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Abstract: The feature of low-density and thermal insulation properties of polydimethylsiloxane
(PDMS) foam is one of the important challenges of the silicone industry seeking to make these
products more competitive compared to traditional polymer foams. Herein, we report a green,
simple, and low-cost strategy for synthesizing ultra-low-density porous silicone composite materials
via Si-H cross-linking and foaming chemistry, and the sialylation-modified hollow glass microspheres
(m-HM) were used to promote the HM/PDMS compatibility. Typically, the presence of 7.5 wt%
m-HM decreases the density of pure foam from 135 mg/cm−3 to 104 mg/cm−3 without affecting the
foaming reaction between Si-H and Si-OH and produces a stable porous structure. The optimized m-
HM-modified PDMS foam composites showed excellent mechanical flexibility (unchanged maximum
stress values at a strain of 70% after 100 compressive cycles) and good thermal insulation (from
150.0 ◦C to 52.1 ◦C for the sample with ~20 mm thickness). Our results suggest that the use of hollow
microparticles is an effective strategy for fabricating lightweight, mechanically flexible, and thermal
insulation PDMS foam composite materials for many potential applications.

Keywords: polydimethylsiloxane foam; hollow glass microsphere; silicone chemistry; thermal
insulation; lightweight

1. Introduction

Along with the enormous requirement of the buildings and packaging areas, the
development of thermal insulation materials has become more critical. The building
environment accounts for a substantial part of the global energy use, with 30% of the global
CO2 emissions coming from the building industry. Building heating and cooling account
for more than 10% of the global energy consumption [1]. Therefore, as a means to obtain
the low thermal conductivity material, extensive research has reported aerogel materials
(e.g., silica aerogels and nanocellulose aerogels) and polymer foam (e.g., polystyrene and
polyurethane (PU)) [2–4]. While polymer foams have played a key role as a commercially
available and highly workable insulating material, their vulnerability to high-temperature
properties limits their applicability. Unfortunately, most aerogels have poor mechanical
properties and high costs, though they exhibit very low density and thermal conductivity.
Comparatively, polydimethylsiloxane (PDMS) foam materials are gaining considerable
interest in both academic and industrial fields due to their excellent mechanical flexibility,
thermal insulation properties, low density, and unique porous structures, and among them,
they have rationalized the growth of the silicone product market [5–7], showing an ideal
alternative for multifunctional emerging applications.

As is well known, PDMS foam materials usually show excellent thermal stability (from
−80 ◦C to 240 ◦C) [8–10], good mechanical flexibility, and excellent chemical resistance [11],
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which is attributed to the high dissociation energy and low-energy barriers to Si-O-Si bond
rotations [12–14]. Therefore, PDMS foam and its composites have been widely developed
for versatile applications, such as wearable electronics [15,16], piezoresistive sensors [16],
water/oil separation and absorbents [17], and thermal insulation materials [18]. It should
be noted that the density of commercial PDMS foam material is usually >200 mg/cm−3,
which is more than those of the traditional hydrocarbon polymer foam materials, e.g.,
50–150 mg/cm−3 polyurethane or polystyrene foam, greatly limiting their application
in the automobile field, although their other properties are superior to other polymer
foams [19–25]. At present, PDMS foam production with a relatively high density still
remains a challenge, which would be addressed by optimizing the material’s composition
design and the fabricating process.

For the thermal insulating mechanism, the thermal conductivity and heat transport of
thermally insulating materials are commonly described as a summation of contributions
from natural convection, radiation, solid conduction, and gas conduction [1,26]. Normally,
the natural convection would be restricted for the porous foam materials with microscale
pore structures, and the thermal radiation is mainly determined by the temperature range.
Hence, the solid and gas conductions are influenced by using porous foam materials.
Generally, reducing the density of the porous materials would mitigate the affection of
heat transfer by solid conduction [27], thereby improving the foam’s thermal insulation
capabilities. Nevertheless, the contribution of gas conduction or gas convection to heat
transport will increase due to the increased amount of gas. Some researchers have shown
that radiative heat transfer needs to be accounted for when the density of a porous material
is low [28]. Thus, preparing a prominent thermal insulating PDMS foam requires carefully
balancing the trade-off relationship between solid thermal conduction and gas conduction
in heat transfer.

To resolve the above issues, various strategies, including NaCl and the sugar template-
based method [18,29–32], solvent–evaporation-assisted strategy [33–35], 3D printing tech-
nique [36–38], and chemical foaming [39,40], have been developed to reduce the density
and, thus, improve the thermal insulation performance of the PDMS foam materials. For
example, Abshirini et al. used a hybrid Toluene/THF mixture to fabricate porous PDMS
structures with tunable microstructures by using a two-step phase separation method [41].
However, the fabricating processes of the as-prepared PDMS foam sample involve in-
length and complicated postprocessing, and its density is much higher than other types of
polymer foams. On the other hand, the PDMS foams prepared by choosing 3D intercon-
nected networks of few-layer hexagonal boron nitride foam as supporting frameworks have
demonstrated producing a low density of 15 mg cm−3, but the complex processing method
cannot be directly used for large-scale production [42]. Therefore, it is still a challenge
to develop a simple, green, and efficient strategy while avoiding more energy and time
spent on the postprocessing to produce lightweight, mechanically flexible, and thermally
insulating PDMS foam materials.

Herein, we report reproducible PDMS foam composite materials with the low density
of ~100 mg/cm−3 and good mechanical properties by introducing silane-modified hollow
glass microspheres (m-HM) via a simple mechanical mixing and chemical foaming strategy.
Typically, the presence of m-HM particles can be well dispersed in the PDMS matrix via
using a chemical modification of n-propyltrimethoxysilane. The effect of the content of
m-HM on the morphology and porous structure of the PDMS foam materials was observed
and analyzed. The density, mechanical flexibility and cyclic compressive reliability of
the PDMS foam composites with different contents of m-HM were also compared and
discussed. Finally, the thermal insulation performance of various m-HN-filled PDMS foam
composites were investigated and compared. Overall, the design and development of
introducing m-HM in phenyl silicone rubber foam materials in this work could provide
a novel platform for next-generation polymer foam materials.
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2. Results and Discussion

Figure 1 shows the schematic illustration of the structure formation of the silicone
foam composites with different m-HM particles (abbreviated as SiRF-m-x, where x indicates
the content of the m-HM particle). As shown in Figure 1a, the m-HM and PDMS molecules
(i.e., PDMS-H and PDMS-Ph-OH) were mechanically mixed to obtain highly dispersed
m-HM/PDMS suspension (Figure 1a). Then, the PDMS mixture (PDMS-Ph-Vi and PDMS-
Ph-OH) and catalyst were added into the above suspension to prepare the SiRF@m-HM
composite foam materials (Figure 1(ai) after the foaming reaction was conducted via
releasing hydrogen gases from dehydrogenation reaction between Si-OH of PDMS-Ph-OH
or H2O and Si-H of PDMS-H (Figure 1(bi,iii) [43–45]. Meanwhile, the mixture started
cross-linking reaction by a typical hydrogenation reaction under Pt catalyst at ambient
temperature (Figure 1(bii)) [46–48]. Finally, the m-HM/PDMS foam composites were
successfully manufactured (Figure 1(aii)) within several minutes. It should be noted,
during the foaming and cross-linking process, the mHGM particles would be kept inside
the foam skeleton and some of them would be self-assembled onto the foam surface zone.
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Figure 1. Design and reaction mechanism of PDMS foam composites filled with hollow glass
microspheres: (a) Schematic processes of the fabricating process of hollow glass microspheres on
the SiRF surface: (i) PDMS prepolymer and (ii) the dispersion of hollow glass microspheres in the
foam skeleton. (b) Schematic illustration of cross-linking and foaming reactions used in synthesis of
m-HM-filled SiRF nanocomposites: (i,iii) foaming reaction and (ii) cross-linking reaction.

In order to prepare low-density and thermal insulation SiRF materials, commercial
hollow glass microspheres were selected to be low-density fillers in SiRF composites.
Typically, the modified HM particles are spherical (5–100 µm in diameter) with a smooth
surface and an average thickness of ~310 nm wall, as observed by the SEM (Figure 2a,b),
implying the shape uniformity and sphericity feature. Notably, the microscale hollow glass
particles with the thin thickness implies a relatively large size of the hollow structure, which
would play an important role in influencing the thermal insulating performance of the foam
material (discussed later). Typically, the average diameter of the hollow microsphere is
counted to be about 32.46 µm via Nano Measurer software, as shown in Figure 2c. Moreover,
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the HM particles are mainly composted of inorganic compound and cannot affect the high
temperature tolerance of the PDMS foam materials. The element compositions of the HM
particles were conducted by SEM-EDS mapping and the typical element compositions are
shown in Figure 2d. Clearly, the smooth surface of the hollow glass microsphere is B of 2%,
O of 51%, Na of 6%, Si of 39%, and Ca of 3%, respectively, suggesting a large amount of
SiO2 composition are dominant in the HM particles.
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Figure 2. Structure and morphology of hollow glass microsphere: (a,b) SEM image of the planar and
cross-sectional views of modified hollow glass microspheres. (c) The diameter size distribution of
hollow glass microspheres, and (d) EDS mapping images of hollow glass microspheres.

As shown in Figure 3a, the phase separation phenomenon, of precipitating HM from
silicone oil, can be observed after directly mixing the HM and PDMS mixture after two
days, which would be attributed to incompatibility between the organic group of PMDS
and hollow glass microspheres with Si-OH [11]. As a result, it is obvious that abundant
centimeter-level pores are generated in the SiRF-5 material (Figure 3c), and the curing
time of the SiRF-5 experimental group needs more time than 0.5 h. Within our research
process, the cross-linking reaction is inhibited to form a foam when the added amounts of
hollow glass microspheres are more than 5 wt% due to a structured phenomenon caused
by the Si-OH of HM and the large specific surface area of HM. To address the above is-
sue, the Si-OH of HM particles was chemically modified using n-propyltrimethoxysilane
as a capping agent [11], preparing the modified hollow microspheres with a certain
of hydrophobicity.
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Figure 3. Sample fabrication and cell structure: (a,b) Digital photos of the HM-filled PDMS mixture
and the m-HM filled PDMS mixture. (c,d) Digital photos of SiRF@HM and SiRF@m-HM. (e,f) SEM
image of PDMS foam composites with 5.0 wt% m-HM particles (SiRF-m-5).

After replacing m-HM with untreated HM particles, the m-HM/PDMS mixture can
remain stable even after 360 days without phase separation and present as highly viscous
(Figure 3b), indicating that propyltrimethoxysilane molecules were successfully grafted
to the surface of the hollow glass microspheres, which would promote the compatibility
between the HM particles and the PDMS prepolymer molecules. At the same time, the
SiRF-m-5 sample shows a delicate surface and uniform pore structure (Figure 3d) after
about 7 min of the curing reaction due to the replacement of the silicone hydroxyl group
of the m-HMs by organic groups. As shown in Figure 3e, a smooth pore surface and
micron-level pore are found in SiRF-m-5. Moreover, the m-HM particles with a size of
about 22 µm are well dispersed in their skeleton of silicone foam without a pore surface
(Figure 3f), furthermore confirming the sialylation modification is beneficial for promoting
the compatibility between the HM particle and the PDMS prepolymer.

During the synthesis of SiRF@m-HM composites, the amounts of sialylation reagent
are fixed at 5 wt%, while the m-HM contents are in the range of 2.5–30 wt%. As shown in
Figure 4, different sample morphologies can be obtained by introducing the m-HM content.
Digital photos clearly indicate that a strong relationship between foam density and the
amount of m-HM exists. In other words, when the m-HM loading is less than 7.5 wt%, the
higher m-HM content produces lower density of the PDMS foam composites. Moreover,
the foam pore size and foaming rate (final foam volume: initial mixed solution volume)
increase in line with the increased m-HM content (Figure 4a–f), and the foam network
structure is damaged gradually. It is hypothesized that a higher amount of m-HM in the
PDMS phase could inhibit the curing reaction rate between Si-H of PDMS-H and Si-vi of
PDMS-Ph-vi [49]. As in previous studies, the most significant factor was the balance of
the reaction rates of foaming and cross-linking [50,51]. Due to the slower curing process,
hydrogen gas from the dehydrogenation reaction between Si-OH of PDMS-Ph-OH or H2O
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and Si-H of PDMS-H converges into more giant bubbles or escapes directly into the air,
which leads subsequently to obtaining the SiRF foam composites with an irregular network
structure and a relatively high density (Figure 4e,f). Consequently, the foaming ratio and
density of the SiRF foam composites decrease with the increased m-HM content when the
m-HM loading is more than 15 wt%. As the m-HM content in the phenyl silicone foam
increases, the pore size of the SiRF@m-HM composite gradually increases, resulting in
the appearance of a discontinuous foam skeleton. Thus, the SiRF with high filler exhibits
a more brittle structure compared to a SiRF composite with low-content m-HM. Eventually,
the SiRF-m-7.5 composite possesses the best foaming ratio and interconnected cells, which
is typical for close-cell foams. It is considered that the introduction of m-HM allows for
achieving the low-density SiRF composites with well-defined porous morphologies.
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Figure 4. Structure and morphology observations: Digital photos and optical microscope images
of SiRF composites with different m-HM contents: (a) pure SiRF, (b) SiRF-m-2.5, (c) SiRF-m-7.5,
(d) SiRF-m-15, (e) SiRF-m-22.5, and (f) SiRF-m-30, respectively.

The thermal insulation performance is a crucial index for practical applications of
silicone foam as thermal insulating materials. Considering the gradient distribution of
the thermal insulating materials on a high temperature surface, the direct obversion of
temperature difference for both the hot and cold surfaces of the porous foam materials
is effective for understanding the thermal insulation performance. To visually assess
the thermal insulation properties of various SiRF composites, a setup was intentionally
designed to detect the top face temperature (TFT) of the foam samples at an 80 ◦C hot stage
by using an infrared thermal image tester. As shown in Figure 5a, silicone foam materials
exhibit particularly favorable thermal insulation properties, owing to their porous structure
and low thermal conductivity [18,22,52]. The thermal insulation properties of our prepared
m-HM-filled SiRF composites were measured and shown in Figure 5b–f.
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(d) SiRF-m-15, (e) SiRF-m-22.5, and (f) SiRF-m-30.

The results presented in Figure 5 show the top face temperature of the various SiRF
composites at the hot stage of 150 ◦C by using a thermal IR image tester, and the thickness
values of all samples were kept as ~10 mm. Typically, the TFT values of all samples exhibit
an increase with increasing the time due to the thermal conduction effect. As expected, pure
SiRF material shows excellent thermal insulation properties, with an average TFT of 54 ◦C
after 1800 s, and the average TFT of pure SiRF is stable within 300 s on the 150 ◦C hot platform.
With the increase of m-HM loading in the SiRF, the average TFT value of the SiRF@m-HM
composites with an appreciate content of 2.5–7.5 wt% at 1800 s gradually reduces from 54 ◦C to
52.1 ◦C after 1800 s, as shown in Figure 5a–c. This suggests the improved thermal insulating
performance after addition of the m-HM. The SiRF composites filled with 7.5 wt% m-HM
display the lowest TFT of 52.1 ◦C (Figure 5c), which is well consistent with the observed
changes of the pore structure shown in Figure 3. In other words, the thermal insulation
performance of SiRF is positively correlated with the density when the m-HM loading
is lower than 7.5 wt%. At the same thickness, introducing more modified hollow glass
microspheres in the SiRF is beneficial to increase the interfacial thermal resistance and
reduce the contribution of gas thermal conductivity in heat transfer [1]. For the SiRF
composites filled with high contents of m-HM particles from 15.0 to 30 wt%, the TFT of the
m-HM/SiRF composites increased sharply from 56.9 ◦C to 63.4 ◦C, and their average TFT
stabilized after 900 s. The average TFT of SiRF-m-15 (52.2 ◦C) is higher than the average
TFT of SiRF-m-2.5 (56.9 ◦C) after 150 ◦C heat processes for 30 min. Since the m-HM/SiRF
has millimeter-sized pores, as well as open-cell pores, the contribution of heat convection
to thermal radiation is enormous and cannot be ignored. Therefore, it is important to
prepare the PDMS foam composite product by carefully optimizing the fillers loading
inside the PDMS skeleton without affecting the formation of the good porous structure.
The above results indicate that the presence of m-HM in SiRF composite materials improves
the thermal insulation effectively at a certain filler content.
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Based on the above experimental results, the TFT values of the SiRF@m-HM compos-
ites containing various filler contents as a function of time were summarized and shown in
Figure 6a. The density values of the above SiRF@m-HM composites were also measured
and shown in Figure 6b. Clearly, the thermal insulating performance of pure SiRF and
SiRF@m-HM composites is strongly related with their density change. Considering the
almost unchanged pore size shown in Figure 4, the presence of low contents (2.5–7.5 wt%)
of m-HM particles can improve the TFT values, which is likely attributed to the thermal
insulating effect of the hollow structure of m-HM particles in the foam skeleton. With
increasing the content of the m-HM particle, the pore structure displays obvious change
from close cell to open cell structure, and this would induce the decreased thermal con-
dition of gas and skeleton. As a result, although SiRF-m-2.5 and SiRF-m-15 have similar
densities (~113 mg/cm−3), the thermal insulating performance shows obvious differences.
The addition of high contents of m-HM particles not only increases the density value from
113 mg/cm−3 to 266 mg/cm−3 when the m-HM loading is more than 15 wt% (Figure 5d–f)
but also induces a much larger pore cell size (Figure 4), thus leading to the above different
thermal insulating performances.
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temperature–time curves of various SiRF composites as a function of time. (b) The density values of
SiRF composites with different m-HM contents. (c) Compressive stress–strain curves of SiRF-m-7.5
with different strain values. (d) Cyclic compressive stress–time curves of SiRF-m-7.5 composites for
100 compressive cycles. (e) Typical compressive stress–strain curves of SiRF-m-7.5 composites under
the 1st and 100th cycle.

Generally, a desirable polymer foam materials should be mechanically robust and have
a stable compressive stability performance for practical application, e.g., as seat cushion
material in new energy vehicles. To evaluate the mechanical robustness and flexibility, the
compressive strain–stress curves of the prepared m-HM-filled SiRF composites with an
optimized content of 7.5 wt% were conducted, and the results are shown in Figure 6c–e.
Normally, the stress–strain curves of the SiRF-m-7.5 sample under different strain values of
10, 20, 40, 60, and 80% in Figure 6c are stable and consistent, and the applied strain and size
could recover the original stress and size values well once the applied stress was removed,
revealing excellent and stable mechanical flexibility (see the inset in Figure 6c). Meanwhile,
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the SiRF-m-7.5 composite sample also exhibits good structure stability, and it can maintain
the original shape and size even after 100 compressive cycles at R.T. (applying 70% strain),
as shown in Figure 6d. This demonstrates the good mechanical robustness and flexibility of
the porous structure of the SiRF composites filled with the optimized content of m-HM. The
maximum stress value at 70% strain after 100 cycles is almost unchanged (see Figure 6e).
Based on this result, we compared the density, processing condition, mechanical properties,
and thermally insulating properties of various PDMS foam systems, which are given in
Table 1. It can be seen that our foam possesses not only a simple fabrication process and
mechanical flexibility but also exhibits ultra-low-density and excellent thermally insulating
properties. These indicate that our simple and effective strategy provides a novel design
and development of lightweight, mechanically flexible, and efficiently thermally insulating
PDMS foam composites.

Table 1. Comparisons of the processing condition, density, mechanical properties (εmax and stress),
and thermally insulating properties (T1/T2/thickness).

Type a Processing Condition Density (g/cm−3) εmax (%)/
Stress (kPa) c

T1 (◦C)/T2 (◦C)/
Thickness (mm) d Ref.

Graphene/PDMS Freeze-drying,
annealing at 200 ◦C 74 ~90%/~1845 61.2/200/- [53]

ST-8-0.6 3D printing,
drying at 80 ◦C 320 ~60%/~400 NM [36]

S46-40 Mechanical mixing,
curing at 200 ◦C ~800 -/~11,000 NM [14]

PDMS-40%/RFSi-0.6 “Co-gel” technique,
drying at 80 ◦C NM b 20%/699 ~175/-/4 [52]

BNF@PDMS Ni template,
curing at R.T. 15 ~80/~1.5 NM [42]

Sample-11 Mechanical mixing,
foaming at 70 ◦C 346 ~70%/~520 NM [35]

SiRF-m-7.5 Mechanical mixing,
foaming at R.T. 104 80%/58 52.1/150/20 This work

a ST: simple tetragonal; S46-40: 40 wt% hollow glass micro-balloons of S46; RF: resorcinol formaldehyde; h-BNFs:
hexagonal boron nitride foams; Sample-11: PDMS base/Span 80. b NM: Not Mentioned. c εmax: Maximum strain.
d T1: top temperature of objective; T2: test temperature.

3. Experimental Section
3.1. Materials

Divinyl polymethylphenylsiloxane (PDPS-Vi) and dihydroxy polymethylphenylsilox-
ane (PDPS-OH) were obtained from Guangzhou Leso Chemical Technology Co., Ltd.
(Guangzhou, China) Poly(methylhydrosiloxane) (PDMS-H) was purchased from Zhejiang
Xinan Chemical Industrial Group Co., Ltd. (Hangzhou, China). Karstedt’s catalyst-diluted
Pt was purchased from Betely Polymer Materials Co., Ltd. (Guangzhou, China). The hollow
glass microsphere was obtained from China Steel Group Maanshan Mining Institute New
Material Technology Co., Ltd. (Maanshan, China). Inhibitors, n-propyltrimethoxysilane,
and ethanol were obtained by our laboratory and Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), respectively. In our work, all chemical reagents needed no purification
further and were used as received.

3.2. Fabrication of PDMS Foam Composites Containing m-HM Particles

The fabricating process of PDMS foam composites containing m-HM particles was
introduced as follows. First, the hollow glass microsphere was dispersed in water/ethanol
(v/v = 1/9) and added to the three-necked bottles. Then, the pH mixture solution was
adjusted to 9 and heated at 80 ◦C, and n-propyltrimethoxysilane was added to the above
mixture at 80 ◦C for 5 h, followed by cooling naturally at room temperature (R.T.), obtaining
a uniform and stable m-HM-based mixture. The mixture was centrifuged at 5000 rpm for
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10 min, collecting a white sediment. Finally, the sediment was dried in an oven at 80 ◦C for
24 h, obtaining a white powder (m-HM).

The silicone rubber foam (SiRF), SiRF@HM, and SiRF@m-HM composites were fab-
ricated by using a simple mechanical mixing approach, and the fabrication process was
expressed as follows. First, the PDMS pre-polymer mixture was prepared by mechanically
mixing the PDMS-H, PDMS-Ph-OH, inhibitor, water, and a certain amount of HM (or
m-HM) at a speed of ~1100 rpm for 7 min to obtain a uniform mixture. Then, the PDMS
mixture and Pt catalyst were added into the above mixture. The screw speed was 1200 rpm,
and the time was set to 30 s. Subsequently, the mixture was poured into molds and foamed
for 20 min at room temperature. Finally, the sample was placed into an oven at 80 ◦C for
5 h to obtain a PDMS/m-HM foam composite.

3.3. Characterization

The morphology and microstructure of various m-HM-filled PDMS foam composites
were analyzed by scanning electron microscopy (SEM) (Sigma-500, ZEISS, Germany) with an
energy dispersive spectrometer (EDS). The compression tests of foams (10 × 10 × 10 mm)
were measured by using a universal tensile testing machine (UTTM) (Universal V4.5A
models, China). The infrared thermography of the samples (10 × 10 × 10 mm), while
conducting vertical burning tests, were obtained by an infrared thermal camera (FLIR)
(Nicolet 7000, American) with a thermal sensitivity of ≤2 ◦C. The thermal insulation of
the PDMS foam composites (thickness of ~20 mm) was conducted at the fixed hot stage
with 150 ◦C, and the infrared images of the samples during the thermal insulating process
were recorded using an infrared camera (FLIR E60) with a certain range of detection from
−10 to 650 ◦C.

4. Conclusions

In summary, we developed a simple and green method for preparing lightweight,
mechanically flexible, and thermal insulating phenyl silicone foam composites. Incorpo-
ration of m-HM particles into the PDMS prepolymer produced a good compatibility of
the HM and PDMS mixture, thus fabricating the porous m-HM-filled PDMS composites
with an excellent porous pore structure. The pore structure and density of the PDMS foam
composites are strongly dependent on the content of the m-HM particles. After optimiz-
ing the filler content, the SiRF-m-7.5 composites display a density as low as 104 mg/cm3

and good thermal insulation performance (e.g., from 150.0 ◦C to 52.1 ◦C for the sample
with ~20 mm thickness), which is superior to other SiRF composites with different m-HM
contents. Moreover, the optimized PDMS foam composites also have excellent mechanical
flexibility and reliability—for instance, unchanged maximum stress values at a strain of
70% after 100 compressive cycles. Clearly, this green, simple, and low-cost method was
proven herein to be highly reproducible and capable of generating ultra-low-density PDMS
foam composites for potential large-scale applications.

Author Contributions: T.-L.H.: Supervision, Validation, Conceptualization, and Reviewing and
Editing. B.-F.G.: Investigation, Methodology, Data curation, and Writing—Reviewing and Editing.
G.-D.Z.: Methodology, Validation, and Software. L.-C.T.: Supervision, Conceptualization, and
Writing—Reviewing and Editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Science Foundation and Technology Project of Zhejiang
Province grant number [Z22E035302 and LGG20B040002] and the Natural Science Foundation of
Shandong Province grant number [ZR2020LFG004]. And the Science and Technology Project of
Hangzhou was funded by (20201203B136, 20201203B134, and 20191203B16).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2023, 28, 2614 11 of 13

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Apostolopoulou-Kalkavoura, V.; Munier, P.; Bergström, L. Thermally Insulating Nanocellulose-Based Materials. Adv. Mater. 2021,

33, e2001839. [CrossRef] [PubMed]
2. Zhu, M.; Ma, Z.; Liu, L.; Zhang, J.; Huo, S.; Song, P. Recent advances in fire-retardant rigid polyurethane foam. J. Mater. Sci.

Technol. 2022, 112, 315–328. [CrossRef]
3. Zhang, X.; Zhao, X.; Xue, T.; Yang, F.; Fan, W.; Liu, T. Bidirectional anisotropic polyimide/bacterial cellulose aerogels by

freeze-drying for super-thermal insulation. Chem. Eng. J. 2020, 385, 123963. [CrossRef]
4. Zhao, S.; Siqueira, G.; Drdova, S.; Norris, D.; Ubert, C.; Bonnin, A.; Galmarini, S.; Ganobjak, M.; Pan, Z.; Brunner, S.; et al.

Additive manufacturing of silica aerogels. Nature 2020, 584, 387–392. [CrossRef] [PubMed]
5. Zhu, D.; Handschuh-Wang, S.; Zhou, X. Recent progress in fabrication and application of polydimethylsiloxane sponges. J. Mater.

Chem. A 2017, 5, 16467–16497. [CrossRef]
6. Yilgör, E.; Yilgör, I. Silicone containing copolymers: Synthesis, properties and applications. Prog. Polym. Sci. 2014, 39, 1165–1195.

[CrossRef]
7. Liang, S.Q.; Li, Y.Y.; Yang, J.B.; Zhang, J.M.; He, C.X.; Liu, Y.Z.; Zhou, X.C. 3D Stretchable, Compressible, and Highly Conductive

Metal-Coated Polydimethylsiloxane Sponges. Adv. Mater. Technol. 2016, 1, 1600117. [CrossRef]
8. González-Rivera, J.; Iglio, R.; Barillaro, G.; Duce, C.; Tinè, M.R. Structural and Thermoanalytical Characterization of 3D Porous

PDMS Foam Materials: The Effect of Impurities Derived from a Sugar Templating Process. Polymers 2018, 10, 616. [CrossRef]
9. Zhang, G.-D.; Wu, Z.-H.; Xia, Q.-Q.; Qu, Y.-X.; Pan, H.-T.; Hu, W.-J.; Zhao, L.; Cao, K.; Chen, E.-Y.; Yuan, Z.; et al. Ultrafast

Flame-Induced Pyrolysis of Poly(dimethylsiloxane) Foam Materials toward Exceptional Superhydrophobic Surfaces and Reliable
Mechanical Robustness. ACS Appl. Mater. Interfaces 2021, 13, 23161–23172. [CrossRef]

10. Li, Y.-T.; Liu, W.-J.; Shen, F.-X.; Zhang, G.-D.; Gong, L.-X.; Zhao, L.; Song, P.; Gao, J.-F.; Tang, L.-C. Processing, thermal conductivity
and flame retardant properties of silicone rubber filled with different geometries of thermally conductive fillers: A comparative
study. Compos. Part B Eng. 2022, 238, 109907. [CrossRef]

11. Zhang, C.L.; Zhang, C.Y.; Huang, R.; Gu, X.Y. Effects of hollow microspheres on the thermal insulation of polysiloxane foam. J.
Appl. Polym. Sci. 2017, 134, 44778. [CrossRef]

12. Hamdani, S.; Longuet, C.; Perrin, D.; Lopez-Cuesta, J.-M.; Ganachaud, F. Flame retardancy of silicone-based materials. Polym.
Degrad. Stab. 2009, 94, 465–495. [CrossRef]

13. Wu, Q.; Zhang, J.; Wang, S.; Chen, B.; Feng, Y.; Pei, Y.; Yan, Y.; Tang, L.; Qiu, H.; Wu, L. Exceptionally flame-retardant flexible
polyurethane foam composites: Synergistic effect of the silicone resin/graphene oxide coating. Front. Chem. Sci. Eng. 2020, 15,
969–983. [CrossRef]

14. Tripathi, M.; Parthasarathy, S.; Yadav, R.; Roy, P.K. Flexible silicone-hollow glass microballoon syntactic foams for application in
fire protective clothing. J. Appl. Polym. Sci. 2022, 139, 52101. [CrossRef]

15. Kang, Y.H.; Bae, E.J.; Lee, M.H.; Han, M.; Kim, B.J.; Cho, S.Y. Highly Flexible and Durable Thermoelectric Power Generator Using
CNT/PDMS Foam by Rapid Solvent Evaporation. Small 2022, 18, e2106108. [CrossRef] [PubMed]

16. Zhang, Y.; Hu, Y.; Zhu, P.; Han, F.; Zhu, Y.; Sun, R.; Wong, C.-P. Flexible and Highly Sensitive Pressure Sensor Based on
Microdome-Patterned PDMS Forming with Assistance of Colloid Self-Assembly and Replica Technique for Wearable Electronics.
ACS Appl. Mater. Interfaces 2017, 9, 35968–35976. [CrossRef]

17. Zhang, X.; Zhu, W.; Parkin, I.P. A free-standing porous silicon-type gel sponge with superhydrophobicity and oleophobicity. RSC
Adv. 2016, 7, 31–36. [CrossRef]

18. Zhou, L.; Rada, J.; Zhang, H.; Song, H.; Mirniaharikandi, S.; Ooi, B.S.; Gan, Q. Sustainable and Inexpensive Polydimethylsiloxane
Sponges for Daytime Radiative Cooling. Adv. Sci. 2021, 8, 2102502. [CrossRef]

19. Luo, Y.; Ni, L.; Shen, L.; Qiu, C.; Liu, P.; Liang, M.; Zou, H.; Zhou, S. Fabrication of Rigid Polyimide Foams by Constructing Dual
Crosslinking Network Structures. Ind. Eng. Chem. Res. 2023, 62, 1358–1372. [CrossRef]

20. Zhang, J.; Fleury, E.; Chen, Y.; Brook, M.A. Flame retardant lignin-based silicone composites. RSC Adv. 2015, 5, 103907–103914.
[CrossRef]

21. Ma, Z.; Liu, X.; Xu, X.; Liu, L.; Yu, B.; Maluk, C.; Huang, G.; Wang, H.; Song, P. Bioinspired, Highly Adhesive, Nanostructured
Polymeric Coatings for Superhydrophobic Fire-Extinguishing Thermal Insulation Foam. ACS Nano 2021, 15, 11667–11680.
[CrossRef]

22. Zhang, C.; Qu, L.; Wang, Y.; Xu, T.; Zhang, C. Thermal insulation and stability of polysiloxane foams containing hydroxyl-
terminated polydimethylsiloxanes. RSC Adv. 2018, 8, 9901–9909. [CrossRef]

23. Yan, C.; Luo, Y.; Zhang, W.; Zhu, Z.; Li, P.; Li, N.; Chen, Y.; Jin, T. Preparation of a novel melamine foam structure and properties.
J. Appl. Polym. Sci. 2021, 139, 51992. [CrossRef]

24. Su, M.; Pan, Y.; Zheng, G.; Liu, C.; Shen, C.; Liu, X. An ultra-light, superhydrophobic and thermal insulation ultra-high molecular
weight polyethylene foam. Polymer 2021, 218, 123528. [CrossRef]

http://doi.org/10.1002/adma.202001839
http://www.ncbi.nlm.nih.gov/pubmed/32761673
http://doi.org/10.1016/j.jmst.2021.09.062
http://doi.org/10.1016/j.cej.2019.123963
http://doi.org/10.1038/s41586-020-2594-0
http://www.ncbi.nlm.nih.gov/pubmed/32814885
http://doi.org/10.1039/C7TA04577H
http://doi.org/10.1016/j.progpolymsci.2013.11.003
http://doi.org/10.1002/admt.201600117
http://doi.org/10.3390/polym10060616
http://doi.org/10.1021/acsami.1c03272
http://doi.org/10.1016/j.compositesb.2022.109907
http://doi.org/10.1002/app.44778
http://doi.org/10.1016/j.polymdegradstab.2008.11.019
http://doi.org/10.1007/s11705-020-1988-8
http://doi.org/10.1002/app.52101
http://doi.org/10.1002/smll.202106108
http://www.ncbi.nlm.nih.gov/pubmed/34984817
http://doi.org/10.1021/acsami.7b09617
http://doi.org/10.1039/C6RA25636H
http://doi.org/10.1002/advs.202102502
http://doi.org/10.1021/acs.iecr.2c03496
http://doi.org/10.1039/C5RA24093J
http://doi.org/10.1021/acsnano.1c02254
http://doi.org/10.1039/C8RA00222C
http://doi.org/10.1002/app.51992
http://doi.org/10.1016/j.polymer.2021.123528


Molecules 2023, 28, 2614 12 of 13

25. Tian, Y.; Gong, C.; Zhou, H.; Jiang, Z.; Wang, X.; Tang, L.; Cao, K. Halogen-free intumescent flame retardancy and mechanical
properties of the microcellular polypropylene with low expansion ratio via continuous extrusion assisted by subcritical CO2. J.
Appl. Polym. Sci. 2021, 139, 51971. [CrossRef]

26. Hsu, P.-C.; Liu, C.; Song, A.Y.; Zhang, Z.; Peng, Y.; Xie, J.; Liu, K.; Wu, C.-L.; Catrysse, P.B.; Cai, L.; et al. A dual-mode textile for
human body radiative heating and cooling. Sci. Adv. 2017, 3, e1700895. [CrossRef]

27. Oh, M.J.; Lee, J.H.; Yoo, P.J. Graphene-based ultralight compartmentalized isotropic foams with an extremely low thermal
conductivity of 5.75 m Wm −1 K−1. Adv. Funct. Mater. 2020, 31, 2007392. [CrossRef]

28. Wang, M.; Pan, N. Modeling and prediction of the effective thermal conductivity of random open-cell porous foams. Int. J. Heat
Mass Transf. 2008, 51, 1325–1331. [CrossRef]

29. Liu, W.; Chen, Z.; Zhou, G.; Sun, Y.; Lee, H.R.; Liu, C.; Yao, H.; Bao, Z.; Cui, Y. 3D Porous Sponge-Inspired Electrode for Stretchable
Lithium-Ion Batteries. Adv. Mater. 2016, 28, 3578–3583. [CrossRef]

30. Zhao, X.; Li, L.; Li, B.; Zhang, J.; Wang, A. Durable superhydrophobic/superoleophilic PDMS sponges and their applications in
selective oil absorption and in plugging oil leakages. J. Mater. Chem. A 2014, 2, 18281–18287. [CrossRef]

31. Fan, Y.J.; Meng, X.S.; Li, H.Y.; Kuang, S.Y.; Zhang, L.; Wu, Y.; Wang, Z.L.; Zhu, G. Stretchable Porous Carbon Nanotube-Elastomer
Hybrid Nanocomposite for Harvesting Mechanical Energy. Adv. Mater. 2016, 29, 1603115. [CrossRef] [PubMed]

32. Zhang, A.; Chen, M.; Du, C.; Guo, H.; Bai, H.; Li, L. Poly(dimethylsiloxane) Oil Absorbent with a Three-Dimensionally
Interconnected Porous Structure and Swellable Skeleton. ACS Appl. Mater. Interfaces 2013, 5, 10201–10206. [CrossRef] [PubMed]

33. Mazurek, P.; Ekbrant, B.; Madsen, F.; Yu, L.; Skov, A. Glycerol-silicone foams—Tunable 3-phase elastomeric porous materials.
Eur. Polym. J. 2019, 113, 107–114. [CrossRef]

34. Zhao, J.; Luo, G.; Wu, J.; Xia, H. Preparation of Microporous Silicone Rubber Membrane with Tunable Pore Size via Solvent
Evaporation-Induced Phase Separation. ACS Appl. Mater. Interfaces 2013, 5, 2040–2046. [CrossRef]

35. Timusk, M.; Nigol, I.A.; Vlassov, S.; Oras, S.; Kangur, T.; Linarts, A.; Šutka, A. Low-density PDMS foams by controlled
destabilization of thixotropic emulsions. J. Colloid Interface Sci. 2022, 626, 265–275. [CrossRef]

36. Zhu, X.; Shi, Y.; Sun, F.; Hou, F.; Li, Y.; Wen, J.; Jin, F.; Chen, Y.; Hou, L.; Tang, C.; et al. Stress relaxation behavior of 3D printed
silicone rubber foams with different topologies under uniaxial compressive load. Compos. Commun. 2023, 38, 101475. [CrossRef]

37. Ren, J.; Wu, F.; Shang, E.; Li, D.; Liu, Y. 3D printed smart elastomeric foam with force sensing and its integration with robotic
gripper. Sens. Actuators A Phys. 2023, 349, 113998. [CrossRef]

38. Chen, Q.; Zhao, J.; Ren, J.; Rong, L.; Cao, P.; Advincula, R.C. 3D Printed Multifunctional, Hyperelastic Silicone Rubber Foam.
Adv. Funct. Mater. 2019, 29, 1900469. [CrossRef]

39. Qiang, F.; Dai, S.-W.; Zhao, L.; Gong, L.-X.; Zhang, G.-D.; Jiang, J.-X.; Tang, L.-C. An insulating second filler tuning porous
conductive composites for highly sensitive and fast responsive organic vapor sensor. Sens. Actuators B Chem. 2019, 285, 254–263.
[CrossRef]

40. Verdejo, R.; Barroso-Bujans, F.; Rodriguez-Perez, M.A.; de Saja, J.A.; Arroyo, M.; Lopez-Manchado, M.A. Carbon nanotubes
provide self-extinguishing grade to silicone-based foams. J. Mater. Chem. 2008, 18, 3933–3939. [CrossRef]

41. Abshirini, M.; Saha, M.C.; Altan, M.C.; Liu, Y. Synthesis and characterization of hierarchical porous structure of polydimethyl-
siloxane (PDMS) sheets via two-step phase separation method. Mater. Des. 2021, 212, 110194. [CrossRef]

42. Tay, R.Y.; Li, H.; Lin, J.; Wang, H.; Lim, J.S.K.; Chen, S.; Leong, W.L.; Tsang, S.H.; Teo, E.H.T. Lightweight, Superelastic Boron
Nitride/Polydimethylsiloxane Foam as Air Dielectric Substitute for Multifunctional Capacitive Sensor Applications. Adv. Funct.
Mater. 2020, 30, 1909604. [CrossRef]

43. Cao, C.-F.; Wang, P.-H.; Zhang, J.-W.; Guo, K.-Y.; Li, Y.; Xia, Q.-Q.; Zhang, G.-D.; Zhao, L.; Chen, H.; Wang, L.; et al. One-step
and green synthesis of lightweight, mechanically flexible and flame-retardant polydimethylsiloxane foam nanocomposites via
surface-assembling ultralow content of graphene derivative. Chem. Eng. J. 2020, 393, 124724. [CrossRef]

44. Guo, B.-F.; Wang, P.-H.; Cao, C.-F.; Qu, Z.-H.; Lv, L.-Y.; Zhang, G.-D.; Gong, L.-X.; Song, P.; Gao, J.-F.; Mai, Y.-W.; et al. Restricted
assembly of ultralow loading of graphene oxide for lightweight, mechanically flexible and flame retardant polydimethylsiloxane
foam composites. Compos. Part B Eng. 2022, 247, 110290. [CrossRef]

45. Giustiniani, A.; Guégan, P.; Marchand, M.; Poulard, C.; Drenckhan, W. Generation of Silicone Poly-HIPEs with Controlled Pore
Sizes via Reactive Emulsion Stabilization. Macromol. Rapid Commun. 2016, 37, 1527–1532. [CrossRef] [PubMed]

46. Huang, N.-J.; Zang, J.; Zhang, G.-D.; Guan, L.-Z.; Li, S.-N.; Zhao, L.; Tang, L.-C. Efficient interfacial interaction for improving
mechanical properties of polydimethylsiloxane nanocomposites filled with low content of graphene oxide nanoribbons. RSC Adv.
2017, 7, 22045–22053. [CrossRef]

47. Hu, P.; Madsen, J.; Skov, A.L. One reaction to make highly stretchable or extremely soft silicone elastomers from easily available
materials. Nat. Commun. 2022, 13, 370. [CrossRef] [PubMed]

48. Menk, F.; Shin, S.; Kim, K.-O.; Scherer, M.; Gehrig, D.; Laquai, F.; Choi, T.-L.; Zentel, R. Synthesis of Functional Block Copolymers
Carrying One Poly(p-phenylenevinylene) and One Nonconjugated Block in a Facile One-Pot Procedure. Macromolecules 2016, 49,
2085–2095. [CrossRef]

49. Goff, J.; Sulaiman, S.; Arkles, B.; Lewicki, J.P. Soft Materials with Recoverable Shape Factors from Extreme Distortion States.
Adv. Mater. 2016, 28, 2393–2398. [CrossRef] [PubMed]

50. Xu, T.; Zhang, J.; Qu, L.; Dai, X.; Li, P.; Sui, Y.; Zhang, C. Fabrication of polysiloxane foam with a pendent phenyl group for
improved thermal insulation capacity and thermal stability. New J. Chem. 2019, 43, 6136–6145. [CrossRef]

http://doi.org/10.1002/app.51971
http://doi.org/10.1126/sciadv.1700895
http://doi.org/10.1002/adfm.202007392
http://doi.org/10.1016/j.ijheatmasstransfer.2007.11.031
http://doi.org/10.1002/adma.201505299
http://doi.org/10.1039/C4TA04406A
http://doi.org/10.1002/adma.201603115
http://www.ncbi.nlm.nih.gov/pubmed/27869330
http://doi.org/10.1021/am4029203
http://www.ncbi.nlm.nih.gov/pubmed/24040904
http://doi.org/10.1016/j.eurpolymj.2019.01.051
http://doi.org/10.1021/am302929c
http://doi.org/10.1016/j.jcis.2022.06.150
http://doi.org/10.1016/j.coco.2022.101475
http://doi.org/10.1016/j.sna.2022.113998
http://doi.org/10.1002/adfm.201900469
http://doi.org/10.1016/j.snb.2019.01.043
http://doi.org/10.1039/b805943h
http://doi.org/10.1016/j.matdes.2021.110194
http://doi.org/10.1002/adfm.201909604
http://doi.org/10.1016/j.cej.2020.124724
http://doi.org/10.1016/j.compositesb.2022.110290
http://doi.org/10.1002/marc.201600281
http://www.ncbi.nlm.nih.gov/pubmed/27465703
http://doi.org/10.1039/C7RA02439H
http://doi.org/10.1038/s41467-022-28015-2
http://www.ncbi.nlm.nih.gov/pubmed/35042874
http://doi.org/10.1021/acs.macromol.5b02529
http://doi.org/10.1002/adma.201503320
http://www.ncbi.nlm.nih.gov/pubmed/26786598
http://doi.org/10.1039/C9NJ00782B


Molecules 2023, 28, 2614 13 of 13

51. Hu, W.-J.; Xia, Q.-Q.; Pan, H.-T.; Chen, H.-Y.; Qu, Y.-X.; Chen, Z.-Y.; Zhang, G.-D.; Zhao, L.; Gong, L.-X.; Xue, C.-G.; et al. Green
and Rapid Preparation of Fluorosilicone Rubber Foam Materials with Tunable Chemical Resistance for Efficient Oil–Water
Separation. Polymers 2022, 14, 1628. [CrossRef] [PubMed]

52. Jiang, W.-H.; Yang, J. Simultaneous enhancements in thermal insulation and toughness of resorcinol-formaldehyde/
polydimethylsiloxane micro-foams. J. Porous Mater. 2022, 1–10. [CrossRef]

53. Zhang, W.; Liu, Y.; Zhang, E.; Huang, H.; Wang, P.; Zhang, H.; Li, W. Facile fabrication of robustly resilient, fire retardant, and
thermal insulating graphene/polydimethylsiloxane aerogel composites by an interface-mediated strategy. Compos. Commun.
2022, 36, 101403. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/polym14081628
http://www.ncbi.nlm.nih.gov/pubmed/35458379
http://doi.org/10.1007/s10934-022-01390-3
http://doi.org/10.1016/j.coco.2022.101403

	Introduction 
	Results and Discussion 
	Experimental Section 
	Materials 
	Fabrication of PDMS Foam Composites Containing m-HM Particles 
	Characterization 

	Conclusions 
	References

