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Abstract: Electrochemical actuators are devices that convert electrical energy into mechanical 

energy via electrochemical processes. They are used in soft robotics, artificial muscles, micro-

pumps, sensors and other fields. The design of flexible and stable electrode materials remains a 

major challenge. MXenes, an emerging family of 2D materials, have found applications in energy 

storage. Here, we report an actuator device using MXene (Ti3C2Tx) as a flexible electrode material. 

The electrode in 1 M H2SO4 electrolyte exhibits a curvature’s change up to 0.083 mm-1 and strain 

of 0.29%. Meanwhile, the MXene-based actuator with a symmetric configuration separated by gel 

electrolyte (PVA-H2SO4) has curvature and strain changes up to 0.038 mm-1 and 0.26% with 

excellent retention after 10,000 cycles. In-situ X-ray diffraction analysis demonstrates that the 

actuation mechanism is due to the expansion and shrinkage of the interlayer spacing of MXenes. 

This research shows promise of this new family of materials for electrochemical actuators.  
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Actuators are devices that convert electrical energy into mechanical energy under external 

stimuli (e.g., heat, light, temperature, pH, electrochemical, etc.).1-2 Their applications include 

artificial muscles, converters, soft robotics, nano- and micro-electromechanical systems, bionics, 

and switches.3-5 Ionic electroactive polymers have received extensive attention in the field of 

actuation devices due to their advantages such as large displacement and deformation under low 

voltage (<5 V).6-8 Ionic electroactive polymer actuation materials include polymer gels, conductive 

polymers and ionic polymer metal composites (IPMC).9-10 When using polymer gel and conductive 

polymer, it is difficult to realize the transition from material to device because of the limited ion 

diffusion rate leading to slow actuation. IPMC electrochemical actuators, have become a research 

focus due to light weight, fast response rate and large displacement under low voltage.11-12 In 1999, 

Baughman et al. reported the first carbon nanotube (CNTs) actuators driven by quantum stretching 

effects in aqueous electrolytes.1 Since then, CNTs have been extensively studied because of their 

large specific surface area, light weight, high conductivity and good mechanical properties, and 

have been proposed for artificial muscles, MEMS, and other applications.3, 13-15 In recent years, 

numerous other materials have been investigated as electrodes for actuators, including graphene,16 

graphdiyne17 and 2D MoS2,
18 but achieving a combination of properties required for fast actuation 

at low working voltage (1 V), such as high electronic and ionic conductivity, high stability, and 

mechanical strength combined with flexibility remains a major challenge.  

In 2011, a large family of two-dimensional transition metal carbides and nitrides called MXenes 

was discovered at Drexel University.19-20 MXenes, in particular Ti3C2Tx, exhibit fast charge 

storage ability, excellent electronic/ionic conductivity and high mechanical strength.21-22 Ti3C2Tx 

is under extensive investigation in various research areas, including energy storage and 

conversion.23-28 Ti3C2Tx exhibited excellent performance as an electrode for supercapacitors at 
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extremely high rates, with the ability to be charged in milliseconds in sulfuric acid (H2SO4).
29 

Recently, in-situ X-ray diffraction (XRD) demonstrated an expansion and shrinkage of the lattice 

of Ti3C2Tx during cycling in H2SO4, which should lead to the actuation phenomenon.30 The 

actuation of Ti3C2Tx upon Na+, Li+, K+ and Mg2+ intercalation was studied by atomic force 

microscopy in the direction normal to the electrode plane.31 A bilayer-structured actuator based on 

MXene (Ti3C2Tx)-cellulose composites and polycarbonate membrane has been reported.32 

Recently, poly(3,4 ethylenedioxythiophene)-poly(styrenesulfonate) with up to 40% Ti3C2Tx 

electrode showed promising performance for kinetic soft robotics,33 yet pristine Ti3C2Tx as 

electrode for electrochemical actuators remains unexplored.  

In this work, we report that two-dimensional Ti3C2Tx MXene can be used as a flexible electrode 

material for electrochemical actuators. This paper focuses on the preparation, assembly, and 

actuation performance of Ti3C2Tx with liquid 1 M H2SO4 and polyvinyl alcohol sulfuric acid gel 

(PVA-H2SO4) electrolytes. H2SO4 was selected because it showed the largest capacity and 

substantive expansion and shrinkage phenomenon in aqueous electrolytes.15,34 PVA was used as 

the polymer matrix and mixed with sulfuric acid for solid-state actuators because PVA has a good 

solubility in water, low cost, good electrochemical stability, and PVA-MXene films can be made 

thin and flexible. The Young’s modulus values of  Ti3C2Tx film and PVA-Ti3C2Tx composite were 

reported to be 3.52 GPa and 3.7 GPa, respectively.34 Encouraging actuation performance were 

achieved, with curvature and linear strain up to 0.083 mm-1 of 0.29% in 1 M H2SO4. In-situ XRD 

study confirms that the actuation mechanism of MXenes (Ti3C2Tx) is interlayer expansion and 

shrinkage due to protons intercalation, de-intercalation and redox reaction during charge and 

discharge. Additionally, water molecules are spontaneously intercalated between layers,35 but 

there is no indication that the H2O content changes with charging/discharging MXenes. 
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The actuation of a single Ti3C2Tx MXene electrode in 1 M H2SO4 was investigated by preparing 

a conductive and electrochemically active freestanding Ti3C2Tx MXene strip (15 µm thick, 4 cm 

long, 5 mm wide). Figure 1a is a scanning electron microscopy (SEM) image of Ti3C2Tx, which 

shows the aligned layered morphology of the electrode. A 40 µm commercial Scotch tape was 

used to cover one side of the MXene strip. Then the electrode was immersed in 1 M H2SO4 and 

connected to a potentiostat in a 3-electrode configuration, as shown in Figure 1b. Cyclic 

voltammetry from -0.8 V to +0.2 V vs. Ag wire at different rates was used to induce the actuation. 

 

Figure 1. (a) Cross-sectional scanning electron microscopy image of a Ti3C2Tx electrode. (b) 

Schematic representation of the actuator setup in 1 M H2SO4 (the curvature corresponds to 2 mV/s 

rate). (c) Cyclic voltammograms, (d) curvature as a function of applied potential, and (e) difference 

in curvature and strain at different scan rates.  
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Figure 1c and S1a show the cyclic voltammograms and corresponding capacitances obtained at 

different scan rates. The cyclic voltammograms are similar to previous reports,36 with the presence 

of broad redox peaks below -0.2 V vs. Ag. The curves appear to be more resistive than previously 

reported, especially at higher scan rates, which might come from the relatively thicker and longer 

electrode and the lack of current collectors. A consequence of the higher resistance is that the 

capacitances measured, from 247 F/g at 2 mV/s to 72 F/g at 100 mV/s, are lower than the state-of-

the-art Ti3C2Tx-based supercapacitor.37 However, high conductivity of the film (~4,000 S/cm) 

allowed the use of current collector-free electrodes. Thus, no energy is wasted on bending a passive 

metal foil. 

The displacement during cyclic voltammetry was measured and the actuation performance, 

expressed in curvature and strain, was calculated (see Methods). Supplementary Video S1 and 

Figure S2 are records of the electrode deformation during cyclic voltammetry at 2 mV/s. Figure 

1d shows the curvature obtained from -0.8 V to +0.2 V vs. Ag wire at different rates. The curvature 

change is not linear with the potential and there is a small hysteresis between the charge and 

discharge. The downward curvature shift between different scan rates is due to the change of the 

scan rate, from 2 to 100 mV/s. In the -0.3 V to +0.2 V vs. Ag range, there is an almost negligible 

curvature change. In contrast, a large actuation phenomenon occurs in the range from -0.8 V to -

0.3 V vs. Ag, with a curvature change up to 0.08 mm-1. This is in agreement with the shape of the 

cyclic voltammograms and previous in-situ XRD results,30 because the actuation phenomenon is 

due to protons intercalation between Ti3C2Tx layers and =O to -OH change in the surface 

termination below -0.3 V vs. Ag, which is accompanied by lattice expansion. 

Figure 1e shows the strain and difference in curvature calculated at each scan rate. The actuation 

decreases with increasing scan rate, proportionally to the capacitance decrease. The maximum 
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strain and difference in curvature at 2 mV/s are 0.289% and 0.081 mm-1, respectively, which is 

superior to most of graphene-based actuators.16 Figure S1b shows a quasi linear relationship 

between capacitance and curvature, confirming that the actuation performance is closely related to 

the electrochemical performance of Ti3C2Tx. At 100 mV/s (20 seconds charge/discharge), 

curvature of 0.0236 mm-1 and strain of 0.128% were measured. This actuator was also tested under 

frequencies from 1 mHz to 1 Hz, as shown Figure S3a. As expected, the actuation performance 

decreases with increasing frequency. At a frequency of 1 mHz, the curvature and strain reach up 

to 0.083 mm-1 and 0.29%, but at 1 Hz, the performance decreases to 0.0043 mm-1 and 0.025%. 

The actuation of Ti3C2Tx in 1 M H2SO4 is promising, however it is unlikely that real actuator 

applications can be performed in liquid sulfuric acid electrolyte. Indeed, actuators, such as robotic 

arms, illustrated in Figure 2a, must work in air. Therefore, a prototype of a solid-state MXene-

based actuator was developed using symmetric Ti3C2Tx strip electrodes separated by PVA-H2SO4 

solid electrolyte, as illustrated in Figure 2b-c. Figure S4 shows a cross-sectional SEM image of 

the solid actuator where the sandwich configuration is identifiable. It can be seen that the solid 

electrolyte has a good adhesion to Ti3C2Tx electrodes. 
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Figure 2. Schematic illustrations of (a) MXene robotic arms, (b) the Ti3C2Tx/PVA-H2SO4/Ti3C2Tx 

actuator configuration, and (c) motion during cycling at 2 mV/s. (d) Cyclic voltammograms, (e) 

curvature, and (f) difference in curvature and strain at different scan rates.  

Figure 2d shows the cyclic voltammograms obtained in a -0.6 V to +0.6 V potential range at 

different scan rates. The curves are symmetric, as expected from a symmetric configuration. 

However, the curves become more resistive with increasing scan rate to the point that there is 

almost no capacitance above 50 mV/s. This is attributed to the ionic resistance of solid electrolyte. 

Figure S1a shows a summary of the capacitance at the different scan rates. Note that the 

gravimetric capacitance was calculated per weight of both electrodes. The highest capacitance was 

55 F/g, although it is fair to mention that contrary to supercapacitor application the actuator device 

was cycled in both positive and negative range to maximize the displacement. It is unsurprising 

that the electrochemical performance is lower than in liquid H2SO4 because PVA-H2SO4 has a 
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lower conductivity. Specifically, the ionic conductivity of the gel polymer electrolyte is about 10-

3 S/cm, whereas 1 M H2SO4 conductivity is 0.8 S/cm. It means that the migration, diffusion and 

intercalation of protons in solid electrolyte is slower and overall fewer protons can be inserted due 

to time limitation.  

Figure 2e shows the curvature response during cyclic voltammetry. Video S2 and Figure S5 

show the corresponding actuator motion. Because the charge storage and proton intercalation are 

limited by the conductivity of the electrolyte, it is logical that the corresponding curvature is 

affected. Indeed, significantly smaller actuations is observed compared to 1 M H2SO4, partially 

due to the lower conductivity and capacitance, but also because the PVA-H2SO4 solid electrolyte 

layer and the second electrode decrease the overall flexibility of the actuator. The curvature 

response with potential is symmetric, in contrast to results obtained in 1 M H2SO4, due to the 

symmetric configuration used. Figure 2f  shows difference in curvature and strain at each scan rate 

tested, and Figure S1c confirm the quasi-linear dependence between the capacitance and curvature. 

The highest curvature and strain obtained are 0.0323 mm-1 and 0.227%, which is respectively 40% 

and 78% of the performance in 1 M H2SO4, thus exceeding many previously proposed actuators 

(Table S1). Important to note that this performance was achieved at low voltage and using 

inexpensive electrolyte that is not air sensitive and does not require special sealing, unlike organic 

electrolytes. 

Additionally, this device was tested at various frequencies, shown in Figure S3d. The curvature 

and strain are 0.038 mm-1 and 0.26% at 1 mHz. However, the performance decreases with 

increasing frequency, until reaching zero at 0.5 Hz.  

Previous work investigating the actuation phenomenon of Ti3C2Tx upon electrochemical 

intercalation/de-intercalation of Li+, Na+, K+ or Mg2+ by atomic force microscopy31 and recently 
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in-situ XRD of Ti3C2Tx in 1 M H2SO4 demonstrated the volume change upon H+ insertion,30 which 

correlates well with the actuation observed. To further demonstrate the actuation mechanism, in-

situ XRD analysis of the Ti3C2Tx/PVA-H2SO4/Ti3C2Tx based actuator was performed. Figure S6 

shows the XRD patterns and c-lattice parameter changes of Ti3C2Tx during cyclic voltammetry. 

Overall, during cycling, the interlayer spacing shrinks/expandes by up to 0.11 Å. These results are 

in agreement with previous studies in liquid electrolyte,30 but the lattice change is smaller which 

may be due to the lower capacitance and contrain of PVA gel. This small expansion/shrinkage of 

the lattice results in a larger macroscopic expansion and shrinkage of the electrode, which is 

responsible for the actuation phenomenon.  

Another important parameter for practical application of an actuator is its cycle life. The actuator 

was subjected to 10,000 cycles through galvanostatic charge/discharge at 500 mA g-1, as seen in 

Figure 3. At first, the actuation performance increased with the cycle number, to reach a maximum 

after 1000 cycles. This self-improving phenomenon might be due to improved permeation of 

protons between MXene layers. Then, the curvature starts to decrease, which might be due to the 

either mechanical or chemical aging of electrodes. 80.4% of the initial performance remained after 

10,000 cycles. 

 

Figure 3. (a) Bending curvature change under galvanostatic charge-discharge at 500 mA g-1. (b) 

Cycling performance of the PVA-H2SO4/Ti3C2Tx actuator.  
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This MXene-based actuator can be used for application in soft robotics, for example performing 

the task illustrated in Figure 2a, as demonstrated in Video S3 (supplementary information). The 

weight carried in this experiment is 2.8 times heavier than the weight of the actuators, 

demonstrating the potential of this device. Video S4 is another example of application in which a 

single actuator carried an object 5.3 times its own weight. Many other applications can be 

envisioned, such as electrical on/off switching, tuneable lenses and other optical devices, since 

transparent and electrochromic MXene supercapacitors have been demonstrated.38 Taking into 

account that Ti3C2Tx has higher mechanical properties and electronic conductivity than solution-

processed graphene, further performance improvement is certainly expected. Since more about 30 

different MXenes are available and many more are under development,19 all having different 

colors and different mechanical and electronic properties, there is plenty of room for exploration 

of MXenes use in electrochemical actuation. And, of course, those MXenes can be matched with 

different electrolytes to control the expansion of the interlayer spacing and their actuation. 

Use of Ti3C2Tx MXene as electrochemical actuator has been demonstrated in two device 

configurations. In 1 M H2SO4 electrolyte, a single Ti3C2Tx electrode operating at 1 V can reach 

curvature up to 0.083 mm-1 and strain value of 0.29%, which is close to graphene.16 In the second 

design, using two symmetric Ti3C2Tx electrodes separated by PVA-H2SO4 solid electrolyte, the 

curvature and strain reach up to 0.038 mm-1 and 0.26%, which is somewhat lower due to the thicker 

device and lower conductivity of solid electrolyte, but promising for practical applications. The 

actuation retention was excellent, with a slight increase during the first 1000 cycles and still 80.4% 

of the initial curvature after 10,000 cycles. The actuation was attributed to the interlayer space 

change of Ti3C2Tx upon intercalation/de-intercalation of protons between Ti3C2Tx layers, which 

was confirmed by in-situ XRD. 
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These results open a new field of applications for MXenes and demonstrate the potential of 

MXenes in this field. Yet the performance could be further improved by optimizing the actuator 

design, using a thinner solid electrolyte, an organic electrolyte with a wider voltage window, or a 

different MXene composition.  
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