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ABSTRACT: The effect of the curing temperature (T.) on the
properties of PBO aerogel was investigated in this paper. The compressive
strength of PBO aerogel prepared was much higher than that of PBO
aerogel of the same density in other kinds of literature. With the robust F-
type polybenzoxazine (PBO) aerogels with ultra-high Young’s modulus
(733.7 MPa at 0.48 g/cm’® and 1070 MPa at 0.57 g/cm’), excellent
properties were obtained through a facile and scalable room-temperature
HCl-catalyzed sol—gel method, followed by the ambient pressure drying
technique. It is found that T, plays a vital role in the polymerization
process and the evolution of the microstructure of the 3D porous PBO
network, where the necks between the nanoparticles become thick and
strong when T, is up to 150 °C, resulting in a pearl necklace-to-worm
transformation in the micro-structure and significant growth in
mechanical properties, but if T, is higher than 180 °C, the pore volume and specific surface area will decrease sharply. Moreover,
all synthetic PBO aerogels here possessed inherent flame retardancy and a high residual char rate in the volume density (0.32—0.57
g/cm®). These properties make the F-type PBO aerogels a candidate material in aerospace applications or other fields.
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1. INTRODUCTION The emergence of the benzoxazine (BO) polymer and
polybenzoxazine (PBO) aerogels are expected to provide
effective solutions for the problems mentioned above. The
PBO polymer, first produced by Holly and Cope® through the
Mannich reaction in 1944, is a thermosetting phenolic resin
containing N, O, and six chief oxazine ring structures. This
material has many superior properties, such as excellent
dynamic and static mechanical properties, high heat stability,
high residual char rate, flame retardancy, almost zero shrinkage
during the curing process, no small molecule release during
production to pollute the environment,” '’ and cheapness in
price. Therefore, PBO is an ideal material for preparing high-
strength flame-retardant aerogel."' ™"

The aerogel prepared from PBO will be naturally hydro-
phobic and has high thermal stability. In addition, because
PBO is a thermosetting resin, the strength of PBO aerogel can
be controlled by controlling the heat treatment temperature.
The currently prepared PBO aerogels are often used as

Aerogel is a solid material assembled from nanoparticles with a
three-dimensional structure and ultra-high porosity, extremely
low density, high density, and specific surface area."”” Aerogels
were first made by Kistler’ in the 1930s. After years of
development, the types of aerogels have been diversified, and
their applications based on low refractive index, high porosity,
low density, and large surface area in many fields such as heat
insulation, sound insulation, catalysis, filtration, and lightweight
structural materials have attracted increasing attention all over
the world. However, unfortunately, the mechanical properties
of most current organic or inorganic aerogels are unacceptable.
They are often too soft or fragile to act as monophase
materials, just like the typical case of silica aerogel.”” On the
other hand, the preparation of high-performance aerogels
requires some extraordinary or very harsh conditions [normally
supercritical, a supercritical fluid (SCF) drying] to prevent the
micropore structure from being destroyed in the drying
process. These preparation technologies significantly improve

the complexity or difficulty of preparing aerogels and often Received: March 4, 2022
become bottlenecks, which not only enhance the cost and time Accepted:  July 6, 2022
consumption but also significantly hamper the large-scale Published: July 18, 2022

production and promotion of aerogels. Therefore, the robust
aerogel that can be prepared under conventional preparation
conditions is urgently needed.
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precursors for the preparation of char aerogels.'* They are also
used in thermal insulation, adsorption, supercapacitors,
medical hard tissue scaffolds, catalyst carriers, and other
fields."" ™"

There have been some studies dedicated to the synthesis and
preparation of PBO aerogels. Lorraine'® first dissolved
bisphenol A/aniline BO in xylene. Then, the partially cured
PBO gel was placed at 130 °C for 96 h, followed by drying at
room temperature and pressure for 2 days to get rid of xylene,
to get organic aerogel and then heated and cured to get PBO
aerogel with a density of 0.26~0.59 g/cm?. After that, Shruti*’
and Xiao”' performed a high-yield room-temperature acid-
catalyzed synthesis method with hydrochloric acid employed
to achieve ring-opening polymerization of PBO aerogels. As a
result, the thermal catalytic-polymerization time was shortened
from several days to several hours. Meanwhile, the HCl-
catalyzed process engaged the para position of the aniline
moieties, leading to a higher degree of cross-linking, but SCF
CO, was also needed in their methods. The compressive
strength of the obtained aerogel reached 14.42 MPa.”

To get rid of the restriction of SCF drying, some attempts
have been made. Sadeq and co-authors™® used acid-catalyzed
ring-opening polymerization and the atmospheric pressure
drying method. They successfully achieved PBO aerogels with
inherent flame-retardant properties, hydrophobicity, and
excellent mechanical properties. Typically, the obtained PBO
aerogels are mechanically strong with strength (e.g, 1 MPa at
0.24 g/cm® at room temperature) and Young’s modulus E
(222.38 + 6.63 MPa) higher than those of other high-
performance aerogels of similar density, including polyimide
and polyamide (Kevlar-like) aerogels, as well as polymer cross-
linked X-silica and X-vanadia aerogels, at a significantly lower
cost. Xiao™” also prepared PBO aerogel using the bisphenol A-
type BO monomer as a raw material and drying at atmospheric
pressure. Despite the remarkable progress mentioned above,
however, high-strength multifunctional aerogels through a
convenient and straightforward method are still one of the
research pursuits.

In this paper, we explore the influence of different curing
temperatures on the properties of PBO aerogel and use a new
BO monomer to prepare PBO aerogel with excellent strength.
In this paper, robust F-type PBO aerogels with ultra-high
Young’s modulus is reported. It can be conveniently prepared
by simply amplifying acid catalysis and the atmospheric drying
process. Typically, bisphenol F, instead of traditional bisphenol
A, is used as the precursor for polymerization. The prepared
PBO aerogel possesses a distinct three-dimensional disordered
nanopore network in a wide range of densities and excellent
properties, such as ultra-high Young’s modulus, high specific
surface area, high residual char rate, high thermal stability,
flame retardation, and hydrophobicity. These unique proper-
ties make it have excellent application prospects in thermal
insulation, adsorption, supercapacitors, medical hard tissue
scaffolds, catalyst carriers, or act as char aerogel precursors.

2. CHARACTERIZATION OF POLYBENZOXAZINE
AEROGEL

The micromorphology of PBO aerogel samples was analyzed
by using the HITACHI MC1000 microscope under 10 KV
acceleration voltage. The material was ground into a fine
powder before the test. Since PBO aerogel had no electrical
conductivity, gold spraying was carried out before SEM
analysis. The thermal stability of PBO aerogel was analyzed

by using the TG209 F3 thermogravimetric analyzer at a
temperature range of 100—900 °C and at an Ar rate of 90 mL/
min, using a sample size of 5 mg.

The infrared spectrum of PBO aerogel was obtained by
using the Thermo Fisher IS50 FTIR analyzer, and the
wavenumber range was 400—4000 cm™'. The sample was
sliced and polished on both sides.

The thermal conductivity of aerogel was measured by using
the DRX—II-RW type thin-film thermophysical tester. The
thermophysical tester adopted an advanced transient heat flow
method and longitudinal heat flow technology, and the thermal
conductivity coefficient was calculated between 0.015 and 100
W/MK. The tested samples were of regular shape and had a
diameter of 30 mm and thickness of 0.02—20 mm. The
temperature range is between room temperature and 200 °C.

The TIAN CHEN WDW-100 universal testing machine was
used to test the mechanical properties of samples, mainly for
the compression test of aerogel at room temperature and
pressure. The columnar aerogel samples with shape rules of ¢
= 5 mm and H = 20 mm were selected for the test, and 3 of
each piece were selected for the test, and the test results were
averaged. The loading speed was 0.1 mm/s, the maximum
pressure before fracture was measured, and the compressive
strength of the sample was calculated.

3. EXPERIMENTAL SECTION

The BO monomer was purchased from Chengdu Keyi
Polymer Co. Ltd(China). N,N-dimethylformamide (DMF,
AR) solvent was purchased from Tian Jin Fuyu Fine Chemical
Co, Ltd. Acetonitrile was purchased from the Acrylonitrile
Plant of the Chemical Department of Mailiao Formative
Plastics Company. The concentrated hydrochloric acid was
purchased from Guangdong Guanghua chemical factory co.,
Itd. N-pentane was purchased from Tianjin Damao Chemical
Reagent Factory. All reagents were used as received without
further purification.

3.1. Materials Synthesis. PBO gels were prepared by the
acid-catalyzed preparation method proposed by Shruti.”’ The
BO monomer was mixed with DMF. Then, the mixed solution
was stirred thoroughly at about 80 °C until it is fully dissolved,
and the hybrid solution was held to cool down to room
temperature. Hydrochloric acid was mixed with DMF, and
then, the mixture was mixed with BO monomer solution and
stirred at room temperature for 15 min. After that, the mixture
was transferred to the mold, gelled for 3 h at 50 °C, then
molded, followed by solvent exchange. The order of solvents is
nitrogen dimethyl amide, acetone, acetonitrile, and n-pentane.
Each solvent is used twice for 12 h each time. Low-polarity
solvents can reduce solvent volatilization during subsequent
atmospheric drying, which would result in the destruction of
the pore structure by the capillary force in the micropores of
the wet gel, thus preventing the pore structure of aerogels from
being destroyed as far as possible. After that, the wet gel is
placed at room temperature and atmospheric pressure for a day
and then subjected to subsequent heat treatment at a specific
temperature. To explore the influence of the T, on the
performance of PBO aerogel, a set of different T, (room
temperature, 120, 150, 180, 200 °C) were imposed for
comparison.

https://doi.org/10.1021/acsomega.2c01300
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4. RESULTS AND DISCUSSION

The PBO wet gel prepared by acid catalysis is yellowish-green
and turns brown and solid after heat treatment, as shown in
Figure 1b. The ring-opening polymerization reaction that

Hydrochloric
>
acid

BO monomer

(b)

PBO aerogel

Figure 1. (a) General mode of polymerization of the BO monomer.
(b) PBO before (left) and after (right) heat treatment.

occurred in the acid-catalyzed cross-linking and curing process
was further understood by the infrared spectrum shown in
Figure 2a. The strong absorption peak of the BO monomer at
6907, which is attributed to the true stretching vibration of the
C—H bond outside the aniline plane, disappeared utterly. The
cyclic acetal/amino stretching of the BO monomer at 939
cm ™" and the pH—O—C stretching at 1226 cm™" were replaced
by a new absorption peak near 1266 cm™', which was
attributed to the phenolic C—O stretching. This also shows a
strong —OH— rise at 3420 cm™} indicating extensive —OH—
extension in the PBO aerogel. As T, increases, —OH— of the
PBO aerogel is stronger, implying that phenol forms —OH-—
due to the ring-opening of the BO monomer. During the
curing reaction, the polymerization reaction further occurs, and
the increase of T. makes the polymerization reaction more
sufficient. In addition, it can be seen from the infrared
spectrum that the strong asymmetric/symmetric —C—O—-C—
stretching (1228 and 1031 cm™) and the stretching of cyclic
acetals have significantly weakened or disappeared with curing
treatment. As can be seen in Figure 2a, the disappearance of
the peak at 1442 cm™', which is attributed to the char—char
stretching in the substituted benzene torus, further indicated
that the PB monomer had completed ring-opening polymer-
ization to form PBO aerogel. The absorption peak at 2991
cm™' is mainly attributed to the stretching of —C—H—, while
the absorption peak at 1300 to 1700 cm™" is primarily due to

the extension of C=C in the benzene ring. For other
absorption peaks, there are firm absorption peaks at 747 and
690 cm™!, which are attributed to the bending vibration of the
—C—H- bond hanging on the surface of the aromatic ring and
the monomers in aniline, and these peaks also begin to weaken
slightly with the increase of temperature. As shown in Figure
2b, we tested the structure of PBO aerogels, and there is a wide
peak at 21.8° and no crystallization peak, so it is speculated
that the polymer has the amorphous structure.

Figure 3a reveals the significant effects of curing treatment
on the compressive properties of PBO aerogel. When T is 120
°C, Young’s modulus and the toughness of PBO aerogel are
the lowest; with increasing T,, Young’s modulus, toughness,
and compressive strength of the aerogel increased gradually.
This was because PBO aerogel, a kind of thermosetting
phenolic resin increasing the curing temperature to a certain
range, was beneficial to the further cross-linking curing of the
BO monomer. The robustness of the overall cross-linked
skeleton structure gradually increases with the increase of T..
Therefore, their mechanical properties such as ultimate strain
and stress, compressive strength, and Young’s modulus of PBO
aerogel gradually increased with T in the range of 120—200
°C.

Compared with the PBO aerogels reported in other
literature, the mechanical properties of aerogels prepared in
this study increase significantly, as shown in Figure 3b. When
the bulk density p,, is 0.46 g/cm? Young’s modulus (E) of the
PBO aerogel prepared in previous work™ is about 223 MPa,
which is higher than those of other high-performance aerogels
of similar density, including polyimide and polyamide (Kevlar-
like) aerogels, as well as polymer-cross-linked X-silica and X-
vanadia aerogels. In contrast, the value of E reaches 733 MPa
for the as-prepared PBO aerogel sample in this study at a
similar density (0.48 g/cm?). The value of E for PBO aerogel
prepared by Shruti* is about 490 MPa when py, is 0.55 g/cm?,
while for the as-prepared PBO aerogel, E reaches 831 MPa
when py, is 0.53 g/cm®. Young’s modulus of aerogel prepared in
this study is much higher than that of others. Specifically, when
the post-treatment temperature reached 200 °C, Young’s
modulus of PBO aerogel reached a maximum of 1070.11 +
11.21 MPa, which is even higher than other previously
reported values.” >

Figure 4 shows the thermogravimetric (TG) and (b) DTG
curves of PBO aerogel prepared at different T.. The PBO
aerogel obtained at atmospheric pressure, that is, without post-
treatment, has the lowest thermal stability and final residual
char (~43%). With the increased T,, the thermal stability of
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Figure 2. (a) Infrared spectra of benzoxazine aerogel at the different curing temperatures. (b) XRD spectrum.
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Figure 4. (a) DTG and (b) TG curves of the as-prepared PBO aerogels at different treatment temperatures.

Table 1. Mechanical Property Parameters of PBO Aerogels Obtained at Different Curing Temperatures and Aerogels in Other

Literatures
name ultimate strain (%) ultimate stress (MPa) Young’s modulus (MPa) compressive stress (MPa)

PBO-RT 13.21 10.01 193.32 + 4.61 594 + 0.21
PBO-120 21.03 11.24 275.81 + 5.14 5.76 + 0.38
PBO-150 60.73 12.50 733.76 + 8.65 22.78 + 4.38
PBO-180 98.84 31.34 832.32 + 9.34 23.85 + 2.47
PBO-200 98.61 27.51 1070.11 + 11.21 24.62 + 1.80
PBO aerogel®' 150.12
PBO aerogel23 222.3
aramid aerogel™ 50.24
polyurea aerogel®* 490.45
lignin/graphene oxide aerogel®” 2.188 + 0.21
polyurethane aerogels® 12 0.04

PBO aerogel increases gradually and reached the peak when
the subsequent T, was about 180 °C, where the temperature at
10% mass loss was 438 °C, and the char residual rate at 800 °C
was 63 wt %. Comparatively, for PBO aerogels prepared by
Lorjai, the temperature of 10% mass loss was 425 °C, and the
char residual rate at 800 °C was 53 wt %."* The char residual
rate at 800 °C for PBO aerogels prepared by Shruti was 53—61
wt 9%.”° Therefore, it is clear that the prepared F-type PBO
aerogels have certain advantages in thermal stability and
residual char rate. The influence of T, on thermal stability and
the final residual char rate is related to the secondary cross-
linking of aerogels at different T.. As thermosetting resin, the
cross-linking reaction of BO at high T, makes the skeleton
structure of aerogel more robust, resulting in higher strength
and higher thermal stability. Polybenzoxazine aerogel begins to
decompose at high temperature, and the primary decom-

26119

position products of bisphenol-A/aniline-based polybenzox-
azine are a combination of benzene derivatives, amines,
phenolic compounds, Schiff base compounds, and Mannich
base compounds.®”

To clarify the origin of superior mechanical and thermal
stability, the porous structure of the PBO aerogels was studied
through N,-sorption measurements at all curing temperatures.
Quantitatively, the open pore volume and the average pore
diameter of the aerogels were also calculated (Tables 1 and 2).
Similar to our previous studies,” no signs of microporosity can
be found in N2-sorption isotherms, which indicates that the
PBO aerogels are partly mesoporous and mainly macroporous
materials. The hysteresis loops become wider and reach shorter
saturation plateaus at higher T, which means that the
mesoporous portion of the materials at higher T. is more
significant than that at lower temperatures. However, the trend

https://doi.org/10.1021/acsomega.2c01300
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Table 2. Pore Structure of PBO Aerogel Obtained at
Different Curing Temperatures

average pore
diameter (nm)

BET surface area, BJH

name o (m?g™) Vis—sooom 4 V/c  method
PBO-RT 77.12 0.38 10.41 20.82
PBO-120 °C 50.19 0.15 7.26 13.41
PBO-150 °C 37.73 0.10 6.37 12.31
PBO-180 °C 67.02 0.34 11.04 22.64
PBO-200 °C 56.21 0.13 6.50 12.01

reverses when the curing temperature exceeds 180 °C, where
the micropores can be destroyed or merged into macropores.

To further understand the microstructure of PBO, SEM
images of the aerogel samples are shown in Figures 5 and 6.
The porous structure of stacked-up particles with diameters
between 10 and 100 nm can be identified for samples prepared
without curing treatment. In the range from room temperature
to 180 °C, the particle diameter of aerogels increases markedly
at elevated T, the links between the particles also become
sturdier, leading to structural transformation from pearl
necklace to the worm. Besides, the random secondary particle
aggregation is also enhanced. These changes create a more
stable and robust three-dimensional disordered porous net-
work with promoted mechanical properties. On the other
hand, if the curing temperature is too high, sintering
phenomena will occur between aerogel particles, like what
happened in samples PBO-200, as shown in Figure 6, where
the original spherical particles begin to agglomerate, resulting
in the sharp decrease of the pore volume and specific surface
area, just consistent with that observed in the BET test.

It can be seen from the data in Table 3 that the curing
temperature exposes a significant effect on the thermal
properties of PBO aerogel. For samples obtained without
curing treatment, the thermal conductivity is 0.122 W/m-k.
With increasing T, A continues decreasing to a minimal value
of 0.086 W/m-k at 180 °C and turns to increase after that
point. When the curing temperature reaches 200 °C, the value
of A even becomes more prominent than that of PBO, which
did not undergo subsequent curing treatment.

In porous aerogels, a large number of pores with dimensions
smaller than the diffusion-free path of air molecules can restrict
the movement of air molecules, to effectively reduce the
intensity of convective heat transfer; in contrast, the aerogel

Figure 6. SEM image of PBO aerogel at different treatment
temperatures.

network structure prolongs the distance required for solid-
phase heat transfer, so aerogels possess extreme low thermal
conductivity, even lower than that of air. When the curing
temperature reaches 200 °C, the volume of pores in PBO
aerogels decreases significantly, and the intensity of convective
heat transfer is strengthened. Moreover, the increase of the
density, caused by elevated T, leads to a further reduction in
the heat transfer distance of the solid phase. Therefore, thermal
conductivity of aerogels increases, as shown in Figure 7.
Compared with other aerogels, the thermal conductivity of the
as-prepared aerogels is close or even lower.
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Figure 5. (a) N, sorption measurements of the PBO aerogels: isotherm and (b) BJH plots.
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Table 3. Bulk Density, Thermal Resistance, and Thermal
Conductivity of PBO Aerogels

thermal thermal
bulk density, resistance, R conductivity, 4
name po (g/cm? (m%k/w) (W/m-k
PBO-RT 0.465 0.0246 0.122
PBO-120 °C 0.476 0.0624 0.099
PBO-150 °C 0.483 0.0782 0.091
PBO-180 °C 0.531 0.0831 0.086
PBO-200 °C 0.572 0.0326 0.138
PBO aerogel20 0.38 0.069
PBO aerogels™ 0913 0.037
polybenzoxazine 0.262 0.097
aerogels™
porous aramids 0913 0913
aerogels™
SiO, aerogel”® 0.126 0.031
Si0, aerogel”’ 0.217 0.027
polyurethane 0.18 0.017
aerogels’
sihca—polgurethane 0.58 0.066
aerogel !
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Figure 7. Thermal conductivity of PBO and porous aramid aerogels
at different densities.

In addition to the above properties, the flame-retardant
properties of the prepared aerogels were also measured. It was
found that this aerogel extinguished itself instantly despite
exposure to the alcohol lamp (~660 °C), like that reported by
Xiong.”® All these excellent properties enable the aerogels
prepared to be used in aerospace and other fields.

5. CONCLUSIONS

The F-type polybenzoxazine aerogels with high strength,
excellent thermal stability, and low thermal conductivity were
successfully prepared by the acid-catalyzed polymerization of
bisphenol F benzoxazine. The effects of different treatment
temperatures on the properties of benzoxazine aerogels were
studied by setting different treatment temperatures. Finally, the
optimal treatment temperature of bisphenol A-type PBO
aerogel prepared by us is 180 °C. At this heat treatment
temperature, Young’s modulus of benzoxazine aerogel is as
high as 831 MPa (0.53 g/cm?), which is much higher than that
of other aerogels with the same density, and the residual char
rate reaches 62%, so that it can be used as the precursor of char
aerogel. The thermal conductivity is 0.086 W/mK.
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