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Preparing High-Quality Monolithic Carbon Nanotubes
Reinforced Silica Aerogel Composites Based on a Vacuum
Freeze-Drying Method
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Abstract

In this study, using tert-butanol/water co-solvent as the freeze-drying solvent, we successfully prepared high-quality
monolithic carbon nanotubes (CNTs) reinforced silica aerogel composites. The effects of CNTs on the pore structures, thermal
performance and mechanical properties of the CNTs/silica aerogel composites were investigated. Generally, when the CNTs
content is below 4 wt.%, the CNTs are uniformly distributed in the silica aerogel matrix due to the effective ultrasonic
dispersion process. In addition, the CNTs form a good interface combination with the aerogel skeleton through the
condensation of hydroxyl groups. Correspondingly, the pore structures and thermal conductivity of the composites were only
slightly influenced, while the mechanical properties were greatly improved from 401.4 kPa to 658.6 kPa. However, due to the
agglomeration and sedimentation of CNTs, the pore structure and the thermal insulation properties of the composite began
to deteriorate when its content reached 6 wt.%, and its enhancing effect on mechanical properties also deteriorates
significantly when the CNTs content reached 8 wt.%. This study provides a cost-effective process for preparing high-quality
bulk CNTs/silica aerogel composites, which is beneficial for their future practical applications and commercialization.
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extremely difficult and severely limits their application.[®%
In order to overcome the intrinsic drawbacks of silica

1. Introduction
As one kind of typical monolithic mesoporous material, silica

aerogels have high porosity (80-99.8%), low bulk density
(~0.003 g/cm?), large specific surface area (SSA, 500-1200
m?/g), low thermal conductivity (~0.005-0.040 W/(m-K)) and
ultralow dielectric constant (k=1.0-2.0).131 Due to these
attractive characteristics, silica aerogels show great
application potential in the fields of adsorbents, catalyst
substrates, thermal insulators, acoustic insulation materials,
dielectric materials, etc., and have attracted extensive
attention.l*®! Despite their attractive characteristics, the
nanoporous structure also results in the inherent brittleness of
silica aerogels, which makes their processing and handling
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aerogels and broaden their applicability, many attempts have
been made during the past decades, such as the conventional
introducing reinforcement fibers into aerogel matrix,*2
generating linear polymer structures by mixing the
precursors,**4 and the novel assembling flexible silica
nanofibers with a high length-to-diameter ratio into a highly
continuous interwoven cellular structure.’>1 The practical
application of the latter two strategies is greatly constrained by
the soaring cost, while the former one with a relative low cost
has been the focus of relevant research. Considering the
intrinsic features of fibers (strength, flexibility, length,
diameter, length-to-diameter ratio, thermal stability, efc.)
determine the final mechanical and thermal properties of silica
aerogel composites, the accurate selection of reinforcement
fibers (including organic, inorganic, and carbon fibers) is of
great importance.'®21 Ags a typical carbon fiber, carbon
nanotubes (CNTs) are one of the strongest and stiffest
materials due to the covalent bonding between individual
carbon atoms, which makes them one of the most ideal
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candidates for reinforcing silica aerogels.?! Accordingly,
considerable relevant research has been carried out during the
past decades.*?1 For example, Chernov et al.®! has
successfully synthesized silica aerogels doped with a
maximum of 0.8 wt.% CNTs, which has a bulk density of 0.25
g/cm™ and an average pore size of 3-20 nm. Similarly,
Bargozin et al.? reinforced the silica aerogel matrix with 0.05
g CNTs, and the prepared composite had an SSA of 802 m?.g"
I, a bulk density of 0.23 g/cm™ and an average pore size of 2.5
nm.

As a critical step in the synthesis process, the drying
procedure determines the final thermal and mechanical
performance of CNTs reinforced silica aerogel composites
(hereafter referred to as CNTs/silica aerogel composites).221
Currently, most CNTs/silica aerogel composites are prepared
by conventional supercritical drying (SCD) or ambient
pressure drying (APD) methods.?>?! For instance, Song et
al.®! and Duque et al.?® have synthesized the CNTs/silica
aerogel composites via a CO, SCD process, while Sun et al.i?"]
and Bangi et al.?®l have successfully prepared them using the
APD method. However, the SCD process is insecure and
energy-intensive for it needs to be conducted in high pressure,
which severely limits its large-scale application.[?®3% In the
meantime, the APD method is time-consuming and not
environmentally friendly considering it involves the mass use
of hazardous solvents to reduce serious pore collapse.?3!
Vacuum freeze-drying (VFD) technique is another promising
drying method for aerogels, which has the advantages of high
efficiency, low cost, and high safety, and has shown its
superiority in the preparation of cellulose,® %1 organic®*% and
carbon-based aerogels.8%1 Unfortunately, previous studies
have shown that silica aerogels or CNTs/silica aerogel
composites tend to break into fragments or powders during the
freeze-drying process.[3%1 Hence, it is generally believed that
they cannot be obtained by the VFD method.

In this study, TEOS and CNTs in different mass ratios were
chosen to prepare the CNTs/silica alcogel via the sol-gel
method. Then, high-quality monolithic CNTs/silica aerogel
composites were successfully prepared through the VFD
process using tert-butanol (TBA)/water co-solvent as the
freeze-drying solvent. Subsequently, a high-efficiency
chemical vapor deposition hydrophobic modification
(CVDHM) process was carried out on the silica aerogels. The
prepared bulk composites are totally crack-free and
superhydrophobic, and show a series of excellent
characteristics such as high SSAs, improved mechanical
properties and low thermal conductivity. This study
demonstrates that it is feasible to prepare high-quality bulk
CNTs/silica aerogel composites via a VFD process and
provides a cost-effective way to obtain them.

2. Experimental

2.1 Materials

The materials used in this study mainly include:
Tetraethylorthosilicate (TEOS, GC), Absolute ethyl alcohol
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(EtOH, AR), Distilled water (H»O), Glacial acetic acid
(HOAc), N, N-Dimethylformamide (DMF, AR), Ammonia
solution  (AR), Tert-butyl alcohol (TBA, GC),
Diethoxydimethylsilane (DMDES, 98%), Ammonium acetate
(AR), Hydroxylated multiwalled carbon nanotubes
(MWCNTs). The diameter of MWCNTs is about 40 nm, the
length is 10-40 um, and the purity is higher than 90%. All the
chemical reagents were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd.

2.2 Preparation procedure

2.2.1 Synthesis of CNTs/silica alcogel

TEOS, EtOH, H,O and HOAc were mixed in specific
proportions and magnetically stirred for 30 min. A certain
amount of DMF was added into the mixed solution, stirred for
30 min, and maintained at 45 °C in water bath for 12 h to
ensure sufficient hydrolysis under acidic condition. The molar
ratio of TEOS, EtOH, H,O, HOAc and DMF was kept
constant at 1:10:3:0.3:0.25. Subsequently, a 2 mol/L ammonia
solution was added dropwise to the silica sol under magnetic
stirring until the pH rose to ~7. Then, hydroxylated MWCNTs
with a mass ratio of 0 wt.%, 2 wt.%, 4 wt.%, 6 wt.%, 8 wt.%
in the final silica aerogel composites (the adding amounts of
MWCNTs were determined by measuring the mass ratio of
prepared pure silica aerogel to silica sol) were added into the
silica sol respectively, and subjected to ultrasonic dispersion
for 40 min to make them fully and evenly mixed in the silica
sol. Afterwards, the silica sol with uniformly distributed
MWCNTs was poured into the mold and maintained at room
temperature (RT) to gel.

2.2.2 Aging and solvent replacement

The as-prepared CNTs/silica alcogel samples were first aged
at 45 °C for 6 h, and then completely immersed in ethanol at
45 °C for 36 h to strengthen the skeleton networks. Then, the
alcogel samples were subjected to solvent replacement for 12
h, 12 h, 18 h and 24 h successively using 4~5 times the alcogel
volume of TBA/H>O mixture, by which the original aging
solution has been completely replaced with the TBA/H»O co-
solvent containing 20 wt.% deionized water.

2.2.3 VFD and CYDHM

The CNTs/silica alcogel samples were first pre-frozen at -50
°C for 2 h. Then, they were freeze-dried in a vacuum freeze
drier for 48 h to obtain dried CNTs/silica aerogel composites,
during which the freeze-drying temperature was gradually
increased from -50 °C to 50 °C. The freeze-dried CNTs/silica
aerogel composites, the hydrophobic modifier (DMDES) and
the corresponding reaction auxiliary agent (ammonium acetate)
were placed in an airtight container to carry out hydrophobic
modification at 75 °C for 4 h. Afterwards, the residual modifier
and reaction auxiliary agent were removed by vacuum
treatment and the hydrophobic modified CNTs/silica aerogel
composites were acquired. The mass ratio of CNTs/silica
aerogel composite, DMDES and ammonium acetate is 1: 0.4:
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0.15. The experimental procedure for the preparation is
illustrated in Fig. 1.

2.3 Characterization

The bulk densities of the CNTs/silica acrogel composites were
obtained from the mass (measured by a precision balance,
Mettler Toledo, MS304TS/02) to volume (determined by
measuring dimensions) ratio. The SSA and pore size
distribution (PSD) of the composites were analyzed by
nitrogen gas absorption and desorption method (JWGB SCI.
& TECH, JW-TB200, China). Brunauer-Emmett-Teller (BET)
and the Barrett-Joyner-Halenda (BJH) method was used for
SSAs and PSD estimation, respectively. The adsorbate,
degassing temperature and degassing time were N», 200 °C
and 3 h, accordingly. The hydrophobicity was determined by
measuring the contact angle 6 of the water droplets dropped
on the flat surface of CNTs/silica aerogel composites using a
contact angle goniometer (Dynetech, SDC-200SH, China).
The Fourier transform infrared spectroscopy (FTIR, Thermo
Scientific, Nicolet iS50, USA) was employed to determine the
chemical bonding state of silica aerogels. The CNTs/silica
aerogel samples were ground into refined powders in advance,
mixed with KBr, and pressed to form sample pellets. The
microstructure of the CNTs/silica aerogel composites was
observed using a scanning electron microscopy (SEM, Hitachi,
S-4800, Japan). The CNTs/silica aerogel samples were
crushed into fragments, dried in a vacuum chamber, and
covered with a gold layer. The skeleton network structure
inside the secondary particles was characterized by a
transmission electron microscopy (TEM, JEOL, JEM-2100F,
Japan) operated at 200 kV. The CNTs/silica aerogel samples
were ground into powders and uniformly dispersed in ethanol
using an ultrasonic bath. A drop of the suspension was
deposited on a TEM holder and dried at 80 °C for 1 h to obtain
the TEM specimens.

TEOS, EtOH, HOA¢, H,0, DMF Ammon

Hydrolyzation

2.4 Thermal and mechanical testing

The room temperature thermal conductivity of the CNTs/silica
aerogel composites was measured by a thermal conductivity
instrument (Xiaxi Technology, TC 3000E, China) through a
hot wire method. The thermal stability of them was tested in
air atmosphere using a thermos gravimetric and differential
thermal analyzer (TG-DTA, NANJING DAZHAN, DZ-
TGA105, China) from room temperature to 850 °C with a
heating rate of 10 °C/min. TG-DTA was used to determine the
oxidation temperature of the -CH3 groups contained in the
CNTs/silica aerogel composites, i.e., the temperature at which
the aerogel composites retain their hydrophobicity. The
compressive properties of the CNTs/silica aerogel composites
were tested by a mechanical testing machine (QIYATEST, QY-
1102, China) at a loading rate of 1 mm/min.

3. Results and discussion
3.1 Appearance and microstructure characterization
Figure 2 shows the optical images of the as-prepared
CNTs/silica aerogel composites. High-quality monolithic
CNTs/silica aerogel samples reinforced with 0 wt.%, 2 wt.%,
4 wt.%, 6 wt.% and 8 wt.% of CNTs (Figs. 2a-e, hereafter
referred to as CNT-0, CNT-2, CNT-4, CNT-6, and CNT-8,
accordingly) have been synthesized successfully. All the
CNTs/silica aerogel samples are opaque, while their color
gradually changes from opalescent to black with increasing
CNTs addition. The surfaces of all the CNTs/silica acrogel
samples are very smooth and no cracks are observed, which
indicates no serious deformation or cracking occurred in the
VFD procedure. Hence, it is proved that the VFD technique
used in this study is effective and practical for extracting the
liquid of CNTs/silica aerogel composites prepared by sol-gel
transition without destroying the gel skeleton. In addition,
there are river-like patterns on the upper surface of the aerogel
samples, which should be caused by the freeze-drying solvent
left there during the pre-freezing process.
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Fig. 1 Schematic illustration of the synthesis procedure of superhydrophobic monolithic CNTs/silica aerogel composites.
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Fig. 2 Photograph of the as—prepared CNTs/sﬂlca aerogel samples reinforced with (a-e) 0 wt.%, 2 wt. %, 4 wt.%, 6 wt.% and 8 wt.%

of CNTs. The grid spacing in the background is 10 mm.

Figure 3 presents the representative SEM images of the
CNTs/silica aerogel composites. Their matrix presents a
framework of interconnected pearl-like secondary particle
clusters (Fig. 3a), which is composed of fine primary particles.
According to the TEM image (Fig. 3b), it can be clearly
observed that the aggregation of nanoscale primary particles
leads to the formation of well-developed mesoporous
structures inside the secondary particle clusters. Hence, the
matrix of the as-prepared CNTs/silica aerogel composites
exhibits a typical microstructure of silica aerogels, suggesting

that the freeze-drying process did not cause significant
crushing damage to the pore structure. As is well-known, the
destruction of the nanoporous structure during freezing-drying
is mainly caused by the growth of crystals inside the
alcogel.l2#¥ In this study, TBA/H>0O co-solvent was chosen as
the freeze-drying solvent, which has a small volume change
rate and forms fine needle-like ice crystals under freezing.!*!
In this way, the extrusion damage of the formed ice crystals to
the finely reticulated structures was minimized, resulting in
high-quality monolithic CNTs/silica aerogel composites.

Fig. 3 (a) SEM image of the matrix of the CNTs/silica acrogel composites; (b) TEM image reveals the mesoporous skeleton structure
inside the secondary particle clusters composed of nanoscale primary silica particles; (c) SEM image presents the CNT that
distributed inside the silica aerogel matrix, the blue arrows point to the part of the CNT tightly wrapped by secondary particle clusters,
and the white arrows point to the exposed part of CNT; (d) SEM image shows the CNT clusters found in the CNTs/silica aerogel

composites (6 wt.%).
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Figure 3c shows the CNTs distributed in the silica aerogel
matrix. Some of the CNTs are tightly wrapped by the
secondary particle clusters, indicating that the hydroxylated
CNTs are well bonded with the matrix.[?®l For samples with
CNTs content below 4 wt.%, no agglomeration or
entanglement of CNTs was found, which indicates that
ultrasonic dispersion can make CNTs well dispersed in silica
sol. However, ultrasonic dispersion becomes difficult to
completely overcome the Van der Waals force between CNTs
with the increasing CNTs content. As a result, some CNTs
began to agglomerate and entangle with each other in the
aerogel matrix (Fig. 3d), which shall have a negative impact
on the thermal insulation and mechanical properties of the
composites.

3.2 Densities, SSAs and pore structures

As shown in Fig. 4, the density of the CNTs/silica aerogel
composite increases slightly with the increase of CNTs mass
fraction. Fig. Sa gives the N, adsorption-desorption isotherms
of the silica aerogels reinforced with different mass fractions
of CNTs. All samples exhibit typical IV isotherms with H1
type hysteresis loops, the hysteresis loop is wide and the
saturated adsorption platform is short, indicating that they are
typical mesoporous materials with highly similar nonuniform
and irregular pore structures.%42 The PSDs of CNTs/silica
aerogel composites measured by BJH method are presented in
Fig. 5b. It is evident that the samples exhibit a well-developed
mesoporous distribution in the range of ~2-30 nm, with the
peak occurring at about 10-20 nm. In addition, the PSD curves
of the samples with CNTs content between 0-4 wt.% basically
overlap, indicating the introduction of CNTs has limited effect
on the pore structure and PSDs of the aerogel matrix. This is
because the ultrasonic dispersion method can uniformly
disperse CNTs in the matrix and avoid agglomeration under
the appropriate amount of carbon nanotubes added, so the pore
structure is less affected. However, when the CNTs content
increased to 6 wt.%, the peak value of the PSD curves
decreases, the peak becomes wider and begins to shift to the
direction of larger pore size, and this trend becomes more
pronounced when the content increases to 8 wt.%. This should

be because when the CNTs content is high, their
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agglomeration and winding in the matrix gradually become
serious (Fig. 3d), which reduces the homogeneity of the pore
structure of the samples.

3.3 Hydrophobic property

The FTIR spectra of the CNTs/silica aerogel composites are
given in Fig. 6 to reveal the information of chemical bonds.
Comparing with the silica aerogel matrix, the addition of
CNTs did not cause discernible changes in the infrared
spectrum, and the peak value of group vibration was only
slightly changed. Therefore, the addition of CNTs had no
obvious effect on the group type of the CNTs/silica aerogel
composites. In addition, for the hydrophobic modified samples,
the adsorption peaks near ~850 cm™ and 1260 cm™!' were
caused by the stretching vibration of Si-C bond, while the
weak peaks at 2970 cm™! derived from the stretching vibration
of -CH groups.**#1 These results showed that the -CHj
hydrophobic groups have been successfully introduced into
the aerogel skeleton by CVDHM. Accordingly, as shown in
Fig. 7, the CNTs/silica aerogel composite samples show
superhydrophobicity with a contact angle of 152.4° for the
silica aerogel matrix and above 151.4° for the CNTs/silica
aerogel composites at a low modifier/aerogel mass ratio of 0.4.
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Fig. 4 The bulk densities of the CNTs/silica aerogel composites
reinforced with different CNTs contents.
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Fig. 5 N, adsorption-desorption isotherms and (b) dV/dlogD pore size distribution measured by BJH method of the CNTs/silica

aerogel composites.
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Fig. 6 FTIR spectra of the CNTs/silica acrogel composites with

and without CVDHM process.

3.4 Thermal and mechanical properties

Figure 8 shows the thermal conductivity of the silica aerogel
composites reinforced with different CNTs contents. When the
mass fraction of CNTs is in the range of 2-4 wt.%, the thermal
conductivity of composite aerogel changed little compared to
pure aerogel (around 0.027 W/(m-'K)), indicating that the
CNTs achieved good dispersion in the aerogel matrix without
forming obvious bridging to increase the heat conduction path.
The sample reinforced with 2 wt.% CNTs has the lowest
thermal conductivity, which should be attributed to the
optimized pore structure caused by the introduced CNTs.[#541
However, when the mass fraction of CNTs increased above 6
wt.%, the thermal conductivity of the composite increased
with the increase of CNTs content, which should be attributed
to the local agglomeration of CNTs in the aerogel matrix. The
agglomerated and entangled CNTs bridged each other in the
aerogel matrix, which increased the solid heat conduction path
and thus the increased thermal conductivity of the
composite.[*748

152.4°

(a) I (b) I

Figure 9 presents the thermal stability of the original and
hydrophobically modified CNTs/silica aerogel composites.
According to the TG-DSC results obtained in air atmosphere
(Fig. 9a), the entire process for the unmodified CNT-0 sample
can be divided into two stages. In stage 1 (RT-200 °C), the
sample lost about 8.33% of its weight at a fast rate, which is
due to the evaporation of residual solvent and moisture
absorbed from the air.*** The relatively low weight loss of
~3.53% in stage II (200-850 °C) is mainly caused by the
condensation of Si-OH groups on the skeleton surface.l!
Meanwhile, the whole process for the CNT-0 sample treated
by CVDHM can be divided into three stages (Fig. 9b). Its
weight loss in stage [ (RT-247 °C) is about 2.15%, which is
significantly lower than the unmodified sample considering
less moisture was adsorbed from the air due to the strong
hydrophobicity. Stage II (247-600 °C) shows a weight loss of
~4.68%, which is mainly attributed to the thermal
decomposition of Si-CHsz groups.P2%@ According to the
corresponding DSC curve, there is an obvious exothermic
phenomenon at this stage from 247 °C, and the exothermic
peak appears at about 269 °C, which means that the thermal
stability temperature of the hydrophobically modified sample
is about 247 °C. In stage III, the sample experienced a weight
loss of 0.66% at a slow rate due to the condensation of Si-OH
groups remaining in the aerogel skeleton.?3% The TG-DSC
curves of the CNT-4 samples before and after hydrophobic
modification are given in Figs. 9¢ and d. The thermal
decomposition characteristics of CNT-0 and CNT-4 samples
are basically the same below 600 °C, while the weight loss of
the latter is much higher from 600 °C to 850 °C due to the
thermal decomposition of CNTs.F®! In general, CVDHM
treatment significantly improved the hydrophobic properties
of the CNTs/silica aerogel composites. Since the introduced
CNT begins to decompose above 600 °C, it has little effect on
the thermal decomposition characteristics below 600 °C (the
thermal stability temperature of the hydrophobically modified
sample slightly improved to 257 °C).

Figure 10 shows the compressive properties of the as-

151.9° (©) 153.0°

(d) I 151.4° (e) I 151.9°

Fig. 7 Photographs show the water contact angles of the hydrophobically modified silica aerogel composites reinforced with (a) 0

Wt.%, (b) 2 Wt.%, (c) 4 wWt.%, (d) 6 wt.%, and (e) 8 wt.% of CNTTs.
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Fig. 8 Thermal conductivity of the CNTs/silica aerogel
composites.

prepared CNTs/silica aerogel composites. Obviously, the
addition of CNTs effectively improved the mechanical
performance (the ability to resist brittle failure under
increasing load and mechanical properties such as Young's
modulus) of the composites, and the improvement range
increased with the increase of the addition amount. As the
strain gradually increased to more than 10%, the CNTs/silica
aerogel samples began to show brittle failure. In this process,
the stress growth rate of pure silica aecrogel decreased sharply
and showed obvious yield process. However, the silica aerogel
composites strengthened by CNTs did not show typical yield
phenomenon, the slope of the curve decreased slightly, and the

brittle failure behavior was not obvious. The reasons are as
follows: As a two-dimensional nanomaterial with excellent
mechanical properties, CNTs form a strong interfacial bond
with the aerogel matrix skeleton through the condensation of
hydroxyl groups, and form a strong composite structural
framework.?®l On the one hand, this increases the bonding
strength between secondary particles in the matrix, making it
less prone to brittle failure.’ On the other hand, when the
brittle fracture of the aerogel matrix skeleton occurs, the CNTs
can play a connecting role and effectively hinder the crack
propagation, thereby inhibiting the progress of brittle failure
of the composite.?*%4 Accordingly, as the CNTs content
increased from 0 wt.% to 8 wt.%, the Young's modulus of the
CNTs/silica aerogel composites increased from 410.4 kPa to
828.0 kPa (by 102%), and the compressive stress at 20% strain
increased from 53.5 kPa to 127.6 kPa (by 139%), as given in
Table 1. Furthermore, the Young's modulus of the composites
increased significantly (by 95%) when the addition of CNTs
ranged from 0 wt.% to 6 wt.%, while only showed an increase
of ~4% as the CNTs content increased from 6% to 8% (Table
1). This is because the CNTs are difficult to be uniformly
dispersed in silica sol by ultrasonic dispersion when their
content is too high, and the agglomeration and sedimentation
of CNTs have a negative impact on their strengthening effect.
Notably, when the CNTs content reached 6 wt.%, the
agglomeration and deposition phenomena are relatively mild
and only have a small impact on the enhancement effect.
However, when the CNTs content reached 8 wt.%, the obvious
agglomeration and deposition phenomena significantly
deteriorate the enhancement effect.
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Fig. 9 TG-DSC curves of the CNTs/silica aerogel composites (a, b) before and (¢, d) after CVDHM procedure (take CNT-0 and CNT-

4 samples as examples).
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Table 1. The detailed mechanical properties of the CNTs/silica aerogel composite samples CNT-0 to CNT-8, including the Young's

modulus, 610%, 615%, and 620%.

Young's modulus

Samples (kPa) 610% (kPa) 615% (kPa) 620% (kPa)
CNT-0 4104 111 39.0 £2.6 45.6 6.4 535 %51
CNT-2 557.8 8.6 49.4 2.3 66.0 3.9 86.2 £3.5
CNT-4 658.6 7.5 559 +1.3 81.0x24 105.5 %35
CNT-6 797.6 £20.6 64.7 £1.4 929+1.8 117.8 £24
CNT-8 828.0 £24.7 72.9 £4.2 101.1 5.5 127.6 +4.7
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4. Conclusion
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