Üldine reaktsioonivõrrand on järgmine:
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kus M on vastav karbiidi moodustav element (metall või mittemetall) ja x,y on stöhhiomeetrilised koefitsendid. Reaktsioonis tekkiva süsiniku struktuur sõltub paljudest parameetritest, millest enamikke on võimalik kontrollida/muuta. Määravaimad on kloreerimistemperatuur ja lähtekarbiidi kristallvõre struktuur. Temperatuuri vahemikus 500-850 °C süsinikmaterjal jäljendab lähtekarbiidi struktuuri. Reaktsiooni käigus eemaldatakse karbiidi moodustava elemendi aatomid kristallvõrest ja järele jääb nanopoorne süsinikskelett.
Carbon produced by extraction of metals from metal carbides is called carbide-derived carbon (CDC). Metal carbide lattice is used as a template and metal is extracted layer-by-layer. By the method described atomic level control is achieved and the structure of the carbon can be templated by the carbide structure, with an opportunity for further structure modification. Microstructure, pore size, pore shape, and surface termination of nanoporous CDC can be precisely controlled by the process parameters and the composition and structure of the initial precursor carbide. Method enables to vary the carbon pore size just adjusting the right synthesis parameters, like temperature, gas flow, reaction time etc. As such, the process allows optimization of nanoporous CDC for various applications. CDC synthesis allows formation of highly porous carbon materials with good mechanical properties
Unique features of CDC:
Varied pore size by process parameters

Controlled nanostructure and crystallinity

Controlled dominating pore size at nano-level

Tuned pore size distribution

Optimized structure and porosity depending on the application
Structure of CDC [image: image2.png]



Microporous amorphous carbons have non-uniform distribution of the curved graphene flakes (left). The High Resolution Transmisson Electron Microscope (HRTEM) picture of carbide-derived carbon as recorded with the transmission electron microscope is shown (right).Carbon atoms have hybridization of sp2, but graphene forms a 3D network.
Physical parameters of TiC-derived carbons
[image: image3.png]Notation of  Tcniorin Sa Vp Vy Microporosity [%] APS
CDC material ~ [°C] [m?g!] [em’g!] [em’g!] <11A  <20A  [A]
TiC-600 600 1150 0.53 0.49 70 91 9.3
TiC-800 800 1470 0.71 0.59 50 83 10.2





TChlorin- Temperature of chlorination (powder synthesis)

SA- Specific area

Vp- Volume of porosity per gram

V- Volume of micropores per gram

APS- Average pore size (Measured from N2 adsorption)
Karbiidset päritolu süsinikmaterjalidena olid kasutusel TiC (titaan karbiidist) 600 °C ja 800 °C juures kloreerimisel saadud  süsinik pulbrid. 600 °C juures valmistatud  pulber on oluliselt mikropoorsem: 70 % pooridest on väiksema diameetriga kui 11 Å ja keskmine poori läbimõõt on 9,3 Å. 
The electrolytes used in this study were 1.0 M tetraethylammonium tetrafluoroborate in propylene carbonate and the ionic liquid 1-ethyl-3methyl-imidazolium trifluoromethane-sulfonate EMITf. 
Eksperiment
Preparation of  polymer-supported carbon sheets
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Polymer supported carbon electrode sheet with final thickness 100 m were prepared from CDC powders. Electrode films were prepared from the mixture of 92% (wt.) TiC-derived carbon powder and 8% (wt) PTFE binder polymer and rolled into to the thin active material sheet with a final thickness of 100 ± 5 m. After treatment with ethanol and heptane 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 and assembled to the sealed cell and impregnated with electrolyte. Simultaneously with displacement measurements the parameters of the actuators were studied by using cyclic voltammetry and electrochemical impedance spectroscopy methods.
Actuator schema
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CDC-l baseeruv aktuaator koosneb kahest polütetrafluoroeüleeniga (PTFE) armeeritud mikropoorse struktuuriga süsinikelektroodist, mille vahel paikneb poorne polümeerseparaator. Süsinikelektroodide pind on juhtivuse parandamiseks kaetud õhukese (2-4 m) alumiiniumi kihiga. Elektrolüüdis pundunud materjal asetati surveseibide vahele (P= ~50N/cm2) ja pinge rakendamisel mõõdeti pinnaga ristsuunalist nihet.

Measurement schema
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The test cell of the linear actuator is depicted in a slide. It consists of two fundamental parts – the electrochemical actuator and the optical detecting mechanism. The actuator is assembled 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 by 25 times. Further magnification of the scale is performed by a laser beam, reflecting from the mirror and targeted to a distant screen.

CCCP method
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Kombineeritud mõõtmistel määrati aktuaatori maksimaalne nihe. Konstantse vooluga laadimisel ja saavutatud pinge hoidmisel toimus veel arvestatav aktuaatori nihke kasv, mis stabiliseerus aja jooksul teatud kindla väärtuseni. 
In order to research the actuators in detail, the CCCP mode was used - after charging the actuator to certain voltage using constant current IC, a constant potential VC was applied for up to 5 minutes. This method helps to examine the dynamics and peak of the actuation of the actuators. During the period of the constant potential the current decreases substantially and the peak of actuation appears in few minutes. In the course of different experiments the amperage of the constant current was varied in the range of 50 to 1000 mA. 

EMI800 at 2.5 V, I=400 mA
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 Figure depicts the diagrams of charging the actuator EMI800 in the CCCP mode. The actuation culminates and remains stable in about 120 seconds, while the voltage reaches its stable level already in 60 seconds. This diagram is very typical, the similar behaviour was observed in all tested actuators.

Periodic charging-discharging of actuator EMI800
[image: image9.png]
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Figure depicts the series of periodic charging-discharging cycles of the actuator. As the charging current is high, the period of constant current ceases already in few seconds. During time interval of 5 sec almost no actuation 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. While discharging by a short-circuit, the adsorbed energy is wasted through the resistor.

The actuation throughout the simultaneous cycles is of similar characteristics. The peak of actuation – 12 (m – is gained in the both cycles. The average speed of actuation can be calculated from the data of actuation and is 0.2 (m/s. Due to the low speed of desorption of ions of the ionic liquid from the porous carbon, the process of discharging is slow and the cell does not relax to its initial thickness between the simultaneous cycles.

EIS Measurements
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The EIS measurements were carried out at AC signal 5 mV and fixed DC potentials 2.5 V and 1.5 V in frequency range of 1 MHz to 5 mHz. The capacitance (CS) was calculated at frequency of 10 mHz and resistance of the actuators (RS) at 100Hz using the model of a series RC- circuit. 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. 

Cyclic Voltammetry

Capacitance vs. voltage of the actuators EMI600 (a) and EMI800 (b) at different voltage sweep rates
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Generally, it is known that the specific capacitance may depend on the voltage sweep rate. In our study, the main difference between the linear actuators EMI600 and EMI800 is the carbonaceous material used. The actuator EMI600 was made from nanoporous TiC-600 carbon with the average pore size of APS = 9.3Å, whereas carbon in the actuator EMI800 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 %. In graph, it is seen that in the case of EMI600 the potential sweep rate has a large influence on the capacitance. However, the capacitance of EMI800 with slightly higher pores is almost independent of voltage sweep rate. Similar behaviors were observed for TEA600 and TEA800, which differ from the EMI600 and EMI800 by the electrolyte used (1.0M TEABF4/PC vs. EMITf).

 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. Considerably higher displacement of EMI600  (16.2 m) 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.
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