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Abstract

Organic-inorganic hybrid-silica aerogels can be made of methyltrimethoxysilane (MTMS, CH;Si(OCHj);) and
dimethyldimethoxysilane (DMDMS, Si(OCHj;),(CH3),) in a typical sol-gel process yielding flexible and hydrophobic
structures. In this work, MTMS and DMDMS were condensed with an increasing amount of water, leading to a decrease in
the final materials density from ~ 0.110 g cm™> down to ~0.066 g cm>. The gels were synthesized in a one-pot synthesis and
dried under ambient pressure conditions at 80 °C. While the topology of the network remained intact, the size of secondary
particles decreased from roughly 8.2 to 3.3 um. The inter-particle neck thickness remained unaffected with increasing aging
time for higher dilutions. The measured thermal conductivities were all in similar range (~ 32.5 mW (m K)*1 at 25 °C),
showing very good insulation characteristics. In general, higher diluted samples exhibited increasing softness and decreasing
Young’s modulus, even with increased aging times. Overall, our optimized recipe leads to hydrophobic aerogels with ultralow
densities while demonstrating very low thermal conductivity and a flexible mechanical performance.
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Highlights

e Synthesis of flexible and lightweight hybrid-silica aerogel.

e Density reduction without loss of good thermal insulation properties.
e No change in hydrophobicity and therefore no water-uptake.

1 Introduction

The demand for advanced nanostructured materials that
combine exceptional mechanical properties with efficient
thermal insulation has fueled ongoing research in materials
science and engineering. Thermal insulation materials play a
pivotal role in the aviation industry, where they are essential
for ensuring the safety, efficiency, and comfort of the pas-
sengers and the crew. In the high-altitude environment of
aircraft, temperatures can fluctuate dramatically, from freezing
cold at higher altitudes to blistering heat on the ground in
summer [1, 2]. Proper thermal insulation helps to regulate the
internal temperature of the aircraft, ensuring that passengers
remain comfortable and that sensitive electronic systems
operate optimally [3, 4]. Furthermore, insulation materials
protect critical components, such as fuel lines and hydraulic
systems, from temperature extremes that could lead to mal-
function or failure. By maintaining a stable and controlled
environment within the aircraft, these materials contribute to
both safety and energy efficiency, reducing the strain on
heating and cooling systems and the aircraft’s environmental
footprint. Therefore, high value thermal insulation materials
are essential for the aviation industry, guaranteeing passenger
comfort, system reliability, and overall flight safety [5].

In this context, silica aerogels with their remarkable
properties, namely low density, thermal conductivity and high
sound absorption, all a result of their highly nanostructured
porous network, are ideal candidates for aeronautical appli-
cations [6—10]. While pure silica aerogels are very brittle and
difficult to handle, adapting the sol-gel process and utilizing
organic-inorganic alkoxysilane precursors can result in
hybrid-materials with a high mechanical flexibility and a good
hydrophobicity while still retaining a remarkable insulation
performance [11, 12]. They were first investigated in 2011 by
Hayase et al. [13] and are based on methyltrimethoxysilane
(MTMS) and dimethoxydimethylsilane (DMDMS). In this
context, the choice of precursor plays a significant role.
Among the various possible precursor combinations [9],
MTMS and DMDMS have remained the most utilized choice
due to their compatibility and the ability to fine-tune the
properties of resulting hybrid-silica aerogels.

The synthesis of these flexible hybrid aerogels depends
on several fundamental parameters. One of these is the
precursor-to-water ratio, which can be modified during the
sol-gel process. With appropriate variation, the density of
the final aerogel product can be systematically controlled,
thus influencing the final aerogel properties. One challenge

is exploring the balance between mechanical adaptability
and thermal efficiency, as both properties are directly
dependent on the solid fraction in the material.

While many other studies in literature focused on the
precursors-ratio (MTMS:DMDMS) [14-18] or -catalysts
concentration [15, 19], there is only one publication by
Hayase et al. on the precursor-to-water-ratio for MTMS/
DMDMS co-precursor systems [20]. With a MTMS:
DMDMS-ratio of 1:0.33 they synthesized samples with
densities of 0.22 — 0.07 gcm ™ and investigated the micro-
structure, the mechanical and thermal properties in the
application related field of cryogenic thermal insulators. In
contrast, we were starting our study with a recipe patented
by our group at the German Aerospace Center (DLR) [21] in
2023 with MTMS:DMDMS-ratio of 1:0.67 which should
result in higher hydrophobicity due to the increased number
of CH3-groups in the porous network. We further modified
the synthesis route by varying the precursor-to-solvent ratios
with the aim to decrease the materials density allowing the
material to be used as possible aircraft insulation material.
Therefore, mechanical, thermal, chemical and morphological
properties of the samples were analyzed in detail for several
sample geometries (from small cylindrically shaped samples
up to bigger mats) and are discussed in this work.

2 Experimental
2.1 Materials

The precursors used were methyltrimethoxysilane (MTMS)
and dimethyldimethoxysilane (DMDMS), obtained from
abcr GmbH, Germany. Acetic acid (AcOH) was purchased
from Fisher Scientific GmbH, Germany and cetyl-
trimethylammonium chloride solution (CTAC, 25 wt.% in
H,O) from Sigma-Aldrich GmbH, Germany. Urea was
received from Merck KGaA, Germany. All chemicals were
used as received. All sol-gel-solutions were prepared from
purified water. For the washing steps, ethanol from Fisher
Scientific GmbH, Germany and isopropanol from Sigma-
Aldrich GmbH, Germany were used, both technical grades.

2.2 Preparation
The synthesis consists of four main steps, namely, hydro-

lysis, condensation, aging and washing/drying, which were
done in a simple one-pot reaction as follows.
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Table 1 Synthesis recipes for

380 g (~350 mL) of total Sample H,O:MTMS-

Aging [d] H,0 [g] Urea [g] AcOH [uL] MTMS [g] CTAC [g] DMDMS

[g]

solution for reference sample (a) ratio

and modified samples (b — 1). a 39.65 1

Samples b, d, f, h represent the

“dilution all”-series; samples c, b 50.00 1

e, g, 1 represent the “water”- c 50.00 1

series d 55.00 3
e 55.00 3
f 60.00 7
g 60.00 7
h 65.00 7
i 65.00 7

177.99 7439 71 42.50 59.91 25.13
204.82 6451 62 36.86 51.95 21.79
184.80 77.24 74 34.99 62.20 20.69
21538 60.62 58 34.63 48.82 20.48
187.30 78.28 75 32.24 63.04 19.06
22474 57.18 55 32.67 46.04 19.32
189.43 79.17 76 29.89 63.75 17.67
233.09 5410 52 30.91 43.57 18.28
19127 7994 77 27.86 64.37 16.47

Fig. 1 Overview of the three
different synthesized sample
dimensions with the respective
characterization technique they
were used for

Envelope density, skeletal
density, shrinkage, contact
angle, Young’s modulus

First, the necessary amounts (cf. Table 1) of distilled
water and urea were mixed, and heated up to 50 °C. For the
hydrolysis, acetic acid was added, followed by MTMS and
CTAC. The solution was mixed for 15 min at 50 °C. Then
DMDMS was added and mixed for another 45 min. After-
wards the sol was transferred to closed vessels and placed in
an oven at 80 °C for the listed time of gelation/condensation
and aging (cf. Table 1). Before drying the obtained wet gels
were transferred into fresh solvents for washing to remove
unreacted chemicals and the surfactant CTAC. Due to
limited diffusion washing was carried out for 24 h each
following the order: water, ethanol, water, water, iso-
propanol. After that the samples were finally dried out of
isopropanol under ambient pressure at 80 °C for 24 h in an
oven.

The samples were named and categorized as follows:
Sample a represents the standard reference sample synthe-
sized according to literature [21]. Samples b, d, f and h
represent the “all”-series with increasing water:MTMS-
ratio, which means that all used chemicals (urea, AcOH,
CTAC) with exception of the precursors were raised by the
same level as the water. Samples ¢, e, g and i represent the
“water”-series with increasing water:MTMS-ratio, which
means that only the amount of water used during the
synthesis was increased without changing the other ratios.

For the different characterization techniques several
sample geometries were synthesized (cf. Fig. 1).
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2.3 Characterization

The envelope density pe,, of the cylindrical shaped samples
was measured by caliper and scale, calculating the volume,
and dividing it by the mass of the sample weight with an
analytical balance. The skeletal density pg. Was measured
with helium pycnometer AccuPyc® II 1340 from Micro-
meritics™, Germany. Each measurement consists of ten
purging cycles to remove air out of the sample and sample-
chamber followed by ten measurement cycles. From both
densities, the porosity @ of the material was calculated
using Eq. 1. The radial shrinkage S, was calculated by
comparing the diameter of the container used for synthesis
with the final aerogel’s diameter.

Pskel

(D 1 penv (1)

To analyze the samples microstructure images were
taken with a scanning electron microscope (SEM) Merlin
from Carl Zeiss, Germany at an acceleration voltage of
2-3kV and a working distance of 7-10 mm. Before
observation the samples were sputtered with platinum for
100 s. The particle sizes were determined from these SEM
images with the help of the software Imagel.

To demonstrate the samples hydrophobicity the water
drop contact angle 0. was determined by Drop Shape
Analyzer DSA 100 from KRUSS, Germany. For this, a
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Table 2 Envelope and skeletal

- . . Sample H,O:MTMS-ratio Envelope density Skeletal Porosity @  Radial shrinkage S;

density of samples with their [g cm 7] densit (%] (%]

respecting calculated porosity Penv & [ Cm¥3‘]0 skel

and measured radial shrinkage. £

The error of all skeletal density all water all  water all water all water

measurements is = 0.01 g cm™?
a 39.65 0.106 = 0.002 1.26 91.6 23+0.5
b/c 50.00 0.086 +£0.003 0.089+0.004 1.29 128 933 931 25+0.7 2.0+0.3
d/e 5500 0.079+0.002 0.086+0.005 1.26 132 93.8 935 1.7+x05 32+1.2
f/g 60.00 0.071+£0.005 0.077+0.006 1.31 127 946 940 24+12 3.0=x13
h/i 6500 0.066+0.003 0.073+0.002 1.29 129 949 943 27+09 22+0.6

water droplet of 5.0 uL. was placed on the samples surface
and the contact angle was automatically determined.

The thermal conductivity was measured in the range of
0-60°C by the heat flow meter apparatus HFM 436
Lambda from NETZSCH, Germany. The samples had a size
of 200 x 200 mm?* and a height of 13 mm.

Uniaxial compression testing was performed on
cylindrical-shaped samples with dimensions of 34 mm in
diameter and 20 mm in height on the universal testing
machine ZwickRoell 72.5, Germany equipped with 50 N
load cell. All tests were conducted at a deformation rate of
10 mmmin~'. All investigated aerogels were subjected to
compressive loading up to strain of 60% and then subse-
quently unloaded.

3 Results and discussion
3.1 Density, microstructure and surface chemistry

Table 2 shows the mean values for pepy, psker, @ and S; of all
synthesized samples, per variation at minimum eight in two
different cylindrical shapes (cf. Fig. 1). The errors were cal-
culated as standard deviation from mean values. With higher
amount of water, the samples resulted in lower envelope
densities. For every dilution level the “all’-series shows
slightly lower densities compared to the “water”-series. The
lightest samples h exhibited a 38% lower density with
0.066 g cm > compared to references a having 0.106 g cm™>.
Skeletal density for all samples was observed in the same
range of 1.26 to 1.32 gcm . Since the solid composition of
the final material (MTMS:DMDMS-ratio) is not varied, this
result was expected. The porosity changes similar to the
envelope density, as it increases with dilution. The measured
radial shrinkage is 2 — 3% for all samples within their error.

Scanning electron images of the flexible silica aerogels are
shown in Fig. 2. It can be observed that each sample consists
of micrometer-sized spherical particles connected via inter-
particle necks. The dilution of the precursors was leading to
smaller particles, as the total mass, coming solely from the
amount of precursor used, stays constant while the total

volume was increased. The diameter of the particles was
determined by averaging the size of 20 particles for each
sample as shown in Table 3 (Dggy). It decreases with
increasing dilution of siloxane precursors from 8.2 pum for
reference a down to 3.2 and 3.3 um for samples h and i. Every
level of dilution shows comparable morphology and particle
diameters for each dilution in both “water” and “all”-series.
Hayase et al. observed similar tendencies for a different
MTMS:DMDMS-ratio [20]. The samples with water:MTMS-
ratio of 65.00 both show a rougher particle surface (Fig. 2h, i).
The thickness of inter-particle necks seems to be stable for all
synthesized samples due to adjusted aging time from 1 up to
7 days for higher diluted samples. Higher diluted samples
without increasing the aging time could not successfully be
synthesized during the experiments due to their very fragile
structure. While demolding and washing the samples break
apart very easily. After longer aging the particle necks grow
due to Ostwald ripening [22, 23] and the samples are able to
withstand more external forces.

The water drop contact angles 0, of the samples are listed
in Table 3. The measured angles are in range from 129° up
to 140° for all samples. These results lead to the assumption
that the hydrophobicity of the final material is not influ-
enced by the dilution of siloxane precursors during synth-
esis, as expected, as the amount of hydrophobic Si-CHj
groups covering the surface should not be influenced due to
the constant MTMS:DMDMS-ratio [24]. Figure 3 shows a
5.0 uL. water droplet on top of reference sample a. The high
hydrophobicity prevents the material from gaining weight
due to moisture condensation, which would happen
between aircraft takeoff and landing if used as insulation
material [25-27].

3.2 Thermal properties

HFM studies were carried out in the range of 0 — 60 °C and
are shown in Fig. 4. Samples a — e and g could be syn-
thesized in the required dimensions of minimum
200 x 200 mm? in a special self-made mold (Fig. 4, right).
Samples f, h and i were broken during washing steps due to
their very fragile nature in big dimensions and could
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Fig. 2 Scanning electron microscope images derived from reference
sample “a” and modified samples (b—i). The left column represents the
“all”-series and the right column the “water”-series

therefore not be measured. In general, smaller samples are
easier to handle. The thermal conductivity increases with
higher temperatures for all samples, as expected [28-30].
The dilution seems to have no major influence on the
measured thermal conductivities, since all pore sizes
observed in the SEM pictures are much larger than the mean
free path of air molecules and therefore are not reducing the
thermal conductivity due to contribution of the gaseous
phase. Within the expected precision of the system, all
samples show similar values, which vary in range from
minimum ~ 30 mW (m K)~! at 0°C up to ~37 mW (m K)
~!at 60 °C for all samples. Sample g with lowest density for

@ Springer

Table 3 Mean particle size calculated from SEM images and water
drop contact angle determined by drop shape analyzer

Sample  H,O:MTMS-ratio = Mean particle size Water drop

Dsgm [um] contact
angle 0. [°]

all water all water

a 39.65 82+1.2 136

b/c 50.00 56+x1.0 53+x09 140 129

d/e 55.00 52+08 4707 127 138

fig 60.00 39+06 3904 140 129

h/i 65.00 33£05 34x06 137 135

all synthesized mats (0.077 gcm73) shows a thermal con-
ductivity of ~32.5 mW (m K)*1 at 25 °C, which is on the
lower range. The measured conductivities could be con-
firmed with values from literature [20, 31].

3.3 Mechanical properties

While classical silica aerogels show hard and brittle nature,
organic-inorganic hybrids are soft and flexible. Therefore,
the samples could be easily compressed uniaxially up to a
strain (g¢) of 60% (Fig. 5, right). After compression the
samples were unloaded and immediately recovered to their
original height without any visible damage. The measured
stress-strain-curves are shown in Fig. 5. All samples show a
linear-elastic behavior up to € <20%.

From stress-strain-curves the Young’s modulus E was
calculated in linear range from 0 to 10% compression strain
(Table 4). Reference a has the highest Young’s modulus
(7.89 kPa) compared to the diluted samples. Samples from
“water”-series (c, e, g, i) show generally higher values than
samples from “all”-series (b, d, f, h). Former show a
decrease in Young’s modulus with increasing water:
MTMS-ratio from 5.22 to 3.23 kPa, for later no influence of
dilution could be observed for calculated Young’s modulus
(~3kPa). A decrease in Young’s modulus with increasing
dilution was expected because of the weaker solid backbone
structure. The samples’ elastic moduli are comparable to
literature values [13, 31].

To study the influence of aging on the mechanical
behavior of samples, reference sample a was additionally
synthesized with three and seven days of aging. The
resulting stress-strain-curves are presented in supporting
information (cf. Fig. S2). It could be seen that differing the
aging time can lead to slightly harder material.

4 Summary and conclusion

In this study, the density and morphology of flexible hybrid-
silica aerogels is tuned by implementing an efficient dilution
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Fig. 3 Photograph of 5.0 uL
water droplet on sample a — i.
The contact angles determined
for each sample are presented in
Table 3

Fig. 4 Thermal conductivity of

samples in temperature range of 40 -
0-60 °C (left) and special self- = o
. . X 35 | i
made mold for upright synthesis < L, S
of samples in minimum § 304
dimensions of 200 x 200 mm? E
(right) 2254
2
S 20
©
=
Q
S 15
g Water:MTMS-ratio
=104 —8—239.65
2 —e—b50.00, all
= —&— ¢ 50.00, water
5 —v—d 55.00, all
- e 55.00, water
g 60.00, water
0 T T T T T T T
0 10 20 30 40 50 60

process of initial precursor system, targeted for lightweight-
applications. To this end, the envelope and skeletal densities
were investigated first, followed by analysis of their
microstructure and the mean particle diameters via SEM
images. The samples hydrophobicity was evaluated via
water drop contact angle measurements. Next, the thermal
properties of the samples were measured, and finally, uni-
axial mechanical compression tests were performed.

The envelope density could be optimized to 0.066 g cm™>,
a 38% lower density compared to reference sample. It could
be observed that the overall topology of the sample’s
microstructure did not change drastically by variation of the
water:MTMS-ratio from 39.65 to 65.00. The mean particle

Temperature [°C]

size decreased from 8.2 to 3.3 um but the inter-particle neck
thickness seemed not to be influenced by increasing aging
time (range of 1 to 7 days) for the higher diluted samples.
The low thermal conductivity of the synthesized samples
(~32.5mW (m K)~! at 25 °C) seemed also not to be affected
in the investigated dilution range. During mechanical testing,
a decrease in Young’s modulus from 7.9 to 2.8 kPa could be
observed.

The aerogels in general have a similar performance to the
reference sample and values reported in literature but show
a much lower density and are better suited for lightweight
applications. While other studies focused on a single

property such as high hydrophobicity, low thermal
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. L. . 22
Fig. 5 Uniaxial stress-strain- v
curve (left) and sample images 20+,,]_GeesMeTe
of compression testing at 0 and 18] {—bsoooal
. . . —— ¢ 50.00, water
60% strain (right). After testing 15d——d 55.00 all
: ; 16+ |——e55.00, wat
thf: sample.s spring back tg their e o0, e
original height. More detailed _144,,1——a60.00, water
. . © ——h 65.00, all
single stress-strain-curves are e o] |——ies00 water
shown in supporting information -
(Fig. S1) @ 10+
B g ]
6+
4
2+
0+

Table 4 Young’s Modulus E calculated in linear range of stress-strain-
curves from 0 to 10% strain for samples a — i

Sample H,O:MTMS-ratio Young’s modulus £
[kPa]
all water
a 39.65 7.89
b/c 50.00 3.08 5.22
d/e 55.00 3.03 4.81
fig 60.00 3.36 4.30
h/i 65.00 2.82 3.23

conductivity, good mechanical properties or low density,
we achieved a material which combines all properties for
the prospective application in aviation. Further experiments
to upscale to larger sample geometries need to be conducted
in the future to investigate the mechanical and the thermal
performance of the material at lower temperatures down to
—50°C. Combining the diluted aerogel material with
woven fiber matrix could improve the bendability and allow
to roll-up the material for distribution.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10971-024-06572-w.
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