Novel electrode composition for high-strain ionomeric polymer actuators
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Abstract

Electroactive polymer (EAP) materials have drawn considerable attention during the recent years. Ionomeric polymer actuators are one of the EAP materials consisting of an ion-exchange membrane plated on both faces with conductive metal electrodes. These materials are able to exhibit a large deformation at low applied voltages (1 – 4 V) and can be used as actuators or sensors. Their electromechanical performance is highly correlated with charge accumulation at the polymer-electrode interface. It has been shown that high surface to volume ratio of electrodes is the determinative factor in achieving a large strain output. In this work, we propose two new high-porous carbon materials that can be utilized for tailoring high specific area electrodes for ionic liquid-ionomeric actuators. Electrodes are applied to the Nafion membrane using the direct assembly process.  The electormechanical performance of these actuators is studied and compared with actuators based on recently researched RuO2 electrodes. 

This study demonstrates that actuators based on TiC derived high-porous carbon electodes have the highest maximum peak-to-peak strain output, reaching up to 10.2 m at 2 V actuation signal, exceeding that of the RuO2 electrodes by 53%. TiC derived carbon electrodes also exhibit superior maximum strain rate, up to 2.34 m/s. This is about 60% more than that of RuO2 electrodes. Our measurements also indicate that electrodes made from coconut shell based activated carbon can be used as a lower-cost alternative to RuO2 electrodes due to their comparable performance.

Keywords: Ionomeric Polymer-Metal Composite; Nafion; Carbide Derivated Carbon; Direct Assembly Process; SEM

Introduction
See on puudu!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Experimental

Chemicals and materials

Nafion™ 117 (product of Dupont) was purchased from Fuelcellstore and pretreated as described further. Gold foil (24-carat, 80x80mm) was supplied from Ebay(. TiC-derived carbon and coconut shell based activated carbon powders were provided by Tartu Technologies Ltd and used as received.

The following reagents were of analythical grade and used without further purification: ruthenium(IV)oxide (hydrous, RuO2, Sigma Aldrich, 238058); ruthenium(IV)oxide (anhydrous, RuO2, Alfa Aesar, 40336); Emi-Tf (1-Ethyl-3-methylimidazolium trifluoromethanesulfonate, C7H11F3N2O3S, Fluka, 00738); lithium perchlorate (LiClO4,  Fluka); 2-Propanol ((CH3)2CHOH,  99.9%, Sigma Aldrich); ethanol (CH3CH2OH, 96%, Sigma Aldrich); hydrochloric acid (HCl, 36%, Stanchem).
Experimental procedures

A bare Nafion-117 membrane (product of Dupont) is first pretreated by roughing the both sides with an emerypaper. This is to remove polymer outer surface layer that is relatively hyrdophobic and badly interactive with solutions used further. Roughing also enlarges polymer-electrode interface area and thereby provides their better adhesion. Both sides of the membrane are roughed until the shiny surface appears to be a mat. Thereafter the membrane is washed by boiling in 1 M hydrochloric acid for 30 minutes followed by boiling in de-ionized water for 1 h to remove acid residuals. 

The next step is to perform ion-exchange by soaking the membrane in respective metal salt solution for 12 h at room temperature. This duration can be decreased to 2 h by boiling the membrane in the same solution. A 1 M LiClO4 solution is used in this study. Ion-exchange from acid form to Li+ form prevents charring of the ionomer during the relatively long drying procedure at elevated temperature [1].

Ion-exchanged membrane is dried in a vacuum chamber at 150 C for 12 h. Thereafter the membrane is instantly immersed in neat ionic liquid (Emi-Tf is used in this study) and heated for 5 h at 150 C. By the end of this step the uptake of an Emi-Tf is near 60% by the dry weight of the membrane [2]. 

Next the electodes are applied to the membrane using direct assembly process (DAP) [3]. In this method, a high specific area conductive powder is mixed with an ionomer solution and painted directly on the diluent-swollen membrane and sandwiched between two gold foils followed by hot-pressing procedure.

The first step of the direct assembly process involves dissolving Nafion polymer into alcohol solution. In this work, 5 wt% Nafion 1110 dispersion is prepared by heating the corresponding ionomer in autoclave for 3 h at 210 C under continuous stirring in the presence of 50% ethanol/water solution. 

Next the ionomer dispersion is mixed with conductive powder. For RuO2 electrodes the mixture is prepared containing of 6 wt% ruthenium (IV) oxide powder, 47% of Nafion solution (5%) and 47% isopropanol.  Mixture for carbon electrodes is adjusted to contain of 1.7% carbon powder, 48.3% Nafion solution and 50% isopropanol. Prepared mixtures are then sonicated for 1 to 3 h to disperse conductive powder particles. Sonicating duration depends on solution viscosity and conductive material. 

The conductor/ionomer mixture may be applied to the membrane using brush. More uniform electrode layer and better reproducibility are achieved by spraying. Professional airbrush operated by compressed-air is used in this work. Volatile solvents are removed under infrared lamp after the application of each layer. Typically 8 to 15 layers of the conductor/ionomer mixture are sprayed on the membrane. Following the electrode painting process, a layer of 5% Nafion solution is applied to the sprayed electrode to provide better surface adhesiveness with gold foil. Thereafter the membrane is placed under the infrared lamp for additional 15 minutes to evaporate volatile solvents.

Finally the membrane is sandwiched between two gold foils (270 nm thick) and fused together by hot-pressing at 160 C under the pressure of 4 MPa for 5-15 seconds. Gold-foil decreases the surface resistance of painted layers to less than 1 Ω/cm. Hot-pressing duration, temperature and pressure depend on type of electrode material and number of painted layers. 

Using the abovementioned fabrication process, four sets of samples are prepared with different electrode conductive materials: TiC derived carbon, coconut shell based activated carbon, hydrous RuO2 (Sigma Aldrich) and anhydrous RuO2 (Alfa Aesar) respectively. 
Physical properties of prepared IPMC samples are listed in Table 1. 
Table 1  Physical properties of electrode materials
	 Sample
	Conductive material 
	Density (g/cm3)
	Specific area (m2/g)
	Volumetric surface area (m2/cm3)
	Σ (mS/cm)
	Price ($/g)

	Carbon (1)
	TiC derived carbon
	0.77
	1450
	1116
	~50
	74

	Carbon (2)
	Coconut based activated carbon
	0.6
	1900
	1140
	~50
	

	RuO2 (1)
	RuO2 anhydrous (Alfa Aesar)
	3.5
	55-60
	450
	
	118

	RuO2 (2)
	RuO2 hydrous (Sigma Aldrich)
	
	
	
	 
	113


Formed IPMC structure is detected by using scanning electron microscope (SEM).

Figure 4X shows cross sectional structure of RuO2 containing IPMC: A) With product of Sigma Aldrich; b) With product of Alfa Aesar. Figure 5X shows cross sectional structure of highly porous carbon containing IPMC: a) coconut based activated carbon; b) TiC derived carbon.
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Figure 4x) cross sectional image of RuO2 containing IPMC: A) With product of Sigma Aldrich; b) With product of Alfa Aesar
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Figure 5X) Cross sectional image of highly porous carbon containing IPMC: a) coconut based activated carbon; b) TiC derived carbon.

We used National Instruments PCI-6034 DAQ with SCC-RTD01 module to measure the resistances of the surface using the four-probe system. This method eliminates inexactnesses caused by the inconsistent current density and the resistances of the contacts. The SCC-RTD01 is a dual-channel resistance-temperature detector (RTD) module that accepts 2, 3, or 4-wire RTDs. Each channel of the SCC-RTD01 has an amplifier with a gain of 25 and a 30 Hz lowpass filter. In addition, the module has a 1 mA excitation source for powering the RTDs. The range of the module allows reliably to measure resistances from 0 to 200 ohms. In order to connect the four probes simultaneously to the IPMC strip, a special flexible contact strip was made. By fixing four contacts made of gold foil onto the surface of a thin ribbon of PTFE. The distance between the test-contacts was 21 mm.

The schematic of the experimental setup of the characterization of the parameters of the actuators is shown in Fig. X1. The actuator was clamped in vertical cantilever position and measurements were done in dry state in air. The rectangular or sinusoidal driving pulses were applied to the actuator via a fixed contact U and a ground contact, made of gold. The measurements were conducted with National Instruments LabView7 control software. The driving voltage was generated by NI PCI-6703 DAQ board and amplified by means of electric current with NS LM675 power op-amp. The voltages with respect to the ground were measured with National Instruments PCI-6034 DAQ board. One input contact of the IPMC 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 should be chosen as low as possible, but still sufficiently high with respect to the value of the current and the sensitivity of the measuring equipment. In the course of the experiments described in the current work, the value of the resistor R was 0.5…1Ω. Electric current was calculated according to the Ohm’s law: I=(U-U0)/R .
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Fig. X1. Experimental setup.


Fig. X2. 

The bending motions of the actuator were recorded with the camera. We used a high-speed firewire camera Dragonfly Express from Point Grey Research Inc. This camera is capable of recording images at the speed up to 200 frames per second although the actual speed was 30 frames per second. The direction of the camera was set transverse to the actuator and the experiment was illuminated from the background through a frosted glass and a graph paper. In perfect conditions the image of the actuator recorded in such a way consists of a single curved contrast line as depicted in Fig. X2. The bending level is determined manually from the graph paper.

The values of the resistances of the both surface electrodes can be measured using a four-probe system. The values of the parameters G, Q and C can be determined using impedance spectroscopy with variable-voltage step pulses. The measurements were conducted with National Instruments LabView7 control software using the setup depicted in Fig. X1.
Small pieces of the IPMC material with the size of 2 x 10 mm were wholly fixed between contact clamps made of gold. In this configuration the resistance of the electrodes does not influence the results. The electric current corresponding to a long-lasting step voltage input is depicted in Fig. Y1. Electric current peaks sharply at the very first moment (instant A). After charging the whole pseudocapacitor, current remains at a stable level (instant B).
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Fig. Y1. Response of the electric current to a 
Fig. Y2. Estimation of the resistances G and Q
rectangular voltage pulse.
This behaviour of electric current can be explained by analysing the equivalent circuit illustrated in Fig. Y2. At the very first moment, when the capacitor C is totally discharged, the current flows through the parallel resistances G and Q (instant A). When the capacitance C is totally charged, the current flows through resistance G only (instant B). The capacitance C can be found from the decay of the electric current.
Results and Discussion

  The performance of prepared actuators was experimentally evaluated by four main parameters -- maximum peak-to-peak strain, capacitance, maximum strain rate and electrode surface resistance. Experimental results were obtained from three sets of experiments.  Table 2 represents a summary of these measurements at 2 V actuation signal. 

Table 2  Summary of measured characteristics

	Sample 
	Max peak-to-peak stain (m)
	Max strain rate (m/s)
	Capacitance (mF/cm2)
	Electrode surface resistance (Ω/cm)

	RuO2 (2)
	3.4
	1.66
	35.9
	0.5

	RuO2 (1)
	4.7
	0.95
	19.7
	0.6

	Carbon (2)
	5.1
	1.62
	51.3
	0.6

	Carbon (1)
	10.2
	2.34
	15.9
	0.7


Maximum strain measurements affirm a great superiority of carbon (1) over the other types of electrodes, reaching up to 10.2 m at +/- 2V signal. This exceeds much acclaimed RuO2 (1) electrodes by 53%. Deflected shapes of carbon (1) and RuO2 (1) are shown in Fig. 1. Carbon (1) electrodes also exhibit considerably higher maximum strain rate, up to 2.34 m/s. This is 60% more than that of RuO2 (1) electrodes and near 30% more than RuO2 (2) and carbon (2) electrodes. RuO2 (2) electrodes possess the lowest strain response while showing higher strain rate from RuO2 (1). This might be due to a large particle size and low porosity of this material.
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Fig. 1. Deflected shapes of RuO2 (1) and Carbon (1) at 2V signal.

In this work, the capacitances of samples were measured to correlate specific area of electrode materials with strain responses. Akle et al [4] have demonstrated a linear relationship between capacitance and bending performance which shows that increasing the capacitance of actuator will enchance the maximum achievable strain. As can be seen from our measurements, capacitances of different samples are not in correlation with respective maximum strain outputs. This contradiction is reflected very expressively by carbon (2) electrodes which possess the highest capacitance (51.3 mF/m2), while showing quite moderate bending performance, remaining around the same level with RuO2 (1) electrodes. It is also interesting to note that carbon (2)  has comparable physical properties to carbon (1) (see Table 1), which should be a good presumption for achieving high strain. These facts indicate that actuation mechanisms of different type of electrode materials are different and the bending performance cannot be defined by considering only the capacitance of material.

Collaboration with our colleagues from supercap design company led us to the conclusion that there might exist at least two actuation mechanisms in case of carbon electrodes: 1) bending is generated when ions migrate towards the electrode and partially penetrate into the electrode layer causing an expansion of ionomer structure between carbon particles due to the repulsion of alike charges. In this case the ratio of ionomer and carbon powder is relevant. 2) the bending can be initiated by expansion of carbon particles in electrode layer due to the charge repulsion of migrating cations when the actuator is subjected to an electric field. This phenomenon has been also witnessed in the course of charge cycling of supercapasitors [X]. In this case the pore size distribution of carbon materials plays an important role as it directly affects an ion migration and consequently bending performance. Comparing the pore size distribution of carbon (1) and carbon (2), apprears that carbon (1) has a higher amount of pores in proper size that are able to accommodate electrolyte ions [5].

As this was the first time to use the direct assembly process, we also measured electrode surface resistance of prepared actuators. Appears that gold-foil effectively provides the surface resistance less than 1 Ω/cm for all samples. This is one of the great advantage of the direct assembly process.
Conclusions

In this study, TiC derived carbon and coconut shell based activated carbon powders were used to fabricate high-specific area electrodes for ionic liquid-ionomeric actuators using the direct assembly process. The electromechanical behaviour of these materials was examined and compared with actuators based on hydrous RuO2 and recently researched anhydrous RuO2 electrodes. Our results demonstrate that electrodes made from TiC derived carbon are able to generate peak-to-peak strain up to 10.2 m at 2 V actuation signal, exceeding that of anhydrous RuO2 electrodes by 53%. TiC derived carbon electrodes also had 60% higher maximum strain rate, reaching up to 2.34 m/s. Actuators assembled with coconut based activated carbon electrodes exhibited comparable maximum strain output with anhydrous RuO2 electrodes. This shows that coconut based carbon can be used as a good low-cost alternative to the RuO2 powder for tailoring high specific area electrodes. Hydrous RuO2 yielded inconsiderable results due to its relatively large particle size and low porosity. Our measurements indicate that there are no direct correlation between capacitance and maximum strain outputs of different type of electrode materials.
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