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Ultralight and Flexible Monolithic Polymer Aerogel
with Extraordinary Thermal Insulation by A Facile

Ambient Process

Man Li, Zihao Qin, Ying Cui, Chiyu Yang, Changyu Deng, Yunbo Wang, Joon Sang Kang,

Hongyan Xia, and Yongjie Hu*

High performance thermal insulation materials are desired for a wide range
of applications in space, buildings, energy, and environments. Here, a facile
ambient processing approach is reported to synthesize a highly insulating
and flexible monolithic poly(vinyl chloride) aerogel. The thermal conductivity
is measured respectively as 28 mW (m K)~' at atmosphere approaching

the air conductivity and 7.7 mW (m K)~' under mild evacuation condition.
Thermal modeling is performed to understand the thermal conductivity

properties. However, most synthesis
methods usually involve chemical reac-
tions in gel preparation and are limited
to specific materials. In addition, the
manufacturing cost introduced by delicate
processes such as supercritical drying in
preparing high-quality aerogels requires
high pressure equipment and consumes
large amount of liquid carbon dioxide can

contributions from different heat transport pathways in air and solid. The
analysis based on the Knudsen effect and scattering mean free paths shows
that the thermal insulation performance can be further improved through
the optimization of porous structures to confine the movement of air mole-
cules. Additionally, the prepared aerogels show superhydrophobicity due to
the highly porous structures, which enables new opportunities for surface
engineering. Together, the study demonstrates an energy-saving and scalable
ambient-processing pathway to achieve ultralight, flexible, and superhydro-
phobic poly(vinyl chloride) aerogel for thermal insulation applications.

High performance thermal insulation materials are desired
for a wide range of applications in cryogenics, space, subsea
systems, buildings, and civil, biomedicines, energy, and envi-
ronments.!'* Traditional insulation materials include porous
structures such as fiberglass, mineral wool, cellulose, poly-
urethane, and polystyrene foams.’! Aerogel, most commonly
based on silica, is an extremely porous structure artificially
formed through the careful drying out of the liquid component
inside a gel and leaving a solid filled up almost entirely by air.!
Despite of its record-low thermal conductivity, the fragility, and
brittleness of silica aerogel needs to be improved for applica-
tions where mechanical strengths are important. Recent pro-
gress has been made in developing aerogels involving organic
or nanostructured components’~'% to improve the mechanical

M. Li, Z. Qin, Y. Cui, C. Yang, C. Deng, Y. Wang, . S. Kang, H. Xia,

Prof. Y. Hu

School of Engineering and Applied Science

University of California

Los Angeles (UCLA), Los Angeles, CA 90095, USA

E-mail: ynu@seas.ucla.edu
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.201900314.

DOI: 10.1002/admi.201900314

Adv. Mater. Interfaces 2019, 6, 1900314

1900314 (1 of 7)

pose challenge for large scale deployment.
Here, we develop a facile approach
to prepare monolithic polymer aerogel
based on poly(vinyl chloride) (PVC) via
physical processes at ambient environ-
ment. Instead of making porous network
via crosslink between different mole-
cular chains or covalent bonding between
different nanoparticles,®'”] the porous
network is formed by polymer chains
entanglement between different precipi-
tated polymer clusters. Taking advantage
of the flexibility of polymer, the porous net-
work remains robust while drying at ambient environment and
shows a very low thermal conductivity approaching the air con-
ductivity. Combing with the porosity and pressure dependent
thermal conductivity, the thermal transport mechanism in PVC
aerogel is carefully analyzed. Furthermore, superhydrophobicity
is observed in these synthesized high porosity PVC aerogels.
We developed an ambient synthesis process of PVC aerogel
mainly consisting of three steps: gelation, solvent exchange,
and drying (Figure 1a). First, the reaction sources, i.e., PVC
powder (389 293, Sigma-Aldrich, USA) is mixed with dimeth-
ylformamide (DMF) (DX1727, EMD Millipore, Germany) with
ratio from 0.2 g/10 mL to 1 g/10 mL at temperature of 60 °C.
The porosity of aerogel is controlled by tuning the concentra-
tions of PVC solutions. Second, the solution is sonicated for an
hour and exposed to air for 12 h, from which the water vapor is
absorbed into DMF/PVC solution. Consequently, the solubility
of PVC decreases gradually resulting in the precipitation of
polymer particles. Finally, a white and jelly-liked PVC solid was
formed. To remove the liquid from the PVC gel while avoiding
shrinkage of the porous structure, the solvent is exchanged
with ethanol, which has a small surface tension. The solvent
exchange process includes five steps each with a time interval
of 6 h to gradually increase the volume percentage of ethanol
in the solvent from 0%, 25%, 50%, 75%, 87.5% to 93.8%.
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Figure 1. Ambient synthesis and characterizations of poly(vinyl chloride) (PVC) aerogels. a) Schematic illustrating the ambient synthesis process.
b) Optical image of a typical PVC aerogel sample. c) Scanning electron microscope (SEM) image of PVC aerogel showing a porous network consisting
of PVC particles. d) The relationship between the porosity of aerogel and the mass ratio of chemical precursors. e) Ultralight aerogel sample balanced
on a flower and a foxtail, f) the twisting test, and g) bending test of the flexible PVC aerogel.

Following aged for twelve hours, the gel is exposed to ambient
environment. After the solvent is completely evaporated, a solid
backbone is formed as shown in the optical image (Figure 1b).
The volume of aerogel can expand by more than ten times
larger than that of the original PVC powder indicating a sample
with high porosity is formed and filled with air. Note that this
ambient processing approach allows readily preparation of inch-
size PVC aerogel samples and further scaling up (Figure 1b).
The microscopic structures of PVC aerogel samples were
examined using scanning electron microscope (SEM) as shown
in Figure 1c. It can be observed that there are enormous PVC
particles with diameter from 0.5 to 5 um connected with each
other with necks at the microscale. These PVC particles are
initially precipitated during diffusion of water vapor into DMF
solvent. While the growth of distributed PVC particles, the dan-
gling polymer chains can entangle with the chains from other
particles. Finally, different particles are connected and form a
porous network. It was observed that when a small droplet of
water was added into the solution, a lot of white PVC particles
precipitated but not connected, which proved the critical impor-
tance of a natural slow absorption process. It should be noted
here this dynamical process of generation of polymer network
can happen to other polymers in principle only if the polymers
are well dissolved in a certain solvent and precipitated grad-
ually with absorption of insoluble solvent. The effective density
Pefr can be measured based on Archimedes principle, from
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which the porosity can be directly derived from the comparison
with the density of bulk form PVC ( ppyc = 1.38 gcm™)
according to the following equation

_q_ Per
D=1-45-" (1)

As summarized in Figure 1d, when the ratio of PVC/DMF
varies from 0.02 to 0.10 gram per mlL, the porosity can change
from 60.4% to 95.4% continually, with density decreasing from
0.546 to 0.063 g cm™>. In comparison, such a low mass den-
sity of 0.063 g cm™ corresponds to a porosity of 97% for silica
aerogel, which however usually requires delicate synthesis
methods such as supercritical drying or multiple surface modi-
fications.[¥l The lightness and flexibility of the synthesized PVC
aerogel are further illustrated in Figure le-g. As an example, a
3.5 cubic centimeter of the PVC aerogel weighs just 230 mg
and is so light that it can be balanced on a flower and a blade
of foxtail grass (see Figure le). In addition, the as-synthesized
PVC aerogel can be highly twisted to a rope but without leading
to a mechanical breakdown (Figure 1f), which is impossible
for standard silica-based aerogels. To further explore the poten-
tial application in flexible devices, we have performed a com-
pression test and the PVC aerogel shows high robustness and
reversibility for bending at large angles of 90°-180° (Figure 1g).
Such an ultraflexibility remains challenging for other aerogels.
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Figure 2. Thermal conductivity measurement of PVC aerogels. a) Schematic of hot-wire thermal conductivity measurement. b) Typical experimental
data (symbols) fitted to the transient heat conduction model (dash lines). Black and red color represents samples prepared with different initial PVC

mass to DMF volume ratios, i.e., here respectively 0.025 and 0.05 g mL™".

Thermal conductivity of PVC aerogels is measured using the
hot-wire method.'”) The hot-wire method is a standard tech-
nique for measuring a wide range of materials.?>2! In this
method, an electrically resistive metal wire is embedded in
the sample, serving as both a line heat source and a tempera-
ture sensor, as depicted schematically in Figure 2a.2l A con-
stant current is applied and uniform joule heating is gener-
ated along the wire, and the local temperature of the wire is
sampled instantly by taking advantage of the linear relationship
between temperature and resistance of metal wire. More spe-
cifically, in our measurement, a platinum wire with a diameter
of 23 um was placed in the PVC/DMF solution. The platinum
wire would be well embedded in the sample while the forma-
tion of aerogel. By solving the transient heat conduction model,
the temperature rise is found linear with the logarithm value of
time and the thermal conductivity can be related with the tem-
perature rise rate by

o UL Aln(t) 2
4nl AT

where U, I, and L are the average voltage drop, current across
the wire, and the length of the wire. Figure 2b displays two tem-
perature rise curves versus logarithm time of two typical sam-
ples prepared with 0.25 g/10 mL and 0.5 g/10 mL PVC mass to
DMEF volume ratio. The applied current is 89 mA and the wire
length of 1.56 cm. For a fixed heating power, a larger slope of
the measurement curve would indicate a smaller thermal con-
ductivity. By comparing the temperature rise curve versus time
with a transient heat conduction model, the thermal conduc-
tivity of sample can be precisely derived.

With such a high porosity and low intrinsic thermal con-
ductivity of bulk PVC around 0.16 mW (m K)~.,1?’) thermal
conductivity of the PVC aerogel with a porosity of 95.4% was
measured to be as low as 0.028 mW (m K)™!, approaching the
thermal conductivity of air (=0.026 mW (m K)™),%8 which
means our PVC aerogel can act as air-like thermal insulation
material. Moreover, evacuation to a mild vacuum of =0.01 atm
is sufficient to further suppress the gaseous heat transfer and to
achieve a thermal conductivity as low as to 0.0077 mW (m K)~L.
From the comparison of thermal conductivity in air and under
evacuation, we can find the air molecules have dominant effects
on thermal transport in PVC aerogel and the heat conduction
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through the PVC backbone is negligible. Note that there are
three different thermal transport pathways inside aerogel as
illustrated in Figure 3a: heat conduction through the solid back-
bone, heat conduction via the gas molecules filled in the pores,
and thermal radiation from the surface of the backbone. Thus,
the total thermal conductivity of aerogel (k) can be decomposed
into three components: solid thermal conductivity (k;), gaseous
thermal conductivity (k,), and radiative thermal conductivity
(k;), which can be mathematically expresses asl?’]

K=K, +K,+K, (3)

From the heat transfer estimation, the radiative thermal
conductivity k; is less than 0.002 mW (m K)~! when porosity
is below 95%,121 which is much smaller than the other com-
ponents. Therefore, the two main contributions to thermal
transport in the PVC aerogels are x and &, which are affected
mostly by the porosity and pore size. Porosity dependent k of
PVC aerogels were measured and plotted in Figure 3b. When
samples are measured in air, k¥ decreases monotonically from
0.0618 to 0.0283 mW (m K)~! with porosity from 60.4% to
95.4%, indicating that x; contributes to the heat conduction fol-
lowing the volumetric fractions of the solid PVC backbone.

To make a comparison, literature data of silica aerogel from
supercritical drying and ambient drying processes!'®3% are also
plotted in Figure 3b. For the same porosity, the PVC aerogel
demonstrates remarkably lower thermal conductivity than
silica aerogels prepared from both methods. The PVC sam-
ples were also measured in mild vacuum at a pressure around
0.001 atm, and show a thermal conductivity from 0.0356 to
0.0077 mW (m K)~! for the same porosity range. For the sample
with porosity of 95.4%, the gaseous contribution k, can be
calculated from the subtraction of the thermal conductivity
value in vacuum from that in air. This calculation gives &, to be
around 0.0206 mW (m K)~!. On the other hand, from the calcu-
lation using the porosity and the thermal conductivity of air, &, is
0.0245 mW (m K)~!, which is 20% higher than the former value.
We attribute such a difference in &, to the Knudsen effect!” 17231
of air molecules in confined space, i.e., small pores inside the
PVC aerogels. This Knudsen effect indicates that if the pore size
is smaller than or comparable with the traveling mean free path
of the gas molecules in free space, the gas molecules would col-
lide with the solid framework before their interactive scattering.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Thermal transport analysis in PVC aerogel. a) Thermal transport pathways inside PVC aerogel, consisting of heat conduction through solid
backbone, heat conduction via gas molecules, and thermal radiation from surface of backbone. b) Porosity dependent thermal conductivity of PVC
aerogel in air and at 0.07 atm. Literature data [18, 30] on thermal conductivity of silica aerogel obtained from supercritical drying and ambient drying
are included for comparison. The guidelines are power law fitting of experimental data to illustrate the porosity—thermal conductivity relationship.
c) Pressure dependent thermal conductivity of PVC aerogel with different porosities and mass densities. The red, green and blue color represents the
PVC aerogel with a porosity of 95.4%, 94.8%, and 83.9%, respectively. The symbols are for experimental data and the lines are for best fittings.

Such additional scattering with solid framework can effectively
lower the mean free path of gas molecules than its intrinsic
values in free space, and thereby reduce thermal conductivity.
Further reduction in pore size will lead to stronger Knudsen
effect, and thus lower thermal conductivity.

Here, we use the Knudsen effect to analyze the pore size
of the PVC aerogel by measuring their pressure dependent
thermal conductivity. The pressure dependent thermal con-
ductivity of high porosity aerogel samples is measured from
100 Pa to ambient pressure (Figure 3c). Note that among the
three heat transfer contributions, k, and x; are pressure inde-
pendent, and the decrease of x with reduced pressure repre-
sents the reduction of x,. From the kinetic theory, the thermal

g
conductivity of air can be calculated as[3?

Ky = Apcy VA “4)
where A is a constant, and p,Cy,v, and A are the air density,
specific heat, average velocity, and mean free path of molecules
respectively. p is proportional to the pressure, and A is inversely
proportional to pressure. Thus, in principle, k, in free space
should be pressure independent. Contrary from the simplifica-
tion, &, of PVC aerogel from measurement (Figure 3c) strongly
depends on the ambient pressure because the porous struc-
ture limits the air molecules diffusion and breaks the inverse
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relationship between A and the pressure. The A of air mole-
cules in a porous structure can be calculated based on Matthies-
sen’s rulel3?!

D
D+A,

Ao ©)

D is pore size in diameter. A, is the mean free path of air

molecules in free space and is calculated using A, =35, where

B
P ’
P is the pressure in the unit of Pa. Since A equals to 66 nm at
1 atm,*2 B equals to 0.00663 for air. So the total thermal con-

ductivity at different pressures can be calculated as
©

where i, is the gaseous thermal conductivity at 1 atm. x; rep-
resents the solid state contribution and can be measured at a
high pressure (e.g., 100 Pa). From Equation (6), we can find that
when the pore size is smaller, k, would be smaller at a fixed pres-
sure. The experimental data with best fitting using Equation (6)
is shown in Figure 3c. For a fixed pore diameter, It is clear that
K increases for high pressure since &, is increasing. The average
pore size was extracted from the modeling fitting with experi-

ment and ranges from 800 to 1300 nm. Note that the distribution

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Sample PVC DMF Porosity Mass density Thermal conductivity Thermal conductivity Contact angle with water
le] [mL] [g cm™] in airmW (m K™ at 0.01 atm mW (m K)~' N
S20 0.20 10 95.4% 0.063 28.3 7.7 160.2
S25_1 0.25 10 92.9% 0.098 32.6 10.4 158.1
S§25_2 0.25 10 94.8% 0.071 309 10.5 158.0
S38 0.38 10 83.9% 0.222 38.9 14.7 147.3
S50 0.50 10 74.5% 0.352 50.4 17.9 131.1
S75 0.75 10 64.3% 0.493 53.1 24.7 101.4
S100 1.00 10 60.4% 0.546 61.8 35.6 97.7

of pore sizes provides the substantial confinement to the travel-
ling of molecules despite that the average pore size is larger than
the mean free path A of air molecules at atmosphere pressure,
Next, we explore the superhydrophobicity of the PVC
aerogel. The hydrophobic property of a material is determined
by the wettability of surface (i.e., the interaction with water).
When the Young contact angle on a surface is over 150°, they
are defined as superhydrophobic materials.3*-3¢1 Superhy-
drophobicity can be extremely beneficial for various potential
applications.’”! For instance, in building materials involving
water-resistance or absorption of hydrophobic substances such
as 0il.3¥ However, classic materials such as silica tend to shrink
and cloud in humid environments, and therefore destroy its
transparency and integrity. Superphydrophobic surfaces are
intensively investigated and specially formulated to repel water
and not absorb moisture from the air.?**% Here, we perform
contact angle measurement and reveal that supershydrophobic
PVC aerogels can be achieved at a high porosity. The contact
angle of PVC aerogel samples with water are summarized in
Table 1 with the other properties. In comparison, the contact
angel of bulk PVC with water of is =87°, which indicates a
slightly hydrophilic material. Notably, the aerogels samples
with porosity higher than 85% have the contact angle over
150°. The tested contact angle is as high as to 160.2° when
the porosity increases to 95%, implying a superhydrophobic

()

HanE

ol
Mixed state

r=1
Cassie state

(b)

Contact angle (deg)

material. To evaluate the structural stability, these samples were
remeasured after being kept in ambient environment for more
than a month and still sustain the superhydrophobicity.

We attribute the micropores near the PVC aerogel surface as
the main reason for the observed superhydrophobicity, as illus-
trated in Figure 4a. These surface porosity can serve as rough-
ness on a flat surface and create hydrophobic materials.*!
Cassie and Baxter put forward an analytical model for porous
solid surface in which no water is filled*!l
cos 0. = f+(cosB.+1)-1 )
where 6., 6.9, f are respectively the contact angle between
porous surface and water, the contact angle between dense sur-
face and water, and the fraction of solid on the surface. Since
the PVC itself is weakly hydrophilic, some space of the pores
near the surface would be filled. The wetting status would be a
mixed state of Wenzel state and Cassie-Baxter models. For the
mixed state, the contact angle can be calculated by combining
Equation (7) and Wenzel model*?!

cos @, = f-(r-cosf+1)-1 @)

where r is the roughness factor, defined as the ratio of the actual
wetted area to the projected area on the surface.*3 In Figure 4b,

Density (g/cm?)
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Figure 4. Contact angel measurement and superhydrophobicity of PVC aerogels. a) Schematic illustrating the mechanism how the surface porosity
improves the surface area and the contact angle with water. b) The porosity dependent contact angle of PVC aerogel, following the prediction based
on Cassie-Baxter model (blue) and Wenzel model (orange and green). r is the roughness factor, defined as the ratio of the actual wetted area to the

projected area on the surface.
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the predicted contact angles for aerogel with different porosi-
ties are plotted together with the experimental data. The experi-
mental measurement of contact angles are plotted together with
the calculation in Figure 4b, and shows good agreement, indi-
cating that the high porosity of PVC aerogel increases gas-solid
interface areas and enhances the surface roughness, which
together leads to the superhydrophobicity. The observed supe-
rhydrophobicity in the PVC aerogels synthesized by this facile
ambient process can enable new opportunities in designing
water-repelling building blocks, surface engineering, and drug
delivery platforms.[*+7]

In summary, we develop a facile method to synthesize ultra-
light and flexible polymer aerogel with low thermal conductivity
without supercritical drying. We successfully prepared PVC aero-
gels with the porosities ranging from 60% to 95% and measured
the thermal conductivity of the PVC aerogel as 28 mW (m K)!
in air and 7.7 mW (m K)™' under mild evacuation. The con-
tribution from air conduction dominates the thermal transport
in PVC aerogel. Our modeling analysis indicates that the lower
boundary of thermal conductivity can be pushed by further
reducing the pore size and increase the porosity. In addition,
we measured the contact angle of PVC aerogel with water and
found that the PVC aerogels with porosity larger than 85%
are superhydrophobic. The porosity-dependent contact angles
from experimental measurement are in good consistence with
theory prediction by mixed Cassie—Baxter and Wenzel models.
The low thermal conductivity, mechanical flexibility, and supe-
rhydrophobicity show high promise in engineering the PVC
aerogel for thermal management applications*®4 under dif-
ferent working environments.
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