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MXene-based solvent-responsive actuators with a polymer-
intercalated gradient structure

The study presents Ti3C2Tx-based solvent-responsive actuators 
with a polymer-intercalated gradient structure, enabling rapid and 
specifi c actuation upon exposure to solvent vapors. This unique 
design combines pristine Ti3C2Tx nanosheets as a passive layer with 
polymer-tethered Ti3C2Tx as the active layer, creating gradient-
driven bending. The actuators are simple to fabricate, remotely 
controllable via light, and demonstrate high performance in various 
applications, including chemical sensors, smart switches, and 
infrared camoufl age. Their effi  ciency and adaptability make them 
ideal for use in harsh environments, such as toxic solvent monitoring 
and industrial chemical production.
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lvent-responsive actuators with
a polymer-intercalated gradient structure†

Andi Di, ‡a Chenlu Wang,‡b Yanlei Wang, b Hongyan He, *b Wentao Deng,c

Pierre Stiernet, a Lennart Bergström, *a Jiayin Yuan *a and Miao Zhang *a

Actuators based on electrically conductive and hydrophilic two-dimensional (2D) Ti3C2TX MXene are of

interest for fast and specific responses in demanding environments, such as chemical production.

Herein, Ti3C2TX-based solvent-responsive bilayer actuators were developed, featuring a gradient

polymer-intercalation structure in the active layer. These actuators were assembled using negatively

charged pristine Ti3C2TX nanosheets as the passive layer and positively charged polymer-tethered

Ti3C2TX as the active layer. 2D wide-angle X-ray scattering and simulations related the gradient polymer

intercalated microstructure in the polymer/MXene composite active layer to the counterintuitive

actuation behavior. The bending of the bilayer films in solvent vapor is triggered by the gradient

polymer-intercalation and the differing diffusion rate of solvent molecules through the MX and MX-

polymer layers of the bilayer actuator. With their ease of fabrication, remote light-control capabilities,

and excellent actuation performance, the Ti3C2TX-based bilayer actuators reported here may find

applications in areas such as sensors for monitoring chemical production, infrared camouflage, smart

switches, and excavators in toxic solvent environments.
Introduction

Lamellar membranes based on two-dimensional (2D) nano-
sheets with good exibility, high electrical conductivity, and
intercalated structures are of interest in a variety of applica-
tions, including exible electrodes,1 separation membranes2

and adaptive devices.3 Electrically conductive actuators made
from nanoscopic 2D building blocks assembled in tunable
structures can convert external stimuli into motions, with
potential uses in adaptive camouage,4 haptics,5 medical
devices,6 and sensors.7 The selection of materials, microstruc-
tural design, and the choice and optimization of fabrication
methods are crucial factors in engineering actuators with
advanced properties.

Various types of 2D nanomaterials, including chemically
modied graphene,8 black phosphorus,9 molybdenum
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disulde,10 and boron nitride,11 have been widely explored for
integration into smart devices. MXenes, especially Ti3C2TX (TX
represents various surface terminations, for example, –F, –OH,
and/or ]O), possess a unique combination of intrinsic prop-
erties, e.g. hydrophilicity and high electrical conductivity,
making them highly suitable for the tunable assembly of
nanostructured actuators.12 The hydrophilic surface of Ti3C2TX
facilitates the preparation of dispersions in aqueous and polar
organic media and enables ionic complexation with macro-
molecules and surfactants, resulting in strong and exible
nanostructured materials.13 The high electrical conductivity of
Ti3C2TX eliminates the need for complicated post-reduction
processes or the addition of conductive llers, which are typi-
cally required for graphene oxide and other 2D materials.14

Consequently, pristine Ti3C2TX and Ti3C2TX/polymer hybrid
lms have been actuated using humidity, near-infrared light,
electricity, and heat.4,15 The photothermal properties of some
MXenes have also been used for actuation,4,16 and the hydro-
philic nature of MXene is crucial for the humidity response.17

Despite signicant progress in enhancing the motion speed,
stability, mechanical strength and multi-responsiveness of
MXene-based materials, demonstrations of Ti3C2TX-based so
actuators remain sparse. In particular, Ti3C2TX-based actuating
systems that respond to organic solvent vapours (OSVs), such as
those used in chemical production,18 have been rarely investi-
gated. Current OSV-responsive actuators, which include
surface-patterned polymer lms,19 porous polymer lms,20 and
Chem. Sci., 2025, 16, 2191–2201 | 2191
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Fig. 1 Design concept and structural characterization of the film
actuators. (a) Schematic of the assembly process of the PDDA-MX/MX
film actuator. (b) The 1D SAXS pattern of (i) the MX aqueous dispersion
(2mgmL−1) and (ii) the PDDA-MX aqueous dispersion (2mgmL−1). (c(i)
and c(ii)) Plot of In(I(q)q2) versus q2 of SAXS intensity in (b). (d) AFM
images of (i) MX flakes and (ii) PDDA-MX flakes. (e) The bending and
releasing of the PDDA-MX/MX film. (f) SEM image of the cross-section
of a PDDA-MX/MX film. (g) SEM images of the surfaces of (i) a MX film
and (ii) a PDDA-MX film. (h) 3D rendered AFM images of (i) a MX film
and (ii) a PDDA-MX film.
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bilayer polymer lms,21 are limited by their poor electrical
conductivity.

Previous studies on Ti3C2TX-based hybrid actuators have
demonstrated that homogeneous lms, produced via methods
such as vacuum-assisted ltration can yield a relatively fast
response to humidity.15a Additionally, GO/Ti3C2TX bilayer lms
produced by wet casting have been shown to respond to
humidity, near-infrared light and electricity.22 It is evident that
task-specic and rapid responses require improved structural
control, as demonstrated by devices with gradient porosity20a or
compositional structures,23 which exhibit fast and specic
actuation. To the best of our knowledge, while there are reports
of Ti3C2TX-based gradient lm actuators responding to light16b

and humidity,24 MXene-based gradient lms designed for a fast
response to organic solvent vapour have not been reported
previously.

Here, we demonstrate Ti3C2TX MXene-based bilayer actua-
tors comprising a pristine MXene (MX) layer and a polymer-
modied MXene (polymer-MX) composite layer. The bilayer
lm exhibited fast helical bending in organic solvent vapour,
with the passive MX layer and the active polymer-MX layer. The
actuation response of the MX/polymer-MX bilayer lms
contrasts with previously studied bilayers, where the active layer
typically has higher swellability than the passive layer.21b,25

Small- and wide-angle X-ray scattering (SAXS and WAXS,
respectively) indicated a gradient in the degree of polymer
intercalation in the polymer-MX active layer, which may be
responsible for the counterintuitive and fast bending behavior.
Density functional theory (DFT) calculations and molecular
dynamics (MD) simulations suggest that the differing diffusion
rates of acetone vapor in the two layers of the actuators also
contribute to the counterintuitive bending behavior of the lm.
Results and discussion
Preparation and characterization of lm actuators

The preparation of the poly(diallyldimethylammonium
chloride)-modied MXene (PDDA-MX)/MX lm actuator
(Fig. 1a) begins with the preparation of the two individual
aqueous dispersions of fully delaminated negatively charged
Ti3C2TX MXene (termed “MX”) and cationic poly(-
diallyldimethylammonium chloride)-modied Ti3C2TX MXene
(termed “PDDA-MX”). The delaminated MX is synthesised from
Ti3AlC2 MAX powder by the well-established minimally inten-
sive layer delamination method.26 The XRD pattern of MX
powder (Fig. S1†) conrms the successful etching and delami-
nation of the MAX phase. The Tyndall effect of the MX disper-
sion as shown in Fig. S2,† indicates its colloidal behaviour. The
small angle X-ray scattering (SAXS) intensity of the MX aqueous
dispersion (Fig. 1b(i)) gives a slope of q−2, characteristic of 2D
materials.27 The absence of a correlation peak in the SAXS
pattern (Fig. 1b(i)) indicates that MX akes exist as single layers
in the dispersion. The colloidal MX akes have a hydrated
thickness of 3.1 ± 0.7 nm according to the analysis of the SAXS
signal (Fig. 1c(i)),28 which corresponds well to their thickness
(∼2.5 nm) in a dry state obtained by atomic force microscopy
2192 | Chem. Sci., 2025, 16, 2191–2201
(AFM) (Fig. 1d(i)). The transmission electron microscopy (TEM)
image (Fig. S3†) further conrms that MX is delaminated.

The positively charged PDDA-MX was prepared by assem-
bling a commercial polymer PDDA (averageMw = 400–500 kDa)
onto the surface of MX via mixing in solution, as illustrated in
Fig. 1a. A colloidal stable (Tyndall effect in Fig. S4 and the
stability test in Fig. S5†) and monolayer-dispersed PDDA-MX
dispersion was obtained, as conrmed by the power-law
tting of the SAXS signal (Fig. 1b(ii)) and using the TEM
image (Fig. S3†). It indicates the molecular level complexation
between the oppositely charged polymer and MX akes. In the
colloidal state, the PDDA-MX akes in a hydrated form have an
average thickness of 3.7 ± 0.9 nm (Fig. 1c(ii)). The AFM image
(Fig. 1d(ii)) of PDDA-MX akes in a dry state shows a nanoscale
patchy surface with uneven PDDA aggregates anchoring onto
the MX surface, showing a thickness range between 2.5 nm and
6.0 nm. This co-assembly of PDDA with MX akes is ascribed to
the electrostatic interactions and the random distribution of
polar surface terminations of MX akes. The presence of PDDA
is further supported using the Fourier transform infrared
spectrum (FTIR, Fig. S6†).

Assembly of the bilayer actuator includes a sequential two-
step ltration process on a PVDF membrane substrate (pore
size, 0.25 mm), as shown in Fig. 1a. A pristine MX aqueous
dispersion is ltered until a gel state is reached, followed by the
addition of a PDDA-MX dispersion to obtain a free-standing
bilayer lm, abbreviated as PDDA-MX/MX, which shows
adequate mechanical exibility (Fig. 1e). The cross-section of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the PDDA-MX/MX lm shows a well-aligned lamellar
morphology with a thickness of ca. 2.8 mm (Fig. 1f). Both SEM
(Fig. 1g) and AFM images (Fig. 1h) suggest that the pristine MX
lm has more blobs (height of ca. 600 nm, Fig. S7†) at the
surface than the PDDA-MX lm.
Performance of the bilayer actuator and multi-responsiveness

The PDDA-MX/MX lm was trimmed into rectangular strips ca.
45° relative to the anisotropic axis of the lm which was indi-
cated by the line pattern of the used PVDF membrane
(Fig. S8a†). These strips were used for testing. When moved
from the ambient air into an acetone vapor environment, the
PDDA-MX/MX strip exhibits a rapid bending from theMX-based
passive layer to the PDDA-MX active layer (two circles within 1 s,
Movie S1†). The actuation of the bilayer that was prepared on
a thin CNF membrane (PDDA-MX/MX(CNF)) displayed concen-
tric bending (Fig S8b†), which indicates that the helical nature
of bending of the bilayers prepared on a thin PVDF membrane
may be related to an anisotropic structure of the PVDF ltration
membrane (Fig. S8a†). The time-dependent bending procedure
is illustrated in Fig. 2a. Fast recovery of bending was also
observed in Movie S1.† The durability test for 100 bending/
unbending cycles of the PDDA-MX/MX lm (Fig. 2b) shows no
decrease in the bending loops for the rst 50 cycles, and a small
decrease for the 100th cycle, as illustrated in the inset. There are
some uctuations in the unbending loops in the last 40 cycles,
Fig. 2 Multi-responsiveness of the PDDA-MX/MX bilayer actuators. (a)
Time course profiles of the helical bending of the PDDA-MX/MX film.
(b) Reversible bending and unbending of the PDDA-MX/MX film in
acetone vapor for 100 cycles. (c) PDDA-MX/MX film actuator used as
a controllable switch in a circuit to indicate acetone vapor stimulation.
(d) Oscillation of the PDDA-MX/MX film actuator on a hand. (e)
Motions of the PDDA-MX/MX film actuator to different organic vapors.
(f) The film actuator unbends when light is applied. (g) IR images
showing the IR camouflage capability of the PDDA-MX/MX film.

© 2025 The Author(s). Published by the Royal Society of Chemistry
which may be caused by the subtle microstructural changes
induced by the multiple intercalation and deintercalation
during cycling. The actuation performance in 97% relative
humidity (RH) is much slower than that in the acetone vapour,
as illustrated in Fig. S9.†

Compared to other materials, such as graphene oxide,
cellulose and polyvinyl alcohol,22,29 a primary advantage of
MXene-based actuators is their intrinsic high electrical
conductivity. Therefore, we tested its function as a vapour-
controllable electrical switch. As shown in Fig. 2c, when
a container with acetone approaches, the PDDA-MX/MX lm
bends to connect the circuit and lights up the LED lamp (Movie
S2†). Once acetone vapour is removed, the PDDA-MX/MX lm
unbends to switch off the lamp.

Furthermore, the PDDA-MX/MX lm actuator delivers a fast
response to moisture, as evidenced by its oscillating movements
when placed on a human hand (Movie S3†). When placed on the
hand, the lm bends and folds from the surface, and recovers
once it is away from the hand surface (Fig. 2d). Next, the actu-
ation tests are extended to other solvents. The lm bends heli-
cally when placed over the air-solvent interfaces, as illustrated
in Fig. 2e. Only organic solvents with low polarity (refer to Table
S1†), e.g. toluene and hexane, produce expectedly no actuation.
Additionally, the bending performance of the PDDA-MX/MX
lm actuator in the vapors of diethyl ether, ethyl acetate,
acetonitrile, and ethanol is compared in Fig. S10.† Among these
organic solvents, the lm actuator exhibits the fastest bending
response in diethyl ether, likely due to a combination of the
solvent's polarity and saturated vapour pressure.

Apart from organic vapours, the PDDA-MX/MX lm actuator
also bends in liquid acetone (Movie S4†). This behaviour
demonstrates the robustness of the assembled layered structure
due to the insolubility of PDDA (Fig. S11†) and MXene in
acetone, and strong adhesion between oppositely charged
Ti3C2TX and PDDA. Beyond responding to organic solvents and
humidity, the actuation is also light-controllable. The lm
actuator unbends to some extent when point light is applied,
warming the lm and desorbing solvent molecules from the
lm, as recorded in Movie S5† and illustrated in Fig. 2f. The
light-responsive capability enables this actuator to function as
a remotely controllable smart device. Additionally, the lm
exhibits IR camouage properties, as shown in Fig. 2g.
Experimental and computational investigations of the
unusual actuation mechanism

The actuation performance of the pristine MX lm and the
PDDA-MX lm was tested. Time course proles of their actua-
tion processes are listed in Fig. S12.† These results indicate that
the fast actuation of the PDDA-MX/MX lm in acetone vapour is
attributed to the multi-scale structural heterogeneity of the as-
assembled lm, more complex than the common bilayers.
SAXS and WAXS tests were conducted to investigate the struc-
tures of the individual MX lm and PDDA-MX lm, as well as
their structural changes when in contact with liquid acetone,
from both face-on and edge-on directions (Fig. 3a). The
isotropic 1D SAXS pattern (Fig. 3b), in the face-on direction,
Chem. Sci., 2025, 16, 2191–2201 | 2193
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Fig. 3 SAXS andWAXS characterization and the actuationmechanism.
(a) Illustration of the two directions in which the X-ray beam was
applied to the film. (b) Representative 1D face-on SAXS pattern of the
MX film, the inset shows the 2D SAXS pattern. (c) 2D edge-on WAXS
pattern of (i) the dry MX film and (ii) the dry PDDA-MX film. (d) 2D edge-
on WAXS patterns of (i) the MX film and (ii) the PDDA-MX film in liquid
acetone. (e–g) Actuation mechanism shown from the side view of the
PDDA-MX/MX film actuator. The grey rectangles represent the MX
flakes. The pink spheres represent PDDA macromolecules. (e) The
preferable stacking of more positively charged PDDA-MX flakes onto
the negatively charged MX layer during vacuum-assisted filtration II in
Fig. 1a. (f) The structure of the prepared film actuator with a gradient
PDDA loading in the active layer. (g) Schematic deformation mecha-
nism of the PDDA-MX/MX film actuator when exposed to acetone
vapor.
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could be tted to a power-law exponent of q−3, which is typically
observed for self-affine surfaces.30 The interlayer distance and
the orientation degree of the MX akes were measured in the
edge-on direction using WAXS (Fig. 3a); the set-up of the
measurement is illustrated in Fig. S13.† The edge-on WAXS
patterns of both the dry MX lm (Fig. 3c(i)) and the dry PDDA-
MX lm (Fig. 3c(ii)) show multiple anisotropic scattered rings,
reecting a preferred orientation of MX akes, as expected. The
sharp and narrow (002) scattered rings of both dry lms suggest
a low polydispersity in the interlayer distance (∼1.23 nm). On
the basis of the tting of the azimuthal angle plot (Fig. S14†),
the orientation degree (p) of the MX akes in the MX lm and
PDDA-MX lm is calculated to be ca. 0.83 for both, using
equationp= (180− FWHM)/180, where FWHM is the full width
at half maximum of the azimuthal angle curve. It indicates that
the modication using the PDDA polymer does not affect the
MX orientation in the lm.

Fig. 3d shows the scattering patterns from the edge-on
direction of the MX lm and PDDA-MX lm in liquid acetone.
The organisation of both the MX lm and PDDA-MX lm is
susceptible to acetone, as compared to Fig. 3c. The WAXS
pattern of the MX lm in acetone has a narrow anisotropic
scattering ring (Fig. 3d(i)), with the (002) intensity range
between qy = 4.29 and 4.76 nm−1 and the highest intensity
2194 | Chem. Sci., 2025, 16, 2191–2201
located at qy = 4.52 nm−1, corresponding to an average inter-
layer distance of 1.39 nm and thus an acetone-responsive
swelling degree of 12.1% compared to that of the dry MX lm
(1.24 nm, Fig. 3c(i)). This narrow ring in the 2D WAXS pattern
for the MX lm (Fig. 3d) shows a relatively homogeneous
swelling of interlayer distance when exposed to acetone.

In contrast, as seen in Fig. 3d(ii), the WAXS pattern of the
PDDA-MX lm in acetone shows a broad anisotropic (002) ring
with continuous intensity in the qy range between 1.88 and 5.87
nm−1. This corresponds to a stacking distance of MX akes
ranging from 3.34 to 1.07 nm, as a consequence of inhomoge-
neous swelling of different parts of the PDDA-MX composite
active layer in liquid acetone. The relatively higher scattering
intensity in the low qy range indicates a greater proportion of
larger interlayer distances. The largest interlayer distance of the
acetone-swelled PDDA-MX lm is approximately 2.4 times the
average distance of the acetone-swelled MX lm (∼1.39 nm).
Based on WAXS characterization results, the PDDA-MX layer
exhibits a gradient PDDA-intercalated microstructure respon-
sible for the broad anisotropic (002) ring in the 2D WAXS
pattern. This microstructural gradient results in inhomoge-
neous swelling, which in turn causes the counterintuitive
bending from the MX side (passive layer) to the PDDA-MX
composite side (active layer).

As illustrated in Fig. 3e and f, the formation of this gradient
PDDA-intercalated microstructure is attributed to two main
factors: (1) the wide distribution in the degree of PDDA coverage
on MX nanosheets in the precursor PDDA-MX sample, as
visualised in the AFM images of the PDDA-MX precursor in
Fig. S15,† which results in variations in charge density of PDDA-
MX akes; (2) the PDDA rich-MX akes, which have more
positive charges, preferentially stack on top of the negatively
charged MX gel layer during the vacuum-assisted ltration step
(Fig. 1a), driven by the electrostatic interactions. This is sup-
ported by their zeta potentials (Fig. S16†) and the immediate
agglomeration observed when MX dispersion and PDDA-MX
dispersion are mixed (shown in Movie S6†). Thus, a gradient
PDDA-intercalated microstructure is formed with a decreasing
amount of PDDA from the interface of the two layers to the outer
surface of the PDDA-MX layer (the air/PDDA-MX interface).
When adsorbing acetone vapor, the interlayer expansion of the
interface between the MX and PDDA-MX layers is the largest
compared to regions further from the interface, as illustrated in
Fig. 3g. This causes rapid bending with the swelling PDDA-MX
layer bending inwards, resulting in swelling-induced opposite
bending.

MD simulations and DFT calculations were performed to
further understand the actuation mechanism of the PDDA-MX/
MX lm in acetone vapour. The atomic structures of different
components and their assigned colour are presented in Fig. 4a.
First, the interactions between PDDA, acetone and MX are
studied. Fig. S17a† illustrates the equilibrium conguration of
a pure PDDA droplet-wetted MX surface, where large voids are
formed in the PDDA due to the steric hindrance of polycations.
Aer the uptake of acetone (Fig. 4b & S17b†), the PDDA droplet
effectively adsorbs acetone molecules by lling the voids. Note
that acetone tends to be adsorbed near PDDA rather than the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Theoretical simulations of polymer-MX-acetone composite
systems. (a) Atomic structures of acetone and three polycations of
PDDA, PAH, and PIL, where white, grey, red, and blue colors represent
H, C, O, and N atoms, respectively, and green color represents Cl− or
Br−. (b) The equilibrium configuration of the acetone-doped PDDA
droplet on the MX surface, where pink, green, and blue colors repre-
sent the polycation of PDDA, the counteranion of PDDA, and acetone,
respectively. (c) The CDD of PDDA/MX and acetone/MX, where yellow
and blue colors represent the accumulation and depletion of charge,
respectively. The iso-surface level is 0.0007 e Å−3. (d) The binding
energy (Ebind) of acetone/MX, PDDA/MX, PAH/MX, and PIL/MX. (e) The
equilibrium configuration of acetone molecules inserted into the
nanochannel of MX or PDDA-MX. (f) The number of acetone mole-
cules inserted into the PDDA-MX (NAcetone

con). (g) The change of jDdj
versus theNPDDA :NAcetone ratio. MX1 andMX2 represent the jDdj values
at two positions (as marked in Fig. S18†), and MXave represents the
average values. (h) Actuation mechanisms of the PDDA-MX/MX film
actuator when exposed to acetone vapor, where the grey rectangles
represent the cross-section of the MX flakes, and the pink spheres
represent the PDDA molecules. (i) Due to the gradient distribution of
PDDA molecules, acetone molecules (blue spheres) are inserted into
the interlayer quickly, causing the PDDA-MX layer to bend upwards. (ii)
Acetone molecules (blue spheres) are preferentially adsorbed on the
MX surface, causing the MX layer to bend upward. (iii) Combining (i)
and (ii), the film actuator bends with the PDDA-MX layer inwards when
exposed to acetone vapor (blue shadow).
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MX surface. The charge density difference (CDD) (Fig. 4c & S18†)
and the binding energy (Fig. 4d) results show that the charge
transfer and structural stability of PDDA/MX are both stronger
than those of acetone/MX, thus PDDA can stably anchor on the
MX surface even in the presence of acetone.

The internal dominating actuation mechanism was then
understood by insertion behaviors of acetone molecules into
the MX nanochannels and the PDDA-MX nanochannels.
Fig. S19a† shows acetone molecules (NAcetone = 500) initially
positioned above the pre-equilibrium PDDA-MX lled with
different PDDA chains (NPDDA = 0, 10, 15, and 20,
© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponding to a NPDDA :NAcetone ratio of 0, 2%, 3% and 4%,
respectively). As displayed in Fig. 4e & S19b,† acetone molecules
prefer to adsorb on the MX surfaces. The presence of PDDA
molecules in the PDDA-MX layer facilitates the rapid insertion
of acetone molecules into PDDA-MX nanochannels instantly.
Additionally, a higher concentration of NPDDA leads to the
insertion of more acetone molecules into PDDA-MX (para-
meterised using Ncon

Acetone) (Fig. 4f), resulting in a greater expan-
sion in the interlayer spacing. The absolute changes of the
interlayer spacing of PDDA-MX (or MX) following acetone
insertion (Dd) are summarised in Fig. 4g. These simulated
results offer a reasonable explanation for the experimental
observation.

Based on the computer simulations, the actuation process of
PDDA-MX/MX, as concluded from the experimental results, is
developed and illustrated in Fig. 4h. The actuation of the PDDA-
MX layer is primarily driven by gradient intercalation
(Fig. 4h(i)). The presence of PDDA intercalated into the MX
channels signicantly facilitates and accelerates the insertion of
acetone molecules. The upper side, with less NPDDA, adsorbs
fewer acetone molecules (Ncon

Acetone), resulting in a smaller jDdj.
In contrast, the jDdj on the lower side of the PDDA-MX layer
changes signicantly, causing the lower side to bend towards
the upper side of the layer. However the bending of the MX layer
is dominated by the gradient acetone diffusion from the lower
side to the upper side (Fig. 4h(ii)), as acetone is more easily
adsorbed and accumulated on the MX outer surface (Fig. 4h(ii)).
Moreover, the higher orientation of MX combined with compact
lamellar packing, which lacks a polymer spacer, results in
slower acetone diffusion (Movie S7, ESI†). As a result, the lower
side of the MX layer adsorbs more acetone molecules than the
upper side, forcing the lower side to bend towards the upper
side. This behaviour is similar to that observed in a homoge-
neous MXene lm actuator exposed to humidity on one side.15a

Collectively, both the PDDA-MX layer and the MX layer exhibit
upward bending behaviour, though the underlying mecha-
nisms differ. The combined effects of these distinct mecha-
nisms lead to the counterintuitive actuation behavior observed
in the PDDA-MX/MX lm actuator. This explains why, upon
contact with solvent molecules, the PDDA-MX layer, which has
a higher degree of swelling, bends inwards. This behaviour is
contrary to the typical behaviour of common bilayers, where the
passive layer with a lower degree of swelling usually bends
inwards.
Tunability of actuation performance with diverse polycations

In addition to the PDDA polycation, this method is robust and
applicable to other common polycations. This general concept
is demonstrated here by using commercial poly(allylamine
hydrochloride) (PAH) and self-synthesised poly(ionic liquid)
poly(1-cyanomethyl-3-vinylimidazolium bromide) (PIL, 1H-NMR
in Fig. S20†) to prepare PAH-MX/MX and PIL-MX/MX lm
actuators. Both FTIR (Fig. S21†) and elemental mapping
(Fig. S22 and S23†) conrm the successful assembly of PAH and
PIL with MX in their respective dispersions. Similarly, PAH and
PIL appear as small particles on the surface of MX akes, as
Chem. Sci., 2025, 16, 2191–2201 | 2195
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shown in their AFM images (Fig. S24†). The PIL-MX and PAH-
MX lms exhibit atter surfaces compared to the MX lm,
similar to the PDDA-MX lm (Fig. S25†).

The rst 5.7 s of the time-dependent helical bending of PIL-
MX/MX and PAH-MX/MX lm actuators are shown in Fig. 5a
and b (Movie S8 and S9†). As compared in Fig. 5c, the PDDA-
MX/MX actuator exhibits the fastest actuation speed in
acetone vapour. This variation is attributed to differences in the
polymer loading amounts and their swelling capabilities with
acetone molecules. According to the TGA results in Fig. S26,†
the average loading amount of PDDA onto MX akes is 12.3
wt%, which is higher than the loading amounts of PAH (4.8
wt%) and PIL (6.2 wt%). This difference in loading is presum-
ably related to the variations in the charge density and rigidity
of the polymer backbones. The unbending speed is also
compared in Fig. 5d when the strip actuator is removed from
the acetone vapor into air. Fast recovery occurs during the rst
second, and the PDDA-MX/MX lm actuator shows the fastest
recovery speed, followed by PIL-MX/MX and PAH-MX/MX lm
actuators.

The wetting behaviour of the three polymer droplets was
simulated for comparison. Fig. S27a† illustrates the
morphology of the PAH and PIL droplets on the MX surface,
which is similar to that of the PDDA droplet. In acetone vapour,
acetone molecules were adsorbed around the three polymer
droplets, leading to the rearrangement of polycations and
counteranions (Fig. S27b†). Furthermore, we found that the
Ebind between the three polymers and the MX surface is stronger
than that between acetone and the MX surface. As illustrated in
Fig. 4d, the binding strength follows the order: acetone/MX <
PDDA/MX < PAH/MX < PIL/MX. This indicates that the three
polymers have a greater affinity for adsorbing onto the MX
surface compared to acetone. In general, a more negative value
in Ebind between polymers and the MX surface indicates greater
stability of the polymer/MX structure. Consequently, acetone
exerts less inuence on the structure, leading to a slower helical
Fig. 5 Programmable actuation speed. Time course profiles of the
helical bending movements of (a) the PIL-MX/MX bilayer actuator and
(b) the PAH-MX/MX bilayer actuator. Comparison of time-dependent
(c) bending actuation triggered by acetone vapour and (d) unbending
actuation after the removal of acetone vapour.

2196 | Chem. Sci., 2025, 16, 2191–2201
bending speed. This trend aligns with the experimental obser-
vations shown in Fig. 5c.

Overall, the Ti3C2TX-based bilayer lms, with one layer
featuring gradient polymer intercalation, exhibit fast actuation
performance upon contact with acetone vapour. These lms
either outperform or are on par with other light/humidity/
electrothermal responsive Ti3C2TX-based actuators reported
previously,22,24,31 as compared in Fig. 6. These actuators have
potential applications for smart devices, e.g. smart windows for
cooling and evacuation.

Experimental
Materials

Poly(diallyldimethylammonium) chloride solution (PDDA,
averageMw = 400 000–500 000, 20 wt% in water) was purchased
from Sigma-Aldrich and was used without further purication.
Poly(allylamine hydrochloride) (PAH, average Mw = 60 000) was
purchased from Polysciences. Poly(1-cyanomethyl-3-
vinylimidazolium bromide) (PIL, average Mw = 118 500) was
synthesized according to a reported method.32 Hydrophilic
polyvinylidene uoridemembranes (PVDFmembrane, pore size
0.22 mm) were purchased from Sigma-Aldrich.

Determination of molecular weight of the synthesized PIL

Molar masses (Mn and Mw) and dispersity (Đ) of poly(1-
cyanomethyl-3-vinylimidazolium bromide) (PIL) were charac-
terized by size exclusion chromatography (SEC) at 25 °C in
aqueous sodium acetate (0.1 M)/acetic acid (0.1 M) buffer (pH =

4.5) (DMF) containing MeOH (20 vol%) at a ow rate of 1
mL min−1 with a poly(2-vinylpyridine) calibration. SEC curves
were recorded with an Agilent 1260 Innity II equipped with two
columns (PSS NOVEMA Max analytical Linear S and XL), a vari-
able wavelength detector and refractive index detectors.

Preparation of water-stable Ti3C2TX colloidal dispersion

Ti3C2TX was synthesized by etching MAX (Ti3AlC2) powder with
a mixture of LiF and HCl solution. 2.5 g of LiF was dissolved in
30 mL of 9MHCl in water, followed by the slow addition of 1.5 g
of Ti3AlC2 (400 mesh) powder. The mixture was stirred at
500 rpm for 24 h at 35 °C. Upon completion of the reaction, the
Fig. 6 Comparison of actuating performances of Ti3C2TX-based
actuators that respond to different stimuli.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixture was diluted with 200 mL of deionized water and
centrifuged at 12 000 rpm for 1 h. The upper supernatant was
decanted to retain the sediment. This washing process was
repeated 4 times to obtain a slurry sediment. The slurry sedi-
ment was then dispersed in deionized water by shaking using
a Vortex-Genie 2 mixer for 20 min, followed by centrifugation at
12 000 rpm for 1 h. The supernatant was discarded. This process
was repeated 5 times to obtain successfully exfoliated Ti3C2TX.
The as-exfoliated Ti3C2TX in water was sonicated under
a nitrogen-protective atmosphere for 10 min and then centri-
fuged at 3000 rpm for 20 min to remove the unexfoliated
Ti3C2TX particles. The yield of the Ti3C2TX at 35 °C was 30.4 ±

4.0%.

Preparation of polymer-modied MXene ake colloidal
dispersion

PDDA-MX and PAH-MX were prepared by adding 10 grams of 2
wt% of polymer solution (PDDA or PAH) dropwise into 80 mL of
MXene colloidal dispersion (0.5 mg mL−1), followed by stirring
for 5 min. Aer the complexation process, the mixture was
subjected to centrifugation at a speed of 12 000 rpm twice to
eliminate any unbound polymers. Regarding the preparation of
PIL-MX, 75 milligrams of 5 mg mL−1 MX dispersion was added
to 40 mL of a 3.5 mg mL−1 PIL solution dropwise, stirred for
5 min and then centrifuged twice at 12 000 rpm to remove the
unbound polymer in the system to prepare PIL-MX.

Preparation of lm actuators

To prepare the Ti3C2TX (MX) lm, 10 mL of a 1 mgmL−1 Ti3C2TX
dispersion was vacuum ltered onto a PVDF membrane to form
the rst layer. The second layer was created by applying 1 mL of
a 5 mgmL−1 polymer-modied Ti3C2TX dispersion on top of the
Ti3C2TX layer. The resulting lm was then peeled off from the
PVDF membrane for further characterisation. The actuation
speed was tested using rectangular strips measuring 3 mm× 30
mm, cut from the prepared lms, and evaluated at 20 °C in
acetone vapor (saturated vapour pressure, 24.478 kPa). The
strips were cut at approximately 45° relative to the anisotropic
axis of the lm, as indicated by the line pattern on the PVDF
membrane.

Preparation of lms for small/wide angle X-ray scattering

A Ti3C2TX MXene (MX) lm and a PDDA-Ti3C2TX (PDDA-MX)
lm were prepared separately by vacuum ltration to further
investigate their structures using small/wide angle X-ray
scattering.

Characterisation

Small/wide angle X-ray scattering (SAXS/WAXS) was used to
characterize MX dispersion, PDDA-MX dispersion, the MXene
lm and the PDDA-MX lm on an Anton-Paar SAXSpoint 2.0
instrument equipped with a copper source (Cu Ka l = 1.542 Å)
and a 2D EIGER R series Hybrid Photon Counting (HPC)
detector. The distance between the sample holder and detector
for SAXS and WAXS measurements was 556 mm and 111 mm,
© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively. The data were collected at 25 °C in one frame, with
300 s exposure time. The dispersion samples were prepared by
loading a dispersion (2 mg mL−1) into a glass capillary with
a diameter of 1.5 mm, and were then mounted on a multi-
capillary sample holder. The solid lm samples prepared by
ltration were cut into a 1.5 mm strip and mounted on a solid
sample holder for the structural studies in the dry state from
both face-on and edge-on directions in transmission mode. For
the investigation of structural changes when the lms are
exposed to acetone, the lm strips were mounted in glass
capillaries that were lled with acetone solvent. The sample-
loaded capillaries were sealed using wax and mounted on
a capillary sample holder for SAXS and WAXS measurements
from both face-on and edge-on directions.

The phase of the MAX powder and the exfoliated MXene
single layer was characterized using powder X-ray powder
diffraction (PXRD, PANalytical) in the 2q range between 3° and
70°. Atomic force microscopy (AFM, dimension 3100, Bruker,
USA) was performed in PeakForce tapping mode. The scan size
and rate were 2 × 2 mm2 and 2.0 Hz, respectively. The zeta-
potential of the Ti3C2TX (MX) akes and polymer-modied
Ti3C2TX (PDDA-MX) akes was studied using a Malvern Zeta-
sizer Nano ZSP (Malvern, UK). The polymer-modied MXenes
were characterized by Fourier-transform infrared spectroscopy
(a Varian 610-IR FT-IR spectrometer) and Raman spectroscopy
(LabRAM HR 800). Thermal gravimetric analysis was performed
on a discovery TG analyzer (TA Instrument, U.S.) with a ramp
rate of 5 °C min−1 from 20 to 600 °C underan Ar atmosphere
(gas ow speed 30 mL min−1). Fourier transform infrared
spectra (FT-IR) were obtained on an FT-IR spectrometer, Varian
610. Scanning electron microscopy (JEOL JSM-7000F) was used
to observe the morphologies of the prepared lms. The video of
the actuation process was recorded using a microscope (Dino-
Lite). Videos that capture the actuation process of the strips
were converted to image sequences using VirtualDub soware.
Transmission electron microscopy (Jeol JEM 2100) was used to
characterize the MX akes and PDDA-MX akes.
Molecular dynamics (MD) simulations

As shown in Fig. S13a,† the liquid/solid interface built for the
wetting system was constructed by placing a PDDA droplet near
the MXene (MX) surface, where the PDDA droplet contains 6
unit chains, the atomic structures of PDDA are shown in Fig. 4a.
The in-plane (x–y) size of the MX surface was set as 6.45 × 6.15
nm2, and the size of the initial three polymer droplets was 4.0 ×

4.0 × 4.0 nm3. To reveal the inuence of doping acetone on the
composite system, the polymer droplet doped with 60 acetone
molecules was established for comparison (Fig. S13b†).

Different from the wetting system, the initial conguration
of the two-dimensional (2D) conned system is to put different
chains of PDDA (NPDDA = 0, 10, 15, 20) into the bilayer MX
nanosheets. Aer the system is equilibrated, the acetone
droplet containing 500 molecules is placed above the upper
nanosheet to observe the behavior of acetone inserted into the
bilayer MX nanochannel (Fig. S15†). The x–y size of the 2D
nanochannel was set as 28.73 × 3.04 nm2. For both wetting and
Chem. Sci., 2025, 16, 2191–2201 | 2197
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2D conned systems, a periodic boundary condition (PBC) was
applied in x- and y-directions, whereas an open boundary was
used in the z-direction.

The parameters of bond, angle, dihedral, van der Waals
interactions, and electrostatic interactions of PIL and acetone
are described by the all-atom optimized potential for liquid
simulations (OPLS-AA) force eld,33 which has been used
successfully to get the structures and properties of PIL and
acetone.34 To accurately describe the electrostatic interactions
of PIL, all charges were calculated by tting the electrostatic
potentials from rst principles calculations. The atomic charge
of PIL is calculated based on the two-stage restraint electrostatic
potential (RESP) method using the Gaussian 09 D.01 program
package. The ionic geometry and atomic charge were obtained
with the 6-311+G basis set for all elements in PIL. Ti3C2TX
modied by the hydroxyl group was used as the model of MX
nanosheets, where the Lennard-Jones (LJ) parameters and
atomic charges used for MX were set as suggested by Xu et al.35

The nonbonding interactions between different atoms in the
system include both electrostatic and van der Waals terms. The
former one, the long-range coulombic interaction, was
computed by using the particle-particle-particle-mesh (PPPM)
algorithm. The latter one is described by using the 12-6 LJ
potential. The Lorentz–Berthelot mixing rules are used to model
the parameters between different atomic species, which are
truncated at 1.2 nm.

All molecular dynamics (MD) simulations in this work are
performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS).36 The timestep for integrating
Newtonian equations of motion is 2.0 fs, which is conrmed to
guarantee energy conservation. Throughout the MD simula-
tions, all MX nanosheets were rigid to maintain the stable
planar structure. In the MD simulations, polymer droplets and
acetone were relaxed in the NVT ensemble at a temperature (T)
of 300 K, controlled by the Nosé–Hoover thermostat. Aer 10 ns,
the system was in equilibrium, and ve independent MD
simulations were run for an additional 1 ns to collect data with
the statistical average for analysing structures.
Density functional theory (DFT) calculations

All rst-principles calculations were performed using the
Vienna Ab initio Simulation Package (VASP)37 with the projector
augmented wave (PAW) method and Perdew–Burke–Ernzerhof
(PBE) functional.38 The Semiempirical Grimme parameter DFT-
D3 correction was applied to describe the van der Waals inter-
action.39 The cut-off energy for the plane wave basis was set as
500 eV. The 2 × 2 × 1 k-point meshe in the Brillouin zone was
used for structural optimization. The vacuum layer was more
than 1.5 nm along the z-direction to avoid interactions between
neighboring images. The convergence criteria for energy and
force were 1 × 10−5 eV and 0.01 eV Å−1, respectively.
Conclusions

We have developed ultrafast yet adjustable bilayer actuators
with a MXene layer and a polymer-modied MXene layer
2198 | Chem. Sci., 2025, 16, 2191–2201
through a facile and exible fabrication process. The deforma-
tion rate in response to acetone vapor is signicantly superior to
previously reported MXene-based actuators. Small- and wide-
angle X-ray scattering (SAXS and WAXS, respectively) indicated
a gradient in the degree of polymer intercalation in the polymer-
MX active layer (gradient intercalation-dominated), which may
be responsible for the counterintuitive and fast bending
behaviour. The actuation mechanism is further elucidated by
DFT and MD simulations, which suggest that the different
diffusion rates of the two layers (gradient acetone diffusion-
dominated) also contribute to the outstanding actuation
performance. Moreover, this preparation concept is applicable
to other functional polycations. The difference in bending and
unbending speed is related to the amount of polymer coating,
the swelling capability of the polymer, and the binding energy
between the polymer and MX akes. This gradient-structure
design concept will broaden the structural library of MXene-
based lms and offer a practical approach to achieving cus-
tomised actuation performance.
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10 M. Acerce, E. K. Akdoğan and M. Chhowalla, Metallic
molybdenum disulde nanosheet-based electrochemical
actuators, Nature, 2017, 549(7672), 370–373.

11 S. Yang, Y. He and J. Leng, Boron nitride enhanced shape
memory poly (aryl ether ketone) actuators with rapid
© 2025 The Author(s). Published by the Royal Society of Chemistry
self-deformation and staged responsive behaviors, Polym.
Compos., 2022, 43(6), 3880–3889.

12 B. Anasori, M. R. Lukatskaya and Y. Gogotsi, 2D metal
carbides and nitrides (MXenes) for energy storage, Nat.
Rev. Mater., 2017, 2(2), 1–17.

13 (a) G. S. Lee, T. Yun, H. Kim, I. H. Kim, J. Choi, S. H. Lee,
H. J. Lee, H. S. Hwang, J. G. Kim and D.-w. Kim, Mussel
inspired highly aligned Ti3C2TX MXene lm with
synergistic enhancement of mechanical strength and
ambient stability, ACS Nano, 2020, 14(9), 11722–11732; (b)
J. Zhang, N. Kong, S. Uzun, A. Levitt, S. Seyedin,
P. A. Lynch, S. Qin, M. Han, W. Yang and J. Liu, Scalable
manufacturing of free-standing, strong Ti3C2Tx MXene
lms with outstanding conductivity, Adv. Mater., 2020,
32(23), 2001093.

14 (a) O. C. Compton, D. A. Dikin, K. W. Putz, L. C. Brinson and
S. T. Nguyen, Electrically conductive “alkylated” graphene
paper via chemical reduction of amine-functionalized
graphene oxide paper, Adv. Mater., 2010, 22(8), 892–896; (b)
S. Rao, J. Upadhyay, K. Polychronopoulou, R. Umer and
R. Das, Reduced graphene oxide: Effect of reduction on
electrical conductivity, J. Comput. Sci., 2018, 2(2), 25.

15 (a) J. Wang, Y. Liu, Z. Cheng, Z. Xie, L. Yin, W.Wang, Y. Song,
H. Zhang, Y. Wang and Z. Fan, Highly conductive MXene
lm actuator based on moisture gradients, Angew. Chem.,
Int. Ed., 2020, 59(33), 14029–14033; (b) L. Yang, J. Cui,
L. Zhang, X. Xu, X. Chen and D. Sun, A moisture-driven
actuator based on polydopamine-modied MXene/
bacterial cellulose nanober composite lm, Adv. Funct.
Mater., 2021, 31(27), 2101378; (c) G. Chen, J. Li, N. Li,
C. Guo, P. Jin, L. Chen and Y. Peng, AgNWs/Ti3C2TX

MXene-based multi-responsive actuators for programmable
smart devices, Sens. Actuators, B, 2023, 383, 133576.

16 (a) M. Li, L. Yuan, Y. Liu, F. Vogelbacher, X. Hou, Y. Song and
Q. Cheng, Bioinspired light-driven photonic crystal actuator
with MXene-hydrogel muscle, Cell Rep. Phys. Sci., 2022, 3(6),
100915; (b) X. Xiao, H. Ma and X. Zhang, Flexible
Photodriven Actuator Based on Gradient–Paraffin-Wax-
Filled Ti3C2TX MXene Film for Bionic Robots, ACS Nano,
2021, 15(8), 12826–12835; (c) J. Liu, L. Xu, Q. Ji, L. Chang,
Y. Hu, Q. Peng and X. He, A MXene-Based Light-Driven
Actuator and Motor with Self-Sustained Oscillation for
Versatile Applications, Adv. Funct. Mater., 2023, 2310955.

17 V. H. Nguyen, R. Tabassian, S. Oh, S. Nam, M. Mahato,
P. Thangasamy, A. Rajabi-Abhari, W. J. Hwang,
A. K. Taseer and I. K. Oh, Stimuli-responsive MXene-based
actuators, Adv. Funct. Mater., 2020, 30(47), 1909504.

18 H. Lin, S. Zhang, Y. Xiao, C. Zhang, J. Zhu, J. W. Dunlop and
J. Yuan, Organic Molecule-Driven Polymeric Actuators,
Macromol. Rapid Commun., 2019, 40(7), 1800896.

19 (a) J. Wei, F. Wang and L. Zhang, Micropatterning of highly
stretchable tough polymer actuators for multistage detection
of acetone vapors, ACS Appl. Mater. Interfaces, 2018, 10(34),
29161–29168; (b) J. Wei, X. Qiu and L. Zhang,
Photocrosslinking patterning of single-layered polymer
actuators for controllable motility and automatic devices,
ACS Appl. Mater. Interfaces, 2019, 11(17), 16252–16259; (c)
Chem. Sci., 2025, 16, 2191–2201 | 2199

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04935g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
13

/2
02

5 
9:

55
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
P. Wang, G. Zheng, K. Dai, C. Liu and C. Shen,
Programmable micropatterned surface for single-layer
homogeneous-polymer Janus actuator, Chem. Eng. J., 2022,
430, 133052.

20 (a) Q. Zhao, J. W. Dunlop, X. Qiu, F. Huang, Z. Zhang,
J. Heyda, J. Dzubiella, M. Antonietti and J. Yuan, An
instant multi-responsive porous polymer actuator driven
by solvent molecule sorption, Nat. Commun., 2014, 5(1),
4293; (b) J. E. Yim, S. H. Lee, S. Jeong, K. A. Zhang and
J. Byun, Controllable porous membrane actuator by
gradient inltration of conducting polymers, J. Mater.
Chem. A, 2021, 9(8), 5007–5015; (c) Y. Zhang and L. Ionov,
Actuating porous polyimide lms, ACS Appl. Mater.
Interfaces, 2014, 6(13), 10072–10077.

21 (a) H. Song, H. Lin, M. Antonietti and J. Yuan, From Filter
Paper to Functional Actuator by Poly (Ionic Liquid)-
Modied Graphene Oxide, Adv. Mater. Interfaces, 2016,
3(12), 1500743; (b) J. Qu, F. Gao, J. Zhao, L. Duan, Y. Zang
and S. Wen, Graphene oxide/polymer actuator driven by
acetone vapor enabling an ultra-large bending angle and
fast response, Smart Mater. Struct., 2019, 28(10), 105043; (c)
G. Zhang, L. Yan, L. Ji, C. Liu, L. Zhang, W. Zhang, Y. Nie,
P. Xiao and T. Chen, Interfacial fabrication of CNTs/PVDF
bilayer actuator with fast responses to the light and
organic solvent vapor stimuli, Macromol. Mater. Eng., 2021,
306(1), 2000502; (d) L. Zhang, P. e. Naumov, X. Du, Z. Hu
and J. Wang, Vapomechanically responsive motion of
microchannel-programmed actuators, Adv. Mater., 2017,
29(37), 1702231; (e) H. Lin, J. Gong, M. Eder, R. Schuetz,
H. Peng, J. W. Dunlop and J. Yuan, Programmable
actuation of porous poly (ionic liquid) membranes by
aligned carbon nanotubes, Adv. Mater. Interfaces, 2017,
4(1), 1600768.

22 L. Li, S. Zhao, X.-J. Luo, H.-B. Zhang and Z.-Z. Yu, Smart
MXene-based Janus lms with multi-responsive actuation
capability and high electromagnetic interference shielding
performances, Carbon, 2021, 175, 594–602.

23 Y. Li, L. Liu, H. Xu, Z. Cheng, J. Yan and X.-M. Xie,
Biomimetic gradient hydrogel actuators with ultrafast
thermo-responsiveness and high strength, ACS Appl. Mater.
Interfaces, 2022, 14(28), 32541–32550.

24 J. Cao, Z. Zhou, Q. Song, K. Chen, G. Su, T. Zhou, Z. Zheng,
C. Lu and X. Zhang, Ultrarobust Ti3C2Tx MXene-based so
actuators via bamboo-inspired mesoscale assembly of
hybrid nanostructures, ACS Nano, 2020, 14(6), 7055–7065.

25 L. T. de Haan, J. M. Verjans, D. J. Broer, C. W. Bastiaansen
and A. P. Schenning, Humidity-responsive liquid
crystalline polymer actuators with an asymmetry in the
molecular trigger that bend, fold, and curl, J. Am. Chem.
Soc., 2014, 136(30), 10585–10588.

26 M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi and
M. W. Barsoum, Conductive two-dimensional titanium
carbide ‘clay’with high volumetric capacitance, Nature,
2014, 516(7529), 78–81.

27 P. Munier, A. Di, S. E. Hadi, M. Kapuscinski, M. Segad and
L. Bergström, Assembly of cellulose nanocrystals and clay
2200 | Chem. Sci., 2025, 16, 2191–2201
nanoplatelets studied by time-resolved X-ray scattering,
So Matter, 2021, 17(23), 5747–5755.

28 L. Li, Structural analysis of cylindrical particles by small
angle X-ray scattering, PhD thesis, University of Bayreuth,
Germany, 2005.

29 (a) M. Amjadi and M. Sitti, High-performance
multiresponsive paper actuators, ACS Nano, 2016, 10(11),
10202–10210; (b) M. Wang, Q. Li, J. Shi, X. Cao, L. Min,
X. Li, L. Zhu, Y. Lv, Z. Qin and X. Chen, Bio-inspired high
sensitivity of moisture-mechanical go lms with period-
gradient structures, ACS Appl. Mater. Interfaces, 2020,
12(29), 33104–33112.

30 A. J. Allen, Characterization of ceramics by X-ray and
neutron small-angle scattering, J. Am. Ceram. Soc., 2005,
88(6), 1367–1381.

31 (a) Y. Hu, L. Yang, Q. Yan, Q. Ji, L. Chang, C. Zhang, J. Yan,
R. Wang, L. Zhang and G. Wu, Self-locomotive so actuator
based on asymmetric microstructural Ti3C2TX mxene lm
driven by natural sunlight uctuation, ACS Nano, 2021,
15(3), 5294–5306; (b) G. Jia, A. Zheng, X. Wang, L. Zhang,
L. Li, C. Li, Y. Zhang and L. Cao, Flexible, biocompatible
and highly conductive MXene-graphene oxide lm for
smart actuator and humidity sensor, Sens. Actuators, B,
2021, 346, 130507; (c) H. Li, Z. Wu, Y. Xing, B. Li and
L. Liu, Photoelectric synergistic response properties of the
Ti3C2TX MXene-CNT/PDMS bilayer actuator, Nano Energy,
2022, 103, 107821; (d) J. Wei, S. Jia, J. Wei, C. Ma and
Z. Shao, Tough and multifunctional composite lm
actuators based on cellulose nanobers toward smart
wearables, ACS Appl. Mater. Interfaces, 2021, 13(32), 38700–
38711; (e) L. Xu, H. Zheng, F. Xue, Q. Ji, C. Qiu, Q. Yan,
R. Ding, X. Zhao, Y. Hu and Q. Peng, Bioinspired multi-
stimulus responsive MXene-based so actuator with self-
sensing function and various biomimetic locomotion,
Chem. Eng. J., 2023, 463, 142392; (f) J. He, Z. Wu, B. Li,
Y. Xing, P. Huang and L. Liu, Multi-stimulus synergistic
control so actuators based on laterally heterogeneous
MXene structure, Carbon, 2023, 202, 286–295; (g) W. Li,
M. Sang, S. Liu, B. Wang, X. Cao, G. Liu, X. Gong, L. Hao
and S. Xuan, Dual-mode biomimetic so actuator with
electrothermal and magneto-responsive performance,
Composites, Part B, 2022, 238, 109880; (h) T. Zhao, H. Liu,
L. Yuan, X. Tian, X. Xue, T. Li, L. Yin and J. Zhang, A
Multi-Responsive MXene-Based Actuator with Integrated
Sensing Function, Adv. Mater. Interfaces, 2022, 9(10),
2101948.

32 M. Zhang, K. Dong, S. Saeedi Garakani, A. Khorsand
Kheirabad, I. Manke, M. Wu, H. Wang, L. Qu and J. Yuan,
Bridged Carbon Fabric Membrane with Boosted
Performance in AC Line-Filtering Capacitors, Adv. Sci.,
2022, 9(7), 2105072.

33 (a) J. N. Canongia Lopes and A. A. Pádua, Molecular force
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