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            Abstract
Actuators that convert electrical energy to mechanical energy are useful in a wide variety of electromechanical systems and in robotics1,2,3,4,5,6, with applications such as steerable catheters7, adaptive wings for aircraft and drag-reducing wind turbines8. Actuation systems can be based on various stimuli, such as heat, solvent adsorption/desorption4,9, or electrochemical action (in systems such as carbon nanotube electrodes1,10, graphite electrodes11, polymer electrodes6,12,13,14 and metals15). Here we demonstrate that the dynamic expansion and contraction of electrode films formed by restacking chemically exfoliated nanosheets of two-dimensional metallic molybdenum disulfide (MoS2) on thin plastic substrates can generate substantial mechanical forces. These films are capable of lifting masses that are more than 150 times that of the electrode over several millimetres and for hundreds of cycles. Specifically, the MoS2 films are able to generate mechanical stresses of about 17 megapascals—higher than mammalian muscle (about 0.3 megapascals)3 and comparable to ceramic piezoelectric actuators (about 40 megapascals)—and strains of about 0.6 per cent, operating at frequencies up to 1 hertz. The actuation performance is attributed to the high electrical conductivity of the metallic 1T phase of MoS2 nanosheets, the elastic modulus of restacked MoS2 layers (2 to 4 gigapascals) and fast proton diffusion between the nanosheets. These results could lead to new electrochemical actuators for high-strain and high-frequency applications.
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                    Figure 1: Experimental set-up for actuation measurements.[image: ]


Figure 2: Measurements of strain and in-plane modulus using the beam bending model.[image: ]


Figure 3: Inverted-series-connected (ISC) bimorph actuation device based on metallic MoS2 nanosheet electrodes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structural characterization of 1T phase MoS2 nanosheets.
a, b, High-resolution X-ray photoelectron spectrum from the Mo 3d region (a) and the S 2p region (b) of as-exfoliated 1T MoS2 film. Spectra from 1T and 2H phases are indicated as blue and red curves, respectively. c, 1T phase MoS2 has distinctive Raman peaks (J1, J2 and J3 peaks at 156 cm−1, 226 cm−1 and 333 cm−1, respectively) in addition to two main Raman modes—the in-plane mode [image: ], and the out-of-plane mode, A1g (refs 42, 43). The 1T phase of MoS2 was identified from the presence of [image: ], J1, J2 and J3 peaks. d, e, The MoS2 flake size analyses were conducted by counting the individual flakes in multiple SEM images (example in d). The size of the exfoliated monolayer MoS2 flakes varies from 50 nm to 700 nm; the average flake size is 226.5 nm with 109 nm standard deviation (e).


Extended Data Figure 2 Relationship between capacitance and curvature.
a, b, Current–voltage curves at different scan rates (see keys) for 1T phase MoS2 film electrodes. The similarity in behaviour at different scan rates indicates that charging and discharging can be done slowly or rapidly, allowing stable actuation at varying frequencies. SCE, standard calomel electrode. c, d, Variation of electrochemical actuation and capacitance with frequency. c, Curvature change (blue points) and capacitance (red points) as a function of frequency. d, Curvature versus capacitance (data points); the dashed line represents a linear fit at low scan rates. The deviation from this line represents the influence of drag forces from the liquid.


Extended Data Figure 3 Influence of electrochemical parameters on curvature.
a, Variation of electrochemical actuation and capacitance with applied potential. b, Curvature change induced by square wave potentials over different potential ranges. c, The curvature change induced by triangular wave potentials; the curvature response to triangular potentials at voltages from 0.1 V to 0.6 V is shown. d, Capacitance–voltage curves with expanding electrochemical potential window (key). e, Curvature as a function of electrochemical potential. f, Capacitance versus curvature change.


Extended Data Figure 4 Typical nanoindentation loading versus depth traces for 8-μm-thick MoS2 film.
The elastic modulus values (E) of dry, charged and discharged states of the film are shown. Results for the 3-μm-thick films were similar to those of the 8-μm-thick films.


Extended Data Figure 5 Photographs of the ISC actuator device at different states of induction.
a, b, The displacement of the ISC actuator (4.1 mm) under loading of 265 mg. c–f, Also shown is the displacement (5.5 mm) via electrochemical induction (0.3 to −0.3 V) without the load (c, d), and the displacement (3.6 mm) via the same electrochemical induction with the load (265 mg; e, f).


Extended Data Figure 6 Diagrams showing beam-bending modelling of the actuation behaviour.
a, Schematic summarizing the bending behaviour of the 1T-MoS2-based bimorph actuator as a function of voltage polarity. b, Cantilever actuator configuration representing the mechanics of electrochemical actuation due to the diffusion flux (J) of intercalating species into the 1T MoS2 film of the bimorph structure under isothermal conditions. The constant temperature makes constant the diffusivity (D) of the intercalating species in 1T MoS2. Here, the ingress of the intercalating species is through all surfaces that are exposed to the liquid medium. The driving force for the ingress is the concentration gradient of the intercalating species (∇ξ) that is formed between the 1T MoS2–liquid interface and the interior of the 1T MoS2 film. c, Free body diagram of the bimorph showing the elastic (recoverable) strains developed in the 1T MoS2 film due to the intercalation process. The intercalating species cause the 1T MoS2 film to contract in the direction perpendicular to the normal surface of the film, resulting in a compressive out-of-plane strain ε⊥. The compressive ε⊥ induces an in-plane expansion as represented by the tensile in-plane strain [image: ]. The in-plane and out-of-plane strains are related via [image: ] due to the plane state of stress32,33, where [image: ] and E⊥ are the in-plane and out-of-plane elastic moduli, respectively. The ([image: ]) ratio represents the Poisson’s ratio. The normal in-plane strains are assumed to be isotropic, while the in-plane shear strain is presumed to be completely relieved: both these are a consequence of the in-plane rotation of 1T MoS2 nanosheets comprising the film being random around the normal axis, that is, the existence of mosaic structure. d, The resultant deformation of the cantilever bimorph actuator. The tensile in-plane strain [image: ] in the 1T MoS2 film induces deformation in the substrate due to traction at the film–substrate interface, that is, clamping of the electrochemically active film by the substrate. The consequence is a tip displacement (Δz) of the bimorph actuator (the system) that does work on the surroundings (the inertial weight). The inverse bell-shaped bimorph actuator (see Extended Data Fig. 6) can be thought of as back-to-back bimorph cantilever actuators that are ‘welded’ at the tips where maximum (Δzmax) deflection occurs.


Extended Data Table 1 Literature survey of actuator performanceFull size table





Supplementary information
Actuation of MoS2 film on Au film by electrochemical induction from 0 to +0.3V.
Video showing actuation of MoS2 film on Au film by electrochemical induction from 0 to +0.3V. (MP4 2631 kb)


Actuation of a Kapton beam via electrochemical charging and discharging of ions in MoS2 nanosheet electrodes.
The operating voltage varies from –0.3 V to +0.3 V. (MP4 7931 kb)


Video of ISC bimorph actuator lifting a 265 mg weight.
The MoS2 nanosheet thin film electrodes are seen as black coating on the Kapton actuator. The weight of MoS2 electrodes is 1.6 mg. (MP4 5598 kb)
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        Editorial Summary
Restacked nanosheets prove their mettle
Electrochemical actuators convert electrical energy into mechanical energy and have been made using many different materials, including carbon nanotubes, graphene and nanoporous metals. However, combinations of high power densities and fast actuation are difficult to achieve. Here, Manish Chhowalla and colleagues show that exfoliated and restacked metallic molybdenum disulfide (MoS2) nanosheet electrodes are able to electrochemically actuate in electrolyte solution upon intercalation and deintercalation of ions. Relatively low voltages are required to expand and contract these films to generate mechanical forces. The authors demonstrate a bimorph actuation device based on MoS2 nanosheet electrodes that can lift 150 times its own mass.
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