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Abstract

This work presents a facile synthesis approach of methyltriethoxysilane (MTES) based aerogels using pure water as the only
solvent, and the effects of precursor concentration on the physicochemical properties are investigated in detail. Therein, the
precursor concentration has no effect on the chemical composition but causes the denser and slenderer skeletons at the lower
precursor concentration and vice versa. At the 14.4 vol% precursor concentration, the MTES based aerogels are made up of
slender skeletons, having the minimum density (0.057 g/cm®), the maximum porosity (97.5%), and the low thermal
conductivity (29.4 mW/m/K). It further finds the denser and slenderer silica skeletons cause higher compressive strength and
higher Young’s modulus. The TG-DSC results indicate the nice thermal stability of MTES based aerogels. In short, this
research demonstrates the great competitive advantages of MTES based aerogels in the field of thermal insulation from the
view of preparation method, thermal conductivity, and thermal stability.

Graphical Abstract

Ambient pressure drying ="
| Abient pressure diyig
120°Cfor3h

Gelation
within 2 h

45 °C water bath for2 h
Cool down

(I)H ?11

] OH OH HyC—Si—0—Si—CH,

: | [ NH,OH | |

2 llJc—s‘.—ou . ons‘lfw, — ? (‘) +4H,0
OH OH H3C—Si—O0—Si—CH

Keywords MTES based aerogel * Ambient pressure drying - Hydrophobicity * Thermal properties -+ Mechanical properties

P4 Ming Li

limi @csu.edu.
1ming_csutesu.cdu.cn ' School of Resource and Safety Engineering, Central South

b4 Zhi Li University, Changsha 410083, P. R. China
1izhi89 @csu.edu.cn

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05665-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05665-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05665-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05665-0&domain=pdf
http://orcid.org/0000-0003-4062-5358
http://orcid.org/0000-0003-4062-5358
http://orcid.org/0000-0003-4062-5358
http://orcid.org/0000-0003-4062-5358
http://orcid.org/0000-0003-4062-5358
mailto:liming_csu@csu.edu.cn
mailto:lizhi89@csu.edu.cn

478

Journal of Sol-Gel Science and Technology (2021) 100:477-488

1 Introduction

Currently, the most common silica aerogels are made from
the precursors like sodium silicate [1, 2] and tetrafunc-
tional silicon alkoxides, usually tetraethoxysilane (TEOS)
[3-5] or tetramethoxysilane (TMOS) [6]. After forming
wet gels from these precursors, further surface modifica-
tion is carried out by grafting organic groups onto silica
skeletons, which changes the hydrophilic silica skeletons
into hydrophobic ones. The introduced organic groups can
prevent the silica skeletons from shrinkage to some extent,
because of the so-called “spring back” effect [7, 8]. The
commonly used modification agents are organic chlor-
osilane, such as trimethylchlorosilane (TMCS) [9],
dimethyldichlorosilane (DMDCS) [4], and methyltri-
chlorosilane (MTCS) [10], which are costly and corrosive,
not friendly to the equipment.

On the aspect of drying technology, substituting ambient
pressure drying for CO, supercritical drying has been tried
out [11]. However, an outstanding problem of ambient-
pressure-drying technology is the severe damage of the pore
structure derived from the capillary pressure [12], which
results in a large volume shrinkage of silica aerogels as well
as the dramatically increasing density and thermal con-
ductivity. Furthermore, it is also not easy to synthesize
monolithic aerogels by ambient pressure drying due to the
crack of the silica network induced by the capillary pres-
sure, though it can be achieved by optimizing the aging and
solvent exchange process [3].

Considering the tedious and complex preparation process
as well as the large consumption of organic solvents [12], a
lot of researchers focus on simplifying the preparation
process and reducing the preparation costs [13, 14]. For
instance, some researchers have tried to synthesize silica
aerogels using the precursors with inherent hydrophobic
groups, such as methyltrimethoxysilane (MTMS) [15-17].
In this strategy, the excellent hydrophobicity is acquired
without further surface modification. Nevertheless, the
prolonged aging process and the solvent exchange are still
inevitable, in which the unsafe methanol (MeOH) is usually
used as a solvent [18, 19]. Some researchers have tried to
synthesize MTMS based aerogel by using ethanol (EtOH)
as the solvent to avoid using MeOH [20], though a little
MeOH is still generated during the hydrolysis of MTMS.

Currently, MTES has been reported as the precursor for
the preparation of silica aerogels [21-23], which has a
similar molecular structure to MTMS but without the pro-
duction of MeOH. However, using pure water as the only
solvent to prepare ambient pressure dried MTES based
aerogels [24, 25] is rarely reported. For the perspective of
industrial preparation, using pure water as the only solvent
can reduce the usage of organic solvent and sequentially
reduce the preparation costs. Besides, the large organic
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solvent usage means a higher thermal hazard risk during the
preparation process. Considering these two aspects, adopt-
ing MTES as the precursor and using pure water as the only
solvent are a meaningful attempt for the expansion of pre-
paration technologies of silica aerogels.

In this study, using pure water as the only solvent and
MTES as the precursor, monolithic MTES based aerogels
were synthesized under ambient pressure drying. It is found
that the precursor concentrations have great effects on the
preparation and physicochemical properties of MTES based
aerogels. Here, the effects of precursor concentration on the
physicochemical properties of MTES based aerogel are
investigated in detail, including the microstructure and
morphology, density and porosity, hydrophobicity, thermal
and mechanical properties. The outcomes provide a new
example to develop the rapid and cost-effective preparation
of high-quality MTES based aerogels for their practical
applications.

2 Experimental methodology
2.1 Materials and preparation

Methyltriethoxysilane (MTES, 98%), cetyltrimethylammonium
bromide (CTAB, 99%) from Aladdin (USA) were used as the
precursor and cationic surfactant respectively. Ultrapure water
(DI-H20) produced by HHitech (China) Eco-SISUVFV acted
as the only solvent. Hydrochloric acid (36-38%, HCl) and
ammonium hydroxide (25-28%, NH3-H,0) of CP grade from
Sinopharm Chemical Reagent Co. Ltd. (SCRC, China) were
used as acid and base catalytic agents, respectively. All these
chemicals were used as received without further purification.
Firstly, 5mL MTES, 0.0l g CTAB (based on the
preliminary experiment as discussed as follow), and 300
uL 0.1 M HCI are mixed in DI-H20O in a 100 mL beaker
with stirring for 3 min. DI-H20 was set as a series of
volumes from 21 to 29mL to change the precursor
concentration. The obtained hybrid solution was kept in
a 45 °C water bath and stirred to hydrolyze for about 2 h.
Note that too fast condensation speed leads to the pre-
cipitation of silica skeletons instead of the gelation.
Here, the hybrid solution was cooled to below 10 °C to
adjust the condensation rate according to the Arrhenius
equation [26], which aims to ensure the monolithic
sample can be obtained in examined precursor con-
centration range and improve the physical properties
simultaneously. Within stirring in 10s, 1 M NH3-H,O of
500 uL was added into the hybrid solution. Subse-
quently, the formed sol was placed in an incubator below
10 °C and the gelation usually occurred within 1.5 h. At
last, the wet gel was dried under ambient pressure at
120 °C for 3 h to obtain MTES based aerogel monoliths.
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2.2 Characterization

The bulk density was calculated by measuring the mass and
volume of pie samples, and the porosity was calculated as
followed [3]:

Porosity% = (1 —%) % 100% (1)
where p, and p, represent the bulk density and skeletal
density respectively. For silica aerogels, p, is 2.25 g/lem®
[27].

The microstructure of MTES based aerogels was
observed by a field emission scanning electron microscope
(SEM, JEOL JSM-7900F, Japan). Nitrogen adsorption-
desorption isotherms were measured at 77 K using a surface
characterization analyzer (Quantachrome AUTOSORB IQ,
USA) after a prior degassing step of 8 h at 100 °C. The pore
size distributions and cumulative pore volume were calcu-
lated using the BJH (Barrett-Joyner-Halenda) method [28].
The solvent surface tension was tested by the automatic
surface tension meter (QBZY series, Shanghai Fangrui
Instrument Co. Ltd.) at room temperature. The hydro-
phobicity was tested by a contact angle instrument
(JC2000D1, Shanghai Zhongchen Instrument Co., Ltd.,
China), in which a 5 yLL water droplet was dropped on the
sample surface, and the contact angle was recorded and
acquired by the imaging processing program, Imagel [29].
The chemical bonds were studied by Fourier transform
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infrared spectra (FTIR, Thermo Nicolet iS50, USA) with
MTES based aerogel powder in KBr pellet. The thermal
conductivity was tested by a thermal conductivity meter
(XTATECH, TC3000E probe, China) at room temperature
and ambient pressure. To analysis the thermal stability, the
thermogravimetry analyzer coupled differential scanning
calorimeter (TG-DSC, Waters Corporation SDT 650, USA)
was employed under the heating rate of 10 °C/min from
room temperature up to 1000 °C in the air atmosphere. The
mechanical properties were characterized by the uniaxial
compression test (MTS Insight, USA) under the loading rate
of 0.5 mm/min.

3 Results and discussion
3.1 Microstructure

The microstructures of samples with different precursor
concentrations are compared in Fig. 1, in which the skele-
tons of MTES based aerogels are composed of coralloid
branches. With the precursor concentration rising from 14.4
to 18.7 vol%, the silica skeletons become thick and sparse
in Fig. la—c, and the average diameter of the silica skeletons
also increases from ~1.3 pm to ~1.8 ym. The lower pre-
cursor concentration generates a more dispersed distribution
of secondary particles in the crosslinking silica skeletons,
which results in the formation of the slender backbone.

L TIRI8T VBIg

10 um

Fig. 1 SEM images of samples with different precursor concentrations, (a, d) 14.4 vol%, (b, e) 16.2 vol% and (c, f) 18.7 vol%, respectively
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Fig. 2 a N, adsorption-desorption isotherms and (b) distributions of cumulative pore volume (solid symbols) and differential pore volume dV/dlog
(D) (hollow symbols) by BJH method based on the N, adsorption branch for the MTES based aerogels with various precursor concentrations

As the precursor concentration increases, sufficient hydro-
lyzed MTES in the solvent promote the continuous growth
of the skeletons through the condensation reaction. Besides,
some formed secondary particles also attach to these ske-
letons through a dissolution-reprecipitation process [30]. As
a consequence, the thick silica skeletons for the higher
precursor concentration are formed as shown in Fig. lc.
To further investigate the pore structure of MTES based
aerogels, the nitrogen adsorption-desorption isotherms of the
MTES based aerogels prepared with different precursor con-
centrations were measured. In Fig. 2a, all the MTES based
aerogels have similar nitrogen isotherms and pore size dis-
tribution. To be specific, the adsorption quantities are low and
the nitrogen adsorption-desorption isotherms belong to type 1I
[31], which indicate the macropores and micron-sized pores (as
shown in Fig. 1) in MTES based aerogels. Further, the hys-
teresis loops correspond to the type H3, suggesting the exis-
tence of slit-like interparticle pores [32]. Thereinto, the MTES
based aerogel with 18.7 vol% precursor concentration shows
higher adsorption quantity and mesopore volume. Because the
higher precursor concentration causes the thicker silica skele-
tons, which contain more mesopores and micropores. Note that
the N, adsorption-desorption test only partially reveals the pore
structure with the pore size from 1.7 to 300 nm [19]. For further
acquiring more details about the pore parameters of the MTES
based aerogels, we calculate the total pore volume (V) and
the average pore size of all the pores (D) as following
equations [33], which have been presented in Table 1.

Dpore = 4Viou / Sger (2)
Viotal = l/pb - 1/:0.5 (3)

where Sger is the BET surface area. It finds that the surface
area and total pore volume both decrease with the precursor
concentration increasing, while the average pore size rises
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Table 1 The physical properties of MTES based aerogels with
different precursor concentration

Precursor concentration 18.7 vol% 16.2 vol% 14.4 vol%
Viotal (cm3/g) 13.96 15.92 16.99
Sger (m2/g) 2.75 6.68 11.71
Dpore (um) 24.71 9.54 4.77

up significantly. These variations are exactly consistent with
the SEM results in Fig. 1.

As discussed above, most of the pores in MTES based
aerogels are micron-scale, but some micropores and meso-
pores still exist on the skeletons, such as in the secondary
particles. The capillary tension inevitably causes the collapse
of some silica skeletons during ambient pressure drying. In
Fig. 1d, the fractures induced by those collapses have been
marked with circles. It finds that more fractures are observed
on the silica skeletons of the MTES based aerogel prepared
with the lower precursor concentration. This result is just
consistent with the characteristics of the slender but weak
backbones of the samples at a lower precursor concentration.
Furthermore, these produced fractures also act as the defects
to influence the morphology and physicochemical properties,
which will be discussed in the following contents.

3.2 Morphology, density, and porosity

As we know, the solvent surface tension has a great influ-
ence on the ambient pressure drying process, hence the
solvent surface tension with various CTAB contents are
tested in this section. In Fig. 3a, the CTAB has a significant
effect on reducing the surface tension of DI-H,O. Compared
to pure DI-H,O (71.4 mN/m), the solvent surface tension is
reduced to 35.1 mN/m when the CTAB content is 0.005 g.
However, phase separation occurs (Fig. 3b) in this case.
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Because this amount of CTAB is too less to suppress the
strong hydrophobicity of methylsiloxane network [34],
rendering the hydrolyzed MTES precursor and water
separate from each other. With the CTAB content increas-
ing between 0.01 and 0.04 g, the solvent surface tension
vibrates around 30.0 mN/m. And it finds the cylindrical
(Fig. 3c) and caky (Fig. 3d) samples can be obtained merely
at the CTAB content of 0.01 g. The samples begin to crack
and the volume shrinkage increases significantly with the
CTARB rising to over 0.01 g, as shown in Fig. 3e-g.

From the above analysis, the effect of CTAB content on
solvent surface tension is minor when the CTAB content
exceeding 0.01 g, hence the cracks of the samples should be
induced by other reasons. Actually, the excessive CTAB
acts as obstacles among the reactive species in the con-
densation reaction, which impede or reduce the crosslinking
among the hydrolyzed MTES precursors. That further
results in the formation of weaker silica skeletons, smaller
secondary particles, and pores [35]. As we know, the

—_
-
~
(= 3 ®
< = )
T T

Surface tension (mN/m)
n
<>

40}
EtOH “\
30 i /c E—— =
20 1 1 1 1 1 1
0 0.005 0.01 0.02 0.03 0.04
CTAB content (g)

0.01 g, (¢) CTAB=0.02 g, (f) CTAB =0.03 g and (g) CTAB = 0.04 ¢

—4A— Density

(a)

Density (g/cm’®)

14 15 16 17 18 19
Precursor concentration (vol%)

weaker silica network is hard to resist the capillary force
during the ambient pressure drying, hence the cracks are
finally generated on these samples (Fig. 3e—g).

On the aspects of density and porosity, the bulk density
increases from 0.057 g/em® to 0.069 g/cm® with the pre-
cursor concentration increasing from 14.4 to 18.7 vol% in
Fig. 4a. The weight fraction of precursor concentration and
SiO, concentration are given in Table 2, the SiO; is the
main component of obtained aerogel, hence the bulk density
shows an increasing tendency with the SiO, concentration
increase from 4.3 to 5.6 wt%. During the condensation
reaction, the lower precursor concentration results in more
dispersed secondary particles, which further causes to form
the slender silica skeletons. As a consequence, the smaller
density of MTES based aerogels is obtained at a lower
precursor concentration; vice versa. As it is known to us, the
porosity has an opposite trend to the density, which is
determined by Eq. (1). Despite decreasing from 97.5 to
96.9%, the high porosity is still maintained.
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Fig. 3 a The surface tension of water with different CTAB contents. Samples with various CTAB content, (b) CTAB =0.005 g, (¢, d) CTAB =
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Fig. 4 a The variation of density, porosity, and (b) the volume shrinkage and the solvent surface tension of various precursor concentrations
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In Fig. 4b, the volume shrinkage ranges from 15.8 to
18.8%. As stated above, the lower precursor concentration
forms the slender silica skeletons, which are easily
destroyed by the capillary force during the ambient pressure
drying [18], for example, the sample presented in Fig. 1d.
Finally, a relatively higher volume shrinkage is obtained.
With the precursor concentration increasing to 16.2 vol%,
the generated silica skeletons are strong enough to resistant
to the capillary force, which leads to the lowest volume
shrinkage. When the precursor concentration continues to
increase, that effect is not obvious anymore; on the con-
trary, the volume shrinkage rises slightly [27, 34]. Besides,
the solvent surface tensions have few distinctions in each as
shown in Fig. 4b, hence the difference of capillary force can
be neglected. As discussed above, there are more fractures
on the silica skeleton of lower precursor concentration
sample, which is the main reason for volume shrinkage in
this work. To sum up, the change of volume shrinkage is
not significant, and it mainly depends on the precursor
concentration instead of solvent surface tension.

3.3 Hydrophobicity and FTIR

During the synthetic process, the hydrolysis and con-
densation reactions in this study are presented in the fol-

Table 2 Precursor concentration in the forms of volume fraction,
weight fraction, and SiO, weight fraction

Expressed way Precursor concentration or SiO, concentration

Vol% 14.4 15.2 16.2 17.4 18.7

Wt% 12.8 13.6 14.4 15.5 16.6

Si0, wt% 4.3 4.6 4.9 5.2 5.6
(a) 0=151°

lowing equations [22]. Therein, the Si—-CHj3 groups are kept
on the hydrolyzed MTES molecules and the oligomers all
the time. These non-hydrolytic Si~-CHj; groups finally are
transferred to the silica skeletons and play an essential role
in determining the surface chemistry properties of MTES
based aerogels [33].

Hydrolysis:
OC,H; OH

HCI | (4)

H;C—Si—O0C,Hs + 3 HyO ——=—» Hy;C—Si—OH + 3 C,H;OH

OC,Hs OH

Condensation:
OH OH

(‘)u (‘)ll H;C—Si—O0—Si—CH;
2[H5C "; OH + HC “; | —NHOH o o) 4 H,y0 (5)
OH OH

HyC—Si—0—Si—CHj

OH OH

As we know, the hydrophobicity of materials depends on
their surface chemical composition and surface roughness
[36]. Usually, hydrophobicity is characterized by the water
contact angle. As shown in Fig. 5a, the water drop stands
stably on the MTES based aerogel surface and the contact
angle of 151° is obtained through the image analysis by the
ImageJ software [29]. Although the precursor concentra-
tions are different, all the prepared samples have a contact
angle of over 150°. From the perspective of the contact
angle, the precursor concentrations have no significant
influence on the hydrophobicity of MTES based aerogels.

Figure 5b clearly shows the FTIR spectrums of MTES
based aerogels prepared with various precursor concentra-
tions. For silica aerogels, typical bands of Si—O-Si bonds
asymmetric stretching vibration located in 1010-1090 cm ™!
are present [37, 38]. The broader peaks at 3436 cm™' and

(b)
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.
=
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Fig. 5 (a) The contact angle of an MTES based aerogel sample and (b) the normalized FTIR spectrums of MTES based aerogels with various

precursor concentrations
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the peaks around 1647 cm ™! are ascribed to the —OH groups
stretching vibration and deformation vibration respectively
[39], which come from the unreacted hydrolyzed MTES
precursors [40]. The peaks located at 782 and 1272 cm ™!
are interpreted as stretching vibration and symmetric
deformation vibration of Si—C bonds [37], which confirms
the existence of hydrophobic groups (Si-CHj3) in MTES
based aerogels [41]. And these hydrophobic Si—~CHj; groups
are just the chemical foundation for the excellent hydro-
phobicity of MTES based aerogels. Three slight peaks at
2852, 2952, and 2971 cm ! are caused by the asymmetric
and symmetric stretching vibrations of C—H bonds [42].
These C—H bonds are mainly from the Si—-CHj3 groups and a
thimbleful of them are from the Si—~OC,Hs groups, which
are not involved in the hydrolysis reactions.

Furthermore, the intensity of the Si—C bond prepared
with 16.2 vol% precursor concentration is the largest among
the three spectrums. But the sample prepared with 18.7 vol
% precursor concentration has a larger C—H intensity. It can
be speculated that more unhydrolyzed Si—~OC,H; groups
remain in the higher precursor concentration MTES based
aerogels. To sum up, the precursor concentrations do not
influence the chemical composition, but the intensity of
Si—C, C-H, and Si—OH groups to some extent. That change
further has a limited effect on hydrophobicity because of the
simultaneous influence from the surface roughness [36].

3.4 Thermal conductivity

As it is reported [27], the MTMS or MTES based aerogels
can be prepared rapidly without tedious solvent exchange
and additional surface modification. Besides, the generated
pores and silica skeletons in MTMS or MTES based aero-
gels are usually micron-sized [42]. As a result, the larger
pores and thicker silica skeletons make the ambient pressure
drying available for the preparation of MTMS or MTES
based aerogels, though the capillary tension still exists.

Due to the micron-sized microstructure, the thermal
conductivities of MTMS and MTES based aerogels usually
range within 35-57 mW/m/K [30, 43], which is far larger
than those of the TMOS, TEOS and sodium silicate based
aerogels in Fig. 6. Here, we report that the thermal con-
ductivity of the MTES based aerogels can reach as low as
29.4 mW/m/K at the precursor concentration of 14.4 vol%.
Compared to the currently reported thermal conductivities
of the ambient pressure dried MTMS and MTES based
aerogels, the MTES based aerogels in this work has much
lower thermal conductivity [27].

Here, we think the following reasons lead to the current low
thermal conductivity. First, the silica skeletons in this study are
coralloid, i.e., a more irregular skeletal structure, which pro-
duces larger thermal resistance. Second, the structural con-
nectivity of coralloid skeletons is much worse than that of the
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Fig. 6 Thermal conductivities with density of silica aerogels prepared
with various precursors, including TMOS [59-61], TEOS [4, 62-64],
sodium silicate [55, 65, 66], MTMS [27, 43, 67], and MTES
[21, 24, 25]; the straight line is the thermal conductivity of still air

reported spherical skeletons [27, 30]. The not-good con-
nectivity increases the thermal resistance between the solid
skeleton and gas phase, which impairs the heat transfer. In a
word, the coralloid silica skeletons cause irregular skeletal
structure and not-good connectivity, which further result in the
increase of thermal resistance. Consequently, the relatively low
thermal conductivity is obtained in this study.

Considering the fast preparation process and water as the
only solvent in this study, the prepared MTES based aerogel
with the lower thermal conductivity significantly has a
competitive advantage in the thermal insulation field,
though this thermal conductivity is a little larger than the
TEOS or sodium silicate based aerogels.

The effective thermal conductivity (4.5) of silica aerogel
can be expressed as below [44]:

Aefp = As + g + Ar (6)

where A is the solid thermal conductivity of silica skeleton,
Ag is the thermal conductivity of the gaseous phase in the
porous structure, and 4, is the radiant thermal conductivity.
Usually, the radiative thermal conductivity can be neglected
under room temperature [45]. The solid thermal conductiv-
ity A, strongly depends on the density and silica skeleton
morphology, which generally has a positive relationship
with the density [46]. In regard of A,, it can be expressed as
[47]:

Ago

8 7

& 14+ aKn 0
In
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Fig. 7 The correlations of (a) the thermal conductivity versus the precursor concentration and (b) the thermal conductivity versus the density

where Ay is the thermal conductivity of air; « is a constant,
related to the gas in the pores; K, is the Knudsen number,
which is determined by the ratio of the mean free path (/,,
nm, which is about 70nm at 25°C under atmospheric
pressure) of air molecules in free air [46] and the average
pore size of porous materials (/., nm) [47]. Obviously, with
the rise of /,, or the decrease of /., the K, increases, leading
to a lower A,. In general, there are two options to reduce
Ag, 1.€., evacuating the air in pores or decreasing the pore
sizes [48].

Figure 7 presents the relationships among the thermal
conductivity, precursor concentration, and density. At the
precursor concentration below 17.4 vol%, the thermal con-
ductivity increases rapidly and then keeps almost unchanged
between the precursor concentration at 17.4-18.7 vol% in
Fig. 7a. The tendency of thermal conductivity is considered to
be related to the change of microstructure. As discussed
above, the slenderer and denser three-dimensional silica net-
work formed at a lower precursor concentration extends the
path of heat conduction in the silica backbone [49]. Hence,
the thermal resistance gets higher during the heat transfer
process, leading to a lower solid thermal conductivity. With
the precursor concentration rising, the silica skeletons become
thicker and provide more heat transfer passages, which
finally result in a higher solid thermal conductivity. Note that
within the whole discussed precursor concentration range
(14.4-18.7 vol%), the pore size is micron-sized, so the
Knudsen effect almost has no influence on the heat transfer.
Hence, the gaseous thermal conductivities (1g) are considered
the same between each sample and the thermal conductivity
mainly depends on the solid silica skeletons. Figure 7b dis-
plays the variation of thermal conductivity with the density, in
which the thermal conductivity shows a positive correlation
with the density. Because more solid silica skeletons mean
more heat transfer passages. This result is just completely
consistent with what analyzed before.
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3.5 Thermal stability

As shown in Fig. 8a, the slight weight loss I in the
temperature from 200 to 425°C corresponds to the
residual liquid, the remained unhydrolyzed Si—OC,Hjs
groups, and a very small amount of CTAB [50]. The
obvious weight loss II occurs within the range of
425-560 °C, which is attributed to the thermal oxidation
of Si—-CHj; groups on the silica skeletons of MTES based
aerogels [39]. Furthermore, the significant peak on the
DSC curve indicates that the thermal oxidation of
Si—-CHj; groups is an exothermic reaction. Therein, the
onset temperature (7,,,,) and the peak temperature
(Tpear) of the exothermic reaction are 425 and 510 °C,
respectively. With the temperature rising continuously,
the mass of MTES based aerogel keeps decreasing
slightly before reaching 1000 °C, which should be pri-
marily ascribed to the condensation among the newly
generated Si—OH groups by the thermal oxidation [51].

As shown in Fig. 8b, the typical T, for TEOS and
TMOS based aerogels are 261 and 287 °C, respectively
[4, 52-54], while the sodium silicate based aerogels and
MTMS based aerogels have a larger T,,,, of 401 °C
[55-57] and 432 °C [20, 27, 50], respectively. Based on
our knowledge, the thermal stability of silica aerogels is
mainly related to the microstructure, surface chemistry
(i.e., surface organic groups), and component. Currently,
our group has begun to devote to exploring the control
mechanism of the thermal stability of silica aerogels
[41]. In this work, the T, of as-prepared MTES based
aerogels is 425°C, the same with the MTMS based
aerogels, which is even larger than the sodium silicate
based silica aerogels. From the view of being the thermal
insulation materials, the MTES based aerogels possess
the higher thermal stability (425 °C), which presents an
evident advantage.
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3.6 Mechanical properties

Figure 9a shows the stress-strain (c—¢) curves of different
samples and the shape change during the uniaxial com-
pression test. On the whole, the stress-strain curves can be
roughly divided into two stages, I and II, which represent
the elastic deformation stage and the plastic deformation
stage, respectively. The turning point connecting stage I and
II is just the yield point [58]. Obviously, the silica skeleton
plays the crucial role of bearing external forces. In stage I
(e<10%), the three-dimensional silica skeletons are com-
pressed by gathering together closer, and the pores are also
compressed with the pore volume reducing. After the
external force is removed, the compressed silica skeletons
and pores begin to recover the original shape. The stage I
indicates that the as-prepared MTES based aerogels have a
nice elasticity at this stage. In stage II (10% < e <30%),
the three-dimensional silica skeletons are compressed

excessively with parts of the skeletons cracking and col-
lapsing. As a consequence, the silica skeletons only can
recover partly with remaining the permanent plastic defor-
mation to some extent. The whole process is the elastic-
plastic deformation and the MTES based aerogel in this
study is a type of elastic-plastic material [58].

At the end of the stage II, the MTES based aerogels will
fracture, indicating the material failure completely. It finds
in the o—e curves that the material failure occurs earlier for
the MTES based aerogel with 14.4 vol% precursor con-
centration when compared to others. It also finds that the
larger precursor concentration indicates a later material
failure. As analyzed in the microstructure section, more
fractures are formed on the silica skeletons for the MTES
based aerogel prepared with the lower precursor con-
centration, while the connectivity gets better for the MTES
based aerogel prepared with the higher precursor con-
centration. The formed fractures act as the defects in the
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MTES based aerogels and tend to induce material failure.
Hence, it indicates that the microstructure characteristics
are just consistent with the mechanical behavior as pre-
sented in Fig. 9a.

The changes of Young’s modulus and compression
strength are presented in Fig. 9b. Therein, Young’s modulus
keeps almost constant, about 230kPa at precursor con-
centration below 16.2 vol%, and then decreases to 98 kPa
with the precursor concentration increasing. The decreasing
Young’s modulus indicates that the MTES based aerogels
with 18.7 and 17.4 vol% precursor concentrations are more
flexible. Furthermore, the compressive strength has the
same trend, i.e., decreasing from 23 kPa to 10 kPa.

At the lower precursor concentration (<16.2 vol%), the
MTES based aerogels have slender backbones and the
distribution of the skeletons is relatively denser, which can
transfer the external force uniformly and avoid stress
concentration. Although the existed fractures would
induce the material failure earlier, the stronger ability to
resist the deformation and bear the external force is
achieved. Consequently, the larger Young’s modulus and
compressive strength are obtained. With the precursor
concentration increasing (>16.2 vol%), the MTES based
aerogels have thicker backbones and the distribution of the
skeletons is relatively sparser. Despite the increase of the
compressive strength for the single skeleton, a larger
external force will concentrate on relatively fewer skele-
tons, and once exceed the compressive strength of the
single skeleton, the material yield finally occurs. This
microstructure leads to the lower Young’s modulus and
compressive strength. In sum, the mechanical properties of
the MTES based aerogels primarily rely on their micro-
structure, which can influence the mechanical behavior by
the corresponding skeleton density, skeleton diameter, and
their connectivity.

4 Conclusions

In this study, the MTES based aerogels were prepared
under ambient pressure by a facile synthesis approach
using pure water as the only solvent. The effects of pre-
cursor concentration on the physicochemical properties of
MTES based aerogels are studied in detail. The main
conclusions are summarized as followed.

With the precursor concentration rising from 14.4 to
18.7 vol%, the silica skeletons of the prepared MTES
based aerogels become stronger but sparser, making the
bulk density increase from 0.057 g/cm?® to 0.069 g/cm?; the
porosity shows a contrary tendency within 97.5-96.9%.
The precursor concentration almost has no effect on the
chemical composition, while it makes a great difference to
the microstructure, i.e., the lower precursor concentration

@ Springer

causing the denser and slenderer skeletons, vice versa. The
microstructure further affects the mechanical properties of
MTES based aerogel, and the slender and dense silica
skeletons can effectively avoid stress concentration. From
the perspective of the contact angle, the precursor con-
centration has no significant influence on the hydro-
phobicity of MTES based aerogels. In regard to the
thermal property, the pores of MTES based aerogel are
mainly micron-sized, which nearly do not contribute to the
Knudsen effect. Due to the slender and dense skeletons,
these MTES based aerogels have the higher thermal
resistance, which leads to a lower solid thermal con-
ductivity. Furthermore, the onset temperature of 425 °C
indicates the good thermal stability of the as-prepared
MTES based aerogels. From the view of preparation
method, thermal conductivity, and thermal stability, these
outcomes demonstrate the competitive advantages of the
MTES based aerogels in the thermal insulation field.
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