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Abstract  
An electromechanical transducer was prepared using non-ionic polymer, ionic liquid and carbide-derived carbon (CDC). Recently simple layer-by-layer casting method was discovered for actuator production using „bucky gel“ mixture as a precursor of actuator electrode layers. In this paper we investigate carbide-derived carbon as new alternative candidate to carbon nanotubes to replace nanotubes in electrode layer of transducer. At the initial stage of the study, the ratio of nanoporous high surface TiC-derived carbon powder, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) and polymer (PVdF(HFP)) was varied and each formed electrode was analyzed to find out an optimal composition. The results revealed that the optimal component ratio for electrodes is: 35 wt% PVdF(HFP), 35 wt% EMIBF4 and 30 wt% CDC. The assembled three layer transducers were characterized by measuring blocking force, maximum strain, speed and their power consumption and capacitance. The synthesized actuator showed very good force and capacitive characteristics and it is preferable for slow response applications compared to transducers based on carbon nanotubes.
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1. INTRODUCTION 
Electro-active polymers (EAPs) are materials which change their properties due to electrical potential. For example electromechanically active polymer materials which can convert electrical energy directly to mechanical energy. These kind of materials can be used in robotics, microfluidics or bio-medical applications. Those applications are possible because of a big strength and mass ratio of transducers and possibility to make actuators in different size and shape. For example, Baughman and coworkers have reported the first bucky paper actuator that consisted of two single-walled carbon nanotube (SWNT) sheets on the both side of a double-sided Scotch tape and showed a bending motion in aqueous electrolytes [
]. They proposed a charge injection model due to quantum chemical and double-layer electrostatic effects there. In the model, the actuation was caused by dimensional changes of SWNTs in the covalently bonded direction derived from the charge injection [
]. This dimensional change was free from Faradaic process that was inevitable for conductive polymer actuators and that restricted their lifetime and response time.
Most of EAP actuators operate in electrolyte solutions and denying that actuator assembly methods are quite complicated. Easier fabrication methods and ability to work in the air bring EAP transducers large advantages for use as “artificial muscles”. However, there are already some outstanding examples of EAP actuator production for open-air applications. Fukushima et. al. have reported from a fully plastic actuator consist of two ionic-liquid-based bucky gel electrodes and ionic liquid containing polymeric membrane between them [
]. This type of actuator can be fabricated simply by layer-by-layer casting method and it is dry-type polymer actuator with long-lived operation performance in air at low voltages. This actuator shows a bending motion toward the anode side when voltage is applied which is the same bending direction as observed for the IPMCs and SWNT sheets. Electrochemical measurements showed that ion transfer occurred in bucky-gel actuator non-Faradaically by simple charge/discharge of ions in electrode layer. Charge injection of SWNTs and steric repulsion caused by ion transfer into electrode are suggested models for actuation mechanisms [
]. However, the actuation is somehow result of the charge storage in electrode based on pure double-layer charging. Ionic liquids (ILs), only source of ions for this type actuator are non-volatile molten salts, which show high conductivities and wide electrochemical potential windows. Relatively high conductivity of ILs ensures a quick response in actuation and a large extent of the movement of actuator strip.

We propose a polymeric three layer actuator which electrodes are made of porous carbon material, base polymer and ionic liquid. The thin electrode film is made from nanoporous TiC-derived carbon powder and polyvinylidene fluoride-co-hexafluoropropylene (PVdF-HFP) as a binder polymer. 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 of product 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. 
In principle, the design of ionic polymer actuators is comparable to supercapacitors. Supercapacitors are highly capacitive devices famous for their high power densities and energy conversion efficiency up to 98% during charging-discharging cycle. They consist of two high-surface-area, e.g. porous carbon material, electrodes and a ion permeable separator in between them. A porous polymer separator is the reservoir of electrolyte and avoids electronic conductance between the electrodes [
,
].This energy storage system based on a non-Faradaic process provides very fast charge and discharge making the EDLCs with the best candidates to meet the demand for high power and long durability. Recently, the relationships between the porous structures and electrochemical behavior have become increasingly important [
]. Although the use of various materials as EDLCs has been investigated, the application is limited in terms of specific energy. To enhance the specific energy and power of EDLCs, several researchers have put much effort into the development and modification of carbonaceous materials, such as controlling the pore size distribution, introducing electro-active metallic particles or electro- conducting polymers, and fabricating hybridtype cells[
].
The actuator consist of polymer supported CDC electrodes and porous membrane between them is described before in [
]. Under low bias (1.5-3 V), the thin films made of carbon material changed their thickness accordingly to the charge inserted. In principle, the design of the ionic polymer actuator described in article is comparable to supercapacitors. Thereby, relying on association by similarity, the electroactive mechanism of nanoporous carbon electrodes is related to electric double-layer formation during charging of the material, and the dimensional change of the actuator is the consequence of charge injection in carbon nanopores during the electric double-layer charging.
2. EXperimental details
2.1 Materials 

CDC was purchased from Carbon Nanotech Ltd. 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) (Sigma Aldrich), and polyvinylidene fluoride-co-hexafluoropropylene (PVdF(HFP) (Sigma Aldrich) were used as received without any further purification. Solvents 4-methyl-2-pentanone (MP), propylene carbonate (PC) were purchased from Sigma-Aldrich Co., and dimethylacetamide (DMAc) from Fluka. 
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Figure 1. Suggested model of CDC [
] and molecular structures of ionic liquid EMIBF4 and polymer PVdF(HFP).

2.2 Preparation of the actuator film
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 μm, and a large quantity of nanopores with pore size 6-10 Å in carbon powder particles. The three-layered actuator fabrication process is described below. In a first stage of investigation different electrode films were prepared to find out optimal composition and identify the suitability of CDC as actuator electrode material. Respective data with different composition of electrode materials is delivered in Tab. 1. The electrode layer with steady structure and optimal properties was composed of 30 wt% CDC, 35 wt% EMIBF4, and 35 wt% PVdF(HFP). 
Firstly PVdF(HFP) pellets were dissolved in DMAc. Concurrently EMIBF4, and CDC powder were mixed in 0,5 ml DMAc and treated in ultrasonic bath using maximum power for 30 minutes. After, the polymer mixture was added to the CDC/IL suspension and stirred on a magnetic stirrer for 5 minutes and sonicated for 20 minutes in ultrasonic bath. Finally it was poured out into the mold made of Teflon. Separator was prepared from EMIBF4 and PVdF(HFP) solution wt 1/1, into a polymer solution was added IL and treated on ultrasonic bath for 25 minutes in maximum power and then poured out into a Teflon mold. 

The final step in preparing an actuator is hot-pressing, were electrode films and separator film are hot-pressed together. During solidification process CDC carbon particles deposited from solution and therefore the side, which was the upper one must go near the separator because the conductivity of the electrode film was better on the side which was down during the drying process. The conductivity of electrode material was characterized by standard four point method[
]. 

2.3 Measurement 
The displacement measurements were performed by using 7 mm × 25 mm size actuator strips. For electrochemical characterization, the actuator strip was connected to the gold electrodes and experimental set-up described in [
] is used. Strain and speed of the actuators were characterized using the experimental set-up, which is shown in Figure 2. The actuators were clamped in a vertical cantiliver position and measurements were done in dry air. Actuator driving pulses (retangular) were applied through contacts made out of gold. The measurements were conducted with National Instruments LabView 8.2 control software. The driving voltage was generated by an NI  PCI- 6703  DAQ  board  and  amplified  by electric current from an NS LM675 power op-amp. The voltages with respect to the ground were measured with an NI PCI-6034 DAQ board. One input contact of the CDC actuator sample was also connected to the ground. The electric input current of the sample was measured as a voltage drop over the resistor R. The value of the resistor was 5 Ω.
The actuator bending motions were recorded with FireWire camera, Dragonfly Express from Point Grey Research Inc., recording 3,75 frames per second. The camera was set transverse to the actuator and was illuminated from the background using frosted glass. In this camera position, the recorded image of the actuator consists of a single curved contrast line.
The actuator strip showed a bending motion when the voltage was applied. The measured displacement (D) is related to the curvature (1/R) as in eq. 1 [
]
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where (L) is the length from fixed end of the gold electrodes to the point where actuator strip ends. In video recorded by camera the actuator is seen as a single curved contrast line with changing curvature. 
The measured displacement (D) was transformed into the strain difference of two carbon material electrode layers (ε) by using the following equation on the assumption that that the cross-sections are plane at any position along the actuator.
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Where (L) is the length, (D) is a displacement and (W) is a thickness of the CDC based actuator strip (see Fig. 2). 
Blocking force was measured at zero displacement using the Panlab MLT0201 load cell. Blocking force was measured 13 mm away from contacts and the actuator had dimensions 16 x 6 x 0.3 mm, and weighed 48 mg
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Figure 2. Experimental set-up for strain and speed characterization.
3. Results and discussion
Displacement and blocking force measurements were performed for actuators IV, V and IX. The structure of other prepared electrodes was not homogeneous enough to fabricate three-layer actuator. One of the typical time profiles of the applied voltage, current and blocking force characteristics are represented in Fig. 3. The current profiles showed only charging or discharging. Similar current profiles are inherent to supercapacitors. After charging and before discharging (time period from 60 to 90 sec), the stored charge was collected by short-circuiting the actuator potential to 0 voltage, and the adsorbed energy is wasted through the low ohmic discharge resistor. Due to the low speed of desorption of ions of the ionic liquid from the porous carbon electrodes, the process of discharging is slow. During charging the current dies away slowly due to the internal resistance of the actuator. This could be the main factor why CDC based actuators give slower speed response compared to CNT based actuators, where conductivity of electrode is significantly higher. The conductivity of the CDC based electrode, in case of side which was the upper one during the solidification process, was 5.95×10-4 S/cm and the other side’s conductivity was 8.68×10-4 S/cm. These conductivity values show us partial unevenness of prepared electrodes and therefore it is very important how the actuator is placed together before hot-pressing. However the capacity of the CDC actuator is much higher, compared to CNT based actuators.
High capacitance is expected to be the main reason why CDC based actuator has a very good blocking force and mass ratio. In a typical example where blocking force was measured the result was 79 mN to both sides. This actuator weighed 48 mg. This makes the blocking force mass ratio to 1.65 N/g. This result means that the blocking force that actuator can generate is 165 times larger that its own mass. To illustrate this result, on the Fig. 3 are represented frames from a video recording where CDC actuator lifts 40 times of its own weight. The mass of load is 2.4 g and mass of actuator is 0.06 g.   In first frame there is no voltage applied to the actuator. In the second frame there was + 2.8 V applied for 60 seconds. And in the third frame there was applied -2.8 V for 60 seconds.
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Figure 3. Snapshots from a video recording where CDC actuator lifting an external load. The mass of load is 2.4 g and mass of actuator is 0.06 g. 
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Figure 3. Time profiles of voltage, generated current and blocking force when ±2.8 V square-wave voltage was applied 
Table 1 Electrodes prepared to find optimal component ratio for actuator.

	                Sample notation
Substance
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX

	CDC carbon (wt%)
	10
	20
	30
	40
	50
	60
	60
	70
	30

	IL EMIBF4 (wt %)
	70
	60
	50
	30
	30
	25
	30
	20
	35

	PVdF(HFP) (wt%)
	20
	20
	20
	30
	20
	15
	10
	10
	35


The cyclic voltammetry of the electrode was measured to estimate the capacitance of actuator strip. Fig. 4 shows the cyclic voltammograms collected at different sweep rate values. CV measurements were obtained by using two electrode configuration at PARSTAT 2273 advanced electrochemical system. The dimensions of actuator strip were: L=7.1 mm × W=2.8 mm × D=0.35 mm, and had mass m=9.9 mg. (L) is a length, (W) is a width, and (D) is a thickness of actuator strip, respectively. Voltammograms show only electric double-layer capacitive properties, and Faradaic redox reactions were not observed. The capacitance of actuator was calculated according to Eq.:
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where (C) is the capacitance of the actuator strip in farads, (I) is the current current value in amperes, obtained from CV measurements and (dV/dt) is a sweep rate value in Vs-1. In this study the specific capacitance Cm in farads per gram (F/g) is expressed as follows:
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where m is the weight (g) actuator strip.
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Figure 4. Cyclic voltammograms of actuator at different sweep rate values.
4. Conclusions
In this paper an actuator composed from CDC carbon, ionic liquid EMIBF4 and non-ionic polymer PVdF(HFP) using layer-by-layer casting method. At first the concentrations of primary materials used in electrodes were changed. Optimal component ratio for electrodes is: 35 wt% PVdF(HFP), 35 wt% EMIBF4 and 30 wt% CDC carbon.  Prepared actuators were characterized by measuring blocking force, maximum strain, power consumption, speed and capacity. Actuators with best electrodes showed very good force values,
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