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High-Performance MXene/Carbon Nanotube
Electrochemical Actuators for Biomimetic Soft Robotic
Applications

Wei Zhang, Ke Jin, Zhen Ren, Lin Li, Longfei Chang, Chengchu Zhang, Ranran Wang,*
Bing Li, Guan Wu, and Ying Hu*

Ionic electrochemical actuators, which convert electrical energy into
mechanical energy through electrochemical-induced ion migration, show
great potential in biomimetic soft robots. However, their applications are still
limited due to the influence of the electrode materials and actuator
performance. Here, an MXene/carbon nanotube (CNT) heterostructural
electrode-based ionic actuator is developed and realizes dexterous touch
manipulation mimicking humans. In this MXene/CNT heterostructure,
one-dimensional CNTs are chemically interconnected into layered
two-dimensional MXene nanosheets, increasing their interlayer spacing,
promoting mechanical stability, and enhancing specific surface area, which
facilitates the ion migration and storage as well as electrochemical actuation.
Accordingly, the MXene/CNT actuator can output excellent mechanical
deformation under 2.5 V voltage, including large peak-to-peak deformation
(displacement 24 mm, strain 1.54%), wide frequency response (0.1–15 Hz),
large force (5 mN) and good cycling stability. The actuators can be used to
construct artificial fingers to achieve gentle, multi-point, variable frequency,
and synergistic touching on fragile smartphone screens, including pressing a
phone number to make a call and tapping an electronic drum. Especially, this
finger can tap the drum at a high frequency (13 Hz), exceeding the tapping
frequency that real human fingers can reach, which demonstrates its prospect
in human-computer interaction.
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1. Introduction

Ions play a key role in life activities, in-
cluding the conduction of nerve signals
and the control of muscle stretching and
contraction.[1,2] Similar to mechanism of
the human muscle deformation, ionic elec-
trochemical actuators can produce mechan-
ical deformation through the ion migration
under the electrical field,[3] which has at-
tracted great research interest from scien-
tists and engineers. The ionic electrochemi-
cal actuator has a trilayer structure in which
a polymer electrolyte layer containing mo-
bile ions is sandwiched between electrode
layers on both sides. Under the stimula-
tion of the applied voltage, the ionic actu-
ator generates macroscopic bending defor-
mation due to the asymmetric volume ex-
pansion between the electrodes caused by
the ion migration and accumulation, re-
alizing the conversion from electrical en-
ergy to mechanical energy.[4] The whole ac-
tuator structure is similar to the electro-
chemical supercapacitor, except that the su-
percapacitor can’t deform. Compared with
various types of soft actuators, the ionic
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electrochemical actuator has several advantages including low
working voltage, charged surface, lightweight, easy tailoring, and
facile processability.[5] Therefore, they are expected to be applied
in artificial muscles, biomimetic soft robots, virtual reality, and
human-computer interaction systems for manipulating smart
touch-screen devices such as smartphones and tablets.[6–9]

In order to meet the practical application requirement of the
ionic actuators, the key is to realize the mechanical output with
large deformation, fast response, and high stability in air. As the
actuation mechanism of ionic actuators is based on intercala-
tion/deintercalation of mobile ions inside the electrodes, improv-
ing the ion migration and storage capacity of the electrodes plays
important roles in the development of high-performance ionic
actuators, which calls for electrode materials with high proper-
ties and optimized microstructures. At present, researchers have
carried out a series of research progress in material selection and
electrode structural design for ionic actuators. First, carbon nano-
materials such as carbon nanotubes (CNTs) and graphene with
good conductivity and large specific surface area are widely used
as electrode materials to prepare ionic actuators,[10–12] and mi-
crostructural electrodes such as vertical-aligned electrodes[13,14]

or three-dimensional (3D) porous network electrodes[15,16] are de-
signed to improve the deformation displacement, response time,
and cycling stability of the actuators. The doping of elements
with electroactivity (e.g., nitrogen, boron, sulfur, phosphorus)
in the electrode materials is regarded as another efficient way
to improve the actuation performance.[17] These incorporated
chemical elements provide more electrochemical active sites for
electrochemical redox reactions, thus improving the capacitance
and actuation performance of the actuator.[18] For example, Oh
et al. prepared an ionic actuator with a 3D nanostructure elec-
trode composed of graphitic carbon nitride and nitrogen-doped
graphene, which can reach a large bending strain of 0.52%.[19]

In addition, some new types of nanostructured hybrid mate-
rials, such as black phosphorus,[20] MoS2,[21] MoS2-graphene
hybrid,[22] graphdiyne,[23] carbon/MOF (covalent-organic frame-
work) hybrid,[24] are also explored as the electrode materials for
the high-performance ionic actuators. These research results in-
dicate that new electrode materials and structure designs are
feasible to improve the performance of ionic actuators. How-
ever, the current application performance of the ionic actuators is
limited, especially in biomimetic robotics and human-computer
interaction. For example, it can only be used to perform sim-
ple fixed-point touch on smartphones.[6,22] Realizing dexterous
biomimetic robotic touch operations (e.g., continuous, multi-
point, and high-frequency touch) that are similar to or even sur-
pass the touch operation of the real human fingers is still a chal-
lenge. Therefore, developing new types of electrode materials and
structures to further improve the performance of ionic actuators
is highly desirable.

The emergence of MXene has brought a new strategy for
the development of ionic electrochemical actuators. Ti3C2Tx MX-
ene is a new type of two-dimensional (2D) transition metal car-
bides and nitrides.[25,26] It has remarkable chemical and physi-
cal properties including fast charge storage capacity, high me-
chanical strength, excellent electrical conductivity,[27,28] abundant
surface active groups (─OH, ─F or ─O), and electrochemical
activity,[29] which is promising in energy storage and conver-
sion fields. More importantly, as a 2D layered structured ma-

terial, MXene has larger interlayer spacing (≈1.31 nm) than
graphite (0.34 nm) and 1T MoS2 (0.62 nm),[30] which makes it
more prone to ion intercalation/deintercalation and rapid diffu-
sion. Therefore, MXene is considered a promising candidate for
ionic electrochemical actuators.[31] So far, there has been some
pioneering research work on MXene-based ionic electrochemi-
cal actuators. Gao et al. fabricated an electrochemical actuator
by using MXene (Ti3C2Tx) as electrode materials and gel elec-
trolyte (PVA─H2SO4). The actuator produced bending deforma-
tion with strain up to 0.26% with excellent retention after 10 000
cycles.[32] Oh et al. reported an ionic actuator by assembling
Ti3C2Tx with conductive polymer as an electrode, which exhibits
a high bending strain of 1.37%.[33] However, due to the existing
aggregation and restacking of MXene nanosheets caused by the
van der Waals interaction and hydrogen bonding,[34,35] the ac-
cessibility to the electrolyte ions is reduced, and the diffusion
and storage of ions in MXene layers are greatly affected, leading
to an unsatisfactory electrochemical utilization ration.[36,37] The
preparation of MXene hybrid electrode by combing additive ma-
terials such as polystyrene microspheres,[38] PEDOT:PSS and Ag
nanowires,[7] methylcellulose,[39] and metal-organic framework
(MOF),[40] with MXene nanosheets is regarded as an effective
way to avoid this iusse. But up to now, the excellent performance
of these MXene hybrid electrode-based electrochemical actuators
and their applications in dexterous biomimetic touch manipu-
lation in human-computer interaction have not been achieved,
which may be influenced by the properties of the additive ma-
terials and their interaction with MXene nanosheets. Therefore,
it remains crucial to design more suitable materials to adjust
the interlayer structure of MXene nanosheets and improve their
electrode properties, thereby enhancing the actuation perfor-
mance of MXene-based ionic actuators as well as promoting their
applications.

In this work, MXene/CNT heterostructure composites with
adjustable interlayer spacing are fabricated and used as electrode
materials for the construction of high-performance ionic electro-
chemical actuators, which can be used to construct artificial fin-
gers for human-computer interaction. In this one-dimensional
(1D)/2D heterostructure composite, carboxyl CNTs are chemi-
cally interconnected into MXene nanosheets through the ester-
ification reaction, increasing the interlayer spacing of the MX-
ene layers, alleviating restacking of MXene nanosheets, improv-
ing the mechanical stability, and enhancing the specific surface
area and pore size distributions. Therefore, the MXene/CNT het-
erostructure composite can provide more ordered channels and
storage space for the ions, which is advantageous to ion migra-
tion and storage as well as electrochemical actuation. By utilizing
the MXene/CNT as the electrode with polymer and ionic liquid
as a polyelectrolyte interlayer, an MXene/CNT electrode-based
ionic actuator is fabricated. This MXene/CNT actuator can gen-
erate high-performance deformation under a 2.5 V voltage stim-
ulation in air, including a large peak-to-peak bending displace-
ment (24 mm) and strain (1.54%), a wide frequency response
(0.1–15 Hz), high power density (18.44 kW m−3) and energy den-
sity (7.04 kJ m−3), and excellent cycle stability (10 000 cycles). It
can also move a clip with a weight of 500 mg under electrical volt-
age stimulation, which is 15 times its own weight. Furthermore,
by connecting the MXene/CNT actuator to a solar cell, bend-
ing deformation under light illumination can be also realized.
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Figure 1. Fabrication and characterization of MXene/CNT heterostructure electrode. a) Schematic diagram of the microstructure of MXene/CNT elec-
trode and atomic bond structure between MXene and carboxyl CNT. b–d) TEM images of MXene/CNT at low, middle, and high magnifications, respec-
tively. e,f) Cross-sectional SEM images of MXene/CNT film at low and high magnifications, respectively. g) XRD patterns of the MXene and MXene/CNT
with different MXene to CNT weight ratios. The inset shows the magnified XRD pattern.

Owing to the remarkable actuation performance, the actuator can
be applied to the human-computer interaction field. The artificial
fingers constructed from the MXene/CNT actuators can mimic
human fingers to press phone numbers and make a call on a
smartphone, and achieve variable-frequency synergistic sequen-
tial tapping on an electronic drum. In particular, the artificial fin-
ger can play the electronic drum with a frequency of up to 13 Hz,
which exceeds the normal tapping frequency that the human fin-
gers can reach. Besides, other biomimetic applications of the MX-
ene/CNT actuator are also demonstrated, such as a soft mechan-
ical claw that grasps an object, a biomimetic dragonfly flapping
its wings, and artificial leaves that open under light. These results
not only reveal the importance of electrode microstructure in the
design of ionic actuators, but also indicate the fascinating applica-
tion prospects of ionic actuators in human-computer interaction
and biomimetic robotics.

2. Results and Discussion

2.1. Preparation and Structural Characterization

Figure 1a shows a schematic diagram of adjusting the interlayer
spacing of the layered Ti3C2Tx MXene nanosheets by the embed-
ding of CNTs. The Ti3C2Tx MXene was fabricated by the clay
method. A Tyndall scattering effect can be seen in the colloid
solution of exfoliated MXene nanosheets (Figure S1, Support-

ing Information), indicating their good dispersion. The carboxyl
CNTs are chosen as the nanofillers because the carboxyl groups
on the surface of CNTs and the hydroxyl groups on the surface
of MXene can esterify to form ester groups, rather than simple
physical mixing.[41] When the 1D CNTs are added into the 2D
MXene solution, they are chemically interconnected on the MX-
ene nanosheets through the esterification to form the chemical
bridged MXene/CNT heterostructure. Therefore, the interlayer
spacing of the MXene/CNT layered film is enlarged. Figure 1b,c
gives transmission electron microscopy (TEM) images of the MX-
ene/CNT at different magnifications, respectively, which clearly
shows the heterostructure and the homogeneous embedding of
CNTs on MXene nanosheets. The high-resolution TEM image
of MXene/CNT (Figure 1d) also shows the interlinkage of CNTs
in MXene nanosheets. The crystal lattice fringe with a spacing
of 0.27 nm corresponds to the (100) lattice plane of MXene,
while the lattice line with a spacing of 0.33 nm corresponds to
the (002) plane of CNT. The cross-sectional SEM images of MX-
ene/CNT film are shown in Figure 1e–f. It can be clearly seen that
CNTs are embedded into the MXene nanosheets to form a well-
connected 2D/1D layered structure compared to the pure MXene
film (Figure S2, Supporting Information). It should be noted that
embedding CNTs into the MXene layers can reduce the restack-
ing of MXene nanosheets, improve the conductivity, and en-
hance the mechanical stability of the MXene layers. Meanwhile,
the well-connected hierarchical heterostructure facilitates ion
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diffusion and accumulation. The main elements of MXene (Ti,
C, O, and F) are also found to be evenly distributed on the section
of the MXene/CNT film (Figure S3, Supporting Information), re-
vealing the uniformity of the heterostructure. Figure S4 (Support-
ing Information) shows the Raman spectra of the MXene and
MXene/CNT. The Raman peak at 202 cm−1 mainly corresponds
to the out-of-plane stretching vibrations of Ti, C, and O atoms.
The region 230–470 cm−1 represents in-plane vibrations of sur-
face groups attached to titanium atoms, and the region between
580 and 730 cm−1 is assigned mostly to carbon vibrations.[42,43]

The appeared peaks at 1355 and 1590 cm−1 in MXene/CNT are
from the D and G bands of CNTs, confirming the existence of
CNTs in heterostructures film.

In order to investigate the adjustment effect of intercalated
CNT on the interlayer spacing of MXene film, the X-ray diffrac-
tion (XRD) patterns of MXene/CNT films with different MXene
to CNT weight ratios are measured, as shown in Figure 1g. It
can be seen that the characteristic diffraction peak correspond-
ing to the (002) crystal plane of MXene in the pure MXene film
is located at 6.8°. With the increase of the CNTs doping, the (002)
diffraction peak in MXene/CNT film is correspondingly shifted
to the left compared with the pure MXene film, indicating that
the interlayer spacing of the stacked MXene nanosheets increases
through the intercalation of CNTs. By adjusting the weight ra-
tio of MXene to CNTs, the interlayer spacing of the MXene/CNT
film can be controlled. By calculation, the interlayer spacing of
pure MXene without CNT doping is ≈1.31 nm. When the MXene
to CNT ratio increases to 1:2, the interlayer spacing of the MX-
ene/CNT film increases to 1.42 nm, and the maximum adjusting
interlayer spacing is 1.1Å (the inset of Figure 1g). Therefore, by
controlling the chemical doping ratio of CNTs, the adjustment of
the interlayer spacing of MXene films can be realized. Moreover,
to confirm the esterification reaction between MXene and CNT,
Fourier transform infrared (FTIR) spectra of the MXene, CNT,
and MXene/CNT are measured, as shown in Figure S5 (Support-
ing Information). The typical characteristic peaks of MXene at
≈3456, 1637, and 544 cm−1 are the stretching vibration of ─OH,
C═O, and Ti─O, respectively.[44] For CNT, the bands at 1637 cm−1

and 1105 cm−1 are due to the carbonyl group (C═O), and C─O
bond stretching of carboxylic acid groups, respectively.[45] It can
be seen that the intensity of the hydroxyl is decreased in the MX-
ene/CNT, which may be due to the transformation of the ─OH to
─COO bonds via the esterification reaction.[46] The most distinc-
tive feature in the FTIR spectra of MXene/CNT are the bands at
1647, 1162, and 1110 cm−1, which derive from the ester-bonded
carbonyl group and the ester bond.[44,45,47] Therefore, the FTIR
characterization indicates the covalent surface modification of
MXene with CNT─COOH via the formation of the ester bond.

The mechanical property of MXene/CNTs film is also studied,
as shown in Figure S6 (Supporting Information). It can be ob-
served that the tensile strength and elongation at break values
(32 MPa, 2.6%) of the MXene/CNT film are both enhanced com-
pared with the MXene film without CNT doping (25 MPa, 0.4%),
indicating the mechanical stability of CNT embedded in MXene
and its advantage in the large deformation of the actuators. The
conductivity of the MXene/CNT film is also measured (Figure
S7, Supporting Information). Compared with pure MXene film
(1070 S cm−1), the MXene/CNT film exhibits a decreased elec-
trical conductivity of 724 S cm−1, due to the relatively low con-

ductivity of the CNT. In addition, the pore size distribution of
MXene and MXene/CNT films is also shown in Figure S8 (Sup-
porting Information). Apparently, in comparison with the pure
MXene film, micropores appear in MXene/CNT film, and the
pore size distribution of MXene/CNT film becomes much more
abundant. N2 adsorption/desorption isotherms (Figure S9, Sup-
porting Information) further shows that MXene/CNT film pos-
sesses a larger specific surface area (166.53 m2g−1) than that of
the pure MXene film (35.19 m2g−1), permitting more accessible
ions in the electrode. The well-interconnected porous structured
MXene/CNT film with more abundant micro and mesopores and
larger specific surface area is highly beneficial to the improve-
ment of ion storage and fast diffusion in the electrodes, which
promotes to enhance the response speed and volume change of
the ionic actuators.

2.2. Electrochemical Characterization

To evaluate the energy-storage value of the MXene/CNT, a flex-
ible ionic actuator is constructed by laminating two pieces of
MXene/CNT heterostructure composite films with a solid elec-
trolyte layer containing thermoplastic polyurethane (TPU) inte-
grated with ionic liquid (EMIBF4), which is schematically shown
in Figure 2a. The cross-sectional SEM image of this MXene/CNT
actuator (inset of Figure 2a) clearly shows the three-layer sand-
wiched structure of the actuator. A strong interlayer adhesion
between the MXene/CNT electrode and the polyelectrolyte layer
is also observed, which is favorable for ion diffusion and defor-
mation stability. Furthermore, as the MXene/CNT actuators are
prepared by hot pressing, the oxidation of MXene in the MX-
ene/CNT electrode before and after hot pressing is further inves-
tigated through X-ray photoelectron spectroscopy (XPS) testing.
As shown in the Ti 2p spectra in Figure S10 (Supporting Informa-
tion), the MXene before hot pressing exhibits the characteristic
peaks located at 455.5, 456.3, 457.6, and 459.5 eV, which corre-
spond to the Ti 2p3/2 electron orbital of the Ti─C bond, Ti (II), Ti
(III) and Ti─O bond, respectively. The characteristic peak of the
binding energy above 460 eV is the corresponding peak of the
electron orbital of Ti 2p1/2. After hot pressing, the strength of the
Ti─C bond in MXene decreases, while the strength of the Ti–O
bond increases (Table S1, Supporting Information). These results
indicate the surface functional groups of MXene are changed and
the direct covalent interaction between Ti and C is reduced. It
is worth noting that although hot pressing causes a certain de-
gree of oxidation, the oxidation of the MXene is maintained as
a mild surface phenomenon.[48,49] This is because the esterifica-
tion and hydrogen bonding between the oxygen-containing func-
tional groups on the surface of CNT and MXene partially limit the
oxidation of Ti. Therefore, hot pressing treatment may not cause
severe oxidation on the surface of MXene,[48] and will not have a
significant impact on its actuation performance.

In order to study the ion kinetic diffusion and storage
in the MXene/CNT actuators, the electrochemical impedance
spectroscopy (EIS) measurement is performed, as shown in
Figure 2b. Here the weight ratio of Mxene to CNT is 1:1. It can
be seen that the Nyquist plots include a depressed semicircle in
the high-frequency region, a Warburg diffusion in the medium-
frequency region, and an intercalation capacitance in the
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Figure 2. Assembly and electrochemical performance of the MXene/CNT actuator. a) Schematic diagram of the fabrication process of the MXene/CNT
actuator. The inset shows a cross-sectional SEM image of the actuator. b) Nyquist plots of the actuators. The inset is the depressed semicircle of Nyquist
plots. c) CV curves of the MXene and MXene/CNT actuators at a scan rate of 100 mV s−1. d) Galvanostatic charge/discharge curves of the MXene and
MXene/CNT actuators at a current density of 1 A g−1. e) The calculated specific capacitance performance of the MXene/CNT and MXene actuators
under different scan rates.

low-frequency region.[20] The equivalent circuit model is also
shown in Figure S11 (Supporting Information). It includes the
following parameter values: R0 represents the inner resistance
of the actuator; Q1/R1 is the contact impedance, reflecting the
electron conduction from the metal electrode to the actuator elec-
trode; Zw is the diffusion impedance, indicating the ion diffusion
ability in the actuator; C1 is the intercalation capacitance, indicat-
ing that the ion accumulates in electrode interfaces. Compared
with the pure MXene-based actuator, the MXene/CNT actuator
shows better electrical contact, ion diffusion capability, and en-
ergy storage capability, which is beneficial for the electrochemical
actuation.

The cyclic voltammogram (CV) curves of the MXene/CNT ac-
tuators are also performed to estimate the electrochemical per-
formance. In this test, all measurements were carried out in
TPU/EMIBF4 polyelectrolyte under the applied voltage from –
2.5 V to + 2.5 V and a scanning rate of 10 to 1000 mV s−1. As
shown in Figure 2c, the MXene/CNT actuator (weight ratio of 1:1)
shows a significant improvement in the CV curve area compared

with the MXene actuator, indicating an increase in the electro-
chemical energy storage. The redox peaks in the CV curve may
arise from a Faradaic process in MXene, which can act as active
sites to enhance charge storage through pseudo-capacitance.[36,50]

In addition, the galvanostatic charge–discharge test (Figure 2d)
is measured at a current density of 1A g-1 to further evaluate
the energy storage performance of the actuators. Here the MX-
ene/CNT actuators with different weight ratios of MXene to CNT
are also employed in the test. Compared to the actuators with dif-
ferent weight ratios, the MXene/CNT actuator with a weight ratio
of 1:1 shows the highest charge/discharge capability with a sym-
metrical triangular shape, which indicates good reversibility and
coulombic efficiency.

The specific capacitance of the MXene/CNT actuators with dif-
ferent weight ratios is also calculated, as shown in Figure 2e.
MXene/CNT-based actuator with a 1:1 weight ratio has a spe-
cific capacitance of 151.5 F g−1 which is larger than that of the
pure MXene actuator (54.03 F g−1) and the MXene/CNT actua-
tors with other weight ratio at a scan rate of 10 mV s−1. When
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Figure 3. Actuation performance of the MXene/CNT actuators. a) Schematic diagram of the actuation mechanism of the MXene/CNT actuator.
b) Optical images of the reversible bending deformation of the MXene/CNT actuator under ±2.5 V 0.1 Hz voltage. c) Bending deformation displacement
of the actuators under ±2.5 V 0.1 Hz voltage. d) Actuation displacements of the MXene/CNT actuator with different voltage frequencies. e) Peak-to-peak
displacement and strain of the MXene/CNT actuator under ±2.5 V voltage with different frequencies. The inset shows an optical image of the actuator
under 2.5 V voltage for 15s. f) Peak-to-peak displacement of the actuator under 0.1 Hz voltage with different amplitude. The inset shows the peak-to-peak
displacement of the actuator under voltage with different MXene to CNT weight ratios. g) Cyclic actuation stability of the MXene/CNT actuator. The inset
shows the detailed displacement during actuation cycles. h) Comparison of the deformation strain of the MXene/CNT actuator with other reported ionic
electrochemical actuators at different frequencies.

the scat rate increases from 10 to 1000 mV s−1, the MXene/CNT
actuator with 1:1 ratio also exhibits a larger specific capacitance
value than the actuators with another weight ratio, which mainly
is attributed to the porous layered heterostructure with adjusted
interlayer spacing, high electrical conductivity and electrochem-
ical activity that provide accessible ionic pathways for the fast
ion transport and storage. However, when the weight ratio of
MXene to CNT increases to 1:2 in the electrode, the specific ca-
pacitance of the MXene/CNT actuator is reduced. As we know,
MXene has good electrical and electrochemical properties. The
embedment of CNTs in MXene layers also leads to the increase
of the interlayer spacing and specific surface area. However,
once the amount of CNTs embedded in MXene is too much, it
would impair the 2D layered network structure formed by MX-
ene and CNT as well as the good capacitance characteristics of
the MXene, leading to the decrease of the whole electrochemical
performance.

2.3. Electrochemical Actuation

The excellent electrochemical performance of the MXene/CNT
actuator enables it to excel in ionic electrochemical actuators.
Figure 3a shows the schematic diagram of the actuation mech-
anism of the MXene/CNT actuator. When an electrical volt-
age is applied to the actuator, the movable anion and cation in
the polymer electrolyte layer move to the opposite electrodes
on both sides through the electrode/electrolyte interface driven
by the electric field, resulting in the volume change of the
electrodes. Due to the diameter difference between the cation
EMI+ (0.606 nm) and anion BF4

− (0.454 nm), the cathode ex-
pands, and the anode contracts, leading to the bending defor-
mation of the whole actuator toward the anode side. The in-
set of Figure 3a also provides the difference between the mo-
bile ions that enter the MXene electrode and the MXene/CNT
electrode after applying electrical voltage. Compared with the
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MXene actuator, the MXene/CNT actuator has better electro-
chemical actuation performance, which is mainly attributed to
the following aspects. First, as a 1D nanostructured material,
CNT can be uniformly inserted between the 2D MXene layers.
The CNT embedment enlarges the interlayer spacing of MX-
ene layers and alleviates the restacking of MXene nanosheets,
which can increase the specific surface area, improve the ion
storage capacity of the electrode layer, and increase the defor-
mation displacement of the actuator. Second, the enlarged inter-
layer spacing also enhances the ion channels, which would ac-
celerate the ion migration rate and shorten the response time
of the actuator. In addition, compared with the MXene actua-
tor with poor flexibility and weak adhesion between the MXene
electrode and electrolyte layer that leads to flaking and delami-
nation of electrode material (Figure S12a, Supporting Informa-
tion), the flexibility, adhesion between layers, and mechanical
durability of the MXene/CNT actuator are significantly improved
after the good interconnection of CNTs inside the layered MXene
nanosheets. As shown in Figure S12b (Supporting Information),
no flaking of the electrode or delamination is observed in the
MXene/CNT actuator, which facilitates the large actuation perfor-
mance. Figure 3b shows the optical images of the electrochemical
actuation of the MXene/CNT actuator. Here, if not mentioned,
the following weight ratio of MXene to CNT in the MXene/CNT
actuators is all 1:1. After applying electrical voltage in different
directions (±2.5 V, 0.1 Hz), the actuator bends in the correspond-
ing different directions. A video of the electrochemical actuation
of the MXene/CNT actuator under 0.1 Hz 2.5 V voltage is also
provided in Movie S1 (Supporting Information).

The generated detailed displacement of the MXene/CNT actu-
ators under 0.1 Hz square wave voltage (±2.5 V) is also shown
in Figure 3c. The displacement of the MXene actuator under the
same voltage is also provided for comparison. It is clearly seen
that the MXene/CNT actuator exhibits large bending deforma-
tion with a peak-to-peak displacement of 24 mm which is ≈3
times higher than that of the MXene actuator. By calculation,
this peak-to-peak deformation strain of the MXene/CNT actua-
tor under ±2.5 V, 0.1 Hz can reach up to 1.54%, which is larger
than the peak-to-peak strain of the MXene actuator. This is at-
tributed to the fact that by constructing MXene/CNT heterostruc-
tured electrodes with adjustable interlayer spacing, there will be
more charge storage and ion channels in the electrode, which
can produce larger deformation. In comparison, the bending dis-
placement of the MXene actuator is relatively small, which is
mainly due to the restacking of MXene nanosheets for limiting
the ion intercalation and the poor mechanical flexibility of the
MXene electrode. By changing the frequency of the applied volt-
age, the displacement of the actuator can be further controlled.
Figure 3d shows the displacement of the MXene/CNT actuator
under ±2.5 V voltage with different frequencies. With the in-
crease of the voltage frequency, the bending displacement de-
creases accordingly. Under the 15 Hz voltage stimulation, the ac-
tuator still produces a corresponding mechanical response with
the same frequency, while the pure MXene actuator almost loses
the frequency response at 15 Hz. The detailed peak-to-peak dis-
placement and strain of the MXene/CNT actuator under differ-
ent frequencies (0.1–15 Hz) are also provided in Figure 3e. The
displacement decreases with the increase of voltage frequency,
which is mainly due to the fact that ions need a certain response

time to migrate under electric field stimulation. At higher volt-
age frequencies, the ions far from the electrode layer do not have
enough time to migrate into the electrode layer in time to pro-
duce effective bending deformation. When the voltage frequency
is <0.1 Hz, the actuator can produce larger bending deformation.
The inset image in Figure 3e shows the deformation of the MX-
ene/CNT actuator under the continuous 2.5 V voltage stimula-
tion for 15 s. With the increase of the stimulation time, the actua-
tor continues to bend upward. The relationship between the gen-
erated displacement of the MXene/CNT actuator and its driving
voltage is also studied (Figure 3f). With the increase of voltage,
the deformation displacement increases correspondingly. In ad-
dition, the bending displacement varies with the doping amount
of CNT in the MXene/CNT electrode (the inset of Figure 3f). Af-
ter applying 2.5 V voltage for 5 s, the MXene/CNT actuator with
a 1:1 weight ratio of MXene to CNT shows the optimal displace-
ment. This is consistent with its excellent electrochemical per-
formance. Furthermore, the unidirectional deformation displace-
ment of MXene/CNT actuators with different weight ratios un-
der 0.1 Hz 2.5 V voltage is also provided in Figure S13 (Support-
ing Information). The MXene/CNT actuator with a weight ratio
of 1:1 shows the highest deformation displacement. The long-
term operation stability of this actuator under continuous square
wave electrical voltage stimulation is also evaluated, as shown in
Figure 3g. After ≈10 000 cycles of continuous deformation, the
MXene/CNT actuator still exhibits good cyclic stability. The slight
displacement degradation may be due to a small amount of evap-
oration of ionic liquid in the air, as well as the fact that some of
the ions remaining in the electrode layer during repeated cycling
do not return to the middle layer in time, which results in the
reduction of the total amount of the mobile ions.[20]

Besides the excellent deformation performance, the actuator
also exhibits excellent mechanical output force. It can move a
clip with a weight of 500 mg (15 times its own weight) under
2.5 V voltage stimulation (Figure S14 and Movie S2, Supporting
Information). The detailed blocking force output under different
electrical voltages is also shown in Figure S15 (Supporting Infor-
mation). The actuator can generate ≈5 mN force output under
2.5 V voltage, which is larger than that of the reported nanocarbon
or MXene electrode-based ionic actuators.[7,15,17,18,32,51] We also
compare the actuation performance of the MXene/CNT actua-
tor with other electrode material-based ionic actuators at differ-
ent frequencies, as shown in Figure 3h[10,15,23,52–54] and Table S2
(Supporting Information). The MXene/CNT actuator produces a
peak-to-peak deformation strain of 1.54% at 0.1 Hz 2.5 V voltage.
When the frequency increases to 1 Hz, it still maintains a good
strain of 0.52%. In comparison with the ionic electrochemical
actuators based on other electrode materials, the MXene/CNT-
based actuator shows excellent deformation performance.

2.4. Biomimetic Applications

Due to the ion migration mechanism similar to supercapacitors,
the ionic actuators have charged ions on their surface, which
can mimic the human fingers to touch capacitive screens on
smart devices such as smartphones and tablets. By utilizing the
large deformation, variable frequency, and high stability of this
MXene/CNT actuator, it is expected to achieve human-computer
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Figure 4. An artificial finger based on the MXene/CNT actuator mimics the human finger to press numbers on a smartphone to dial a call (a–e) and
hang up the call (g) under the electrical stimulation. The inset image of (a) is the human finger’s pressing number for comparison.

interaction touch manipulation similar to or even beyond human
fingers on smart devices. As shown in Figure 4 and Movie S3
(Supporting Information), the MXene/CNT actuator can act as an
artificial finger that mimics the human finger (inset in Figure 4a)
to press the phone numbers on the smartphone to make a call un-
der the electrical voltage stimulation (1 Hz 2.5 V). Moreover, an
electronic drum APP is used to further show the touching manip-
ulation of the actuator on the smartphone. As given in Figure 5a,
the MXene/CNT actuator can serve as the artificial finger to per-
form flexible tapping with variable frequency on the drum APP
in the smartphone, and its tapping frequency can be changed
by controlling the frequency of the driven voltage. Figure 5b,c
(Movies S4 and S5, Supporting Information) give the optical im-
ages of the actuator tapping the drum APP in a smartphone un-
der 2.5 V voltage stimulation at 1 and 10 Hz, respectively. It can be
seen that the vibration frequency produced by tapping the drum
is consistent with the frequency of the applied driving voltage.
Furthermore, the artificial finger based on this actuator is de-
signed to achieve high-frequency tapping of up to 13 Hz on the
drum (Figure 5d; Movie S6, Supporting Information). This fre-
quency can even exceed the normal tapping frequency of the hu-
man finger (7.5 Hz) on a smartphone (Figure 5e; Movie S7, Sup-
porting Information). Besides the single-finger manipulation, we
also use two artificial fingers to achieve synergistic sequential tap-
ping on the drum App (Figure 5f; Movie S8, Supporting Informa-
tion). This indicates that the MXene/CNT actuators can be de-
signed to perform more complex coordinated human-computer
interaction touch manipulation tasks on smart touchscreen
devices.

Moreover, the other biomimetic applications of this MX-
ene/CNT actuator are also explored. First, because the actua-
tor has excellent mechanical output, it can be assembled into

a flexible artificial claw for manipulating objects. As shown in
Figure 6a and the Movie S9 (Supporting Information), upon
2.5 V electrical voltage stimulation, the artificial claw made
of four pieces of actuators can grasp, move, and put down
an object (150 mg) whose weight is 6 times more than its
own weight within 6 s. In addition, taking advantage of the
large deformation and easy cutting features of the actuator, a
biomimetic dragonfly-like robot is prepared by cutting the ac-
tuators into the shape of the dragonfly wings. After applying
2.5 V electrical voltage, the robot can simulate the wings flap-
ping movement of the dragonfly (Figure 6b; Movie S10, Sup-
porting Information). The MXene/CNT actuator can be also
driven by light irradiation once combined with solar cells. As
shown in Figure 6c, the actuator is connected to a solar panel.
The actuator remains unchanged without light irradiation. Once
exposed to light irradiation, it produces a bending deforma-
tion. When further cutting the actuators into leaf shapes, the
opening and closing behaviors of the artificial leaves with or
without light are realized (Figure 6d; Movie S10, Supporting
Information).

3. Conclusion

We have developed an electrochemical ionic actuator based
on MXene/CNT heterostructure electrodes with large deforma-
tion, wide frequency response, and high actuation stability, and
achieved its human-computer interaction applications. This het-
erostructure electrode utilizes the excellent conductivity and 2D
layered structure of MXene nanosheets, as well as the doping
of 1D CNT for adjusting the interlayer spacing of MXene lay-
ers. The increase in interlayer spacing in layered MXene film
is beneficial for ion migration and storage. Meanwhile, the
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Figure 5. MXene/CNT actuators as soft artificial fingers to play drums on a smartphone with tunable frequency. a). Schematic diagram of the drum
beating by a human finger and an artificial finger at low and high tapping speeds. b,c) Optical images showing the MXene/CNT actuator put above the
smartphone to tap the drum at different frequencies of 1 and 10 Hz. d) An artificial finger based on the MXene/CNT actuator for tapping the drum with
a frequency of 13 Hz. e) A human finger-tapping the drum on the smartphone with a frequency of ≈7.5 Hz for comparison. f) Two artificial fingers based
on MXene/CNT actuators are driven by 1 Hz 2.5 V voltage to tap different drums in turn on the smartphone.

addition of CNT also improves the mechanical stability of MXene
electrodes. Therefore, MXene/CNT electrode greatly promotes
the deformation behavior caused by electrical field-driven ion mi-
gration. Under 2.5 V voltage stimulation, the actuator using this
MXene/CNT heterostructures as electrodes shows low electrical
voltage driven high actuation performance, including large peak-
to-peak bending deformation (displacement of 24 mm, strain of
1.54%), controllable wide frequency response (0.1–15 Hz), high

power density (18.44 kW m−3) and energy density (7.04 kJ m−3),
as well as excellent cycling stability (10 000 cycles). It can also
move a clip with a weight of 500 mg (15 times its own weight) un-
der 2.5 V voltage stimulation. Besides, after connecting to a solar
panel, the MXene/CNT actuator can even bend under light illu-
mination. Based on its excellent deformation performance, this
actuator can be applied as an artificial finger in human-computer
interaction, for pressing the phone number to make a call on a

Adv. Funct. Mater. 2024, 34, 2408496 © 2024 Wiley-VCH GmbH2408496 (9 of 11)
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Figure 6. Biomimetic applications of the MXene/CNT actuators. a) An artificial claw based on the actuators for grasping objects under electrical voltage
stimulation. b) A biomimetic dragonfly mimics the wing flapping movement. c) The actuator is connected to a solar panel to realize bending deformation
light irradiation. d) Artificial leaves based on the actuators to open and close under light irradiation.

smartphone, and for tapping on a drum APP at a high speed of
13 Hz, which is even higher than the tapping frequency that a
normal person can reach. We also explored other biomimetic ap-
plications of the actuator, including flexible artificial claws that
can grasp objects that are 6 times their own weight, biomimetic
dragonfly that flaps their wings, and artificial leaves that open
under light. These results reveal the importance of 2D/1D het-
erostructure electrodes in ionic actuators and provide the foun-
dation for their practical applications in the fields of human-
computer interaction and biomimetic robots.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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