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Abstract

Due to the current energy crises, the search for thermal energy management systems based on
thermal insulating porous materials has drawn a significant deal of attention. Herein, we
demonstrated the thermal insulation and management capabilities of cuttlefish bone mimetic
aerogels with hierarchically organized porous structures directly fabricated from surface modified
and self-assembled silk fibroin biopolymer extracted from b. Mori silkworm cocoon biomass
hereafter, the materials developed referred to as X-AeroSF. Exploiting from creating an
interpenetrating network of the secondary ceramic components of various one, two, and three-
dimensional sepiolite (Mg2H:Siz0s.XH>0), MXene (TisC,Tx) and silica nanostructures inside the
self-assembled silk fibroin biopolymer and subsequent uni-directional freeze-casting and drying
the resulted hydrogels, composites with aerogel feature were obtained. The obtained aerogels
possess low bulk density (pp = 0.059-0.090 g cm), low thermal conductivities (A = 0.035-0.042 W
m?® K1), and high thermal stability (up to ~ 260 °C) with multi-modal lamella-bridge porous
microstructures found in the cuttlefish bone structure. In addition, the intriguing anisotropy in the
X-AeroSF composites porous structure enables thermal dissipation along with the aligned pore
directions, thus decreasing the local overheating on the heated side. As a result, an improvement
in thermal insulation in the perpendicular direction with respect to the pore lamellae was obtained.
Therefore, the exquisite thermal energy management, biodegradability, low bulk density, fire
resistivity, together with possible manufacture scalability of X-AeroSF composite, make this

material attractive for future practical applications.
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1. Introduction

Due to the rising global demands for energy efficiency, designing high-performance thermally
insulating materials for thermal energy management has drawn significant attention. Considering
that thermal energy production causes a high release of carbon emission, thermal energy
management is vitally required to save energy and reduce its carbon footprint*. In this regard, many
efforts have been made to develop a new set of materials and structures that possess desired
thermal conductivities and thermal energy management possibilities in electronics, buildings,
energy storage, conversation systems, among others?. As well-studied versatile porous materials,
aerogels® # considered for a wide range of applications in a multitude of areas such as thermal
insulation, pollution abatement, catalysts and catalyst supports, mechanical damping, thanks to
their ultra-low density, low thermal conductivity, high-energy absorption, and so on*. Numerous
efforts have hitherto been made to fabricate thermally super-insulating aerogels with thermal
conductivities below 0.02 W m*K-* from purely ceramics, polymeric and hybrid aerogels® 6 78 9. 10
Nevertheless, research on the anisotropic aerogels to control the heat transfer in a certain direction
while lowering the heat localization in the materials for the purpose of energy management is
nowadays drawing more interest. One important example in this regard is thermal energy
management in the miniaturized electronic devices by removing the heat generated during device

operation to increase their lifetime and efficiency!!2,

While traditional biopolymeric aerogels®® have been vastly developed in recent years, their low
mechanical strength, poor resistance to the fire, and high moisture sensitivity are still significant
challenges to mitigate. In addition, from a microstructural point of view, most of these aerogels
reported hitherto are isotropic, which is not sufficient for thermal energy management purposes in
their pristine forms4. Thus, the development of aerogels with anisotropic microstructure with
precise control on the pore orientation and microstructure is still a great challenge and could be an

intriguing strategy for thermal energy management purposes®® 14 16,

Silk fibroin (SF) is a naturally occurring fibrous protein-based biopolymer extracted from b. Mori
silkworm cocoon and has been vastly exploited for the processing of various intriguing functional
materials, including aerogels!’. The SF biopolymer aerogels, so-called AeroSF, are quite a new
category of biopolymeric aerogels with an ultra-low thermal conductivity that have been very
recently reported by our group.'® 1% 20  Thanks to its nanoporosity originated from controlled self-
assembly and subsequent entanglement of the polymer chains in the nanoscale, AeroSF has
indicated interesting thermal insulation properties with thermal conductivity values of ca.

0.019 W m* K, and compressibility up to 80% of strain and ultra-low bulk density (0.02 g cm3),
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However, a multitude of improvements on some properties like mechanical strength and
toughness, further control on the microstructure, is still necessary to render the AeroSF promising
for thermal insulation and thermal energy management applications. In this work, we structurally
designed a series of anisotropic and bioinspired SF based aerogel hybrids through a robust cross-
linking of SF with glutaraldehyde (GA) as an organic cross-linker (X-AeroSF) and further
hybridization of the resulted structures with several secondary inorganic nano-additives of three,
two and one dimensional (3D, 2D, and 1D) ceramics such as silica, titanium carbide nanosheets
(NSs) (MXene, TisC.Tx, Tx: -OH, -F, -0,) %, and sepiolite (SEP, Mg:H.Siz0q.xH2O) porous
nanorods? as the secondary inorganic phases (cf. Fig. 1). While cross-linking of SF with GA
increased the mechanical toughness in the AeroSF, incorporation of the secondary silica (3D),
MXene (2D), and SEP (1D) ceramic nanostructures is particularly appealing as they are not only
known for reducing the solid heat conduction due to their phonon scattering?® but also confer heat
resistivity to the designed final aerogel composites'®. Final implementation of bioinspired uni-
directional ice templating approach?: 25 on the as-synthesized hybrid hydrogels, control the
microstructural alignment, and pore channel morphologies to lamella and lamella-bridge
microstructures resembling the bone structure in the cuttlefish. Meanwhile, due to the large aspect
ratio and nano-dispersibility, SEP nanorods and MXene 2D nanostructures are intertwined with SF
biopolymer to form composite aggregates with good structural stability. The image of developed
anisotropic aerogel composites of this study with varying the ceramic part and with their proposed

chemical structures are presented in Fig. 1.

Figure 1. The aerogel composites of this study with their proposed chemical structures. (a) X-AeroSF, (b)
Silica3-SiISF-GA-6, (c) MXene0.1-SilSF-GA-6, and (d) SEPO0.1-SilSF-GA-6.



Accordingly, in this study, microstructural orientation and heat resistivity, but also desired heat
transfer performance in the final aerogels were successfully controlled by considering the following
aspects. (1) Chemical cross-linking of SF with GA could enhance the structural and chemical
stability in the previously developed AeroSF. (2) The incorporation of inorganic nanostructures
could improve the interfacial dispersion in the composite and the heat resistance in the final hybrid
aerogel. (3) Only through a precisely controlled uni-directional freeze casting strategy, anisotropic
aerogels with interesting bioinspired pore micro-morphologies have been obtained for the next
generation of the aerogels with a possibility of thermal energy management. The developed
aerogel structures were studied in terms of surface chemistry, and microstructure mainly pores
micromorphology and structural alignment, thermal stabilities, and anisotropic heat transfer
behavior and correlated with synthesis and processing parameters. Finally, the proposed
anisotropic and biomimetic aerogel composites developed in this study are expected to act as

emerging sustainable aerogels for thermal energy management.
2. Methods
2.1. Synthesis

Materials. All chemicals in this study were used without purification. The Bombyx mori silkworm
cocoons were purchased from Wild Fibers, U.K. Tetraethyl orthosilicate (98% purity, TEOS),
hexadecyltrimethylammonium bromide (98% purity, CTAB), amino propyltriethoxysilane (APTES,
99%), ethanol (99.9%, EtOH), calcium chloride (99.99% purity, CaCly), sodium carbonate
(NazCO3), glutaraldehyde (50% in water), and sepiolite (Mg4SisO15(OH)2-6H,0) were received from
Sigma-Aldrich. SnakeSkin ™ dialysis tubing with molecular weight cutoffs of 3.5 kDa was
purchased from ThermoFisher Scientific. Titanium aluminum carbide powder (TisAIC2, 99% purity)

was purchased from Nanoshel. The lithium fluoride (LiF, 98%) was purchased from Alfa Aesar.

2.1.1. Silk fibroin extraction. The SF aqueous solution was extracted from silkworm cocoons
through a slightly modified procedure reported by Zheng et al.?® First, silk cocoons (5 g) were cut
into dime-sized pieces and boiled for 30 min in a 2 L solution of Na,COs (0.02 M); then, fibers were
rinsed with plenty of distilled water and dried overnight. 4 g degummed silk fibers were dissolved
in 20 mL of (Ajisawa's reagent, CaCl,/EtOH/water molar ratio of 1:2:8) at 80 °C for 2 h. The solution
was dialyzed continuously to remove chemical compounds (CaCl; and ethanol) dialyzed against
distilled water for 48 h. The dialyzed SF solution was centrifuged twice at 9000 rpm, and the
supernatant was stored at 4 °C for later use.

2.1.2. Synthesis of TisC,Tx. The MXene nanosheet was synthesized by the etching method, which
is reported by M. Alhabeb et al.?!. The MAX phase, TisAlC, powder (1 g) was slowly added into
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the 20 mL of 9 M hydrochloric acid (HCI, technical grade, 35-38%), followed by slow addition of 1
g of lithium fluoride to the mixture solution and allowing the etching of the Al layer at 35 °C for 24
h. The acidic supernatant was removed by repeated centrifugation process (approximately 8 - 10
times) to finally obtain a stable dark green supernatant of TisC.Tx with a pH of ~ 6. The
concentration of the MXene solution was quantified by drying at 40 °C in an oven and weighing
the MXene film.

2.1.3. Fabrication of Silica, MXene, Sepiolite — glutaraldehyde modified silk fibroin based
aerogels. The detailed formulations of the aerogel composites of the current study are listed in
Table 1. According to Table 1, four different formulations were synthesized, namely X-AeroSF,
Silicax-SilISF-GA-y, SEPx-SiISF-GA-y, MXenex-SilSF-GA-y, where x refers to the mass fraction
of the used ceramics with respect to the SilSF in the sol and y refers to the GA content in the
aerogel composites. With varying the glutaraldehyde and ceramic contents, ten different
formulations were synthesized.
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Figure 2. Scheme of the synthesis of the aerogel composites I) SiISF-GA-6, 1) Silicax-SiISF-GA-6, III)
MXenex-SilSF-GA-6, IV) SEPx-SIISF-GA-6.

The synthesis is briefly described as follows:



Synthesis of glutaraldehyde cross-linked silk fibroin (SiISF-GA-1, 6, &12). For SiISF-GA-6
(Table 1), the extracted silk fibroin (4ml, 40 mg/ ml) solution was modified with amino
propyltriethoxysilane (APTES, 0.13 mL, 0.51 mmol) to prepare amino-modified silane silk fibroin
(SilISF) at room temperature (ca. 23 °C) for 30 minutes. Then, the obtained SilSF solution was
dialyzed against the distilled water to wash the unreacted APTES for 2 hours at room temperature.
Next, 4 mL of purified SilSF solution was cross-linked with glutaraldehyde as the cross-linking
agent (25 v/v%, 0.12 mL) at room temperature. The solution's color changed from white to dark
orange and then purple within several minutes of stirring at room temperature. Afterward, acetic
acid (HOAc, 0.5 mL, 120 mM) was added, and the solution was cast in polypropylene cylindrical
moulds to complete the gelation in a ventilation oven (60 °C, 12 h). After the onset of gelation, the
obtained hydrogel was processed by uni-directional freeze casting, according to our previous
method?” as well as taking the Nishihara et al.?® modified procedure into account. Thus freeze-
casting was performed by freezing the wet hydrogels uni-directionally at a constant rate by placing
the hydrogels on top of a cold copper surface in direct contact with liquid nitrogen (-196 °C). The
ice growth was initiated from the bottom of the tube and continued until the sample was completely
frozen. Afterward, the sample was transferred into a freeze-drier and dried at -55 °C and 0.04 mbar

for 2-10 days, depending on the size of the monoliths.

Table 1. List of aerogel formulations with information on their composition and synthesis conditions

Formulations? SiISF (Inorg.), GA®, Inorg./ Gelation Gelation

(mg/mL) ceramic [GA]/[NH2] Org.© temperature time (h)
(°C)

SilSF-GA-6 40 0 6 0 60 12

(refers to X-AeroSF)

Silica3-SilSF-GA-1 40 Silica 1 3 60 0.5

Silica3-SilISF-GA-6 40 Silica 6 3 60 0.5

Silica3-SilISF-GA-12 40 Silica 12 3 60 0.5

Silical.5-SilSF-GA-6 40 Silica 6 15 60 0.5

MXene0.01-SilSF- 40 MXene 6 0.01 60 8

GA-6

MXene0.04-SilSF- 40 MXene 6 0.04 60 8

GA-6

MXene0.1-SilSF-GA- 40 MXene 6 0.1 60 8

6

SEPO0.1-SilSF-GA-6 40 SEP 6 0.1 60 8

SEPO0.06-SiISF-GA-6 40 SEP 6 0.06 60 8

a. Selection of sample formulations
b. GA content varied by the molar ratio of GA to surface amino (-NHz) groups in SilSF.
c. Mass fraction of inorganic to the organic moieties in the aerogel composites.



Fabrication of Silicax -SilISF-GA-6 hydrogel composites. For example typical Silicax with x=3
(Silica3) silylated silk fibroin (SilSF)-glutaraldehyde (GA)-6 aerogel composites (Silica3-SilISF-GA-
6, see Table 1), firstly TEOS (3.37 mmol, 0.5 mL) was hydrolyzed at room temperature with acetic
acid (HOAc, 0.5 mL, 120 mM) for 30 minutes. The hydrolyzed sol was added to the SiISF-GA-6
solution and CTAB (0.5 g) was then slowly added to the mixed solutions to avoid the phase
separations. The solution was cast in polypropylene cylindrical and cubic mold to complete the
gelation in a ventilation oven (60 °C, 30 min). After the onset of gelation, the as-prepared hydrogels

were processed by uni-directional freeze-casting, according to the procedure mentioned above.

Fabrication of MXene & SEP-SiISF-GA-6 hydrogel composites. For a typical MXene0.04-SilSF-
GA-6 aerogel composite in Table 1, the suspension of highly dispersed MXene (1mL, 5 mg/mL) in
water was purged with Ar gas and allowed for ultra-sonication under Ar for 1 hour. Afterward, a
highly dispersed MXene solution was added to the SilISF-GA-6 solutions, followed by the addition
of HOAc (0.5 mL, 120 mM), casting, undirectional freeze-casting, and freeze-drying as stated
previously. For typical SEP0.06-SilISF-GA-6, a highly dispersed sepiolite (1mL, 10 mg/ml) in water
was added to the SilSF-GA-6 solution, followed by the addition of HOAc (0.5 mL, 120 mM), casting,
undirectional freeze-casting, and freeze-drying.

3. Results and discussions
3.1. Chemical and crystalline structures

According to Fig. 2, the anisotropic composite aerogels were synthesized within four main steps.
Despite most of the previously reported work dealing with anisotropic biopolymers and ceramic
aerogels developed by directional freeze-casting the precursors' slurries, in this study, we are
dealing with ice templating of hydrogels from a mixed solution of surface-modified SF and several
inorganic nanoadditives. While silica nanostructure creates an interpenetrating network inside the
self-assembled and cross-linked SF via in-situ sol-gel and self-assembly processes, 3D assembly
of MXene and sepiolite inside the self-assembled SF was only directed through their colloidal
dispersion and the nanostructuring process by freeze-casting. From several aspects, the
hydrogelation before ice templating is advantageous. 1) Upon synergistic self-assembly and sol-
gel reactions (only in the case of silica-based composites), dual interpenetrating network structures
with nanoporosities beside macroposities were obtained. Thus, heat insulation performance is
expected to be improved, and the nanoporosities will suppress the convection components of the
heat transfer. 2) During the hydrogelation, the network slurries were frozen/trapped homogenously
in the overall network structure. In contrast, slurries without gelation behaviour, are cryo-assembled
by the ice front, and the constituents networks are built by thermally assisted phase separation.
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Since the amino groups on the SF structure are very low, the surface chemistry of SF was firstly
modified with amino-modified silanes (APTES). The condensation of various organosilanes with
SF has been thoroughly studied in our previous works!® °. Nevertheless, the addition of APTES
to SF polymer was substantiated by the ATRFT-IR spectrum indicated in Fig. Sl 1, with assigned
peaks of Si-O-C at 987-1121 cm. Since SilSF after modification with silane was undergone to the
dialysis and purification, the Si-O-C peaks were attributed to the covalent interactions between SF
and APTES, not APTES itself. Next, the surface amino groups were targeted for reaction with GA
as one of the most common cross-linker, with varying its concentration adapted to the available

surface amine groups ([GAJ/[Surface amines] molar ratio: 1, 6, and 12.

In the case of silica contained composites (Silicax-SilSF-GA-y), silica sol was developed from acid-
catalyzed hydrolysis of tetra-functional silane, TEOS, and then added to the cross-linked SF. The
overall solution's pH was finally around 4, which was sufficient for the formation of the dual network
of the silica and the cross-linked SF in the oven at 60 °C. The gelation time was varied depending
on the GA content and was shortened at higher concentrations. Once the hydrogels were formed,
they were processed by uni-directional freeze-casting with a thermal gradient applied by a thermal
contact of the hydrogels with a cooled surface in contact with liquid nitrogen. Subsequently, freeze-

drying was used to obtain the anisotropic aerogel samples.

According to the ATR-FTIR spectra of Figure 3a and b, the interaction of silica with the organic
network is substantiated by characteristic bands vas (-Si-O-C-) at 1145 cm™ in the spectrum,
supporting the presence of covalent linkages between SF and the silica phase. This is also
confirmed with solid-state mas *HNMR spectroscopy with characteristic peaks (corresponds to (4)
at Fig. 3e) at d = 4.3 ppm, attributed to silanol groups' condensation with the hydroxyl side chain
of SF. For all hybrid samples, the incorporation of nanostructured silica to the network is
substantiated by the presence of characteristic bands vas (-Si-O-Si-) at 1100 cm™ but also through
solid-state MAS 2°Si NMR spectroscopy (Fig. 3d), with the presence of Q, (TEOS condensations,
n: number of siloxane bonds, -97 (Q2) and -107 ppm (Qs) and T, associated with SF-APTES

condensation (-64 ppm).

In all composites, the SilSF biopolymer part of the composite was characterized by amide | (Vas
(C=0), 1618-1640 cm™), amide Il (5s (N-H) deformations/ bending 1512-1544 cm), and amide
I (as (C—N) 1230 cm™?) vibrations at Fig. 3a*®. During the in situ sol-gel processing of silanes and
SiISF self-assembly, the randomly oriented SF biopolymers undergo partial conformational

changes to B-sheet secondary structures. The influence of secondary structure formation in the



peak position of the amide | band at the FT-IR spectrum was thoroughly discussed in our previous

work?®,

In addition, the presence of amine groups in Silicax-SilSF can be reflected by the absorption peaks
centered at about 3295 cm™ in Fig. 3b, which is reduced in the intensity with increasing the molar
ratio of GA in the composites. This absorption band can also be overlapped with -OH stretching
vibration from intra- /inter-molecular hydrogen-bonded hydroxyl groups at 3285 cm™ belongs to the
self-assembled SilSF moieties. In addition, the amino-functionalization of SiISF was further
confirmed with the presence of T, peaks at 64 ppm assigning to the two (-Si-O-Si-) bonds. Upon
cross-linking of Silicax-SilSF with condensate product of GA, poly glutaraldehyde (PGA), two
different double bonds appear in the structure of SiISF-GA, i.e., -C=C- bonds from the PGA, and -
C=N- from the cross-linking reaction between the amine groups in SilSF and aldehyde groups in
the PGA. These double bonds form a conjugated planar structure in the SilSF-GA, enabling it to
become autofluorescent, as it is also evident from its dark purple color of hydrogels shown in Fig.
2. The peak at 1658 cm™ is attributed to the imine bond (-C=N-), and the peak at 1585 cm™ is
associated with the -C=C- bond. Nevertheless, the amine functional groups of SilSF and GA cross-
linking are hardly detectable or hidden by SF peaks because the molecular weights of GA and
APTES are much smaller than that of SF. The imine bond (5) has better confirmed at & = 7.4 ppm
at solid-state MAS *H NMR spectroscopy in Fig. 3e but also through CHNS elemental analysis in
Fig. Sl 2a. According to the CHNS elemental analysis, when more GA was added to the composite,
the carbon and hydrogen percentage was also increased. Thermogravimetric analysis (TGA), as
shown in Fig. S| 2b, indicates that the Silicax-SilISF-GA-y aerogel composite series was thermally
stable up to ~ 230.6 °C. SF, the alkyl moiety in the SilISF (APTES), and GA decompose around
281.6 °C and 390.8 °C, respectively. Also, the different weight losses (wt %) and the overall rest
masses of the hybrids confirmed the presence of SF and GA at the various loading extents. The
designated characteristic peaks in the solid-state MAS *C NMR spectroscopy that belong to the
carbon resonance in the Silicax-SilISF-GA-y aerogel composites confirm the proposed structure

indicated in Fig. 3c.

In order to confirm the incorporation of MXene (TisC2Tx) 2D nanosheets into the aerogel matrix, X-
ray diffraction (XRD), X-ray photoelectron (XPS), and FT-IR spectroscopy of the representative
MXene0.1-SiISF-GA-6 (MXene/SiISF: 0.1) aerogel composites were studied.

MXenes represent a newly emerged family of two-dimensional (2D) materials obtained by leaching
out the metal ions from transition metal carbides and nitrides with the general formula of Mn+1XnTx

(1<n<3), where M denotes a transition metal, i.e., Ti, V, Mo, Sc, Nb, and X indicates carbon and/or
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nitrogen, and Tx represents functional groups (OH, O, and/or F). MXenes are synthesized from
etching out the A layer in the MAX phases, a class of layered ceramic with a general formula of

(Mn+1AXn), using HF or from HF resulting precursors (e.g., LIF+HCI)?,

According to the XRD pattern of Fig. 4a, MXene nanosheet was detected in the aerogel matrix
through its most intense peak (002) at 9.0°, which was generated from the phase changes in its
MAX phase (TizAIC:) though a selective Al layer etching. A peak shift from 9.5° (in MAX) to 9° (in
MXene) belongs to the basal planes of (002) peak takes place due to the removal of Al in the
TisAIC, and incorporation of surface terminations as (Tx: -F, -O, -OH) in TisC,T*°. Such surface
termination groups enable MXene nano-dispersibility inside the SF solution but also its further
dipole-dipole interactions and hydrogen bondings with surface termination at SF chains and
subsequent homogeneous mixing at nanoscale before hydrogelation to occur. This was also
confirmed with the XPS survey spectrum, indicating all the elemental composition but also valence
states of the MXene in the MXene-SilISF-GA-6 matrix. The Ti 2p spectrum (Fig. 4b), which is
located at 455.0 eV and 456.2 eV, corresponding to Ti-C and Ti-X bonds, respectively. The C 1s
peaks at 281.1 eV, and 284.6 eV correspond to the Ti-C and C-C bond of SilISF-GA, respectively.
The O 1s peaks located at 529.8 eV and 531.8 eV corresponds to O 1s in SiO; and hydroxyl
groups. In addition, the F 1s XPS shows an intense peak at 683.7 eV, attributed to TisC,F3.

Incorporation of the fibrous structure of sepiolite nanorod into the SilISF-GA matrix was confirmed
by FT-IR spectroscopy (Fig. 4c) with the presence of characteristic peaks correspond to -Mg-Si-O-
(420 cm?) and -Si-O-Si- (1060 cm™) besides those peaks belong to the organic components of
composites. In addition, the diffraction spectrum of SEPx-SiISF-GA-6 at Fig. 4d indicates the peak

at 26 = 7.4° (110), which is a characteristic of the lattice structure of sepiolite minerals?2.
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Figure 3. a) and b) ATRFT-IR spectra of Silicax-SilSF-GA-y composite aerogels c) proposed molecular structure
of Silicax-SilISF-GA-y composite aerogels with corresponding d) solid-state MAS 2°Si e) 1H, and f)13C NMR
spectra of Silicax -SilISF-GA-y composite aerogels.

12



(a) (b)

v, Amide |8 C=0 MXene0.1-SiISF-GA-6
Amide Il c=C, Vs=CH,
. . C=N —_
Vs -8i-0-Si- - 3
M‘/. L)
M » S 2 008
M —— g do2 0010 0014Mxene'Ti3c2
| o 0012
B - c
I\‘ ——SEP - d|02
v, zeolitic . v, Mg-OH
——SilSF-GA-6 s .
" water  — SEP0.06-SilSF-GA-6 ) \*l I | Aol MAX-Ti;AIC,
Si0-Mg ——— MXene0.04-SilSF-GA-6 I
T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 10 20 30 40 50 60
Wave number (cm‘1) d 2 Theta (Degree)
(c) ( )
5000
110 O1s  MXene0.1-SiISF-GA-6
(23.62 at.%)
4000 Fis e i )
. SEPO0.06-SilSF-GA-6 - (13.80 at.%) : '
3 &
s O 3000 -
>
r ‘E C1s
c c 9 si2
i (40.87 at.%) P
g 110 g 2000 (180 %)
Cl2p
SEP N1s
| o (1.80 at.%)
1000 (211 at )“\\
Ll L) Ll L Ll Ll 0 L Ll L L]
5 10 15 20 25 30 35 40 1000 800 600 400 200 0
2 Theta (Degree) Binding Energy (eV)

Figure 4. a) XRD, b) XPS of MXene0.1-SilISF-GA-6 composite aerogels, ¢) ATR FT-IR spectra, and [) XRD
pattern of SEP-0.06-SilSF-GA composite aerogels.

3.2. Physical and microstructural analyses

According to the processing steps shown in Fig. 2, the Silicax-SilISF-GA-y hybrid hydrogels, which
were freshly gelled and had enough amount of the solid phase, were frozen unidirectionally under a
pseudo-steady-state of ice growth condition, an array of phase-separated polygonal ice rods grow in
parallel with the freezing direction from the bottom of the hydrogel. This strategy produced frozen gels
consisting of anisotropic ice crystals surrounded by the walls formed by the dispersed silica network
and SilSF polymers, which were previously cross-linked by GA. After removing the ice template from
the gel by freeze-drying, monolithic aerogels with a hierarchically organized porous structure

comprising micro and mesopore as a result of concomitant sol-gel and self-assembly process and
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ordered macropores, as a result of ice templating, were obtained. The internal microstructural pattern,
from a multiscale standpoint, was studied with a combination of scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray micro and nano-computed tomography (micro and
nano-CT). The SEM micrographs revealed aligned lamella-shaped channels for Silica3-SilSF-GA-1
(Fig. 5b) having diameters between 15 and 18 um (measured by ImageJ) and a cell wall thickness
between 0.4 and 1.5 um, which by itself consists of fibrous cross-linked SF and micro and mesoporous
silica networks — (Fig 5c¢). This sample's microstructure also consists of pearl necklace morphologies,
which is a typical structure for silica and silica aerogels composites (Fig. 5d)*2. In addition, the uniform
distribution of all key network elements Si, C, N, and O, as observed with TEM-EDX elemental
mapping, substantiates the homogenous hybridization at the nanoscale (Fig. Sl 3). The composites'
microstructural pattern with 6 and 12 molar content of GA in Fig. 5 f-h also indicate highly aligned pore
channels. However, by increasing the GA content, the bridge structures across the pore channels with
thicker network struts appear, leading the overall structure to resemble the cuttlefish bone's
microstructure (Fig. 5 e). The lamella and bridge microstructural arrangement for sample Silica3-SilSF-
GA-6 was also evident from the micro-nano-CT analysis, as indicated in Fig. 6a, b, and c. The recorded
nano-CT at Figure 6c¢ reveals the anisotropic pore channel alignment in the parallel direction of the ice

crystal growth and created cross-bridges between the lamellae at lower length scales.

The same aligned structures with the lamella-bridge micromorphologies were also seen in MXenex-
SiISF-GA-6 (cf. Fig. 5 i-l, Fig. Sl 4) and SEPx-SiISF-GA-6 (cf. Fig. 5 m-p) in which SilSF-GA intertwined
with the nanostructures of SEP nanorods and MXene nanosheets. Since MXene nanosheets have a
layered structure in the length scale of a few tenths of microns (~20 pm)®, the network feature size of
resulting aerogel composites was also much larger (ca. 100-250 um) than that of the Silica-SiISF-GA
composites (<20 pm). The same nanoporous morphologies were also seen in both cases as the
nanoporosity is an intrinsic feature of the self-assembled SilSF. In SEP-SiISA-GA-6, pore channel
diameter is relatively smaller (50-100 pum) than that of MXene, as the SEP nanorods have also better
nanodispersibility in SF matrix compared to MXene due to the smaller size of SEP nanorods (ca. 1-5
um). The homogenouse distribuation of all elements including Ti have also been confimed by SEM-

EDX elemental mapping shown at Fig.Sl 4.
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Figure 5. A multiscale view of the porous microstructures. a) a digital image of Silica-3-SilISF-GA-1; b) and c)
SEM micrographs of structure in alignment with pore channel at different magnifications, d) TEM micrograph of
Silica3-SilSF-GA-1; e) the cuttlefish bone microstructure, with permission from Ref. 33, f) SEM micrographs of
Silica-3-SilSF-GA-6, and g) SEM micrographs of Silica-3-SilISF-GA-12 which resemble h) the lamellae and
bridge structure in the cuttlefish bone upon increasing the GA content; i-l) SEM micrographs of MXene NSs and
MXene0.04-SilSF-GA-6 at different magnifications; m-p) SEM micrographs of Sepiolite nanorods and SEP-
0.06-SiISF-GA-6 aerogel at different magnifications.

In the case of Silicax-SilSF-GA-y aerogel composites, in order to conduct concomitant sol-gel and self-
assembly in the silane and SilSF, phase separation was avoided between the generated silicate
species and the aqueous solution of SF. As it was indicated in previous studies?®, the macroscopic

phase separation can be easily prevented by adding a cationic surfactant like CTAB to increase the
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miscibility of both organic and silane phases at molecular scales. Even though, after hydrogelation and
freeze-casting, CTAB was washed out, it was hypothesized that the complete removal of a trace
amount of the CTAB might be unavoidable in this process. The same hypothesis was also given in the
previously reported silica and silsesquioxane based hybrid aerogels using CTAB as phase separation
suppressing agents.®> 8 This could result in nanopores' collapse but also a decrease in nitrogen gas
adsorption performance (Fig. 7a) and specific surface area (Sger=14 m? g*) compared to the MXene
(Seer=66 m? g1) and SEP-SIISF-GA (Sger=60 m? g) aerogel composite counterparts without using
CTAB in the gelation process (Fig. 7g). MXene and SEP nanosheets alone contain high specific
surface area due to their intrinsic nanopore and nanolayered structures; thus, the resulted composites
from them have also indicated a slightly higher surface area. Nevertheless, all the composites have
shown the Knudsen effect as their mesopore diameters are far below 70 nm, the mean free path of
the air molecules, to suppress the gaseous thermal conductivity (Fig. 7b, and h). Also, N, adsorption-
desorption isotherms (Fig. 7a and b) were according to type IV isotherm of IUPAC classification with
H: hysteresis loop type, with capillary condensation occurring at p/po > 0.5, confirming that almost all

hybrids also have a mesoporous character with an open-ended cylindrical pore morphology3*.

Figure 6. 3D reconstructions of the porous structure in sample Silica3-SilSF-GA-6 nanocomposite derived from
X-ray microtomography, which show the alignment of the porous structure in the line of ice growth direction and
b) X-ray nanotomography image is showing the pore and microstructure micromorphology, and c¢) a high
magnification view from cuttlefish bone mimetic bridge and lamellae structure.

In comparison to the silica and silsesquioxane silk fibroin aerogel hybrids, the overall bulk density (pb)
of the composite aerogels (Fig. 7 c-f) was very low (e.g., pp < 0.1 g cm?®). The increase of the
glutaraldehyde concentration was leading to an increased bulk density of the aerogel composite due
to the loading of a high mass to the overall aerogel composites. The same also was seen with
increasing the silica content as the pore volume was decreased. Besides high surface areas, smaller
mesopore diameters, the MXene and SEP contained aerogel composites demonstrated very low bulk
densities of 0.06 g cm™ and 0.058 g cm, respectively in comparison to the silica-based composite

with pr,=0.073 g cm?.
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Figure 7. a) The Nz adsorption-desorption isotherms, b) BJH pore size distribution of representative samples;
c), d, e, and f) bulk density variations in aerogel composites, g) BET specific surface area, and h) pore size and,
and pore volume variations in representative samples.

4.3. Thermal conductivity, anisotropic heat transfer behavior, fire resistivity in composite
aerogels

Due to the low densities, high mesopore volume, and hierarchical porous character with mesopore

size below the mean free path of the air (70 nm, Knudsen effect) (cf. Fig. 7h), aerogel composites of
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the current study have shown an interesting thermal insulation performance with A, = 0.035-
0.042W mK? (cf. Fig. 8a). The thermal conductivity was measured in a parallel direction (i) with
respect to the ice crystal growth and pore lamella. Even though the macropore channel sizes in all
composites were significantly larger compared to those in isotropic and supercritical dried silica and
silsesquioxane-silk fibroin aerogels, the obtained thermal conductivity is still nearly in the same range.
With the addition of secondary inorganic components of silica, Silica3-SiISF-GA-6
(A, 1= 0.035 W m1K?) and sepiolite, SEP0.06-SilSF-GA-6 (A, 1= 0.038 W m*K1) to the composite, the
thermal conductivity was improved compared to the unmodified SilSF-GA (A; 1= 0.04 W m1K?). This
is attributed to the numerous interfacial resistances between the aerogels' different components in
their pore cell walls and the phonon scattering by these minerals in the composites. In order to have a
better view on the heat transfer behavior of aerogel specimen in both transverse and longitudinal
directions with respect to the pore channel direction, the dynamic temperature distribution of the Silica-
3-SiISF-GA-6 cubic aerogels upon heating and monitoring by the infrared camera was studied. As
shown in Fig. 8b and c, upon heating the sample in a longitudinal (18 mm thickness) or parallel direction
to the pore channels, a gradient distribution of the temperature from the heating plate (64 °C) to the
top surface of the aerogel was observed. Therefore, during 120 s, the top surface temperature was
raised from 27.5 °C to 30.7 °C. However, upon heating the samples in a transverse or a perpendicular
direction to the pore channel, the temperature of the aerogel sample's top surface after 120 s remained
relatively constant at 29.9 °C. Thus, this observation substantiates the anisotropy in the pore
morphology and subsequent anisotropy in the heat transfer behavior, allowing the heat to spread along
the lamella direction and prevents heat localization upon the accumulation of thermal energy in the
sample!*. These results indicate that Silica3-SilSF-GA-6 aerogel composites are expected to act as

anisotropic heat insulation material with potential thermal energy management applications.
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Figure 8. a) Thermal conductivity of some representative aerogel composite samples, b) scheme of expected
heat transfer behavior in both transverse and longitudinal directions of anisotropic aerogel composite samples,
¢) thermal camera images of anisotropic Silica-3-SilSF-GA-6 sample to record the heat transfer on the sample
surface during heating with a heat sink in both, transverse and longitudinal, directions and SEM images of the
corresponding microstructure.

The other asset of the composite aerogels reported in this study is their thermal stability. This is evident
from TGA-DSC curves (Fig. 9a), where three different thermal transitions at 240, 329, and 486 °C are
associated with SF' s decomposition, aminopropyl moieties of APTES, and GA, respectively. It was
also shown that the incorporation of the nano-additives silica, SEP, and MXene into the composite
only influenced the rest mass after full decomposition without changing in the onset of decomposition
of organic moieties. The rest mass of the aerogel composites was increased upon the incorporation of
various amounts - measured value shown in brackets - of SEP (21.47%) and MXene (20.1%)

compared to the reference SiISF-GA-6 (16.4%). Since APTES was used for amino
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functionalization/silylation of SF (SilSF), its condensation reaction can form a silica network structure
inside the aerogel matrix. By subtracting the silica mass resulted from the condensation of SilSF for all
composites, the remaining rest masses indicate the SEP (5.07%) and MXene (3.7%) contributions,
which are almost in agreement with their theoretical values in SEP (6%) and MXene (4%) in the
composites reported at Table 1. The slight difference in theoretical and experimental values is due to
the fact that small parts of these minerals have undergone precipitations during the gelation and

therefore were not entirely incorporated into the composites.

Thanks to the nano-additives based on ceramic minerals having high intrinsic temperature stability
incorporated into the aerogel composite, all aerogels showed heat resistivity during the burning test
(cf. Figure 9b and c) without self-propagation of flame. After the burning test, the sample compositions
in both bulk and crust sections of burnt samples were investigated using FT-IR spectroscopy (Fig. 9b).
The bulk sections of the burnt area for all representative samples were remained intact, which was
evident from the presence of amide | (0as (C=0), 1618-1640 cm?), and amide Il (ds (N-H) deformation/
bending 1512-1544 cm™) (See Fig. 3a too). However, in the case of SEP contained composites, the
crust section of the composite after burning showed a tendency to decompose and carbonize with
remaining only inorganic parts. This implies that the MXene and interpenetrating silica network could

confer a better fire-retardance effect on silk fibroin than the SEP.

A further asset of the uni-directional freeze-casting/ freeze drying approach, which was used to process
the aerogel composites in the present work, is its versatility and adaptability for the preparation of
various sample sizes and geometries. Suitable sample moldings and potential drying systems are
selected to produce anisotropy during freeze-casting and to dry the samples (cf. Fig. 9d) entirely. This
processing technique enables control of the sample's micro-morphologies upon controlling the ice
crystal growth behavior and offers simplicity and versatility for fabricating various macrostructure with

different building blocks or initial precursors?®.
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Figure 9 a) TGA-DSC analysis, b) ATR-FT-IR analysis of samples after burning, ¢) SEP-0.1-SilSF-GA-6 samples
before, during, and after burning, and d) processability of aerogels’' samples to different geometries and sizes.

5. Conclusions

A series of novel and anisotropic, fire-retardant silk fibroin-based aerogel composites were developed
as anisotropic thermal insulators for a potential thermal energy management application. Exploiting
from chemical modification and cross-linking of SF biopolymer with glutaraldehyde and incorporating
various ceramic secondary phases such as SEP nanorods, MXene nanosheets, and interpenetrating
silica nanostructures, together with the utilization of versatile uni-directional freeze-casting and -drying
of the resulting hydrogels, aerogel macrostructures with interesting cuttlefish bone mimetic
microstructures were developed. The synthesis condition has been thoroughly optimized for
glutaraldehyde and ceramic contents to form composite hydrogels that are anisotropic structured by a
later uni-directional freeze-casting step to control its microstructure and assemble the pore network

into the desired directions and morphologies.

Besides lamella and bridge macro-pore morphologies obtained by uni-directional freeze-casting, the
developed Silicax-SilISF-GA-y hybrid aerogels also indicated mesopore characters that originated from
concomitant occurring of the sol-gel reaction and self-assembly in the silica and the SF biopolymer in

the network, respectively. This was also observed in the MXene, and SEP containing aerogel
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composites even though the macrostructure and macropore sizes in these composites were relatively
larger. Overall, the hierarchical porosity, low densities (p,=0.059-0.09 g cm™), and the anisotropic
alignment of the pore channel resulted in excellent thermal insulation performance (A=0.035-0.042 W
m1K?1) showing anisotropy in the heat transfer behavior. Altogether, the proposed biomimetic fire-
resistive aerogel composites show a large potential for thermal energy management in energy-efficient

buildings, space applications, and electrical device insulations.

Supporting Information (SI)

S| contains information regarding the used characterization methods but also some analytical results
such as ATR FTIR spectrum of SilSF, CHN elemental analysis of Silicax-SilISF-GA-y, b) TGA analysis
of Silicax-SiISF-GA-y, EDX-TEM elemental mappings of Silicax-SilISF-GA-y, EDX-SEM elemental
mappings of MXenex-SilSF-GA-y.
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