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Abstract

Novel linear electromechanical actuators based on nanoporous TiC-derived carbons were prepared and studied. Traditionally, thin membranes containing mobile ions are used for bending actuators. We describe a linear actuator which consists of carbon material thin film and an ionic liquid. The thin film is made from nanoporous TiC-derived carbon powder and polytetrafluoroethylene (PTFE) as a binder agent. The working mechanism of the actuators is based on the interactions between the high-surface-area carbide-derived carbon (CDC) and the ions of the electrolyte. These actuators are able to generate linear actuation of about 1% from their thickness under voltages less than 3 V. The motion starts already at 0.8V and the magnitude of actuation depends on the electrical charge stored by the device. Two different types of electrolyte were used: 1) Ionic liquid (EMITf) and 2) Tetra-alcyl-ammonium salt in propylene carbonate (PC) solution. The actuators with ionic liquid have 60% higher movement. The electromechanical parameters of the actuators were studied by using cyclic voltammetry and electrochemical impedance spectroscopy methods.  
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1. INTRODUCTION

There is an increasing interest in using soft actuators in the field of biomimetic devices, since they mimic the behavior of biological muscles. The materials are attractive for creating artificial muscles used in biologically inspired robots[
], not least underwater robotic applications[
,
,
]. On the  other hand, microapplications like MEMS[
], microfluidics[
] and engineered devices housing hydrogel valves, filters, and lenses[
,
,
], as well as other soft material actuators that mimic natural movement in microfluidics[
]. There exists an emerging scientific field today, where several electroactive polymers are exploited for a great variety of applications. Mechanical actuators that may simultaneously provide high power densities and large force generation capacities are of great scientific and technological interest. There are several well-known electroactive materials. Electroactive polymer (EAP) transducers have large displacement under low bias (several volts). So far, EAP actuators have serious disadvantages in practical use due to the low force. Several applications require small displacement with considerably high force, therefore, piesoceramics are often used to generate micron-scale actuation with large force output. Carbon/polymer thin sheets, main components of supercapacitors, provide micron-scale displacement under low bias, contrary to piesoceramics which require high voltage. Supercapacitors are highly capacitive devices famous for their high power densities and energy efficiency up to 98% during charging-discharging cycle [
,
]. In principle, the design of supercapacitors is comparable to ionic polymer actuators. They consist of two high-surface-area electrodes and a separator in between. A porous polymer separator is the  reservoir of electrolyte and avoids electronic conductance between the electrodes.

We propose a material with linear actuation properties which consists of carbon material thin films and an ionic liquid. The thin film is made from nanoporous TiC-derived carbon powder and polytetrafluoroethylene (PTFE) as a binder agent. 
Carbon produced by extraction of metals from metal carbides is called carbide-derived carbon (CDC) . The described method[
] of carbon synthesis offers unique control over carbon microstructure and allows to fine-tune porosity at the nanoscale. Applications proposed for CDCs are fuel cells, hydrogen storage and different extraction/purification methods of noble gases based on the selective adsorption. However, main force of the development is focused to electrochemical storage devices, such are super- or ultracapacitors. 
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Fig. 1. A structure (a) and High Resolution Transmission Electron Microscope (HRTEM) picture (b) of amorphous microporous carbon.

Microporous amorphous carbons have non-uniform distribution of the curved graphene flakes as shown in Figure 1 (left)[11]. The High Resolution Transmisson Electron Microscope (HRTEM) picture of carbide-derived carbon as recorded with the transmission electron microscope (JEOL JEM 3010 operated at 300 kV) is shown in Fig. 1 (right) Carbon atoms have hybridization of sp2, but graphene forms a 3D network. Advanced CDC materials have high electric double-layer (EDL) capacitance (130 F g-1 in non aqueous electrolyte). Hahn et al.[15] performed dilatometric studies on the porous and graphitic carbon electrodes and observed significant reversible volumetric effects in the electrodes during the charging-discharging, the results confirmed the electromechanical activity of porous carbon. The electroactive mechanism of carbon is based on the charging of the electric double layer. The electric energy is stored by formation of a double-layer at the carbon/electrolyte interface, the process is electrostatic and Faradaic reactions do not occur[
,
]. Large capacity of porous carbon electrodes is provided by high specific surface area (typically 500 to 2000 m2g-1)[
].
The expansion of the carbonaceous electrodes is generally an undesired and crucial factor for the cycle ability of energy storage devices. The dimensional changes, in case they are non reversible during the charging/discharging, may affect the electric contact and cause tension accumulation in an energy storage device. Faradaic charge-transfer reactions, like those occurring in batteries, are often connected with non reversible dimensional changes, which can lead to reduction in charge capacity, and ultimately, to the failure of the device. Substantially higher stability and cycle life performance of advanced supercapacitors compared to batteries are generally ascribed in context that charge storage is based on pure double-layer charging and not on Faradaic reactions. While batteries store the electrical energy in chemical bonds, EDL capacitors store it directly in the double-layer. We assume that transducers based on a high surface area carbide-derived carbon electrode material are suitable for short range displacement applications, because of proportional actuation response to the charge inserted and high Coulumbic efficiency due to the EDL capacitance.

2. Experimental Details
2.1 Preparation of materials
Carbon powder
TiC-derived carbon powder, precursor of the actuator electrodes, was produced by Carbon Nanotech Ltd. TiC-derived carbon is synthesized from titanium carbide by chlorination at high temperature (400 - 900 °C). The reaction product is amorphous carbon powder with particle size 2-5 m, and a large quantity of nanopores with pore size 6-10 Å in carbon powder particles. 

Carbon-polymer film
The porous carbon electrode films were prepared from the mixture of 92% (wt.) TiC-derived carbon powder and 8% (wt) PTFE binder polymer (Aldrich, 60% suspension in water) and rolled into to the thin active material sheet with a final thickness of 100 ± 5 m CDC powder (1g) was mixed with 6 mL of ethanol and added PTFE suspension in water to form slurry, which thereafter was gently pressed until a wet cake was formed. After evaporation of ethanol and water, the cake was impregnated with heptane. A flatten carbon/polymer cake shaped to a multilayer cylinder and treated by rolling in the axial direction of the cylinder. The latter procedure was repeated until elastic properties appeared to the carbon/polymer sheet. Finally, the heptane was removed at ~110 ºC. The carbon/polymer sheet was rolled stepwise down to the desired thickness, dried in vacuum owen at 170 ºC, and coated from one side with a thin (~2 (m) aluminum layer, using plasma activated physical vapor deposition
. Electrode discs of desired size were cut from these sheets.  The importance of the aluminum coating for reducing the contact resistance between carbon layer and current collector was studied and confirmed by Leis et al. [
].
2.2 Assembling of the actuators
 Linear actuators 1 – 4 (see Table 1) were assembled from  pairs of carbon electrode discs (Ø 1.7 cm), separated by  ion-permeable separator paper from Kodoshi Nippon (Fig. 2). Each actuator consisted of five electrode pairs with a total geometric surface area of 11.35 cm2. The assembled electrode was placed in a sealed aluminum container. An additional mechanical pressure (p=48 N cm-2) was applied by means of a spring through a special connecting rod. This rod was further used for measuring the linear movement of the actuator by laser beam.
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Fig. 2. Principal scheme of a linear actuator.

The actuator cells were vacuumed at 120 °C for 24 h before being impregnated with the electrolyte. The electrolytes used in this study were 1.0 M tetraethylammonium tetrafluoroborate in propylene carbonate (“Honeywell Digirena ®” TEABF4/PC, H2O < 0.003 %) and the ionic liquid 1-ethyl-3methyl-imidazolium trifluoromethane-sulfonate (EMITf, Fluka)

Table 1. The linear actuators tested in this study
	Actuator

#
	Notation of actuator
	Notation of CDC material
	Electrolyte

	1
	TEA600
	TiC-600
	1.0 M TEABF4/PC

	2
	TEA800
	TiC-800
	1.0 M TEABF4/PC

	3
	EMI600
	TiC-600
	EMITf

	4
	EMI800
	TiC-800
	EMITf


2.3 Electromechanical measurements

The test cell of the linear actuator consisted of two fundamental parts – the electrochemical actuator and the optical detecting mechanism. The actuator is located in a sealed cell. The cell incorporates a spiral spring, compressing the actuator by the force of 100N. The optical system is mounted on the top of the cell. The mechanical coupling between the actuator and the optical system is implemented by a shifting vertical rod. The movement of the rod is transferred to the moving mirror using a steel eccentric and a lever. This mechanics magnifies the scale of movement of the actuator  25 times. Further magnification of the motion is performed by a laser beam, reflecting from the mirror and targeted to a distant screen, as depicted in Fig. 3. The described optical system is able to magnify the scale of movement of the linear actuator by thousands of times, depending solely on the distance of the screen. In the course of the experiments the distance to the screen was a few meters and the expansion of the actuator by 1 (m was detectable as a displacement of the spot of the laser beam on the screen by 1 cm. The displacement of the spot on the screen was recorded by a high-speed firewire camera and the motion was thereafter digitalized using LabView software. Simultaneously, the electrical parameters - voltage and electric current – were recorded using a National Instruments PCI-6034 DAQ card and LabView software. The electric current was measured as a voltage drop over the low resistance resistor R.
The electrochemical impedance spectroscopy (EIS) measurements were carried out with Solartron 1287 and 1255B AC frequency analyzers at AC signal 5 mV and fixed DC potentials 2.5 V and 1.5 V in the frequency range of 1 MHz to 5 mHz.
The extent of actuation of the actuators in time-domain was detected using a custom-made optical system. The measurements were performed in two modes: (i) a constant current charge-discharge process (CC mode, triangular voltage waveform in time). In CC mode we observed tendency of decreasing performance when actuators were charged at relatively high current. To achieve maximum performance of actuation, we combined the constant current method with constant potential method (ii) (CCCP mode, rectangular voltage waveform in time). Actuation is correlated and limited with the charge inserted in actuator.
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Fig. 3. Illustration of the experiment setup.
3. Results and Discussion
To study the actuators in detail, the CCCP mode was used. After charging the actuator to 1.5-3 volts using constant current IC (50, 100, 200, 400, 1000 mA), a constant potential VC (1.5, 2.0, 2.5, 3.0 V) was applied for up to 5 minutes. This method helps to examine the dynamics and the amplitude of actuation. During the period of the constant potential, the current decreases substantially and the maximum amplitude appears in a few minutes. In the course of different experiments the amperage of the constant current was varied in the range of 50 to 1000 mA.
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Fig. 4. CCCP measurement of EMI800 (IC = 400 mA, VC = 2.5V)
The mechanical response of linear actuator EMI800 (#4 in Table 1) under voltage 2.5 V (CCCP mode) is shown in Fig. 4a. The actuation amplitude reaches its maximum (and remains stable thereafter) in about 120 seconds, while the voltage reaches its stable level already in 60 seconds. This diagram is very typical,  similar behavior was observed for all tested actuators. The electrodes of the actuators TEA600 and TEA800 have the same electrolyte - 1.5 M tetraethylammonium tetrafluoroborate (C2H5)4NBF4 (TEA-TFB) in propylene carbonate (PC), but the carbon powder is different. The actuator TEA600 was made from nanoporous TiC-derived carbon synthesized at 600ºC with the average pore size  APS = 9.3 Å, whereas carbon in the actuator TEA800 posses slightly increased APS of 10.2 Å. The density of the TiC-600 carbon material is higher than that of TiC-800. The deviation in capacitance and response speed is caused by the internal properties of carbon/polymer sheets and is not caused by the ionic liquid properties. 70 % of the pores of the material TiC-600 are smaller than 11 Å. In case of the material TiC-800, the corresponding value is 50 %. Hysteresis is observed during the charging/discharging cycle (Fig 4b). Release of confined ions from the pores depends on the amount of ionic channels in small-diameter nanopores. Therefore, increasing the amount of macropores in polymer-supported carbon electrodes may decrease hysteresis.
Electrolyte 1.5 M TEA-TFB in PC is commonly used in EDL capacitors because of its high conductivity and relatively small ion size, which gives a large capacitance. Ionic liquid EMITf was under study because of it is widely used as an electrolyte for IPMCs. EMITf has relatively high conductivity, low viscosity, and it possesses a wide electrical stability window. EMI+ and Tf  appear in ionic liquid as ion pairs with much larger ionic dimensions, compared to TEA-TFB (TFB- = 4.8  Å, Tf - = 7.2 Å). TEA-TFB ions carry with them dynamic sheath of specially adsorbed solvent molecules.  During the charging of electric double layer, transport of electrolyte and ion recombination will take place. This process is limited by the amount of active transport channels (macropores) and the electrolyte viscosity. We assume that the dimensional change of the actuator is the consequence of charge injection in carbon nanopores during the electric double-layer charging. The actuation vs charge diagram shown in Fig. 4b indicates a nonlinear correlation between the actuation and the electric charge stored and released during the charging and discharging cycle of the actuator.
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Fig. 5. CCCP measurement of EMI800 (IC = 1000 mA, VC = 3 V);a) voltage and current; b) actuation and charge
Fig. 5. depicts the series of periodic charging-discharging cycles of the actuator. As the charging current is high (1 A), the duration of constant current period decreases already in few seconds. During this time interval, almost no movement is detected, since the voltage is low and the adsorption of ions is a diffusion-limited process in the porous electrodes. The current dies away slowly due to the internal resistance of the actuator. During the discharging cycle, the charge is released, current peak reaches up to 1.2 A, and the actuator shrinks. While discharging by short-circuiting, the adsorbed energy is wasted through the low ohmic discharge resistor. All studied actuators evolved an extraordinary current peak while discharging (see Fig 5a). These impulses of current can be stored and transferred to other devices. Enhancement of the actuation did not substantially reduce the Coulumbic efficiency of linear actuators. In Table 2the measurement series of capacitance (Cs) and respective resistance (Rs) of actuators is shown. The data was obtained from EIS measurements. EIS analysis is based on the Nyquist Z´´, Z´-plot method[11
], where Z´´ and Z´ are the imaginary and real parts of the complex impedance, respectively. Round-trip efficiency (RTE) or Coulumbic efficiency data was obtained using the constant current (CC) charge/discharge regime. The energy efficiency of actuators depends from the value of cycling current. The delivered charge and capacitance decrease with the increase of the applied current. EMI800 actuator exhibit a normalized capacitance of 121 F·g-1 and round trip efficiency of 84 % at charging/discarging cycle between 0 - 3 V, with the current 30 mA. Although the capacitance of observed linear actuators does not reach to the level of advanced supercapacitors, all actuators demonstrated excellent electrical double-layer capacitance. The Coulumbic efficiency obtained for all studied linear actuators surpasses that of electromechanical transducers based on ionic polymers 
Polymer-supported carbon electrode materials have internal resistance, retarding the propagation of electric field in electrode sheets. The capacitance of porous carbon material sheets is diffusion limited, which exclude the quick actuation response. EIS measurements confirmed that all actuators behaved as a typical EDL capacitors. The diffusion rate and the amount of confined ions in nanopores is related to the distribution speed of the electric field in polymer-supported carbon 3D network. In the high-frequency region of AC, the porous electrode behaves like a flat surface, and therefore, the capacitance obtained is by many orders of magnitude lower compared to the equilibrium capacitance at low frequencies. Therefore, charging and actuation in these devices can not be an instant process.

The actuation of linear actuators at the voltage of three volts was obtained by a 400 mA charging current (Tab 2.). The actuator EMI600 exhibits 60 % higher actuation in these conditions. Considerably higher displacement of EMI600 can be explained by the relatively larger ions of EMITf compared to TEA-TFB. Larger ions evoke extensive dimensional changes when they enter into the nanopores of porous carbon electrodes.
Table 2. The electrochemical parameters series capacitance (Cs), series resistance (Rs), round-trip efficiecy (RTE) and actuation of linear actuators.  
	Notation of actuator
	Cs

 [F g-1]
	Rs 

[Ω∙cm2]
	Actuation at 3 V 

[m]
	RTE

%

	TEA600
	64
	3.9
	10.2
	84

	TEA800
	112
	9.3
	11.7
	68

	EMI600
	75
	7.3
	16.2
	72

	EMI800
	121
	4.6
	13.5
	84


The actuation is correlated to and limited by the charge inserted into the actuator. Hahn et al [14] expected that the charge specific expansion increases with the increase of the degree of graphitization and the apparent density of the carbon materials. They observed that the relative expansion of the graphitic carbon materials for a specific charge is larger than the respective expansion of microporous carbon materials. However, graphitic carbon materials demonstrated non-reversible actuation due to the ion intercalation process, which causing volumetric dimensional changes in these materials. Relatively low density and sparsity of the 3D network of porous carbon electrodes are the main properties providing good reversibility during cycling between 0-3 volts.
4. CONCLUSIONS
We demonstrated an actuator for short range actuation applications capable of developing a pressure of 50 N·cm-2. The lifetime of the actuator is up to 106 cycles and the energy storage efficiency is approximately 90 %, due to device being evolved from a material commonly used in supercapacitors. Improvements in energy efficiency may accelerate the development of electromechanical actuators as well as provide industrial and consumer applications. The method for production of carbon electrodes is efficient. It enables to prepare carbon/polymer sheets with final thickness 30 to 250 m (± 3%) and area of one sheet may reach up to 250 cm2. Using relatively low charging current values (less than 50 mA), the linear dependence of inserted charge and actuation is observed. During continuous cycling, good reproducibility of actuation was observed. There are a lot of alternatives to produce porous carbon with controllable pore size in variation from 0.6 – 4 nm, which allows to attune porous carbon with a suitable electrolyte to get a high performance actuator. A challenging idea would be to test the extreme actuation in systems containing larger ions of the electrolyte. Linear actuators based on CDC may attain success in micro application due to the considerably high force.
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