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A B S T R A C T

Flexible piezoresistive aerogels are promising for wearable electronics and sensing in complex environments, yet 
their practical application is often limited by structural collapse during compression and moisture-induced 
conductive instability. Herein, an ultralight hydrophobic CNF/MXene composite aerogel is developed through 
synergistic structure–interface engineering. Directional freeze-casting creates vertically aligned lamellar chan
nels that effectively confine compressive deformation and guide the assembly of MXene into continuous 
conductive pathways. Meanwhile, in situ vapor-phase deposition of methyltrichlorosilane (MTS) establishes a 
stable hydrophobic interface that suppresses moisture-induced softening and conductive fluctuations. Benefiting 
from the synergy between ordered structural regulation and interfacial stabilization, the resulting aerogel ex
hibits an ultralow density of 1.7 mg cm− 3, a water contact angle of 146.1◦, and a high sensitivity of 438.65 kPa− 1 

over 0-98 kPa, together with stable operation over 1000 compression cycles. Reliable sensing performance is 
maintained under coupled high-temperature, high-humidity, and dynamic compression conditions. In addition, 
the aerogel demonstrates rapid photothermal conversion capability, reaching 179.6◦C under light irradiation. 
This work provides a practical strategy for constructing environmentally reliable porous conductive aerogels and 
offers new insights into the cooperative regulation of deformation behavior and interfacial stability for flexible 
sensing applications.

1. Introduction

With the rapid development of flexible wearable electronics, intel
ligent human–machine interaction, and health-monitoring technologies, 
piezoresistive sensors capable of stably converting external mechanical 
stimuli into electrical signals have attracted widespread attention [1,2]. 
Compared with capacitive or piezoelectric devices, piezoresistive sen
sors offer the advantages of simple device architecture, convenient 
signal readout, and easy system integration, thereby showing broad 
application prospects in scenarios such as motion recognition, pulse 
monitoring, and sensing under complex environmental conditions [3,4]. 
However, flexible sensors for practical applications are expected not 

only to provide high sensitivity and wide detection ranges, but also to 
maintain stable and reproducible electrical outputs under repeated 
deformation and complex environmental conditions. This challenge is 
particularly pronounced in porous piezoresistive materials, where 
highly porous architectures enable large deformation responses but 
often lead to pore-wall collapse, unstable conductive contacts, and 
signal drift during cyclic compression [5]. Therefore, simultaneously 
achieving high sensitivity, structural robustness, and environmental 
adaptability remains a major challenge for porous flexible sensing 
systems.

To address the conductivity requirement of such devices, various 
highly conductive nanomaterials, including graphene, carbon 
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nanotubes, and MXene, have been introduced to construct responsive 
conductive networks. Among them, MXene has emerged as a particu
larly promising building block because of its metallic conductivity, 
abundant surface terminations, and favorable interfacial processability 
[6,7]. Integrating MXene with elastomers, sponges, hydrogels, and 
lightweight porous scaffolds has been shown to markedly enhance 
sensitivity, low-pressure responsiveness, and multifunctional integra
tion in flexible sensors [8,9]. In biomimetic lamellar structures and 
porous aerogels, MXene can effectively construct continuous conductive 
pathways for pressure-responsive sensing. For example, Ren et al. 
developed a biomimetic lamellar silicon nanofiber/MXene aerogel 
sensor inspired by avian-bone microstructures, in which a lamella–pillar 
cooperative architecture enabled effective decoupling of pressure and 
temperature signals, together with excellent recovery and high sensing 
resolution [10]. Nevertheless, MXene nanosheets in porous aerogels still 
tend to restack or locally disconnect during drying and repeated defor
mation, leading to conductive-network instability [11]. More impor
tantly, the intrinsically hydrophilic nature of MXene and cellulose-based 
frameworks makes these systems highly vulnerable to moisture-induced 
interfacial softening and conductivity attenuation under humid condi
tions [12]. Although previous studies have significantly improved the 
sensing performance of MXene-based porous materials, their long-term 
operational stability under complex environmental conditions remains 
insufficiently explored.

Notably, this issue originates not only from the conductive compo
nent itself, but also from the uncontrolled deformation of porous 
structures during compression and interfacial instability under envi
ronmental exposure. In conventional randomly porous aerogels, pore- 
wall collapse and conductive-contact evolution during compression 
often occur randomly, leading to poor signal reproducibility, response 
hysteresis, and cyclic drift [13,14]. In recent years, ordered porous ar
chitectures constructed through directional freezing, biomimetic as
sembly, and programmable fabrication have attracted increasing 
attention because they can effectively regulate deformation behavior 
and improve the consistency of piezoresistive responses. For example, 
Min et al. fabricated an anisotropic graphene aerogel with aligned 
lamellar channels through freeze-induced assembly, significantly 
improving pressure and bending sensing performance [15]. Similarly, 
Gao et al. developed an ultrasoft biomimetic porous material inspired by 
natural wood, demonstrating enhanced structural robustness and 
sensing stability [16]. In addition, three-dimensional printing enables 
the precise fabrication of designed periodic lattice structures, providing 
a new route for structural engineering to regulate local deformation 
modes and realize programmable piezoresistive behaviors [17]. These 
advances indicate that the improvement of sensing performance should 
not rely solely on increasing conductivity; more importantly, it requires 
coupling predictable deformation with reproducible electrical response 
through rational structural design [18–20]. However, ordered archi
tectures alone are still insufficient to guarantee reliable operation under 
practical environmental conditions. Once moisture penetrates into the 
framework, interfacial softening and fluctuations in conductive path
ways can still undermine sensing stability. Therefore, achieving stable 
sensing performance in complex environments requires the synergistic 
integration of structural regulation and interfacial stabilization.

Herein, we develop a hydrophobic CNF/MXene composite aerogel 
through a synergistic structure–interface engineering strategy. Verti
cally aligned lamellar channels are first constructed by directional 
freezing, followed by in situ vapor-phase deposition of methyltri
chlorosilane (MTS) to establish a stable hydrophobic interface 
throughout the porous framework. The aligned lamellar channels not 
only provide high compressibility, but also guide MXene assembly along 
the pore walls to form continuous conductive pathways for stable 
pressure-responsive sensing. Subsequent MTS deposition preserves the 
integrity of the porous structure while creating a stable hydrophobic 
interface on the channel surfaces, effectively suppressing moisture- 
induced structural softening and electrical instability. Benefiting from 

the synergy between ordered structural regulation and interfacial sta
bilization, the resulting aerogel exhibits excellent sensing stability and 
reproducibility under cyclic compression and humid conditions, while 
also retaining the characteristic photothermal response of MXene. This 
work provides an effective strategy for constructing environmentally 
stable porous conductive aerogels and offers new insights into the 
cooperative regulation of structural deformation and interfacial stability 
for flexible sensing applications.

2. Results and discussion

2.1. Structural–interfacial synergistic design and mechanistic basis of the 
CMM aerogel

Conventional porous conductive aerogels generally suffer from un
stable electromechanical responses under coupled compression and 
humid environments. As illustrated in Fig. 1a(i), randomly porous 
structures undergo uncontrolled local collapse and stochastic 
conductive-network reconstruction during compression, leading to 
signal fluctuation and hysteresis. Even in aligned porous structures, 
moisture penetration can still disturb the conductive microenvironment 
and induce electrical instability without interfacial protection (Fig. 1a 
(ii)).

To overcome these coupled instability issues, a structural–interfacial 
synergistic strategy was developed by integrating directional freeze- 
casting with MTS vapor-phase deposition (Fig. 1b). Directional 
freezing guided the assembly of CNF/MXene components into vertically 
aligned lamellar channels, while subsequent MTS modification formed a 
hydrophobic siloxane interface throughout the porous framework. This 
combined design enabled simultaneous regulation of deformation 
behavior and environmental stability. At the structural level, the aligned 
lamellar architecture generated by directional freezing provides a more 
predictable deformation pathway during compression. Compared with 
randomly porous frameworks, the ordered channels help suppress 
localized collapse and stabilize conductive-network evolution. As 
MXene nanosheets are confined along the lamellar walls, conductive 
contacts change more gradually and reproducibly during loading and 
unloading, thereby contributing to stable piezoresistive output. At the 
interfacial level, MTS vapor-phase deposition forms a hydrophobic 
siloxane layer on the porous framework, which effectively suppresses 
water adsorption and moisture-induced interfacial disturbance. 
Together with the rough porous surface, the low-surface-energy inter
face enhances water repellency and helps maintain conductive-network 
stability under humid conditions.

Benefiting from the synergy between the aligned porous structure 
and stabilized hydrophobic interface, the CMM aerogel achieves reliable 
pressure sensing under humid conditions while maintaining rapid pho
tothermal response (Fig. 1c). These results demonstrate the effectiveness 
of the proposed structural–interfacial synergistic strategy for con
structing multifunctional porous conductive aerogels with enhanced 
environmental reliability.

2.2. Microstructural and interfacial chemical characterization of the 
aerogels

A CNF/MXene composite aerogel was fabricated through the syn
ergistic assembly of CNF and exfoliated MXene nanosheets. Multiscale 
structural and interfacial characterizations were conducted to elucidate 
the assembly behavior and structural evolution of the aerogels (Fig. 2). 
Through directional structural regulation and interfacial engineering, 
the composite effectively integrates the morphological advantages and 
chemical functionalities of each component.

MXene was prepared from the Ti3AlC2 precursor by selective LiF/HCl 
etching followed by ultrasonic delamination [7]. TEM images (Fig. S1) 
reveal a typical two-dimensional flake-like morphology with 
well-defined sheet edges, confirming the successful exfoliation of MXene 
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nanosheets. AFM analysis further shows that the nanosheets possess an 
average thickness of approximately 2.3 nm (Fig. S2a and b) with sub
micrometre lateral dimensions, which is favorable for constructing 
continuous conductive pathways within the aerogel [6]. After 

co-dispersion with CNFs, the freeze-dried composite aerogel exhibited 
an ultralow density (1.7 mg cm− 3) and could remain stably supported on 
the surface of a green leaf (Fig. 2a), demonstrating its lightweight 
characteristic and robust three-dimensional framework. TEM 

Fig. 1. Structural–interfacial synergistic design of the CMM aerogel. a) Schematic illustration of the instability of porous conductive aerogels under complex 
service conditions: i) random collapse and signal drift in conventional randomly porous aerogels; ii) humidity-induced instability in aligned lamellar aerogels without 
interfacial protection. b) Fabrication route of the CMM aerogel through CNF extraction from wood, suspension mixing with MXene, directional freezing, and sub
sequent MTS vapor-phase deposition, leading to the formation of a hydrophobic siloxane interface and trapped-air layer. c) Functional features of the CMM aerogel, 
including reliable pressure sensing in humid environments, rapid photothermal response, and hydrophobic stability.
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observations (Fig. S3) reveal an entangled CNF nanofibrillar network 
serving as the structural scaffold for aerogel formation and MXene 
anchoring. The interconnected fibrillar framework provides abundant 
support sites for the homogeneous distribution of MXene nanosheets.

SEM images reveal a highly anisotropic porous architecture gener
ated by directional freeze-casting. The transverse section exhibits an 
interconnected cellular structure, whereas the longitudinal section dis
plays aligned lamellar channels along the freezing direction (Fig. 2b and 
c). High-magnification SEM images further show continuous lamellar 
walls with rough and wrinkled surfaces, indicating the uniform incor
poration of MXene within the CNF framework (Fig. 2d). Notably, the 
aligned porous architecture remains well preserved after MTS treat
ment, indicating that the interfacial modification process does not 
disrupt the integrity of the lamellar framework. Macroscopically, the 
aerogel rapidly recovered its original shape after repeated manual 
compression (Fig. 2e), demonstrating excellent elasticity and structural 
stability. This mechanical resilience originates from the synergistic ef
fect of the flexible CNF scaffold and reinforcing MXene nanosheets.

The FTIR spectra (Fig. 2f) reveal the interfacial chemical evolution of 
the aerogels. For CNF, characteristic hydroxyl-related vibrations appear 
at 3452 and 1632 cm− 1. After MXene incorporation, characteristic 
Ti–O/Ti–C vibrations at 551 cm− 1 confirm MXene incorporation, while 
the hydroxyl-related band becomes slightly shifted and narrowed, 
indicating interfacial interactions between MXene nanosheets and CNF 
surface hydroxyl groups. Following MTS vapor-phase deposition, char
acteristic Si–O–Si and Si–CH3 absorption bands appear at 1034 and 

1270 cm− 1, respectively, whereas the hydroxyl-related bands are 
significantly attenuated, confirming the successful formation of a hy
drophobic siloxane layer through silanization reactions with surface 
hydroxyl groups. XRD analysis (Fig. 2g) further elucidates the structural 
evolution during aerogel fabrication. The characteristic (200) diffrac
tion peak of CNF remains nearly unchanged after composite formation 
and MTS modification, indicating that the cellulose crystalline structure 
is well preserved throughout the fabrication process. Meanwhile, the 
unchanged MXene (002) peak suggests that silane deposition occurs 
mainly on the framework surface without disrupting the conductive 
structure. In addition, no noticeable peak broadening is observed after 
MTS treatment, indicating that the deposited siloxane species mainly 
distribute on the framework surface without disturbing the original 
lattice structure. XPS spectra (Fig. 2h) were employed to investigate the 
evolution of elemental composition and interfacial chemical states. Pure 
CNF exhibits only C and O signals, whereas distinct Ti and F signals 
appear after MXene incorporation, confirming the successful integration 
of MXene into the composite framework. After MTS modification, a 
characteristic Si signal emerges while the Ti and F signals become 
attenuated, indicating the successful deposition of silane species on the 
framework surface. Fig. 2i presents the high-resolution C 1s spectra of 
CNF, CNF/MXene, and CNF/MXene/MTS. A characteristic Ti–C peak at 
approximately 281.8 eV appears after MXene incorporation. Following 
MTS treatment, the C–C/C–H component becomes enhanced, whereas 
the Ti–C signal and oxygen-containing carbon species are weakened, 
reflecting the formation of a silane-coated surface environment. The 

Fig. 2. Multiscale structural and interfacial chemical characterization of the CMM aerogels. a) Demonstration of the lightweight nature of the CMM aerogel, 
which can be stably supported on the surface of a green leaf, indicating its ultralow density. b) SEM image along the transverse plane (perpendicular to the freezing 
direction), revealing an interconnected cellular (honeycomb-like) network. c) SEM image along the longitudinal plane (parallel to the freezing direction), showing a 
distinct oriented lamellar porous architecture. d) High-magnification SEM image revealing continuous lamellar scaffolds and interlayer channels, indicating that 
MXene and CNF jointly constitute the composite lamellar walls. e) The aerogel retains its overall morphology after repeated compression, demonstrating good 
structural stability and elastic recovery capability. f) FTIR spectra. g) XRD patterns. h) XPS survey spectra. i) XPS C1s spectra. j) XPS Si2p spectra. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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corresponding O 1s spectra are shown in Fig. S4. After MXene incor
poration, additional Ti–O and Ti–OH contributions appear, indicating 
the coexistence of oxygen-containing environments from both CNF and 
MXene. Following MTS modification, a distinct Si–O–Si component 
emerges while the Ti–O/Ti–OH-related signals become significantly 
attenuated, confirming the formation of a siloxane-derived surface layer 
on the CNF/MXene framework. Moreover, the Si 2p spectrum of CNF/ 
MXene/MTS (Fig. 2j) exhibits a characteristic peak at 103 eV assigned to 
Si–O–Si species, confirming the successful construction of the siloxane 
interface during MTS vapor-phase deposition. These results confirm that 
MTS preferentially constructs a siloxane shielding interface on the CNF/ 
MXene framework while preserving the conductive MXene network.

2.3. Hydrophobic interfacial regulation and evaluation of functional 
stability

MTS vapor-phase deposition was employed to regulate the interfa
cial wettability of the three-dimensional porous CM4 framework (CNF: 
MXene mass ratio of 2:4) by forming a low-surface-energy hydrophobic 
layer. As the MTS dosage increased from 0 to 2.0 g, the surface wetta
bility of the samples changed markedly, with the static water contact 
angle (WCA) rapidly transitioning from a hydrophilic state to a highly 
hydrophobic state (Fig. 3a, Fig. S5). In particular, the sample treated 
with 1.5 g of MTS exhibited the most effective hydrophobic modifica
tion, showing a WCA of 146.1◦, indicating that an appropriate MTS 
dosage can effectively achieve uniform hydrophobic functionalization of 
the scaffold surface. This transition is mainly attributed to the hydrolysis 
and condensation of MTS under vapor-phase conditions, which generate 
a crosslinked siloxane network, while the terminal methyl groups 
significantly reduce the surface energy of the material. In combination 
with the intrinsic micro/nano hierarchical rough structure of the aero
gel, these effects collectively endow the material with excellent liquid- 
repellent behavior, enabling droplets to maintain a stable spherical 

shape without readily penetrating into the scaffold interior. However, a 
further increase in the dosage to 2.0 g (CMM5) resulted in a plateau and 
a slight decline in hydrophobicity, with the WCA dropping to 143.4◦. 
This trend indicates that while the optimal loading ensures uniform 
coverage, excessive deposition leads to the saturation of reactive hy
droxyl sites on the scaffold. Beyond this saturation point, redundant 
silane molecules tend to self-condense and agglomerate on the pore 
walls, which partially masks and disrupts the intrinsic micro/nano hi
erarchical rough structure of the aerogel, thereby slightly reducing the 
surface liquid repellency.

As illustrated in Fig. 3b, MTS molecules penetrate into the three- 
dimensional aerogel network via vapor-phase diffusion, where the 
reactive Si–Cl groups undergo hydrolysis and condensation with hy
droxyl groups on the scaffold surface, thereby forming a siloxane-based 
crosslinked layer through covalent anchoring. The outward-oriented 
nonpolar methyl (-CH3) groups effectively reduce the surface energy 
and suppress the adsorption of water molecules. The wetting behaviour 
of liquids with different surface tensions on the CMM4 surface (Fig. S6), 
including water, black tea, coffee, milk, and human sweat, further 
demonstrates the broad liquid repellency of the hydrophobic interface, 
indicating its adaptability to multiple liquid media. For the complex 
three-dimensional scaffold structure, contact-angle measurements on 
both the outer surface and cross-section (Fig. 3c) reveal that MTS mol
ecules can penetrate into the pore interior, forming a continuous bulk 
hydrophobic network from the macroscopic surface to the microscopic 
channels. Such uniform infiltration from the external surface to the inner 
pore channels not only preserves the integrity of the scaffold architec
ture, but also significantly enhances the waterproof and antifouling 
capability of the material under nonplanar structural conditions.

Together with the micro/nanostructured scaffold, the hydrophobic 
layer gives rise to a typical lotus-leaf-like effect, under which water 
droplets readily roll off the surface and remove adhered particulates, 
demonstrating effective self-cleaning behavior (Fig. 3d). The 

Fig. 3. Hydrophobic performance and aging stability of the CMMy aerogel. a) Static WCA of CMMy aerogels as a function of MTS dosage. b) Schematic 
illustration of the hydrolysis and condensation of MTS on the CM scaffold, forming a Si–O–Si-based hydrophobic network. c) Static WCA measured on the outer 
surface and cross-sectional surface of the CMM4 aerogel. d) Self-cleaning behavior of the CMM4 aerogel, where rolling droplets remove dust particles from the 
surface. e) Variation in the static WCA of the CMM4 aerogel during 60 days of aging.
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environmental durability of the hydrophobic interfacial layer was 
further evaluated by aging the CMM4 sample under ambient conditions 
(25◦C, 50% RH). Even after 60 days, the WCA remained above 145◦

(Fig. 3e), indicating that the Si–O–Si/-CH3 hydrophobic network pos
sesses good chemical stability and structural robustness. This durable 
interfacial layer effectively suppresses moisture-induced scaffold soft
ening and interfacial slippage, thereby preserving the hydrophobic 
performance over prolonged storage. In situ MTS vapor-phase deposi
tion establishes a continuous and uniform hydrophobic network from 
the outer surface to the inner pore channels. Coupled with chemical 
anchoring and micro/nano-hierarchical roughness, this interfacial 
regulation imparts strong liquid repellency, self-cleaning capability, and 
long-term stability to the CMM4 aerogel, thus highlighting its promise 
for waterproof and self-cleaning flexible interfaces.

2.4. Electrical performance evaluation and response mechanism of the 
flexible pressure sensor

A flexible piezoresistive pressure sensor was fabricated using the 
CM4M aerogel (with a fixed MTS dosage of 1.5 g) as the functional 
sensing layer. Unless otherwise specified, all aerogels discussed in this 
section share this fixed MTS dosage and are denoted as CMxM, where x 
represents the MXene-to-CNF mass ratio. The device adopts a typical 
electrode/aerogel/electrode sandwich configuration, in which the 
highly compressible three-dimensional porous scaffold and uniformly 
distributed MXene conductive network provide the structural basis for 
efficient transduction of external pressure into electrical signals (Fig. 4). 
Fig. 4a further illustrates the microstructural evolution and charge- 
transport behavior of the CMxM sensor during compression. The 

piezoresistive response mainly arises from the combined contributions 
of quantum tunneling and conformal contact conduction. Comparative 
electrical analyses (Fig. S7) reveal that while the ultrathin conformal 
siloxane encapsulation slightly increases the interfacial contact resis
tance (Fig. S7a) and subsequently causes a minor drop in bulk conduc
tivity (Fig. S7b), it remains thin enough to permit efficient quantum 
tunneling. Thus, excellent overall conductivity is preserved alongside 
significantly enhanced environmental stability. In the initial state, 
adjacent MXene nanosheets remain separated by micro-/nanoscale gaps 
within the porous framework. Under compression, the reduced inter
sheet distance and increased conductive contacts progressively enhance 
electron transport, resulting in a pronounced piezoresistive response. 
This continuous transition from tunneling-assisted transport to direct- 
contact conduction underlies the high sensitivity and broad sensing 
range of the CMxM sensor.

Regulating the MXene loading effectively tunes the density of the 
internal conductive network in the CMxM aerogel, thereby enabling 
tunable electrical performance of the device. The I–V curves show that 
electrical conductance increases significantly with increasing MXene 
content (Fig. 4b), indicating good electrical tunability. Based on these 
I–V curves, the bulk electrical conductivities of the aerogels were 
calculated to quantitatively evaluate the MXene network's contribution. 
As the MXene content increases, the electrical conductivity exhibits a 
significant enhancement, rising from 0.000499 S/m (CM1M) to 
0.021013 S/m (CM5M) (Table S1, Fig. S8). It is worth noting that while 
these zero-pressure I–V curves exhibit stable macroscopic Ohmic line
arity, the conductivity increase is not strictly proportional to the MXene 
content. This non-proportionality reflects the inherent interfacial con
tact resistance between adjacent MXene nanosheets. At lower contents, 

Fig. 4. Electrical and sensing performance of the CMxM aerogel sensor. a) Schematic of the sandwich structure and pressure-induced conduction mechanism. b, 
c) I–V curves with varying b) MXene loadings and c) applied pressures. d) Relative current response (ΔI/I0) under varying pressures and e) Sensitivity curve. f) 
Response and recovery characteristics. g) ΔI/I0 at ultralow pressures. h) Cycling stability over 1000 cycles at 6.8 kPa. i) Sensitivity and sensing range comparison with 
other reported sensors.
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the inter-sheet gaps and contact resistance dominate, whereas higher 
MXene loadings facilitate the formation of continuous pathways that 
effectively overcome these interfacial barriers. Notably, the optimized 
formulation (CM4M) achieves a bulk conductivity of 0.010539 S/m. This 
steady increase confirms the establishment of more effective conductive 
pathways within the vertically aligned lamellar channels, which is 
essential for achieving high piezoresistive sensitivity. Under applied 
pressure, the optimized CM4M sensor exhibits distinct I–V characteris
tics at different pressure levels (Fig. 4c), suggesting progressive collapse 
of the pore units, reduced intersheet distance between MXene nano
sheets, and increased effective conductive contact area. The conduc
tance gradually increases with increasing pressure, exhibiting distinct 
pressure-dependent electrical characteristics. The device is able to sta
bly track real-time variations under different pressure intensities.

As shown in Fig. 4d, the sensor generates clear and distinguishable 
ΔI/I0 response signals during loading–unloading cycles under different 
applied pressures. The signal amplitude increases progressively with 
pressure, while all cyclic curves exhibit rapid response, good recovery, 
and small hysteresis, indicating excellent pressure resolution and elec
tromechanical reversibility. As shown in Fig. 4e, the sensor exhibits a 
distinct piecewise linear response over the pressure range of 0-98 kPa, 
with sensitivities of 438.65 kPa− 1 (0-4.9 kPa), 152.79 kPa− 1 (4.9- 
19.6 kPa), 114.10 kPa− 1 (19.6-88.2 kPa), and 4.25 kPa− 1 (88.2-98 kPa), 
respectively. This stepwise decrease in sensitivity is highly consistent 
with the gradual transition of the aerogel scaffold from an initially 
compressible state to a progressively densified state: in the low-pressure 
region, slight deformation can significantly modulate the tunneling 
distance and the number of conductive contact points, whereas in the 
high-pressure region the remaining adjustable structural space becomes 
limited, leading to a more moderate response. Specifically, as the 
lamellar framework undergoes severe progressive densification under 
higher pressures, the internal free pore volume is nearly exhausted, 
causing the macroscopic structural deformation to approach a state of 
saturation. The MXene conductive network transitions into a highly 
packed configuration dominated by extensive face-to-face mechanical 
contacts. Once these continuous macroscopic conductive pathways are 
fully constructed, the creation of new conductive contact points is 
severely restricted, causing the marginal variation in contact resistance 
to sharply diminish. This synergistic saturation in both structural 
compressibility and conductive network reconstruction fundamentally 
elucidates the stepwise decline in sensitivity in the high-pressure 
regime.

Further dynamic tests demonstrate that the device possesses rapid 
force-to-electricity conversion capability, with response and recovery 
times of 73 and 68 ms, respectively (Fig. 4f). This fast response arises 
from the rapid deformation capability of the lightweight porous CM4M 
scaffold under external stimuli, together with the reversible recon
struction of the MXene conductive network during compression and 
release. Furthermore, as shown in Fig. 4g, the sensor still delivers clear 
and distinguishable response signals under ultralow pressure. Even at a 
pressure of 1.1 Pa, the device maintains a stable ΔI/I0 change, indicating 
excellent capability for subtle pressure detection. Long-term cycling 
tests further show that during 1000 repeated loading–unloading cycles 
at 6.8 kPa, the sensor output remains highly stable (Fig. 4h). Further
more, locally enlarged response curves from the initial and final stages 
of the cycling test reveal that the sensor maintains highly consistent 
signal waveforms and response amplitudes without any obvious baseline 
drift, comprehensively confirming its excellent structural stability and 
antifatigue performance under extended operation. This excellent 
cycling stability can be attributed to the elastic CNF scaffold and the 
stable interfacial interactions between MXene nanosheets and the cel
lulose framework, which together enable reversible conductive-network 
reconstruction during cyclic deformation. Compared with previously 
reported flexible pressure sensors (Fig. 4i–Table S2), the CM4M sensor 
developed in this work exhibits highly competitive overall performance 
in terms of sensitivity, sensing range, response speed, and cycling 

stability, demonstrating the significant advantages of this porous 
conductive aerogel design for the construction of high-performance 
flexible piezoresistive sensors [21–33].

2.5. Physiological signal monitoring and expanded Human–Machine 
interaction applications

Benefiting from the hierarchical porous architecture, compressible 
scaffold, and stable conductive network of the optimized CMM aerogel 
(defined as the optimal CM4M4 formulation, CNF:MXene mass ratio of 
2:4 with a fixed MTS dosage of 1.5 g), the resulting piezoresistive sensor 
exhibits excellent mechanical compliance and reliable electrical output. 
This enables the robust detection of human motion, physiological sig
nals, and human–machine interaction inputs. Owing to its thin and 
compliant structure, the device can conformally attach to irregular body 
surfaces, which helps reduce motion artifacts and improves wearing 
comfort during prolonged use (Fig. 5a). When attached to the finger, the 
sensor clearly distinguishes different types of mechanical stimuli, 
including light touch and firm touch. Finger touch generates sharp and 
rapid current signals (Fig. 5b), indicating a prompt response to different 
dynamic pressure inputs. By contrast, finger bending produces stable 
low-frequency periodic signals (Fig. 5c), reflecting the capability of the 
device to monitor continuous and slowly varying mechanical deforma
tion. These results confirm its suitability for motion sensing and basic 
behavioral recognition. When mounted on joints, the sensor can track 
deformation-induced pressure changes in real time. Stable and repro
ducible signals are obtained under wrist bending (Fig. 5d), demon
strating good flexibility, conformability, and mechanical durability. In 
addition, when integrated into the back-contact region, the device dif
ferentiates sitting postures according to changes in pressure distribution 
between the body and the chair surface (Fig. 5e), suggesting potential 
utility in posture monitoring and sedentary-behavior management.

For physiological monitoring, the sensor was conformally attached 
above the radial artery and enabled stable acquisition of pulse-related 
mechanical signals. As compared in Fig. 5f, the pulse waveform re
mains regular before the 100 m run (76 bpm), whereas the signal fre
quency noticeably increases to 114 bpm after the 100 m run. To further 
verify the validity and resolution of the physiological signals, a single 
pulse waveform was magnified and analyzed (Fig. 5g). The sensor 
accurately captures the typical characteristic peaks of a standard human 
radial artery pulse, including the incident wave (P wave), the tidal wave 
(T wave), and the dicrotic wave (D wave). The clear distinguishability of 
these minute physiological features demonstrate that the device can 
sensitively track pulse variations under different physiological states, 
supporting its use in daily health monitoring and exercise-state assess
ment. The sensor also responds sensitively to airflow disturbance. A 
slight blowing stimulus triggers a pronounced current change (Fig. 5h), 
indicating potential for airflow sensing and respiration-related moni
toring. In addition, when attached to the throat, the device records in 
real time the local pressure fluctuations induced by vocal-cord vibration 
during phonation (Fig. 5i). The pronunciation of “Ni Hao” yields a 
clearly recognizable signal pattern. This behavior supports the feasi
bility of the sensor for wearable speech-related signal recognition and 
interactive input. Its applicability in human–machine communication 
was further examined through a simulated Morse-code input test 
(Fig. 5j). Short presses (“⋅”) and long presses (“–”) corresponding to the 
“SOS” and “YES” sequences were stably distinguished and correctly 
decoded, demonstrating the capability of the device to convert me
chanical input into recognizable interaction commands.

Notably, the device maintains good operational stability even under 
high-humidity conditions. Fig. 5k compares the response behaviors of 
CMM and unmodified CM sensors after 7 days of exposure to 93% RH. 
Under this high-humidity condition, the CMM sensor still retains clear 
and stable electrical signal output, whereas the response of the CM 
sensor shows obvious attenuation. Specifically, as suggested by the 
structural and chemical evolution of the unmodified CM sensor, this 
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severe signal drift under high humidity is driven by a dual degradation 
mechanism. On one hand, the adsorption of water molecules plasticizes 
the hydrophilic CNF framework, leading to structural softening. On the 
other hand, the permeated moisture triggers the rapid oxidation of 
highly active MXene nanosheets into insulating TiO2, as confirmed by 
the emergence of TiO2 peaks in the XRD pattern (Fig. S9) and the sig
nificant enhancement of Ti–O bonds in the XPS spectra (Figs. S10–S11) 
after aging. This chemical degradation substantially decreases the 
intrinsic conductivity of the interconnected MXene network. By 
contrast, the robust siloxane (Si–O–Si) hydrophobic layer constructed 
via MTS vapor-phase deposition functions as an effective physical bar
rier. It impedes moisture penetration, thereby simultaneously preser
ving the structural rigidity of the porous framework and shielding the 
MXene conductive network from environmental oxidation. To further 
evaluate long-term reliability, the electrical baseline stability of CM and 
CMM aerogels was monitored at 97 ± 2% RH for 20 days (Fig. S12). 
Moisture-induced MXene oxidation and structural degradation caused a 
severe baseline current decay in the unmodified CM sensor. Further
more, after 20-day aging, the CM sensor exhibited severely diminished 
piezoresistive sensitivity and distorted signal outputs (Fig. S13). In sharp 
contrast, the MTS-modified CMM sensor maintained a highly stable 
baseline current and perfectly preserved its high sensitivity across the 
entire pressure range. These results collectively demonstrate that the 
hydrophobic siloxane interface effectively protects the internal 
conductive framework from moisture, ensuring long-term sensing 
reproducibility. The flexible piezoresistive sensor based on the CMM 
aerogel enables effective recognition of multiple types of mechanical 

signals, including human motion, pulse, airflow, and speech, while 
maintaining stable output in humid environments. These results 
demonstrate the strong application potential of this material system in 
human–machine interaction, health monitoring, and complex- 
environment sensing.

2.6. Photothermal conversion and thermal-management performance

Benefiting from the excellent electron-transport capability of MXene 
and the three-dimensional continuous conductive network constructed 
within the aerogel scaffold, the CMxM4 aerogel series exhibits efficient 
energy conversion behavior (Fig. 6a). In this architecture, directionally 
assembled MXene nanosheets form continuous electron-transport 
pathways along the scaffold, while the lamellar porous framework 
provides low-resistance channels for heat diffusion. This synergistic 
coupling of electron transport and thermal diffusion enables externally 
input energy to be rapidly converted and uniformly released on the 
macroscopic scale, achieving a rapid and stable thermal response even 
under relatively low energy input. Under irradiation intensities of 109, 
211, and 314 mW cm− 2, the aerogel rapidly reaches stable thermal 
plateaus of 80.1, 109.6, and 179.6◦C within 89 s, respectively (Fig. 6b). 
Notably, under 314 mW cm− 2 irradiation, the maximum temperature of 
the CM4M4 sample (179.6◦C) is significantly higher than that of the 
unmodified sample (136.7◦C, Fig. S14). The CM4M4 formulation is 
hereafter denoted as CMM. This enhancement confirms that the 
conformal siloxane interfacial regulation, together with the ordered 
heat-conduction network, effectively boosts photothermal efficiency. 

Fig. 5. Multimodal physiological monitoring and human–machine interaction using the CMM aerogel sensor. a) Schematic of the sensor on the human body 
and its porous structure. b-e) Δ I/I0 to b) light/firm touch, c) finger bending, d) wrist bending, and e) posture changes. f) Pulse signals before and after a 100 m run. g) 
Magnified single pulse waveform showing P, T, and D waves. h) Response to breath blowing. i) Vocalization signals of “nǐ hǎo”. j) Morse-code input (“SOS”, “YES”). 
k) Stability comparison between CM and CMM sensors at 93% RH.
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This enhancement arises from two synergistic effects: the broadband 
visible-to-near-infrared absorption of MXene for efficient light harvest
ing, and the multiscale roughness of the conformal siloxane encapsula
tion, which promotes multiple light scattering and localized absorption 
within the pore channels. The corresponding infrared thermal images 
further reveal a relatively uniform surface temperature distribution, 
with a temperature difference of only about 3◦C between the center and 
edge regions at the thermal plateau, indicating that the constructed 
three-dimensional framework can effectively suppress local heat accu
mulation and enable homogeneous heat release.

Furthermore, the thermal response of the sample is strongly influ
enced by both the MXene content and MTS interfacial regulation 
(Fig. S15). Under a fixed irradiation intensity, the maximum tempera
ture increases from 91◦C to 179.6◦C with increasing MXene content, 
indicating that the gradual improvement of the conductive network and 
electron-transport efficiency enhances both the photothermal conver
sion capability. However, when the MXene content is further increased 
to a mass ratio of 2:5, the maximum temperature decreases to 159.6◦C. 
This decline is mainly attributed to excessive restacking of MXene 
nanosheets, which restricts the internal pore structure and weakens 
multiple light scattering and absorption within the porous framework, 

while also being unfavorable for structural elasticity and interfacial 
stability. As a result, the photothermal/electrothermal performance as a 
function of composition exhibits a typical volcano-like trend, reflecting 
the synergistic coupling among conductive-network formation, interfa
cial regulation, and porous-structure optimization.

Beyond steady-state performance, the aerogel demonstrates excel
lent dynamic thermal responsiveness and reversibility. The surface 
temperature exhibits a rapid and reversible response to stepwise 
changes in irradiation intensity, closely tracking the applied optical 
stimuli with no hysteresis (Fig. 6c). This highly reversible behavior ex
tends to cyclic operations (Fig. 6d). As the irradiation intensity in
creases, the peak cycling temperatures remain stable at approximately 
80.1, 109.6, and 179.6◦C, respectively, with no obvious thermal atten
uation observed during repeated light on/off cycles. At the same time, 
the sample cools rapidly and returns close to the initial temperature after 
the light source is removed, further confirming the good reversibility of 
the thermal response process. Furthermore, the nearly overlapping 
temperature-rise curves for the 1st, 50th, and 100th cycles (109.6◦C) 
confirm its exceptional long-term photothermal cycling stability 
(Fig. 6e). This stable cycling behaviour suggests that the CMM aerogel 
can maintain efficient light-to-heat conversion and structural integrity 

Fig. 6. Photothermal performance and thermal stability of the CMxM4 composite aerogel. a) Schematic illustration of the photothermal conversion and heat- 
transfer behaviour of the aerogel. b) Infrared thermal images and corresponding temperature evolution of the CMxM4 aerogel under different irradiation intensities. 
c) Reversible surface temperature response of the aerogel under stepwise irradiation intensities. d) Photothermal heating–cooling curves of the aerogel over three on/ 
off cycles under different irradiation intensities. e) Comparison of the temperature-rise curves in the 1st, 50th and 100th cycles, demonstrating stable photothermal 
cycling performance. f) Continuous photothermal heating behaviour under an irradiation intensity of 314m W cm− 2, showing stable thermal output over more than 
9563 s. g) Comparison of the photothermal performance of the present aerogel with previously reported materials.

A. Li et al.                                                                                                                                                                                                                                        Composites Part B 324 (2026) 113877 

9 



under prolonged cyclic irradiation.
To evaluate its limits under continuous energy input, the CMM 

composite aerogel was rapidly heated to approximately 170-180◦C 
under continuous light irradiation and maintained a stable thermal 
output plateau for as long as 9563 s, without obvious temperature decay 
(Fig. 6f). This result demonstrates the excellent sustainability and 
structural stability of its photothermal conversion process. It also in
dicates that the continuous heat-conduction network constructed within 
the material can maintain efficient heat transfer and uniform heat 
release under prolonged energy input, thereby endowing the aerogel 
with good long-term thermal-management capability. The MXene 
conductive network, lamellar porous scaffold, and conformal siloxane 
layer together establish a multiscale synergistic mechanism of light 
absorption–electron transport–thermal conversion–thermal diffusion 
(Fig. 6g). Compared with previously reported materials, the present 
CMM composite aerogel exhibits significant advantages in temperature- 
rise efficiency, response speed, and cycling stability, highlighting its 
broad application prospects in flexible heaters, intelligent wearable 
thermal-management systems, and thermal regulation under complex 
environmental conditions [34–51].

To elucidate the bidirectional force–thermal coupling of the CMM 
aerogel, we further investigated its multi-field performance. First, the 
sensor maintained highly stable pressure sensitivity with no thermal 
degradation under varying environmental heating temperatures 
(Fig. S16). Furthermore, continuous light irradiation (54, 89, and 
131m W cm− 2) did not compromise its sensing reliability or linear 
ranges (Fig. S17). Conversely, the reciprocal photothermal behavior 
under mechanical deformation showed that the aerogel retained highly 
efficient and stable temperature-time evolution profiles even under 
varying compressive strain states (Fig. S18). These results indicate that 
the progressive densification of the CNF/MXene framework preserves 
intact light scattering channels and robust thermal conduction path
ways.These findings demonstrate that the structural–interfacial syner
gistic design endows the aerogel with exceptional dual-mode reliability, 
ensuring stable operation in complex, multi-field coupled environments.

3. Discussions

This work addresses a central challenge of porous conductive aero
gels for operation in complex environments, namely the difficulty of 
simultaneously achieving high sensitivity and long-term stability. To 
this end, a synergistic strategy of structural ordering and interfacial 
stabilization was proposed to construct a CMM composite aerogel 
featuring vertically aligned lamellar channels and a hydrophobic inter
face. The results demonstrate that the ordered pore architecture gener
ated by directional freezing can effectively constrain the compressive 
deformation pathway and guide MXene nanosheets to form a continuous 
yet confined conductive network along the pore walls. Meanwhile, the 
stable hydrophobic interface formed by in situ MTS vapor-phase depo
sition significantly suppresses humidity-induced scaffold softening, 
interfacial slippage, and conductive instability. Owing to the synergy 
between structural regulation and interfacial regulation, the material 
achieves a transition from a “random structure–random response” mode 
to an “ordered structure–controllable response” mode. As a result, the 
obtained aerogel exhibits a highly sensitive piezoresistive response over 
0-98 kPa, with a maximum sensitivity of 438.65 kPa− 1, while main
taining good signal stability after more than 10,000 loading–unloading 
cycles. In addition, the material shows excellent environmental adapt
ability and thermal-management capability, reaching a maximum tem
perature of 179.6◦C under light irradiation. More importantly, this study 
reveals a key principle governing the reliability of porous conductive 
aerogels, namely that device reliability is jointly determined by the 
controllability of the deformation pathway and the stability of the 
interfacial environment. These findings provide a new physical picture 
and a general design strategy for the development of highly reliable 
flexible sensors and intelligent thermal-management materials for 

extreme environments.

4. Experimental section

4.1. Materials

Titanium aluminum carbide (Ti3AlC2) was purchased from Sino
pharm Chemical Reagent Co., Ltd. Conductive silver paste was obtained 
from Zhuhai Kejin Technology Co., Ltd. Hydrochloric acid (HCl), lithium 
fluoride (LiF), and methyltrichlorosilane (CH3SiCl3, MTS) were supplied 
by Shanghai Aladdin Biochemical Technology Co., Ltd. Bleached soft
wood dissolving pulp was supplied by Shandong Sun Paper Industry Co., 
Ltd.

4.2. Preparation of CNFs

Bleached softwood pulp was dispersed in deionized water (DI) to 
prepare a uniform slurry with a solid content of 10 wt%. The slurry was 
then refined in a PFI mill at 3.33 N mm− 1 for 80,000 revolutions to 
obtain mechanically fibrillated cellulose pulp. The refined pulp was 
subsequently passed through a high-pressure homogenizer at 1000 bar 
for eight passes to yield a uniform cellulose nanofiber (CNF) suspension. 
The concentration of the final suspension was adjusted to 1.31 wt%, and 
the suspension was stored at 4◦C before use.

4.3. Preparation of MXene

MXene was prepared by selective etching of Ti3AlC2 according to a 
previously reported method [7]. Briefly, 1.6 g of LiF was dissolved in 
20 mL of 9 M HCl in a polytetrafluoroethylene (PTFE) flask under 
magnetic stirring for 30 min at room temperature. Subsequently, 1 g of 
Ti3AlC2 powder (MAX phase) was slowly added to the solution, and the 
mixture was stirred at 40◦C for 48 h for etching. Afterward, the reaction 
product was repeatedly washed with deionized water until the pH of the 
supernatant reached approximately 7. The resulting sediment was then 
redispersed in 35 mL of ice-cold deionized water and sonicated for 1 h, 
followed by centrifugation at 3500 rpm for 1 h. The supernatant was 
collected as the MXene nanosheet dispersion, and its concentration was 
determined by a gravimetric method.

4.4. Fabrication of CNF/MXene aerogels with directional pore 
architecture and hydrophobic interface

Freeze-dried MXene powder was added to a prepared CNF aqueous 
dispersion (1.31 wt%) and ultrasonicated for 30 min to form a stable and 
homogeneous CNF/MXene suspension. The suspension was then drop- 
cast onto a copper plate precooled to liquid-nitrogen temperature. 
Under the steep temperature gradient, ice crystals grew directionally 
along the vertical direction during a 12 h freezing process. The resulting 
frozen monolith was subsequently freeze-dried at − 50◦C for 48 h to 
obtain CNF/MXene aerogels with highly ordered channel structures. 
The dried aerogels were placed in a sealed container and exposed to 
different amounts of MTS (0.2, 0.5, 1.0, 1.5, and 2.0 g) for vapor-phase 
deposition at room temperature for 2 h. MTS reacted with the hydroxyl 
groups on the CNF surface to form a hydrophobic organosilane layer, 
thereby imparting excellent hydrophobicity and structural stability to 
the aerogels. Composite aerogels with different compositions were 
prepared by varying the mass ratio of CNF to MXene (2:1, 2:2, 2:3, 2:4, 
and 2:5), and the samples were denoted as CMx, where x represents the 
mass ratio of MXene relative to CNF. According to the MTS dosage, the 
modified samples were further denoted as CMxMy, where y represents 
the MTS dosage group (y = 1-5, corresponding to 0.2, 0.5, 1.0, 1.5, and 
2.0 g of MTS, respectively).
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4.5. Fabrication of flexible pressure sensors

Flexible pressure sensors were fabricated by sandwiching the active 
aerogel layer between two parallel copper-foil electrodes. The copper 
foils served as the positive and negative electrodes and were firmly 
bonded to the active layer using conductive silver paste to ensure reli
able electrical contact.

4.6. Characterization and testing

The microstructure and morphology of the samples were character
ized by field-emission scanning electron microscopy (FE-SEM, Merlin, 
Zeiss, Germany), atomic force microscopy (AFM, MultiMode 8, Bruker, 
USA), and transmission electron microscopy (TEM, JEM-2100F, JEOL, 
Japan). Energy-dispersive X-ray spectroscopy (EDS, Oxford, UK) 
coupled with FE-SEM was used to analyze the elemental distribution and 
spatial arrangement of the CNF/MXene aerogels. The interfacial chem
ical composition and bonding characteristics were analyzed by Fourier- 
transform infrared spectroscopy (FTIR, Nexus 470, Thermo Nicolet, 
USA) and X-ray photoelectron spectroscopy (XPS, Axis Supra+, Kratos, 
UK). The crystal structure and crystallinity of the aerogels were char
acterized by X-ray diffraction (XRD, X'Pert3, PANalytical B.V., 
Netherlands) over a 2θ range of 2–50◦ at a scan rate of 5◦ min− 1. The 
hydrophobicity of the samples was evaluated using a contact-angle 
goniometer (ZJ-7000, Zhijia, China). During testing, a 10 μL droplet of 
deionized water was placed on the sample surface, and the static contact 
angle was recorded. The electromechanical response of the flexible 
pressure sensors was evaluated by applying cyclic loading using a uni
versal testing machine (Instron 5565, USA), while the resistance change 
was monitored in real time using an electrochemical workstation 
(CHI660E, China) at an applied voltage of 1 V. The bulk electrical 
conductivity (σ) of the composite aerogels was calculated from the 
resistance (R) obtained from the linear region of the current-voltage 
curves, using the following equation: σ = L/(R×A), where L and A 
represent the thickness and the cross-sectional area of the sample, 
respectively. For photothermal measurements, the aerogel samples were 
irradiated with a xenon lamp simulating solar illumination, and the 
temperature evolution was recorded using an infrared thermal camera 
(FOTRIC 325C, China). Different light intensities were achieved by 
adjusting the distance between the light source and the sample, while 
the irradiance was monitored in real time using a solar power meter 
(TM-207, Tenmars, Taiwan).
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