Open Access Article. Published on 10 January 2025. Downloaded on 12/29/2025 4:02:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
1009

Received 12th September 2024
Accepted 27th December 2024

DOI: 10.1039/d4su00568f

rsc.li/rscsus

Sustainability spotlight

Flexible fire-safe hybrid organic—inorganic
cellulose aerogels from sol—gel castingt

Bjérn K. Birdsong,? Antonio J. Capezza, &2 Rhoda Afriyie Mensah,” Patric Elf,?
Mikael S. Hedenguvist, 2 Fritjof Nilsson & *@ and Richard T. Olsson (& *@

The flexibility of hybrid silicon-oxide cellulose aerogels was achieved through the formation of thin, uniform
silica coatings on cellulose fibres, or local regions of a classical spherical aerogel (Kistler aerogel) combined
with areas of less coated cellulose fibres, making use of the flexible properties of the cellulose nanofibres.
Furthermore, the inclusion of cellulose during the sol—gel formation allowed the use of traditional freeze-
drying instead of CO; critical point drying as a method for the removal of the liquid phase. The silicon oxide
morphologies revealed the possibility of fine-tuning the coating's structure by the choice of the silicon-
oxide precursors. Using methyltrimethoxysilane (MTMS) resulted in the formation of classical aerogel or
spherical particles, while the use of tetraethyl orthosilicate (TEOS) yielded “pearl-necklace” fibres, and the
mix of (3-aminopropyltriethoxysilane (APTES) with MTMS yielded smooth uniform coatings. The
prepared coating morphologies markedly influenced the aerogel's properties (mechanical stiffness/
flexibility, flame resistance and hydrophilicity). The silica coatings endured high-temperature exposure
and the thermal removal of the cellulose template without substantial morphological changes was
confirmed, showing the possibility to use cellulose as an effective template for the synthesis of silicon-
oxide nanofibres. The possibility to selectively control aerogel properties already at the synthesis stage,
using abundant and renewable materials together with the possibility of using more energy-conservative
freeze-drying (rather than critical point drying), is a promising method for more sustainable aerogel
preparation towards high-end commercial applications such as electrical fuel cell insulation.

Insulation materials are an essential part of creating sustainable cities and communities, as they allow for affordable and clean energy to be used (SDG 11 and
SDG 7), as well as good health and well-being (SDG 3). Aerogels stand out among these materials for their exceptional thermal insulation and fire safety.

However, traditional Kistler aerogels face limitations in large-scale applications due to their brittleness and the challenges associated with high-pressure critical

point drying during production. These constraints have hindered their widespread commercial use. This work explored the use of cellulose nanofibres to enable

the preparation of highly flexible, yet mechanically stable aerogels manufactured without the use of critical point drying due to the ability of cellulose to stabilise

the gel nature of the aerogels during inexpensive freeze-drying operations.

Introduction

microstructure and composition of the materials.>* However,
despite these valuable properties, aerogels are also known for
their brittleness, where even small deflections result in crack

Aerogels have, since their discovery, become sought-after mate-
rials for use in a wide range of applications from meteor dust
collection to thermal insulation."” What makes aerogels unique
and of particular interest is related mainly to their exceptionally
low density (ca. 0.003 g cm ™), thermal stability, and low thermal
conductivity (ca. 0.005 W m~* k'), which originates from the
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formation or even violent shattering.>®

Aerogels can be derived from a wide range of synthetic and
biobased raw materials, all with their pros and cons. Silica aer-
ogels are most common, due to their low density, excellent
thermal insulation, good thermal stability and simple process-
ing, but they are brittle, mechanically weak, and non-
biocompatible and require expensive supercritical drying
during their production.” Cellulose aerogels are biobased,
biodegradable, and biocompatible and have better mechanical
properties than silica aerogels, but have inferior thermal stability,
which limits their applications.® Aerogels based on polymers,
such as polystyrene and poly(2,6-dimethyl-1,4-phenylene)oxide,
are cheaper and more flexible and have higher mechanical
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strength than silica aerogels but are less thermally stable and are
difficult to recycle.® Carbon based aerogels, often produced using
pyrolysis of organic compounds or cellulose derivatives, are
thermally stable and have very high electrical conductivity, but
are expensive and show limited mechanical performance.'
Metal-oxide based aerogels (e.g. aluminium oxide or titanium
oxide) have high thermal and chemical stability and show good
catalytic performance but are mechanically brittle and more
expensive." The aim of this study is to find a way to overcome the
weaknesses of silica aerogels by making hybrid silica/cellulose
aerogel materials with high performance.

The fragile properties of silicon oxide-based aerogels often
originate from the delicate silica network structures formed
during the synthesis of the material. A standard method of
forming these networks is a process known as sol-gel, where
precursors to silicon oxide are allowed to react in a liquid medium
to form a gel network throughout the medium.® The network is
composed of nano- or micro-sized silicon oxide particles cova-
lently bonded together. Even in the wet state, the formed gels are
fragile due to the formed sensitive silicon oxide network, often
being non-uniform in thickness, resulting in stress points around
thinner regions.” The formed silicon oxide particles are often
large enough to prevent flexibility in the material, which is
emphasized after the replacement of the liquid phase with air.
The brittleness of aerogels is also a significant contributing factor
to the challenges involved in any larger-scale manufacturing of
aerogels. Due to their fragile nature, the method used for
production often involves critical point drying (CPD), a technique
to remove a liquid phase using high pressure without disturbing
any solid material structures."” Although the method is useful for
smaller-scale production and eliminates the problems involved in
aqueous removal involving water evaporation or sublimation, it is
generally not considered scalable.”

To minimize the problems with the brittleness, doping aer-
ogels with metal ions or using other materials such as cellulose,
to either increase the mechanical strength or replace the silicon
oxide network with other polymers, has been reported.
However, these methods either do not allow for flexibility or
high-temperature stable materials.*** In fact, the flexibility has
been shown to rely on the unique formation of fine silica
networks by using the stereochemistry of silanes such as
methyltrimethoxysilane (MTMS) and (3-aminopropyl)triethox-
ysilane (APTES), which, due to the methyl or propan-1-amine
functional group, restricts excessive and rapid particle growth,
i.e., effectively limits the rate of condensation and the precursor
conversion into its solid form. However, although these aero-
gels can be deformed without breaking, they are limited by their
CH;-functional groups on the surface of the silicon oxide
network, restricting hydrophilic modification of the surface
chemistry, which may be regarded as a key functional feature
with classical Kistler aerogels with accessible OH-functional
surface groups. Lastly, no control over the direction of the
formed network in the gel results in an isotropic material with
no directional mechanical properties, which is often desired in
materials prone to directional bending.'**” A novel method that
would enable flexible materials is here the inclusion of
a mechanically strong and flexible scaffold material, which,
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even if cracks form, can hold the material together. The scaffold
can function as a template, allowing for control over both the
network formation and size, thickness, and fibre orientation,
while allowing the use of a more comprehensive array of silicon
oxide precursors.'®°

In this work, mechanically robust organic/inorganic hybrid
cellulose aerogels were developed that were able to be bent and
twisted, without permanent deformation occurring. Cellulose is
the most abundant biopolymer on earth and is known to be
chemically compatible with sol-gel reactions while also
showing desired quality of insulation materials.?*** Cellulose
was previously used with the additional benefit of increasing
the nucleation of metal ions as well as providing a template for
silane deposition, enabling flexible hybrid organic/inorganic
aerogels to be made.?*** The possibility of fine-tuning coating
morphology via the choice of the silicon oxide precursor
allowed for the formation of spherical particles, “pearl-string”
fibres, and more classical Kistler aerogel structures. Further-
more, the cellulose matrix incorporated during the sol-gel
formation of the aerogel enabled the use of freeze drying,
instead of critical point drying (CPD), demonstrating the
possibility of producing aerogels at a larger scale. Lastly, the
silicon oxide coatings were able to survive high-temperature
thermal removal of the organic cellulose template without
significant changes in the glass morphology, making cellulose
an effective templating material for the synthesis of silica
nanofibres.

Experimental

Materials
(3-Aminopropyl)triethoxysilane ~ (APTES, =98%), methyl-
trimethoxysilane (MTMS, =95%), tetraethyl orthosilicate

(TEOS, =98%), and ammonia hydroxide (aq. 28 wt%) were
purchased from Sigma-Aldrich and used without further
modification. Isopropanol (reagent grade, =99.8%) was
purchased from VWR, and Milli-Q water (MQw) (18.2 MQ, pH =
7.0) was used as the suspension medium. Bacterial cellulose
(BC) was purchased from Monstra LLC (Thailand) as cubes with
a volume of ca. 1 cm® and was grown from strains of Acetobacter
xylinum.

Preparation of bacterial cellulose nanofibre

Bacterial cellulose (BC) was prepared by soaking the bacterial
cellulose cubes as received in Milli-Q water (MQw) for 5 days
before being treated with 10 vol% NaOH at 100 °C for 10 min,
after which the cubes were rinsed for 24 h using deionized water
to remove any remaining impurities. The purified BC cubes were
shredded into a homogeneous slurry using a blender (Blendtec
625) before being diluted to a 0.3 + 0.01 wt% suspension.

Sol-gel reaction with incorporated bacterial cellulose

The BC suspension was prepared by the addition of 5 mL of
isopropanol to 3 mL of BC and the suspension was thoroughly
mixed before adding the silane amounts in Table 1. The
suspension was poured into silicone moulds and 1 mL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Methodology used for the development of flexible aerogels
using gel casting to form the final material shape.

Table 1 Silane amounts added for the formation of BC-gels

MTMS-BC TEOS-BC APTES/MTMS-BC
APTES — — 200 pL
MTMS 1 mL — 800 uL
TEOS — 1 mL —

ammonia was added to initiate and catalyse the silanisation
reaction. The suspension was then left to age for 24 h. To replace
the main alcohol solvent present in the formed gel with water, two
solvent exchanges were used, first by immersing the formed gel in
40 mL of a 25/75 ethanol/MQw mixture and allowing it to reach an
equilibrium in the gel for 24 h, after which the solution was
replaced with 40 mL of pure MQw for 24 h as a final solvent
exchange, resulting in a water-filled gel (Fig. 1).

Solution removal and drying procedure

To replace the MQw medium in the BC gels with air, freeze-
drying was used. The MQw was gently poured off from the
BC-gels ensuring that a thin film (ca. 1 mm) of water remained
on the surface of the gels. The gels were placed in a freezer at
—30 °C for 2 h, ensuring complete freezing of the BC-gels, after
which a HyperCOOL (HCC-3110, Republic of Korea) freeze dryer
was used to remove the frozen water with a pressure of <0.1
mbar. To remove any potentially remaining surface-bound
water from the BC-aerogels the materials were heated to 110 °
C for 4 h using a Memmert UNB 100 oven. The samples were
stored in polypropylene tubes until further use.

Characterization

Microscopy (SEM). The morphology and elemental compo-
sition of the materials were investigated using an S-4800 field

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emission scanning electron microscope (FE-SEM) from Hitachi,
Japan. The materials were fixed to aluminium sample holders
using carbon tape, and images were taken using an acceleration
voltage of 1-15 kV, using a current of 10 pA. The determination
of particle size was done manually by measuring 50 randomly
selected particles’ maximum diameters using ImageJ®,
National Institutes of Health, Bethesda, Maryland, USA.

Thermogravimetric analysis (TGA)

The thermal stability of the BC-aerogels as well as the fraction of
the materials that were composed of silicon oxide was deter-
mined by thermogravimetric analysis (TGA), using a Mettler
Toledo thermal analyzer (TGA/DSC 3+). 5 to 10 mg of the BC-
aerogel was placed in 70 pL alumina oxide (Al,O3) crucibles
(ME-24123) and heated using a rate of 10 °C min™" to 110 °C.
The samples were kept at 110 °C for 5 min, followed by heating
to 800 °C, using the same heating rate, where it was again kept
for 5 min. The used purge gas was a 50 mL min " flow of O,.

Contact angle measurements

The materials' wettability was investigated using droplets of
Milli-Q water, using a CAM200 contact angle meter (KSV
Instruments, Finland) with an automatic dispenser and a CCD
camera. The sessile drop technique was used to measure the
static water-material contact angle of the BC-aerogels, using 4
puL volume droplets from a 200 pL pipette tip. The measure-
ments were conducted at 23 £+ 1 °C and 50 + 2% RH. Images of
water droplets in contact with the BC-aerogels materials were
recorded for 40 s at 1% FPS, using the software “Attension-
Biolin Scientific”, while the Young-Laplace method was used to
calculate the contact angle of the water-material interphase.

Mechanical testing by 3-point bending

The stiffness of the aerogel materials was investigated using the
3-point bending technique, using an Instron 5566 tensile tester
(Instron Corp., USA), equipped with a 10 kN load cell. The
measurements were conducted on rectangular samples sized 70
mm, 4.5 mm, and 12 mm, using a support span of 40 mm, while

the flexural strain rate was 0.02 mm mm ™ * min .

Cone calorimetry

The investigation of the aerogel's reaction-to-fire properties was
done using a cone calorimeter (TCC 918, Germany) using 25 kW
m™? heat flux at the corresponding temperature of 618 °C. Due
to sample preparation limitations, the measurements were
conducted on 20 mm x 20 mm samples with a 25 mm distance
between the material surface and the cone heater. To prevent
excessive heat loss, the aerogels were surrounded and placed on
an insulative material, leaving only the top surface exposed to
the heat.

Fourier-transform infrared spectroscopy (FTIR)

FTIR absorbance of the aerogel materials as well as freeze-dried
virgin BC was done using a PerkinElmer Spectrum 100, equip-
ped with an ATR accessory, an MIR TGS detector, and a Specac

RSC Sustainability, 2025, 3, 1009-1018 | 1011
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golden gate with a sapphire crystal. The measurements were
performed with a resolution of 4 cm™", using 16 consecutive

scans ranging from 600 to 4000 cm ™"

Thermal conductivity

A hot-plate method was used to calculate the thermal conduc-
tivity of the materials. The hot-plate, which was used to heat the
ca. 4 mm thick sample, was heated to 80 °C before each experi-
ment. A polished copper sheet was used to hinder infrared
radiation from the plate and a thick HI 70 Styrofoam ring was
applied to prevent convection from the part of the plate which
was not covered by the sample. Each sample was first heated for
10 min to reach the equilibrium temperature, and then the
temperature was measured every second minute for 10 minutes.
For each sample, the average of five measurements was used, and
for each material, the average of three samples was taken. The
thermal conductivity k was computed as k = L x P/(A x dT),
where L is the thickness of the sample, P is the effective heating
effect applied on the sample, A is the sample area and dT is the
difference in temperature between the plate and the sample
surface. By calibrating the equipment with an EPS-sample with
known thermal conductivity (k = 0.038 Wm ™" K ) and the same
geometry, the parameters P and A were avoided.

Molecular modelling

To calculate the molecular volumes of the functional groups for
MTMS, TEOS, and APTES, atomistic structures of said mole-
cules were generated with the simulation software Materials
Studio®. The volume was defined as the region inside the

M
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molecule's Conolly surface, using the van der Waals radii of the
individual atoms, and it was calculated using Monte-Carlo
integration. To visualize the molecular systems and calculate
the distances between their functional groups, a layer of crys-
talline monoclinic cellulose 1b was generated and MTMS,
TEOS, and APTES molecules were attached to the accessible OH-
groups of the cellulose crystal layer.> Geometry optimization
with the universal force field and the steepest descent and
conjugated gradient optimization algorithms was applied.

Results and discussion

Flexibility of the silane aerogel

Fig. 2a-c show MTMS-BC, TEOS-BC, and APTES/MTMS-BC at
the maximum load recorded during 3-point bending. Although
all the aerogels demonstrated bending ability, it was evident
that the nature and amount of deflection without crack
formation or breaking were different. The TEOS-BC aerogel was
most sensitive to deformation in comparison to the others, even
when handling, and formed an apparent crack after only 5 mm
of deflection, as evidenced by the small load needed to break the
aerogel (see Fig. 2f). In comparison both MTMS-BC and APTES/
MTMS-BC were more flexible and capable of deflecting up to
10 mm and 7 mm respectively, without crack formation, and at
this point slipping on the holding anvil occurred, see Fig. 2f.
Furthermore, the materials APTES/MTMS-BC and MTMS-BC
did not show any clear signs of crack formation or breaking;
however, as seen in Fig. 2d, MTMS-BC maintained a slightly
curved state while APTES/MTMS-BC returned to a flat state after
the tests, further showing a difference in elasticity.

T APTES/MTMS-BC

PTES/MTMS-BC

’ MTMS-BC

Load (mN)
w

| TEOS-BC
/ N

2 Deﬂgction6(mm)8 10

Fig. 2 MTMS-BC, TEOS-BC, and APTES/MTMS-BC aerogels at the maximum measured load during 3-point-bending (a—c), the mechanical
recovery of the various aerogels (d), and the morphology of the aerogel materials (e). The 3-point bending plots correspond to the bending

process of the aerogels, using two replicas of each sample (f).
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The differences in the mechanical deformation behaviour were
suspected to arise from differences in silane coating morphology.
The micrographs seen in Fig. 2e show that although the aerogels
were visually similar to a white porous aerogel on the micro/
millimetre scale, they showed very different fibre morphologies.
The MTMS-BC aerogel comprised of fibrous areas and spherical
particles, Fig. 2e top. The fibrous areas were suspected to be
uncoated BC fibres, which would agree with the unique formation
of typical spherical particles attributed to the precipitation of
silane MTMS. In contrast, TEOS-BC showed a completely different
morphology in which no visible BC fibres and no larger spherical
particles were seen for TEOS-BC, Fig. 2e middle. Instead, TEOS
had formed smaller spherical structures along the BC fibres
creating a “pearl-necklace” structure. The thicker and more
segmented TEOS coatings on the BC fibres were suspected to be
the cause of the significantly more brittle nature of the hybrid
fibres that were measured (Fig. 2f). The low load (2.1 + 0.2 mN)
needed to crack the TEOS-BC aerogel was suggested to be due to
the “neck” regions between the thicker “pearls” along the fibres
creating weak points, where the force was elevated due to the
smaller fibre diameter.* This neck morphology was only observed
in the TEOS coatings, explaining why only the TEOS-BC aerogel
cracked upon deformation. Lastly, the APTES/MTMS-BC aerogels
showed a similar morphology to the MTMS-BC aerogels, where
regions of BC fibres were visible, as well as clusters of spherical
silane particles. It was suspected that APTES had formed a highly
uniform and thin coating along the BC fibres, which were difficult
to distinguish from the BC fibres. This thin uniform APTES
coating would explain the significantly higher stiffness observed,
needing roughly twice the load (5.5 & 0.4 mN) to deform as that for
the MTMS-BC aerogel (3.2 & 0.2 mN), see Fig. 2f. Previous studies
have demonstrated that APTES tends to form uniform coatings
rather than spherical structures. To further investigate the specific
silane coating formation, EDS was used.***

FTIR was used to analyse the chemical composition and
performance of the materials (Fig. 3). The curve for MTMS/
APTES-BC was very similar to that for MTMS-BC, which was
expected due to the higher amount of MTMS used compared to

i

MTMS/APTES-BC

MTMS-BC

Absorbance (a.u.)

TEOS-BC

2600 2100 1600

Wavenumber (cm)

3600 3100 1100 600

Fig. 3 FTIR spectra of MTMS/APTES-BC, MTMS-BC and TEOS-BC. All
large peaks are associated with Si-related bonds, whereas peaks
associated with cellulose are nearly absent, e.g. OH-bond peaks
(arrows). This indicates a nearly complete silanization of the cellulose
surfaces.
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APTES (80/20). The most striking observation from the FTIR-
spectra was that all large peaks were associated with Si,
whereas the peaks associated with cellulose (e.g. C-C, C-O,
C=0 and OH-bonds) were in comparison much weaker.
Cellulose based materials typically have such more pronounced
peaks both in FTIR* and other spectroscopic methods.?**° This
indicates that most of the cellulose surfaces were silanized. For
TEOS-BC, the peaks around 1070 and 950 cm ™" were associated
with the Si-O-Si bond and the Si-O silanol stretching (Si-O-H).
For MTMS-BC, the peaks around 1270, 1100 + 1020 and
770 cm " were associated with (Si-CHj3), (Si-O-Si) and (Si-C),
respectively. Regardless of the silanes used, the formed bonds
were primarily Si-O and Si-O-Si, typical for silica materials.>*

The much higher amount of silica-based material present in
comparison to the BC meant that any BC signals were signifi-
cantly lower and difficult to observe with FTIR.

Silane deposition and particle formation

Fig. 4a—c depict the aerogel materials using an optical micro-
scope, and even at relatively low magnification there were
observable differences between the MTMS-BC, TEOS-BC, and
APTES/MTMS-BC aerogels. The microscope image of MTMS-BC
aerogel (Fig. 4a) depicts a porous gel comprised of two regions,
a highly thin fibre region and a thicker more solid-appearing
region. Although the thin fibre regions did not exhibit any
morphology suggesting gel formation, using higher magnifica-
tion revealed that even at a 1 um scale (see the inset) the BC
fibres were surrounded by ca. 400 and 1500 nm spherical silane
structures as seen in the inset image and particle size distri-
bution. In contrast, more significant gel regions distinguished
as uniform semi-translucent particles could be seen evenly
distributed throughout the material. The formation of the two
regions, fibre, and the gel was attributed to the impressive
flexibility observed where the fibre regions were able to
continue to exhibit flexible behaviour without disturbing the
gel. In contrast, the TEOS-BC seen in Fig. 4b shows an overall
different material structure, where instead of two distinct
regions, there were only larger fibre structures observed. Using
high magnification SEM (see the inset) it was apparent that the
TEOS silane coating morphology was only composed of the
“pearl-necklace” morphology previously described. The formed
silane spherical “pearls” were estimated to be ca. 400 nm and
were more uniform in size distribution in comparison to the
MTMS-BC and APTES/MTMS-BC derived particles. The APTES/
MTMS-BC aerogel seen in Fig. 4c showed similarities with the
MTMS-BC aerogel in that there were seemingly uncoated
regions of fine fibres as well as thicker regions with more visible
material attached to the fibres. High magnification inset images
revealed similar overall morphology to MTMS-BC where there
were regions of seemingly uncoated fibres, as well as spherical
silane particles ranging in diameter from ca. 300-1800 nm.
The difference in sphere size was attributed to the various
silanes used and their chemical structural differences. The
more reactive TEOS, due to its additional OH group, was able to
rapidly condense on the BC fibres forming a high number of
nucleation sites that grew evenly in size on the said fibres.*” In

RSC Sustainability, 2025, 3,1009-1018 | 1013
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Fig.4 The macrostructures of the MTMS-BC, TEOS-BC, and APTES/MTMS-BC aerogels (a—c), and elemental mapping of the silane coatings (d—

f).

contrast, both MTMS and APTES contain one less reactive OH
group, possibly resulting in slightly lower reactivity with the BC
fibres.>* Additionally, MTMS is often used for the formation of
gels due to its tendency to self-condense resulting in spherical
particles.®® In the case of APTES the presence of a somewhat
bulky carbon chain results in less self-condensation and the
formation of spherical particles, instead forming more uniform
coatings on the surface of the BC fibres.**

Fig. 4d-f show images obtained from elemental mapping
using EDS of MTMS-BC, TEOS-BC, and APTES/MTMS-BC aero-
gels. From the elemental mapping of the aerogel materials, it
was clear that there was a significant amount of silicon oxide
present throughout the materials, as seen by the Si and O
distribution. However, when comparing the distribution of
carbon, there was a slight difference observed in the MTMS-BC
aerogels (Fig. 4d) in comparison to the other aerogel materials.
The MTMS-BC material showed the clear presence of carbon
within the aerogel material; more specifically the detection of
carbon was seen between the silane spheres in regions with
high amounts of seemingly uncoated BC fibres. This indicated
that MTMS had a preference to self-condensate forming
spherical structures and only some of the BC fibres were coated.
In contrast, TEOS (Fig. 4e) showed that there was virtually no
detectable carbon in the aerogel material. Interestingly, with the
addition of APTES as in the case of APTES/MTMS-BC (Fig. 4f)
there was a significant decrease in detected carbon on the
observed fibre structures. The absence was attributed to the
TEOS and APTES coatings hindering the BC carbon from being
detected.**?¢

The specific silane molecular structure was speculated to
affect deposition and in turn the silane coating thickness and
morphology. To gain a more fundamental understanding of the
deposited silane and its effect on coating thickness, atomistic
modelling was used (Fig. 5).

1014 | RSC Sustainability, 2025, 3, 1009-1018

The characteristic functional groups of each silane result in
differences in occupied space around parts of each silane
molecule. The occupied space hinders the deposition of other
silanes in the vicinity of the blocking functional group, leading
to a reduction in silane deposition thickness.?” In the case of
TEOS seen in Fig. 5b, the functional group OH, although
occupying space, does not restrict any growth as it is able to
further react with OH in other TEOS molecules. Furthermore, as
each TEOS contains four OH groups, the deposition of TEOS on
the BC fibre surface results in an increase in available OH
functional groups available for further TEOS deposition. The
increased amount of available OH groups results in a higher
rate of deposition on a large number of areas on the BC fibres,
which explains the smaller average silane sphere sizes observed
in TEOS-BC. Replacing an OH group with CHj; as in the case for

Fig. 5 Modeling of MTMS (a), TEOS (b), and APTES in a straight
conformation (c). Values were obtained using Materials Studio®.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MTMS (Fig. 5a) may result in some restriction in thickness
growth, as not only is the functional group (CH;) larger
compared to OH (29 A%), but also fewer OH groups are available
to enable continued silane thickness growth.’” However, the
deposition of one MTMS molecule on the BC fibre surface still
results in two new available OH groups which can continue to
grow in thickness. The competing MTMS depositions on the BC
fibre and the already deposited MTMS were suspected to be the
cause of the larger distribution in silane particle size. Lastly,
Fig. 5c illustrates the APTES coating on the BC fibre and how the
large carbon chain functional group (78 A®) effectively prevents
most growth out from the BC fibre template, resulting in
smoother and more uniform silane deposition on the fibres,
minimizing the risk of uneven growth and, in turn, leading to
weak points due to “neck” formations.

It was of interest to investigate how the different silane
coating structures and surface chemistry would affect wetta-
bility, thermal stability, and fire-resistance properties of the
materials, all of which are of interest in materials for potential
insulative purposes.*®

Thermal stability and fire-safety

Fig. 6a depicts the aerogels after exposure to ca. 620 °C for 4 min
in the cone calorimetry test. The appearance of the aerogels
varied depending on the silane used. MTMS-BC formed a thin
char layer on the exposed side, ca. 1 mm thick, while the
remaining aerogel retained its white colour, but was somewhat
more fragile compared to that before the heat exposure. In
contrast, APTES-BC was more fragile after heat exposure than
MTMS-BC, breaking, even with gentle handling, and a higher
amount of char formed and also deeper into the material, even
reaching the underside in some areas. TEOS-BC was pure white
throughout the material, with no visible charring, and with
seemingly similar mechanical behaviour to that before the heat
exposure. The visual appearance and mechanical behaviour
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before and after the heat exposure were attributed to the high
amount of silicon oxide present in the material.

To further investigate the thermal stability of the materials,
TGA was performed. Fig. 6b shows the remaining mass of the
various aerogels after exposure up to 800 °C. The plot was
adjusted to account for moisture loss, which was found to be
significant at the first 200 °C. All aerogels showed ca. 5 wt%
mass loss between 300 and 350 °C, attributed to the thermal
decomposition of the cellulose which is exposed to air.** The
high residual amount is due to that the silica glass is coating
a very large fraction of the cellulose surface, which was also
indicated by the FTIR-results. MTMS-BC experienced its most
significant mass loss (ca. 6 wt%) at 520 °C, which was attributed
to the loss of the CH; functional groups from the MTMS silane.
Lastly, a gradual mass loss was observed for APTES/MTMS-BC
from ca. 530 to 650 °C which was attributed to the conversion
from an imperfect Si-CH; network into a more stable Si-O
network.*

As both MTMS-BC and APTES/MTMS-BC contained CHj;
functional groups known for their ability to alter the wettability
of materials, the contact angle was used to investigate the
wettability of the aerogel materials (Fig. 6¢). Both TEOS-BC and
APTES/MTMS-BC showed high affinity to water as they were
immediately absorbed into the aerogel, suggesting that the
presence of APTES was enough to prevent hydrophobicity from
occurring for APTES/MTMS-BC.** In contrast, MTMS-BC
exhibited super-hydrophobicity with a contact angle exceeding
150°. The low wettability was attributed to a combination of the
CHj; functional groups providing a low surface energy and the
rough aerogel surface. From the literature it is well known that
the hydrophobicity of a surface is strongly dependent on both
the micro/nanostructure of the surface and the chemical
composition of the material.**** The superhydrophobicity of
our MTMS-BC hydrogel is clearly a combination of those two
effects. Aerogels which are superhydrophobic or oleophobic can

TEOS-BC
—_—
5 mm

Fig. 6 The various aerogels after cone calorimetry tests (4 min exposure to 618 °C) (a), thermal degradation of the aerogels between 200 and
800 °C (b), and the obtained water contact angle (c). The MTMS-BC, TEOS-BC, and APTES/MTMS-BC aerogel morphology after exposure to

800 °C is shown in (d), (e), and (f) respectively.
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for instance be used for efficient oil/water separation*** [Fu
2020].%

To investigate the thermal stability of the silane coatings and
to examine if the morphology of the silane coatings had
changed after 800 °C, ie. after thermal removal of the BC
template, the remaining materials after the heat-exposure were
imaged using SEM (Fig. 6d-f).

The higher magnification SEM revealed that there was
virtually no change in the overall morphology of the nano-
materials. MTMS-BC showed the same spherical structures as
before the template removal, where even thin BC fibres could be
seen replicated in silicon oxide; however, there were slightly
fewer fibres visible compared to before the heat treatment. In
contrast, TEOS-BC showed no observable change in the struc-
ture, remaining composed solely of “pearl-necklace” fibre-like
structures, which was expected due to the thick deposited
TEOS coating forming a rigid silicon oxide network along the
fibre. APTES/MTMS-BC proved most effective at replicating the
BC fibre morphology in the silicon oxide material, as was
observed by the intact fine fibre structures seen in Fig. 6f where
the same observed fibre structures remained before and after
the thermal removal of the BC template.

The high content of silicon oxide fibres in APTES/MTMS-BC
suggested that using APTES enabled the replication of the fine
BC fibre structures in silicon oxide. The presence of these fibres
further indicates that thin and uniform silane coatings formed
in the APTES/MTMS-BC aerogel and that these uniform coat-
ings increased the stiffness compared to the uncoated BC fibres
seen in MTMS-BC.

The peak heat release rate (PHRR) seen in Table 2 demon-
strated that the thicker silane coatings obtained using TEOS as
the aerogel precursor resulted in a lower PHRR compared to
MTMS and the APTES/MTMS mixture. All the obtained aerogels
exhibited a low PHRR and very low total heat release (THR),
lower than 113.4 kW m ™2 and 1.12 MJ m ™ respectively, making
the materials promising candidates for fire-safe insulative
materials.

The heat release was plotted as a function of time in Fig. 7a,
highlighting the extremely low heat dissipation with TEOS. In
Fig. 7b the smoke production rate was also shown as a function
of time. For TEOS and MTMS, the signal was hardly detectable,
whereas the APTES/MTMS based aerogel had a small peak (ca.
0.001 m? s~ %) at a time slightly after its maximum heat release
rate.

The main flame retarding mechanism for our hydrogels is
that thermally stable silane coatings nearly completely cover the

Table 2 Cone calorimetry data, densities and thermal conductivies

MTMS-BC TEOS-BC APTES/MTMS-BC EPS*
PHRR (kW m™?)  51.6 25.8 113.4 640°
tPHRR (s) 75 47 60 ca. 55°
THR (MJ m ?) 0.63 0.02 1.12 27.8°
Density (kg m™®) 51 29 51 19
TCWm 'K") 0.014 0.020 0.017 0.038°

% Values are taken from ref. 51.
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Fig. 7 (a) Heat release rate as a function of time and (b) smoke

production rate as a function of time.

cellulose, thereby giving it excellent thermal properties. Many
other promising flame retardant materials from the literature
are based on slightly different mechanisms. For instance, add-
ing flame retardant fillers to cellulose,***” applying graphene
oxide coating on PDMS foam,**" or adding MXene/CNF to
PDMS.* Compared to most other foams, our materials have
excellent flame retardant properties, including a low heat
release rate and very high remaining mass fraction in TGA.

The densities and thermal conductivities (TCs) of the mate-
rials are summarized in Table 2. The densities for the aerogels
(29-51 kg m ™) were approximately twice as high as that for EPS,
whereas their thermal conductivities (0.014-0.020 W m~" K™")
were roughly twice as low. These values are in the same range as
those for other aerogels in the literature.**>>°

Conclusions

The hybrid aerogels with MTMS or a combination of APTES and
MTMS showed remarkable flexibility and elasticity and were
able to bend to a high degree without permanent deformation
or breaking. The choice of silane used was shown to have
a significant effect on the obtained silane coating morphology
and explained the variations in the mechanical properties of the
aerogel materials. TEOS-BC showed the highest brittleness
among the aerogels due to the formed “pearl-necklace” silane
coating on the BC template. MTMS-BC showed the highest
amount of flexibility due to the partially uncoated BC fibres that
allowed for the flexibility of the BC fibres in the aerogel. Mixed
APTES/MTMS-BC was able to flex to approximately the same
degree as the MTMS-BC aerogel but required a higher amount
of force due to the thin uniform APTES coatings formed on the
BC fibres, increasing its stiffness. By using MTMS, it was
possible to produce not only a flexible aerogel material but also
an aerogel with apparent superhydrophobicity. Cone

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calorimetry and TGA revealed exceptionally low amounts of
energy released when burned, as well as thermal stability up to
ca. 600 °C. Since the thermal conductivities of the aerogels were
also low (0.014-0.020 W m ' K™ ') and FTIR indicated that the
silane-coatings protected the cellulose to a large extent, the new
materials are also interesting for flame retardant applications.
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