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ABSTRACT: The hierarchical nacre-like three-dimensional (3D) assembly of porous
and lightweight materials is in high demand for applications such as sensors, flexible
energy storage and harvesting devices, electromagnetic interference shielding, and
biomedical applications. However, designing such a biomimetic hierarchical
architecture is highly challenging due to the lack of experimental approaches to
achieve the necessary control over the materials’ microstructure on the multilength
scale. Aerogels and foam-based materials have recently been developed as attractive
candidates for pressure-sensing applications. However, despite recent progress, the
bottleneck for these materials to achieve electrical conductivity combined with high
mechanical flexibility and fast strain recovery remains. In this study, for the first time,
inspired by the multiscale architecture of nacre, we fabricated a series of ultra-
lightweight, flexible, electrically conductive, and relatively high-strength composite
foams through hybridizing the cross-linked silk fibroin (SF) biopolymer, extracted from
Bombyx mori silkworm cocoon, reinforced with two-dimensional graphene oxide (GO) and Ti3C2 MXene nanosheets. Nacre is a
naturally porous material with a lightweight, mechanically robust network structure, thanks to its 3D interconnected lamella-bridge
micromorphology. Inspired by this material, we assemble a cross-linked SF fibrous solution with MXene and GO nanosheets into
nacre-like architecture using a bidirectional freeze-casting technique. Subsequent freeze-drying and gas-phase hydrophobization
resulted in composite foams with 3D hierarchical porous architectures with a unique combination of mechanical resilience, electrical
conductance, and ultra-lightness. The developed composite presented excellent performances as piezoresistive pressure-sensing
devices and sorbents for oil/water separation, which indicated great potential in mechanically switchable electronics.

KEYWORDS: bio-inspired foams, silk fibroin, MXene, nacre, hybrid, piezoresistive wearable pressure sensor

1. INTRODUCTION

With the rapid development of artificial intelligence, a new set
of materials for smart sensing and biomimetic robot
technology are highly demanded.1 A pressure sensor system,
which can transduce strain and its variation into resistance,
electrical potential, and capacitor, recently attracted significant
attention for the development of wearable functional
electronics.2 Piezoresistive sensors transduce pressure stimuli
into the changes in the resistance. The combination of
mechanical compliance, i.e., high flexibility and fast strain
relaxation after deformation, and appropriate electrical
performance is crucial for creating highly sensitive flexible
pressure sensors.2,3

Recently, controlled assembly of porous macrostructures
using renewable resources and functional nanofillers with a
large specific surface area and outstanding mechanical,
electrical, or thermal properties has drawn significant attention
for some applications, including flexible devices,4,5 catalysts,6

sensors,7 energy storage,8 and electromagnetic interference

shielding materials.9,10 In this regard, lightweight foams based
on sustainable precursors with cellular microarchitecture have
demonstrated enormous potential for processing advanced
structural and functional materials.11

Our previous studies have shown the potential of novel silk
fibroin (SF)-based aerogels, denoted AeroSF,12 and their
composite counterparts13,14 for diverse advanced applications,
such as thermal insulation, water/oil separation, and as
scaffolds for bone repair.15,16 SF, a biopolymer extracted
from Bombyx mori silkworm cocoon, is a biocompatible and
biodegradable fibrous protein. Thanks to its promising features
such as processability, abundant surface functional groups, and

Received: May 25, 2021
Accepted: June 28, 2021
Published: July 14, 2021

Research Articlewww.acsami.org

© 2021 American Chemical Society
34996

https://doi.org/10.1021/acsami.1c09675
ACS Appl. Mater. Interfaces 2021, 13, 34996−35007

D
ow

nl
oa

de
d 

vi
a 

M
A

A
ST

R
IC

H
T

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

02
1 

at
 0

8:
43

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohsen+Bandar+Abadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rene+Weissing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Wilhelm"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Demidov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaqueline+Auer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samaneh+Ghazanfari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samaneh+Ghazanfari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Babak+Anasori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjay+Mathur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hajar+Maleki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c09675&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09675?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09675?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09675?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09675?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09675?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c09675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


mechanical strength, it has been recently used to develop
various functional (bio)materials.17 However, the SF aerogel
by itself is not able to show enough elasticity or fast elastic
deformation upon compression or deformation. Additionally, it
is electrically nonconductive. Thus, for applications such as
pressure sensing, it is required to improve the SF aerogel
mechanical resilience and electrical conductivity by the
incorporation of active components to add both properties
to the composite. Our previous studies have demonstrated that
hybridization of SF with various organosilanes at a molecular
scale through self-assembly of SF peptides inside the sol−gel-
processed silica12,14 and silsesquioxane gel13 network could
improve the compression flexibility of pristine silica and could
provide a high compression/bending strength to the pristine
silsesquioxane aerogels.
In this study, we incorporated Ti3C2Tx MXene and graphene

oxide (GO) nanosheets into the SF network as functional
nanoadditives to solve its conductivity and elasticity
limitations. With their excellent physicochemical and mechan-
ical properties, GO and reduced GO18,19 have shown great
potential as functional nanoadditives for polymeric architec-

tures and aerogels, endowing them with high mechanical
resilience and electrical conductivity.20,21 MXene nano-
sheets,22,23 recently emerged two-dimensional (2D) transition
metal carbides (in this study, titanium carbide, Ti3C2Tx, Tx:
OH, F, and O), have also shown many impressive
material properties, including large specific surface area, high
electrical conductivity (up to 20 000 S cm−1),24 and high
mechanical stiffness (330 ± 30 GPa)25,26 for various advanced
applications.27 MXene composite aerogels combined with
cellulose and GO have been previously reported by Bi et al.28

and Ma et al.29 for wearable pressure-sensing applications.
However, there are no systematic studies to combine the
intriguing biocompatibility and processability of SF with
electrical conductivity of MXene nanosheets to develop
three-dimensional (3D) synergistic foams.
Despite the impressive development of optimized building

units with porous architectures in pressure sensing, most of the
structures reported so far possess isotropic or randomly
oriented cross-linked cellular networks due to the difficulty in
controlling the pore shape and morphology.30,31 Recently, we
developed anisotropic silica-SF biopolymer aerogels15,16 with a

Figure 1. Fabrication procedure of nacre-mimetic X-SF-MXene-GO hybrid foams through a bidirectional freeze-casting approach and gas-phase
hydrophobization. (a) Extraction process of SF and the SEM micrograph, which indicates the fibrous nature of pristine-extracted SF. (b) Synthesis
process of GO (foam) and (c) MXene nanosheets with their SEM micrographs prior to engaging them in the hybridization process and 3D cryo-
assembly. (d) The surface modification of extracted SF with APTES and subsequent cross-linking with GA. (e) Incorporation of nanosheets into
the X-SF solution to obtain a highly dispersed solution of X-SF-MXene-GO. (f) Bidirectional freeze-casting of the stable solution of X-SF-MXene-
GO, freeze-drying of the obtained frozen samples, and a piece of ultralight X-SF-MXene9-GO foam that can easily sit on the leaf. (g) Gas-phase
hydrophobization of the composite X-SF-MXene9-GO foams.
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microhoneycomb-like microstructure and anisotropic mechan-
ical behavior through unidirectional freeze-casting of the as-
prepared silica-SF hydrogels followed by the supercritical
drying approach. In this regard, we demonstrated that by
carefully controlling the microstructure and pore morphology
with freeze-casting parameters, the aerogels’ final mechanical
properties could be significantly controlled (maximum
compression strength ∼20 MPa with elasticity up to 80% of
the strain).16

In the present study, ultralight and compressible multi-
component foam-based pressure sensors with biomimetic
microstructures were fabricated through compositing gluta-
raldehyde (GA)-cross-linked SF (called X-SF hereafter), GO,
and Ti3C2Tx MXene, followed by processing the obtained
hybrid sol through a versatile and well-studied bioinspired
processing approach of bidirectional freeze-casting. In bidirec-
tional freeze-casting, lamellar ice crystals are used to assemble
ceramics, polymers, and composite particles/building blocks
into a highly aligned biomimetic 3D porous network
structure.32−36

Since nacre has a hierarchical microarchitecture with an
excellent combination of strength and toughness, it served as a
source of inspiration in this study for foam microstructuration
and network formation using the bidirectional freeze-casting
approach.37,38 The developed dispersion has undergone the
thermal gradient in two different directions, allowing the cryo-
assembling of the network constituents into nacre-mimetic
“brick-and-mortar” or lamella-bridge micromorphologies. It is
demonstrated that the synergistic combination of SF with
MXene and GO nanosheets endows the sensor with desirable
ultralow density, high electrical conductivity, reversible
compressibility, and durable stability. While stable and
homogeneous dispersion of the MXene nanosheet in the X-
SF matrix makes it electrically conductive, incorporation of GO
into the matrix endows the overall final composite foams with
extra compressibility and resilience.
Final gas-phase hydrophobization of the pore surface confers

an extra feature of oleophilicity and hydrophobicity to the final
composite foams. To the best of our knowledge, there is no
report on the synergistic 3D assembly of SF biopolymers with
MXene and GO to prepare composite foams that combine
both high elasticity and hydrophobicity properties. The
fabricated foam can act as a highly sensitive pressure sensor
and sorbent for the separation of oils and organic solvents from
water.

2. EXPERIMENTAL SECTION
B. mori cocoons were purchased from Treenway Silks, USA.
Aminopropyltriethoxysilane (APTES, 99%), ethanol (99.9%,
EtOH), calcium chloride (99.99%, CaCl2), sodium carbonate
(Na2CO3), and GA (50% in water) were purchased from Sigma
Aldrich. SnakeSkin dialysis tubing with a molecular weight cutoff of
3.5 kDa was purchased from Thermo Fisher Scientific. Titanium
aluminum carbide powder (Ti3AlC2, 99%) was purchased from

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

2.1. SF Extraction. SF was extracted from B. mori silkworm
cocoons by a modified procedure based on the protocols of
Rockwood et al.17 and Zheng et al.39 First, worm-free B. mori
cocoons (5 g) were cut into dime-size pieces and boiled in an aqueous
sodium carbonate solution (0.02 m, 2 L) for 30 min to remove sericin.
The dried and degummed SF fibers (4 g) were dissolved in 20 mL of
Ajisawa’s reagent (calcium chloride/ethanol/water: 1:2:8 (molar
ratio)) at 80 °C for 3 h and dialyzed against distilled water for 48 h in
dialysis bags (9 cm) while changing the water every 3 h. After
removing worm debris and globular silk aggregates via centrifugation
(2× 9000 rpm), concentrated SF solution (0.04 g mL−1) was stored at
4 °C for future use (Figure 1a).

2.2. Synthesis of GO. GO was prepared based on improved
Hummers’ method.40,41 A 9:1 mixture of concentrated H2SO4/H3PO4
(360:40 mL) was added to a mixture of graphite flakes (3.0 g) and
KMnO4 (18.0 g). The resulting mixture was heated to 50 °C and
stirred for 12 h. After cooling to ambient temperature, the reaction
mixture was poured on ice (400 mL) with 30% H2O2. The brownish
mixture was centrifugated (4500 rpm, 15 min) and washed with
water, 30% HCl, and ethanol (Figure 1b). After filtration, the
obtained solid was dried in a vacuum oven at ambient temperature.
The concentration of GO solution was quantified by drying and
weighing the GO film.

2.3. Synthesis of Ti3C2Tx MXene. Ti3C2Tx MXene 2D
nanosheets were synthesized by the selective etching method from
its Ti3AlC2 precursor, which is reported elsewhere.42 Lithium fluoride
powder (1 g) (LiF, Alfa Aesar, 98+%) was slowly added into 20 mL of
9 M hydrochloric acid (HCl, Fisher, technical grade, 35−38%) and
stirred for 30 min. Then, MAX phase Ti3AlC2 powder (1 g) was
slowly added into the mixture solution to etch the Al layer at 35 °C
for 24 h. The acidic supernatant was removed by a repeated
centrifugation process at 9000 rpm (approximately 8−10 times) to
finally obtain a stable dark green supernatant of Ti3C2Tx with a pH of
∼6 (Figure 1c). The concentration of Ti3C2Tx MXene solution was
quantified by drying and weighing the MXene film. We will refer to
Ti3C2Tx MXene as MXene in the rest of this study for the sake of
simplicity.

2.4. Cross-Linking of SF with GA (X-SF). First, the extracted SF
(4 mL, 40 mg/mL) solution was modified with APTES to prepare
silylated SF (SilSF) with amino functionalities through the addition of
APTES (0.12 mL, 0.51 mmol) at room temperature for 30 min. Then,
the obtained SilSF solution was dialyzed against distilled water to
wash the unreacted APTES from the SilSF solution for 2 h at room
temperature. Next, 4 mL of purified SilSF solution was added to the
reaction with a GA cross-linker (25 v/v%, 6.12 mmol, 0.24 mL). The
color of the solution turned dark orange in 2 min (Figure 1d).

2.5. Propylene Mold with a PDMS Wedge. According to Yang
et al.,38 1 mL of polydimethylsiloxane (PDMS) solution (Sylgard 184,
Dow Corning) was added into a cylindrical propylene mold (1 cm),
and the mold was tilted to an angle of 20°. After curing in an oven at
80 °C for 2 h, the PDMS wedge was obtained.

2.6. Synthesis of X-SF-MXeneY-GO. First, 2 mL of mixed
colloidal solution of GO (1.2 mg/mL)-MXene with varying
concentrations of MXene was ultrasonicated for 1 h under argon
(Ar) and then was added to 4.24 mL of the above-mentioned X-SF
solution with varying concentrations shown in Table 1. The Y values
defined as the MXene/X-SF mass ratio were adjusted to 0.01, 0.05,

Table 1. Different Formulations of X-SF-MXeneY-GO Composite Foams Prepared in this Study with Their Bulk Density
Values

samples X-SF (mg) MXene (mg) GO (mg) [MXene]/[X-SF] bulk density (ρb, g cm−3)

X-SF-MXene0.01-GO 25 0.3 1 0.01 0.066
X-SF-MXene0.05-GO 6 0.3 1 0.05 0.025
X-SF-MXene0.33-GO 6 2 1 0.33 0.029
X-SF-MXene9-GO 1 9 1 9 0.01
X-SF-MXene5-GO 1 5 1 5 0.006
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0.33, 5, and 9. After 5 min of stirring at room temperature, the stable
mixed colloidal solution was transferred into the sample containers
covered with the PDMS wedge, sealed, and then brought into contact
with a cold copper block immersed in a liquid nitrogen (LN2) bath for
bidirectional freeze-casting of the mixed solution by applying a dual
temperature gradient to the solution. The samples were finally freeze-
dried at 60 °C for 24 h (Figure 1e,f).
2.7. Gas-Phase Hydrophobization of X-SF-MXeneY-GO

Composite Foams. The dried monoliths were modified with methyl
groups on the surface by placing the cylindrical porous foams with
dimensions of 1.5 × 1 cm2 inside the desiccator that was filled with
hexamethyldisilazane (HMDS, 10 mL) under an argon atmosphere
and heated for 70 °C for 24 h.43,44 Afterward, the desiccator was
degassed, and the treated porous network surface was monitored by
measuring the water contact angle (WCA) (Figure 1g).

3. RESULTS AND DISCUSSION

Figure 1a−g illustrates the fabrication route for X-SF-MXene-
GO hybrid composite foams. First, SF had undergone cross-
linking with GA (the product is called cross-linked SF or X-SF)
through prior surface modification with APTES to enhance the
surface amino groups for cross-linking.
An aqueous suspension of highly dispersed X-SF, MXene,

and GO was frozen by a bidirectional freezing technique
(Figure 1f). Upon freezing, the thermally insulating PDMS
wedge (placed between the suspension and the cooling stage)
generated dual temperature gradients in both vertical (ΔTV)
and horizontal (ΔTH) directions.32 The temperature gradient
in both directions governed the ice crystal nucleation and
growth inside the mixture slurries into a long-range lamellar
pattern.34 In the bidirectional freezing technique, the ice
lamella acts as a hard template for the final structures of
biomimetic X-SF-MXene-GO foams after sublimation. The ice

crystal nucleation and growth pattern and subsequent final
microarchitectures, such as porosity and anisotropy, were
tuned by parameters such as suspension concentration/
viscosity, the slope angle of the PDMS wedge, and the cooling
rate.33,38,45 The bidirectional freezing technique is known as a
simple, generic, and green (in the majority) method to
fabricate highly ordered cellular materials with different
constituents, namely, ceramics, polymers, and their compo-
sites.34 The technique has also been frequently used for
generating the bridge-and-lamella or brick-and-mortar nacre-
mimetic structures from ceramic/carbon and polymer
slurries.34−36

MXene with a layered “clay” structure (cf. scanning electron
microscopy (SEM) image in Figure 1c) was produced by an
established method reported by Gogotsi et al.22,23 through
selective etching of the Al layer from the MAX (Ti3AlC2)
phase. The combination of high electrical conductivity and
electrophilic nature of the hydroxyl- and oxygen-terminated
surface in MXene enables it to become an exciting nanofiller
candidate for SF-based composite foams of this study.
During freezing, MXene, GO, and X-SF were expelled and

assembled to replicate the ice micromorphology. Finally, the X-
SF-MXene-GO composite was obtained by freeze-drying the
frozen samples. Due to the presence of abundant available
−OH surface groups, composites were subjected to surface
treatment in the gas phase by HMDS to functionalize the
methyl groups to increase the surface hydrophobicity.

3.1. Physical, Microstructural, and Mechanical Prop-
erties. As shown in Table 1, we fabricated a series of
composites with mass fractions of MXene to X-SF of 0.01,
0.05, 0.33, 5, and 9. We used different mass fractions to
identify an optimum ratio to achieve a balance of the

Figure 2. (a−c) Multiscale SEM micrographs of the porous microstructures of X-SF-MXene9-GO; (d) the proposed schematic view from the
bridges and lamellae in the composites; (e and f) the hierarchical structure of the lamellae with an intertwined structure of all network building
blocks; (g) microstructural scheme of nacre and 3D reconstructions of the porous structure of X-SF-MXene9-GO derived from X-ray
microcomputed tomography, which shows the alignment of the porous structure along the ice growth direction (image of abalone in lower left
reprinted with permission from ref 46. Copyright 2021 Academic Press/Elsevier);46 and (h) and (i) X-ray nanotomography images showing the
nacre-mimetic bridge and lamella microstructural morphology.
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mechanical and electrical behavior in the final composites. The
densities of the composites were measured in a very low range
of ρb = 0.006−0.066 g cm−3. The highest density was measured
for the composite with the maximum SF and MXene contents.
The lowest bulk density was obtained for the sample X-SF-
MXene5-GO (0.006 g cm−3), which is considerably lower than
that of the previously developed SF-based aerogel composite of
∼0.1 g cm−3.14

The SEM images in Figure 2a−c demonstrate the long-range
and hierarchically aligned nacre-mimetic brick-and-mortar or
lamella-bridge network structures. In such nacre-mimetic
structures, GO and MXene 2D nanosheet building blocks
were well-dispersed and intertwined together with the cross-
linked SF biopolymer and constituted the bridge structures
(Figure 2d−f). Additionally, a part of X-SF is located as a
spring or mortar between the bricks or lamellae in the
composite structure (Figure 2c), which increases the network
stability and resilience. The brick-and-mortar microstructural
arrangement of the sample was also evident from the micro-

nano-CT analysis, as shown in Figure 2g−i. The recorded
nano-CT in Figure 2i reveals that the anisotropic pore channel
alignment was in the parallel direction to the ice crystal growth
and created cross-bridges between the lamellae at lower length
scales.
We then measured the elastic modulus, cyclic stress−strain,

and failure strength under compression for three sets of
compositions, X-SF-MXene0.05-GO, X-SF-MXene5-GO, and
X-SF-MXene9-GO (Figure 3). While pristine SF12 and
MXene29 foams/aerogels without additives deformed at
relatively lower strain (10%), X-SF-MXene-GO composite
foams, thanks to their unique microstructural assembly, could
be compressed under cyclic compression and decompression
at 10%, 20%, and 30% of strains (ε) without collapsing or
failure (cf. Figure 3a,d,g). The elastic modulus (E) was
measured from the most linear part of the first compression
cycle of the stress−strain curves for all samples. The E values of
the composites were measured to be 0.052 kPa (X-SF-
MXene9-GO), 0.11 kPa (X-SF-MXene0.05-GO), and 0.047

Figure 3. Compressive behavior of the X-SF-MXene0.05-GO sample under the cyclic compression test with an increasing strain of 10%, 20%, and
30% (a), five repeated cycles at 30% (b), and the stress−strain curve until sample’s failure (c). Compressive behavior of the X-SF-MXene5-GO
samples under the cyclic compression test with an increasing strain of 10%, 20%, and 30% (d), five repeated cycles at 30% (e), and the
representative stress−strain curve until sample’s failure (f). Compressive behavior of the X-SF-MXene9-GO samples under the cyclic compression
test for an increasing strain of 10%, 20%, and 30% (g), five repeated cycles at 30% (h), and stress−strain curve until sample’s failure (i). Strain
relaxation of X-SF-MXene0.05, 5, and 9-GO samples up to ε = 30% and slow relaxation to plastic deformation at ε > 30% (j).
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kPa (X-SF-MXene5-GO). It is evident that by increasing the
content of X-SF and MXene in the composite foams, the
elastic modulus and the maximum strength were enhanced.
The covalent cross-linking of SF in the composite and further
incorporation of GO and MXene nanosheets not only
reinforced the highly porous structure of the resultant foams
but also enhanced the elasticity. A strain relaxation was also
observed during five loading and unloading compression cycles
for all samples at 30% of the strain (Figure 3b,e,h). Besides,
repeated compression by hand further substantiated the high
compressibility and elasticity of the developed foams at the
strain values mentioned above (cf. Video S1). Figure 3j shows
the schematic hierarchical structure of the composite foams
and the strain relaxation behavior of the composite foams
during the cyclic compression−decompression for ε < 30%.
For the same samples, increasing the compressive loads, for ε >
30%, the sample decompression was very slow and at ε = 80%,
the samples were entirely deformed.
3.2. Chemical and Crystal Structures. The surface

amino functional groups in the SF molecular structure are
scarce; for example, lysine amino acid comprises only ∼2 mg
gSF

−1. Therefore, for cross-linking of SF with GA, surface
chemistry of SF was first modified with amino-functionalized
silane, APTES, through condensation of the dangling hydroxyl
side chain of SF with the ethoxy group in APTES to modify the
surface with more amino functionalities. The amino-modified
SF was called SilSF in this study. The incorporation of the
amino functionalities into SilSF is evident from 1H NMR
spectra shown for plain SF and SilSF in Figure 4a. Besides the
characteristic peaks belonging to SF,47 the SilSF was
accompanied by extra chemical shifts at 0.5 (2H, t), 1.08
(2H, Q), 1.68 (2H, Q), and 3.54 ppm (2H, Q) due to the
incorporation of APTES. The cross-linking with GA was
substantiated with solid-state mass 1H NMR and the ATR-
FTIR spectroscopies shown in Figure 4b,c, respectively. As
shown in Figure 4b, the composite structures were further
confirmed with the presence of characteristic bands of υas

(−Si−O−C−), υas (−Si−O−Si−), and υas (−Ti−O) at 1052,
1102, and 662 cm−1, respectively. In addition, in all
composites, the X-SF was characterized by amide I (υas
(CO), 1618−1640 cm−1), amide II (δs (N−H) deforma-
tions/bending 1512−1544 cm−1), and amide III (υas (C−N),
1230 cm−1) vibrations.12 With cross-linking of SilSF with GA,
two different double bonds appear in the structure of SilSF-
GA, i.e., CC bonds from GA and CN from the
cross-linking reaction between the amine groups in SilSF and
aldehyde groups in GA. These double bonds form a
conjugated planar structure in the X-SF, which enabled it to
become autofluorescent. The peak at 1585 cm−1 is associated
with the CC bonds, and the peak at 1658 cm−1 is
attributed to the imine bonds (CN), which is also
designated as peak 5 at 7.6 ppm in the solid-state 1H NMR
mass spectrum in Figure 4c.
The surface termination groups in MXene (Tx: OH, O,

and F) not only enabled its nanodispersibility inside the X-
SF aqueous solution but also resulted in its further dipole−
dipole interactions and hydrogen bondings with the COOH
surface termination of GO and the OH side chain of X-SF
and its subsequent homogeneous mixing at the nanoscale
before freeze-casting.
According to the XRD patterns in Figure 4d, MXene

nanosheets were detected in the foam matrix through their
characteristic peaks of (002) at 5.9.48 For the as-synthesized
MXene, the typical diffraction peak (002) appeared at around
2θ = 7.01°, indicating that the interlayer distance of MXene
was about 1.3 nm according to the Bragg equation: 2dsin θ =
nλ. After incorporation of MXene into the foam, this peak
shifted to a lower angle around 2θ = 5.9°, indicating that
interlayer spacings expanded to about 1.5 nm. This was also
confirmed with the XPS survey spectra in Figure 4e, indicating
the elemental compositions of C, N, Ti, O, and F and the
valence states of the elements of MXene and X-SF in the
composite matrix. The Ti 2p high-resolution spectrum in
Figure S1a exhibits binding energies of 455.3 and 461.4 eV

Figure 4. (a) Liquid-state 1H NMR spectra of SF and SilSF; (b) ATR-FTIR spectra of X-SF and X-SF-MXene9-GO; (c) solid-state mass 1H NMR
spectrum of X-SF-MXene9-GO; (d) XRD patterns of as-prepared MXene and X-SF-MXene9-GO; (e) XPS survey spectra and (f) XPS C 1s high-
resolution spectra of X-SF-MXene9; and (g) Raman spectra of MXene, GO, and X-SF-MXene9-GO composite foams.
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corresponding to Ti 2p (3/2) and Ti 2p (1/2) of the TiC
bonds. Moreover, the peaks located at 456.3 and 459.3 eV
correspond to Ti 2p (3/2) of TiO and TiF. As shown in
Figure 4f, the C 1s peaks at 282.1 and 284.8 eV correspond to
the TiC and CC bonds of X-SF, confirming the presence
of the carbon and carbonated species of the X-SF-MXene9
composite.49 The O 1s peaks located at 530.1, 531, and 532.5
eV correspond to O 1s in TiO, carbonyl, and hydroxyl
groups in the composite (cf. Figure S1b). In addition, the F 1s
intense peak at 685.5 eV is attributed to Ti3C2F.

50 The Raman
spectrum of MXene (Figure 4g) can be separated into three

active Raman modes/regions corresponding to A1g (Ti, C, and
O), at 201 cm−1, and Eg (Ti, C, and O) peaks at 230−
470cm−1, which are in-plane and out-of-plane vibrations of Ti
in the outer layer and carbon and surface groups, respectively.
In-plane Eg vibrations at 230−470 cm−1 also represent the
surface functional groups (Tx) attached to the Ti atoms. This
region is usually used for probing the surface chemistry and the
type of functional groups on MXene. The region between 591
and 731 cm−1 is assigned to the carbon vibrations in both Eg

and A1g modes.51 All of these vibrational modes could also be
detected in the composite X-SF-MXene9-GO, with additional

Figure 5. The pressure-sensing performance of the X-SF-MXene-GO. (a) Electrical resistance vs pressure. (b) Electrical resistance vs compressive
strain. (c) R−T curves of the X-SF-MXene-GO foam with two different ratios of MXene/X-SF (5:1 and 9:1) under five various external forces. (d)
Relative current changes with respect to the applied pressure, where the two curves represent the different ratios of MXene:X-SF (9:1 and 5:1). (e)
I−V curves of X-SF-MXene9-GO and (f) X-SF-MXene5-GO under varying pressures. (g) Proposed mechanism of strain (or pressure) sensitive
conductivity. (h) Effect of compression and decompression of X-SF-MXene-GO on the brightness of an LED. (i) and (j) The scheme and the
device installation for evaluation of X-SF-MXene9-GO performance under varying voltages and external pressures and reporting I−V curves. (k)
Assembling the electrode for muscle movement and (l) resistance response of a piece of foam by attaching the sensor to the human cheek for
evaluation of the sensing performance of the foam sensor for the human muscle movement.
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vibration modes for GO at 1600 cm−1 (G band) and 1355
cm−1 (D band). The D and G bands explain the structural
defect (disorder-induced mode) and first-order scattering from
the sp2 carbon bonding, respectively. The ratios of the D band
to the G band intensity (I) (ID/IG) values in GO and X-SF-
Mxene9-GO are 0.88 and 0.74, respectively, which indicated
that the X-SF and MXene increased the local defects and
disorder of GO.
3.3. Pressure-Sensing Properties. MXene incorporation

into the foam due to its metallic electrical conductivity is very
pivotal. Various MXene-to-X-SF ratios in composite foams
caused different electrical responses and pressure sensitivity.
For the formulation in which the MXene/X-SF ratio was less
than 0.33, the organic part in the composite was the dominated
phase in the composites, and therefore, the electrical response
was also relatively compromised. The synergistic combination
of electrical conductivity and mechanical resilience was only
obtained for samples with higher MXene/X-SF ratios of 5:1
and 9:1. As shown in Figure 5a,b, the electrical resistance of
the X-SF-MXene9-GO foam decreased with an increase of
compressive strain in a strain range of 0−30% and the pressure
up to 1.43 kPa. This experiment was performed by a gradual
increase in the stress/load on the composite foams and
monitoring the resistance changes upon applying the pressure
and decreasing the resistance. For the X-SF-MXene9-GO
sample, the percentage decreases of electrical resistances were
73.16%, 91.7%, 95.1%, and 98.7% at the compressive strain
values of 1%, 5%, 20%, and 30%, respectively. Also, the elastic
skeleton springs back after decompression, which made the
electrical resistance of X-SF-MXene9-GO foams recoverable.
The diverse low pressures of 71 Pa, 143 Pa, 358 Pa, 716 Pa,
and 1.43 kPa can be detected with fast responses, indicating a
high and linear sensitivity for pressure detection (cf. Figure
5c,d). A gentle touch usually relates to 1−10 kPa. According to
Figure 5c, the electrical resistance also recovered fast (∼3 s)
during the decompression process up to 10 cycles. The linear

relationship between ΔI/I0 and pressure determines the sensor
output and sensitivity. The sensitivity (S) is defined as eq 1

= Δ ΔI IS ( / )/ P0 (1)

where ΔI is the change in the current under an applied
pressure, I0 is the initial current without applied pressure, and
ΔP is the applied pressure change.
Despite most of the reported carbon-based pressure-sensing

materials, such as the carbon aerogel,52−54 flexible substrate-
loaded carbon,55,56 and carbon film,57−59 the present foams
could maintain a better linear sensitivity, which are 14.23 and
12.53 kPa−1 under 1.4 kPa for X-SF-MXene9-GO and X-SF-
MXene5-GO, respectively. The reported sensitivity values were
also higher than the values obtained from the MXene/GO
composite foams reported by Ma et al.29 (S = 4.05 kPa−1 at
pressure ∼1 kPa). At a constant concentration of GO and X-
SF, with an increased ratio of MXene to X-SF from 5 to 9,
more MXene nanosheets were connected; therefore, the
sensitivity of the hybrid foam increased due to the increase
of the conductive path. This is due to the fact that the pore
walls (brick and mortar) of the X-SF-MXene5,9-GO were
made up of MXene and GO, which are intertwined together
with the X-SF matrix as glue and support the overall network
compressibility.
Due to the hierarchical and homogeneous distribution of

MXene single sheets in the foam structure, once the foam is
compressed, the contact area of MXene nanosheets is
increased, leading to a decrease in the resistance and
consequently an increase in the current. In addition, the
sensor could sense the continuous increase of the applied force
or pressure and respond to it as a steady increase in the current
density. The almost linear relation of the I−V curves (Figure
5e,f) upon varying the voltage values from 0.5 to 5 V (Figure
5i,j) suggested that ohmic contacts between X-SF-MXene9-
GO and cupper electrodes were formed, and the sensor
performance was according to Ohm’s law. With the increase of

Figure 6. (a) Variation of the WCA values vs time for the composite foams with three different formulations. (b) Oil and organic absorption
performance of the composite foams based on the composites’ weight gain. (c) Separation of a three-component n-hexane−Oil-red O−water
mixture with X-SF-MXene0.05-GO through the absorption−squeezing technique. (d) Schematic of the mechanism of separation of the three
components of n-hexane−Oil-red O−water with absorption and separation of the mixture.
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the pressure, the slope of I−V curves increased, indicating the
continuous decrease of the sensor’s resistance. As presented in
Figure 5g, more contacts among conductive MXene nano-
sheets in X-SF-MXene9-GO foams were produced upon
compression, which subsequently decreased the electrical
resistance.
To better visualize the effect of compression on the foam

resistance, we connected an X-SF-MXene9-GO composite
foam to a light-emitting diode (LED) and a battery circuit. The
brightness of the LED increased upon compression and
decreased upon decompression of the foam, which further
confirmed the pressure-sensitive conductivity (cf. Figure 5h
and Video S2).
To evaluate the performance of sensors for real-time sensing

of human movements, a thin cylindrical foam was fixed
between two flexible copper-based electrodes and attached to
the human cheek. As it is evident from Figure 5k,l, the X-SF-
MXene9-GO foam sensors also showed competence in
detecting the body’s small motion and biosignals. For example,
they can distinctly sense the human face expression upon
blowing the cheek muscles and show it as changes in the
output resistance signals. This sensing performance is
particularly important to diagnose some diseases and
substantiate the potential of foams for various wearable
applications.
3.4. Hydrophobicity and Oil/Water Separation Per-

formance. The hydrophobicity was also effectively improved
by a simple chemical vapor hydrophobization of the developed
composite foams with HMDS in a closed chamber at a high
temperature for 24 h (see Figure 1g). The saturated vapor of
HMDS diffused into the open and interconnected porous
structure of the composites and reacted with free surface
hydroxyl groups of the pore surface, which originated from the
MXene nanosheets and SF functionalities. The vapor phase
modification of the final dried samples developed from
directional freeze-casting of the precursors’ solution without
having the gel phase is particularly advantageous as it
minimizes the utilization of the organic solvent upon surface
treatment. In contrast to the untreated composite foams, in
which the water droplet immediately diffused into the porous
structure and wetted the composites, the hydrophobized
samples with various MXene/X-SF ratios indicated a better
hydrophobicity as well as oleophilic properties. This is evident
from the WCA values shown in Figure 6a. The WCAs of the
composite foams with three different MXene/X-SF ratios of
0.01, 0.05, and 0.33 were 124.8°, 121.8°, and 123.3°,
respectively. The higher the X-SF content in the composite,
the larger the WCA values due to the greater extent of available
hydroxyl groups treated with trimethylsilyl moieties. This was
also the same with the higher MXene content in the
composite, which can provide more available hydroxyl groups
for hydrophobization; for example, MXene/X-SF ratios of 0.05
and 0.33 had the same X-SF and GO but different MXene
contents. With a higher concentration of X-SF (e.g., MXene/
X-SF: 0.01) in the composite, the porous structure was denser
(ρb = 0.06 g cm−3); therefore, the dispensed water droplet was
also more stable after 5 min of placing on the composite
surface without diffusing into the monolith. The composite
with a low X-SF concentration (MXene/X-SF: 0.05 and 0.33)
had a low bulk density (0.025 and 0.029 g cm−3) with a more
open porous structure and larger pore channels; therefore,
despite hydrophobicity of the pore surface, the water droplet

gradually diffused into the pore channels, and the WCA
decreased to ∼116°.
Thanks to the highly open porous structure with ultralow

density, hydrophobicity, and high compressibility, the X-SF-
MXene-GO foams exhibited an excellent absorption perform-
ance for organic liquids and oils. As shown in Figure 6b, the
resulting foams possessed high absorption capacities for
organic solvents and oils such as chloroform, which can be
absorbed in the composite foams. The weight gains of X-SF-
MXene0.01-GO (ρb = 0.06 g cm−3), X-SF-MXene0.05-GO (ρb
= 0.025 g cm−3), and X-SF-MXene0.33-GO (ρb = 0.029 g
cm−3) after absorbing chloroform, n-hexane, and mineral oil
were in the ranges of 20−60, 39−120, and 24−58 g g−1,
respectively. The obtained absorption capacities of the
composites were in the absorption range of previously reported
aerogels in the literature.13,15,31 In addition, X-SF-MXene0.05-
GO could effectively separate dye, oil, and water (such as n-
hexane, Oil-red O, and water) from the three-component oil−
dye−water mixtures in a single absorption step (Figure 6d).

4. CONCLUSIONS

In summary, we have successfully fabricated SF-MXene-GO
composite foams with hierarchical architectures mimicking the
nacre microstructure using a well-established and versatile
bioinspired bidirectional freeze-casting approach. The fab-
ricated bioinspired architectures were composed of lamellae
and interconnected bridges, which can confer exceptional
strength and resilience to the composite foam. This structural
complexity, together with improved mechanical resilience, is
usually hard to achieve for porous materials processed by
conventional synthesis and fabrication techniques such as sol−
gel and hard templating approaches. The composite foams
developed in this study exhibited a tunable and highly porous
structure composed of inter-cross-linked SF chains, which were
also intertwined with MXene and GO nanosheets. The X-SF-
MXene foams combined an ultralow density (6−60 mg cm−3),
hydrophobicity (WCA up to 124°), compressibility (reversible
compressibility up to 30% without failure and ultimate
compression more than 80%), high absorption capacity for
organic liquids (up to ∼120 g g−1), efficient multicomponent
oil/dye/organic solvent separation, and pressure-sensing
capability. Besides, the strain/pressure sensors based on X-
SF-MXene-GO are highly sensitive and can be used for high-
performance flexible sensing arrays for the detection of strain
(up to 50%) and pressure (∼ 1 Pa to 2 kPa) distributions.
Finally, the present study provides the essential concepts to

translate the natural porous architectures into synthetic foams
to improve their mechanical properties and functions with a
high level of control on the microarchitecture. The fabricated
flexible multifunctional porous nanocomposites show promis-
ing applications in flexible pressure sensors/electronic skins,
pollutant separation, and other high-performance applications.
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