C higher than the
ambient temperature. When the light was on, the surface tem-
perature increased quickly due to photothermal effects. These
results indicate that the SPCM truly can serve several functions:
solar thermal conversion, solar energy storage, and energy
release.

The digital photographs in Fig. 2a-c show the macroscopic
morphology of expandable graphite, EG, and SPCM, respec-
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Figure 2 (a—c) Digital photographs of expandable graphite, EG, and SPCM. (d-f) SEM images of expandable graphite, EG, and SPCM. (g) Fluorescence
microscopy images of EG with the SPCM. (h) XRD patterns and (i) FT-IR spectra of EG, tetradecane, PDMS, tetradecane@EG, and SPCM.
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tively. The SEM images show that the flake-shaped expandable
graphite transforms to wormlike EG with porous structures
(Fig. 2d-e). The porous structures further improve the adsorp-
tion efficiency of EG. After mixing with the PDMS and curing,
the SPCM surface still has a porous structure, which aids light
absorption (Fig. 2f).

The distribution of tetradecane within the SPCM was char-
acterized using fluorescence labeling, and 6H-coumarin was
selected as the fluorescence agent. 6H-coumarin and tetradecane
were mixed and infiltrated into the EG using vacuum adsorp-
tion. The distribution of dyed tetradecane was observed via
fluorescence microscopy using an excitation wavelength of
466 nm. The fluorescence-microscopy images of EG with dyed
tetradecane are shown in Fig. 2g. It can be seen that dyed tet-
radecane was uniformly distributed on the surface of the SPCM.
The crystalline structures and chemical compositions of tetra-
decane, EG, PDMS, and SPCM were analyzed using X-ray dif-
fraction (XRD) and FT-IR. As can be seen from Fig. 2h, for EG,
the diffraction peak at 20 = 26.5° belongs to the (002) crystal
plane. Because PCM (tetradecane) and PDMS are amorphous,
we can only observe a broad peak. After composing with EG, the
characteristic diffraction peak of the (002) crystal plane can be
observed for the composite, indicating that the composite SPCM
was well assembled. Moreover, as can be seen from the FTIR
spectra, the characteristic vibration peaks of the EG around 3458
and 1631 cm™ correspond to the ~OH bond and C=C bond,
respectively. PCM exhibits three peaks around 2921, 1468 and
721 cm™, which can be attributed to the C-H bond. PDMS
shows that two peaks (around 797 and 1080 cm™") correspond to
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the Si-O bond, and another peak (around 1260 cm™) corre-
sponds to the Si-C bond. It is notable that the composite shows
all characteristic peaks of all components, which indicates the
successful integration of the SPCM.

It is the PCM that endows the composite with the thermal
storage capability. To verify the most suitable PCM for anti-icing
applications, we selected methyl laurate, pentadecane, tetra-
decane, tridecane, and dodecane as PCMs. The thermophysical
properties of these PCMs were investigated using DSC. The load
of the PCM indicates the energy-storage capacity of the com-
posite. As the load of the PCM increases, the energy-storage
capacity increases as well. However, for an increasing amount of
PCM, the leakage of PCM also needs to be avoided. The max-
imum PCM capacity of EG was verified by a leakage-experiment
and yielded the mass ratio 1:10 (w/w) (see Fig. S1). The ratio of
PCM to EG was also studied (see Fig. S2). As the fraction of
PCM increases, the samples can maintain the temperature
constant for a longer time period. Hence, we chose the 1:10 ratio
in this work. Fig. 3a—c show the DSC curves of different samples
before and after compounding. As shown by the DSC mea-
surements in Fig. 3a, different PCMs have different phase-
change temperatures. For the application in anti-icing, the PCMs
should possess a high latent heat for the phase transition, and
the phase-change temperature should be close to zero. In this
way, the latent heat can be released when approaching the
freezing point. It can be seen that, after combining with EG and
PDMS, the PCMs still maintained the ability to release latent
heat. After a comparison of the different PCMs with regard to
phase-change temperature and enthalpy (Tables S1-S3), we
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Figure 3 (a—c) The phase transitions for different samples were studied using DSC measurements. (d) Stabilization-test results for the SPCM for 100 cycles

of DSC scanning.
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chose tetradecane. It has a suitable phase-change temperature  EG in the composite and converted to heat. This increased the
and the highest enthalpy (—0.1°C, 95.01] g!). Table 1 sum- temperature of the composite and triggered a phase change
marizes the thermal characteristics of tetradecane. In addition,  (melting) of the PCM in the composite, which enabled the
the composite shows good thermal stability. After 100 melting/  storing of thermal energy (Fig. 4b). After the light was turned
freezing cycles, the melting enthalpy of the composite shows off, the temperature began to decline. A temperature-plateau
only a negligible change. This is good news for the required  could be clearly observed in the PCM composite, and this is the
repeated use of the SPCM (Fig. 3d). The compressive strength of ~ expected result of the stored-heat-release by the PCM. On the
the SPCM was also studied (Fig. S3). other hand, the same phenomenon was not observed in the
Fig. 4a shows the reflection-spectra (295-2500 nm, the solar ~ composite without PCM, which quickly cooled down to ambient
spectrum ranges from 295 to 2500 nm on the earth surface) for  temperature. After comparing the samples SPCM-a-c, we can
PDMS, EG@PDMS, and SPCM-a-c (SPCM-a-c represent see that, as the content of PDMS increased, both heating and
m(PCM@EG):m(PDMS) = 1:1, 1:2, 1:3, respectively. The thick-  cooling rates of the composite decreased significantly. This is
ness of all samples was 5 mm). It can be found that all composite ~ caused by the decrease in thermal conductivity, and a low
samples with EG feature a clearly lower reflectance compared  thermal conductivity can potentially interrupt the heat transfer.
with pure PDMS, and, as the PCM@EG content increased from  Table S4 shows the thermal conductivity of different samples. In
25 to 50 wt%, a slight increase in the surface reflectance can be  addition, the PDMS increase means a loss of PCM@EG content,
observed. This indicates that the EG is mostly responsible for the ~ which leads to heat-storage- and heat-release-capacity decrease.
observed light absorption. Thus, the balance between the portion of PDMS and PCM@EG
To confirm the energy-storage capability of the composite, the  should be carefully adjusted. The sample SPCM-b with medium
light was turned off after 25-min irradiation, at an environ-  portion (m(PCM@EG):m(PDMS) = 1:2) shows the best energy
mental temperature of —20°C, and the temperature-change storage and release properties.
curves of the samples were recorded with an IR camera (see It can also be seen that the plateau time increases (SPCM-d,
Fig. 4b). Under light irradiation, the light was absorbed by the = 10 mm) as the thickness of the composite increases. The tem-

Table 1 Thermophysical properties of tetradecane, tetradecane@EG, and SPCM

Sample T (°C) AH, (Jg™) T; (°C) AH; (Jg™)
Tetradecane 5.86 192.7 2.61 193.4
Tetradecane@EG 8.38 188.8 —5.07 182.3
Tetradecane@EG@PDMS 5.32 106 —0.1 95.01
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Figure 4 (a) UV-vis-NIR reflectance spectra of the PDMS-based samples. SPCM-a—c represent m(PCM@EG):m(PDMS) = 1:1, 1:2 ,1:3, respectively. The
thickness of all samples was 5 mm. (b) Surface-temperature variation of different samples under one sun illumination. SPCM-a-c represent m(PCM@EG):
m(PDMS) = 1:1, 1:2 ,1:3, respectively. SPCM-d represents m(PCM@EG):m(PDMS) = 1:2. The thicknesses for SPCM-a—c and SPCM-d were 5 and 10 mm.
(c) Thermal images of the samples when light was switched (on/off) (1: PDMS; 2: EG@PDMS; 3: SPCM). (d) Optical microscopy images of water droplets
freezing at —40°C for different samples without light. The scale bar is 250 um. (e) Freezing-delay time (t4) of the water droplet on different samples at different
temperatures. (f) t4 of the water droplet on different samples and different light intensities at —40°C.
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perature plateau is different from the freezing point obtained by
the DSC test because the IR camera was not completely accurate,
especially in a low-temperature environment. Therefore, the
temperature curves in Fig. 4b mainly serve as a guide for the
temperature-change tendency. The solar-thermal energy-storage
efficiency (1) of the composite under light was estimated using
the ratio of the stored thermal energy to the received light
energy:

Os _ mxAH
170 T P M

where Qs is the stored thermal energy by the composite, Q is the
received light energy by the composite, m (1.8750 g) is the mass
of the composite sample, P is the intensity of the simulated solar
light, A (3.14 cm?) is the surfaces area of the composite exposed
to light, ¢ is the duration of light irradiation for heating the
composite from a lower temperature (T;) to a higher tempera-
ture (T,), and AH is the enthalpy change of the composite in the
temperature range (T; — T) that can be obtained by the DSC
measurements. Under simulated solar irradiation, with a light
intensity of 1000 W m™2, when the temperature of the composite
increased to 8 from —15°C, which corresponds to an enthalpy
chang (AH) of 95.01 ] g™', the storage efficiency (1) was calcu-
lated to be 81.04% for this period.

Thermal images were recorded to show the temperature
changes for PDMS, EG@PDMS, and SPCM directly (Fig. 4c).
Under light irradiation, the temperature of samples with EG
could increase clearly, while the temperature of pure PDMS did
not increase significantly. During the cooling process, after
10 min with the light off, SPCM still maintained a high tem-
perature. On the other hand, the temperature of other samples

1Y
=
N}
o

without PCM decreased to below zero.

The freezing-delay time of the samples was then studied in
more detail. The freezing-delay time (t5) on the different surfaces
varied significantly without light irradiation at —40°C (Fig. 4d,
e). The droplet on the Al surface froze within 5 s, while for the
PDMS surface and EG@PDMS surface, the freezing-time delays
were 180 and 120 s, respectively. In contrast, the droplet on the
SPCM surface remained unfrozen state for more than 600 s.
However, the droplets froze completely after 1200 s. It is the
PCM'’s released latent heat and low thermal conductivity that
was responsible for the long freeze-delay time. The freeze-delay
time was also affected by temperature and light intensity. When
the temperature was below —40°C, the droplets on all surfaces
froze quickly, and, as the ambient temperature increased, t4
increased significantly. When the samples were exposed to light,
the t4 was further increased because EG converts light into heat.
This increased the surface temperature, and the water droplet
remained in the unfrozen state for more than 2 h when light
illumination intensity was 1 kW m™ (Fig. 4f).

The ice-removal performance of the composite was investi-
gated by simulating a day/night alternation. The samples were
exposed to an ambient environment at —20°C with a relative
humidity (RH) at 20% + 5% with light off/on every 1h. Ice
coverage of the samples is shown in Fig. 5a, b. After 60 min, both
the PDMS surface and the SPCM surface were completely cov-
ered by frost. Then, upon light irradiation, the frost on the
SPCM melted within 5 min, while the PDMS surface remained
covered with frost. Three cycles were conducted and the SPCM
could demonstrate repeated frost growth and frost removal. On
the other hand, the PDMS surface was always covered with frost
regardless whether there was light or not. Subsequently, a
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Figure 5 (a) Ice coverage of the sample for solar irradiation simulated day and night (g; = 100 mW cm™). (b) Digital images of the frosting- and defrosting-
process for the different samples for solar irradiation simulated day and night. (c) Simulation of ice-coverage properties for the SPCM for one day (—10°C with
humidity of 20%). (d) Data related to average temperatures and solar intensities, which were collected in January for six cities in China. (e) De-icing rates for
each simulated environment. (f) Solar de-icing performance of SPCM over a long period. The insets show typical solar de-icing for day 1 and day 100. (5-mm-

thick films were used in all experiments).
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simulation of ice coverage behavior for the SPCM for one day in
Xining was performed. The ice-delay time of the SPCM was
about 6 h, after the sunlight disappeared. Moreover, six typical
cities in northern China, which undergo different icing condi-
tions (Fig. 5d), were selected to test the de-icing property of the
composite. Data related to the average temperatures and solar
intensities in January for the period from 1990 to 2010 of these
six cities were collected. Furthermore, the de-icing rate of the
SPCM composite was studied in laboratories by simulating real-
life conditions. The results indicate that ice coverage of the
SPCM composite in different cities could be avoided/eliminated
completely. The only difference was that the de-icing rate was
affected by the ambient temperature and light intensity differ-
ently in different cities. The de-icing rates for the six cities are
shown in Fig. 5e. The city of Xining, which had the highest
temperature and light intensity among the six cities, shows the
highest de-icing rate (2.21 kgm™2h™").

We used Xining as the representative city to investigate the
durability of the SPCM composite. The SPCM surface main-
tained a constant high de-icing rate after many repeated icing/
de-icing cycles over a long period (100 days) (see Fig. 5f). This
suggests good durability and long-term anti-icing capabilities.

CONCLUSIONS

In summary, we have demonstrated a solar-thermal conversion
and storage material of SPCMs, and investigated the sustain-
ability of the anti-icing property of the SPCM. Under light
irradiation, the SPCM collected and converted light into heat
effectively. When there was no light, the stored latent heat (via
the phase transition) was successfully released to keep the sur-
face temperature of the SPCM above the freezing point of water.
As a result, the SPCM surface was able to perform anti-icing
functions throughout the day. Furthermore, the SPCM showed a
high de-icing efficiency under different (simulated) real-life
conditions. Therefore, the durability and robustness make
SPCMs promising candidates for commercial anti-icing appli-
cations. We believe that this study provides a promising route
towards the sustainable utilization of solar energy for anti-icing.
However, the mechanical robustness of this SPCM is sub-
optimal, which may still limit its widespread application in anti-
icing conditions. The development of SPCMs with robust
mechanical properties is still needed.
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