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Abstract

:

An important direction in the development of energy saving policy is harvesting and conversion into electricity of low-grade waste heat. The present paper is devoted to the improvement of the efficiency of thermo-electrochemical cells based on carbon fiber electrodes and potassium ferri-/ferrocyanide redox electrolyte. The influence of the carbon fiber electrode surface modification (magnetron deposition of silver and titanium or infiltration implantation of nanoscale titanium oxide) on the output power and parameters of the impedance equivalent scheme of a thermo-electrochemical cell has been studied. Two kinds of cell designs (a conventional electrochemical cell with a salt bridge and a coin cell-type body) were investigated. It was found that the nature of the surface modification of electrodes can change the internal resistance of the cell by three orders of magnitude. The dependence of the equivalent scheme parameters and output power density of the thermoelectric cell on the type of electrode materials was presented. It was observed that the maximum power for carbon fiber modified with titanium metal and titanium oxide was 25.2 mW/m2 and the efficiency was 1.37%.
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1. Introduction


The attention of the scientific community has recently been focused on generating the cheapest and cleanest energy. There are many areas where the amount of energy dissipated in the atmosphere is enormously high. This is especially significant in places where heat radiators and pipes with hot liquid are used. Moreover, a lot of potential heat is generated by mechanical and electrical equipment.



The harvest of low-temperature waste heat is a widely studied topic nowadays. Thermo-electrochemical cells (thermocells or thermo-galvanic cells, (TECs)) are one of the cheapest means to convert low-grade waste heat into electricity [1,2,3,4]. Typically, a TEC is based on a redox electrolyte and two electrodes placed at different temperatures [5,6,7,8,9,10,11,12]. The emergence of the temperature difference between the electrodes, in other words, the entropy difference between the two sides of the redox process, generates a potential difference and maintains a continuous flow of electric current in the TEC.



The conversion process is based on the temperature coefficient of the electrode potential or hypothetical Seebeck coefficient of the cells. The output voltage is proportional to the temperature difference between hot and cold electrodes because of the difference in entropy of the redox process for hot and cold electrodes [2,3]. The hypothetical Seebeck coefficient of thermo-electrochemical cells can be calculated by the following formula [4]:


  S e =   δ V   δ T   = −   Δ  S  r x  0    n F    



(1)




where  δ V is the full-cell voltage,  δ T is the interelectrode temperature difference,   Δ  S  r x  0    is the entropy change for the cell reaction, n is the number of electrons transferred in the reaction, and F is Faraday’s constant.



Currently, researchers are focused on the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple and carbon nanomaterials with high specific surface areas (carbon nanotubes and reduced graphene oxide) as they exhibit fast electron transfer kinetics and a hypothetical Seebeck coefficient of about 1.4 mV/K. The highest reported Seebeck coefficient of 9.9 mV/K has been demonstrated for a thermocell containing acetone and iso-propanol as the redox couple, when the vaporization entropy of acetone increases the total entropy change in the conversion of iso-propanol to acetone [13]. The highest hypothetical Seebeck coefficient for aqueous electrolyte-based thermocells (4.5 mV/K) and, accordingly, high open-circuit voltage values of up to 0.2 V have been presented in studies [14,15].



The accumulation and storage of charge in electrochemical systems (capacitors, thermo-electrochemical cells) occur in the electric double-layer at the electrode/electrolyte junction. Therefore, electrode materials must meet the following requirements: high electrical conductivity, high specific surface area, availability of the porous structure to ions and electrolyte molecules, and low density. Carbon materials satisfy these requirements [16,17,18,19,20]. The relevance of carbon materials for electrochemical applications is due to the unique combination of chemical and physical properties: carbon electrodes are well polarized, stable over a wide range of temperatures, and chemically inert. In addition, they are characterized by high conductivity, high specific surface area, and relatively low cost and have a porous structure which can be controlled.



The best world records of TEC efficiency and power output were achieved with the catalytic modification of carbon nanotube aerogel by Pt nanoparticles [1]. In this work, a maximum power output of 6.6 W m2 and a Carnot relative efficiency of 3.95% described in the literature have been shown. Several studies have described that the addition of metal nanoparticles provides a significant catalytic effect and increases the current density in a continuous redox reaction in a system of [Fe(CN)6]3−/[Fe(CN)6]4− [4,21,22].



Nevertheless, carbon nanotubes are still limited in industrial production, are extremely expensive, and require the use of polymer binders for the creation of electrode materials. Simultaneously, carbon fiber (CF) materials have a significant advantage because they do not require the addition of binding components (in comparison with polymer additives for CNTs and carbon black-based electrodes [23,24]) in the manufacture of electrodes. CF materials are obtained mainly on the basis of polyacrylonitrile (PAN) pitch and rayon-based precursor. Isotropic pitch and rayon-based carbon fibers are excellent materials for the production of activated carbon fibers with very high specific areas (>1500 m2/g) and are likely to dominate as materials for liquid as well as gaseous adsorption and environmental protection.



Therefore, in the present work, materials based on commercially available carbon fiber modified by easily reproducible magnetron sputtering (with Ti and Ag coating) and infiltration methods (with TiO2 nanopowder) were investigated as cheap electrode materials for thermo-electrochemical cells based on the [Fe(CN)6]3−/[Fe(CN)6]4− redox system, which can be easily scaled.




2. Materials and Methods


2.1. Materials


For electrolyte preparation, K3[Fe(CN)6] (99.8% purity, CAS 13746-66-2) and K4[Fe(CN)6] (99.8% purity, CAS 14459-95-1) were purchased from Sigma-Aldrich GmbH (Schnelldorf, Germany) and used without further purification. Ferri-/ferrocyanide redox electrolyte in the ratio of 1:1 with a total concentration of 0.3 mol/L in distilled water was used as the base.



Carbon fiber Busofit TM-04 (Busofit) commercial products were purchased from Svetlogorsk Khimvolokno OJSC (Svetlogorsk, Republic of Belarus), with a diameter of the initial fiber of about 6–8 µm and an electrical resistivity of approximately 20–200 Ω m.



Four modifications of Busofit carbon fabric were used as electrodes. Modification was carried out by vacuum sputtering of titanium using magnetron sources and condensing its vapors onto a carbon cloth tape:




	
Basic Busofit;



	
Busofit with Ag magnetron sputtering;



	
Busofit with Ti magnetron sputtering;



	
Busofit with infiltrated dispersion of TiO2 nanoparticles.








The dispersal of titanium oxide (from a 5% dispersion of TiO2) into Busofit fabric was carried out in vacuum, in a Buchner filter on a Bunsen funnel. Then, the coating was dried for 1 h at temperatures of 80 and 150 °C.



For cells in the coin cell CR2025, an industrial separator for Li-ion current sources was used.




2.2. Measurement and Characterization Technique


The potentiodynamic method was used to obtain the maximum power values. To determine the voltage of the open circuit of the thermal cell on the cold and hot sides, the following temperature differences were consistently created: 10, 20, 30, 40, and 50 K. After some time, a stable potential was established in the system, and the value of this potential was taken as the open circuit voltage (UOC), which is unique to each material and each temperature. After that, the cell was discharged by creating a reverse potential, increasing from 0 mV to the open circuit voltage (UOC, which was established in the previous step). UOC was increased at the rate of 1 mV/s. During all experiments, the current flowing through the cell was recorded.



One of the stages of processing the measurement results was the construction and analysis of an equivalent scheme (ES), i.e., electrical circuits having the same frequency dependence on impedance as the studying cell. It can be used to determine the structural features of the investigated systems (electrode–electrolyte heterojunctions, particle coupling in clusters, surface and bulk conductivities), microscopic parameters (cluster sizes and their local resistance), and other characteristics of the objects under study.



A typical ES consists of several different elements: resistors, capacitors, inductors, Warburg impedance, and constant phase shift element [8]. Analysis of the ES and calculation of the total resistance are associated with the addition of harmonic oscillations of currents and voltages. In case of studying the dependence of the output parameters on the presence and properties of separators, the most interesting is Warburg’s impedance (W), which characterizes diffuse processes inside the cell.



The main method of evaluating the data obtained by the impedance spectroscopy technique is the analysis of impedance hodographs, i.e., by studying the dependence of the imaginary parts of permittivity on the real parts of one set of Nyquist coordinates. Based on the data obtained from the hodograph, a cell’s equivalent scheme can be constructed [25].





3. Results and Discussion


In the present work, two kinds of TEC architecture were investigated: thermocells with a salt bridge and thermocells with the coin cell CR2025 case. Both types have advantages and disadvantages, so the comparison was very informative.



Systems with a salt bridge are easy to maintain and can be precisely controlled under persistent large temperature differences. This provides an accurate measurement of the Seebeck coefficient. Systems in the coin cell CR2025 have two important application benefits: the assembly speed and the reproducibility of the results for cells in this type of case are much better than in other types of electrochemical systems.



Modification of Busofit-based electrode materials for both types of cells was carried out for two reasons. The first was for the formation of electrodes with a minimum contact resistance of the metal layer–Busofit. The second is a decrease in contact resistance between the Busofit layers, which determines the capacity of the electrolytic cell. In this case, the metal layer, in addition to low electrical resistance, must have a high porosity, which ensures the penetration of the electrolyte between the layers of Busofit and increases the total porosity. SEM images of the Busofit materials are shown in Figure 1.



Figure 1b,c show particles of deposited metal on the surface of the fiber. Figure 1d shows a thick coating. These particles can form sorption centers for redox reactions and have an influence on the interaction between electrolytes and the Busofit surface.



Plots of the maximum power density versus temperature difference between the hot and cold sides of the cell for the CR2025 case and cells with a salt bridge are shown in Figure 2.



The plots for the cells with a salt bridge (Figure 2a) show that the presence of the Ag modifier does not significantly affect the power of the system, while Ti deposition and TiO2 dispersion significantly increase the output power (by about two times). This effect may be attributed to the reduction in the interface resistance between the electrodes and the electrolyte because of the catalytic effect of TiO2 in the dispersion and the existence of oxide film on the surface of the deposited titanium.



In the coin cell case, the electrodes are very close to each other (about 1 mm apart); therefore, the actual temperature difference between the electrodes should be lower and the potential difference should also be lower. Nevertheless, the power output of the coin cell with the electrodes made of native Busofit and that of Busofit modified with Ag are close to the value obtained for the cells with a salt bridge. This can be explained by the lower resistance of the cell without a salt bridge and high exchange current values, due to the distance between the electrodes.



Based on the I–V plots of the thermal cells (Supplementary Materials Figures S1–S8), the values of the open circuit voltage and the short circuit current were compared (Table 1).



The values of the open circuit voltage of cells with a salt bridge for all Busofit types are relatively close (Table 1). In this case, the voltage of the open circuit can be used to calculate the actual temperature difference of the electrodes using the formula: ΔT = Uoc/Se, where Se is 1.4 mV/K.



For a coin cell, the real electrode temperature is significantly dependent on the thermal conductivity of the cell (electrodes, electrolyte, and current collector). Therefore, different Busofit modifications have different real temperature gradients, which are confirmed by UOC. Hence, Busofit filled with TiO2 which has lower thermal conductivity than native carbon fiber and carbon fiber with metallic silver or titanium showed higher UOC (19 mV) because of the higher real temperature gradient. The short circuit current is proportional to the equivalent serial resistance (ESR), which is obtained as the sum of the resistance of the electrolyte and the resistance to charge transfer through the electrode–electrolyte junction. It is obvious that the resistance of the electrolyte in coin cells is significantly lower than that of cells with a salt bridge, which is confirmed by the impedance data.



Nyquist plots (Figure 3a–e) have the shape of a semicircle and are equivalent to the parallel connection of capacitance and resistance [15]. In a TEC with an electrolyte containing Fe ions in the heterovalent state, the reaction proceeds on the surface of the hot electrode,


Fe(CN)63− − e− → Fe(CN)64−



(2)




and on the surface of the cold electrode,


Fe(CN)64− + e− → Fe(CN)63−



(3)







The impedance of a TEC consists of Rs—electrolyte resistance; CPEdl(c), CPEdl(h)—constant phase elements for cold and hot electrodes that correspond to capacities of an electrical double layer at the electrode–electrolyte interface. Rct(c) and Rct(h) are the charge transfer resistance of cold electrode–electrolyte and hot electrode–electrolyte junctions, respectively.



The complete impedance circuit (Figure 3e) can be simplified provided that the resistances and capacitances of the electric double layer of the hot and cold electrodes differ by small values. During reactions (2) and (3), the potential of the electrodes for carbon materials changes. These changes are accompanied by the accumulation of an pseudo-intensity of redox reactions on the surface of the Busofit material:


> C–OH ⇿C=O + H+ + e−, –COOH ⇿–COO + H+ + e− and > C=O + e− ⇿> C–O–



(4)







At a temperature gradient, the TEC gives off charge as a supercapacitor, i.e., the current is inversely proportional to the ESR, which is the sum of the resistance of the electrolyte and the resistance of the charge transfer of the electrodes. To confirm the hypothesis of limiting resistance and to calculate the thermoelectric conversion efficiency indicator, an analysis of the results by impedance spectroscopy was carried out using the method of determination parameters of the equivalent circuit. The equivalent scheme of the TEC and dependences of the cell’s resistance are shown in Figure 3.



On basis of these results, the dependence of the resistance of the electrolyte on the temperature difference of the TEC was established.



The calculated values of the elements of the equivalent scheme (Figure 3a) are shown in Table 2.



From these results, it is seen that the resistance of the electrolyte in systems with a salt bridge is thrice that in a system in a coin cell CR2025. This explains the difference in the values of specific power and current density between systems with the same electrodes but assembled in different cell architectures.



A comparison of the resistance of the electrode process for various modifications of the Busofit fiber shows that the resistance of the fiber modified with titanium is 15 to 20 times lower than the resistance of the base fiber or the resistance of the one modified with silver. At the same time, fiber modified with titanium oxide powder has a higher resistance, but it is significantly lower than the starting material.



Such significant differences in resistance are reflected in parameters such as short circuit current and output power. On the one hand, the short circuit current at the maximum temperature gradient for cells in the coin cell was, on average, twice as high as that for cells with a salt bridge. In addition, the short circuit current of Busofit fibers modified with titanium (Ti and TiO2) was about 20–30 times higher than that for base fibers or fibers with silver.



Busofit contact resistance consists of the internal resistance of individual fibers, the total resistance of each contact between the fibers, and the charge transfer resistance across the electrode–electrolyte junction. It is obvious that Busofit is in a compressed state, i.e., assembled in a coin-cell form, and has the lowest total resistance of all contacts between the fibers compared with the circuit with a bridge, as confirmed by the data in Table 1. In this case, the silver coating (sputtering) on the surface of Busofit increases the impedance of the contacts and is apparently associated with a rapid oxidation of silver and the formation of oxide with high resistance. In contrast, titanium sputtering significantly reduced contact resistance from 80 to 5 Ω (Table 2).



On the other hand, the open circuit voltage (Supplementary Materials) for cells in the coin cell is lower, on average, by 5–15 times compared to cells with a salt bridge, which is associated with a lower temperature gradient.



Thus, regardless of the type of cell architecture, modification of the electrode material with titanium or titanium oxide significantly improves the short circuit current of any type cell. This effect is associated with the catalytic effect of titanium oxide on the oxidation reaction occurring on the hot electrode.



To confirm the hypothesis of the catalytic effect of titanium dioxide on the surface of the electrode material Busofit, the resistance value of the electrode process Rct was analyzed. The dependence of the Rct value on temperature at the Arrhenius coordinates for the Busofit-based fiber systems with sputtered titanium, silver, and infiltrated titanium dioxide in the cells of the coin cell is shown in Figure 4a. The dependence of Rct on the absolute temperature at the Arrhenius coordinates is linear. The activation energy of the electrode process is depicted in the summary plot (Figure 4b). The activation energy of the electrode process in system with titanium dioxide is lower than in other systems.



The efficiency of thermoelectric conversion was calculated by the method in [26]. The dependence of the equivalent parameter ZT on the temperature gradient of the electrodes is shown in Figure 5. Thus, ZT varies with change in resistance.



In [27], it was shown that the values of ZT typical for solid-state inorganic thermal generators are 1 or less at temperatures of about 800 °C. For example, for Bi2Ti3, ZT is in the range of 0.5–0.8; for composites based on rare-earth metals, ZT is in the range of 0.75–1.2, and for polymeric materials, ZT is in the range of 0.2–0.42.



Based on the ZT values, the dependence of the thermoelectric conversion efficiency was established (Figure 6). Plots of the thermoelectric conversion efficiency reveal that the efficiency of the system with a salt bridge is very low. This can be explained by the high resistance of the electrolyte in the connecting tubes. The system with carbon fiber Busofit coated with titanium in a coin cell CR2025 showed the highest efficiency of 1.37%, with a temperature difference of 50 K. In a previously published review [4], values for typical thermo-electrochemical cells <1% were shown and it was noted that an efficiency of 2–5% will be sufficient for applied use.




4. Conclusions


In this work, the properties of TECs with two different cell architectures (electrochemical cell with a salt bridge and a coin cell case) based on modified carbon fiber electrodes were studied. The electrochemical impedance of TECs for various temperature gradients was described by an equivalent scheme; the limiting impedance components for the salt bridge and coin cell systems were calculated and explained for three parameters (Rs, CPEdl(c), CPEdl(h), Rct(c) and Rct(h), look at the Figure 3e).



Close distance between electrodes causes low values of electrolyte resistance in the coin cell. At the same time, different thermal conductivity of carbon fibers modified with Ag, Ti, and TiO2 causes different real temperature in the electrode–electrode contact zone and significantly decreases the real temperature gradient. This effect is well observed from the dependence of the open circuit voltage (UOC) on the type of modifier in the cell in Table 1, which is significantly higher for cells with a salt bridge. Nevertheless, high resistance of the salt bridge decreases the exchange current, and for this reason, the relative efficiency and power output of the coin cell system exceed the values of these parameters in cells with a salt bridge.



The catalytic effect of the Busofit modifiers was confirmed by a change in the activation energies, which were calculated from the Arrhenius dependences for contact resistance. The TiO2 Busofit modifier, with an activation energy about 0.3 eV, has the greatest catalytic effect. The highest value of specific electric power of the cells was achieved in the coin cell system with Busofit+Ti electrodes. This can be caused by the combination of the high conductivity of titanium metal, which reduces the resistance between individual carbon filaments, and the catalytic effect of a thin oxide film on its surface. The values of the specific power and the efficiency were 25.2 mW/m2 and 1.37%, respectively.
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Figure 1. SEM images of the Busofit materials: (a) Basic; (b) with Ag spraying; (c) with Ti spraying; (d) with infiltrated dispersion of TiO2 nanoparticles. 
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Figure 2. Plots of maximum power density versus temperature difference between the hot and cold sides of the cell (a) for cells with a salt bridge and (b) for cells in the coin cell CR2025. 
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Figure 3. Nyquist plots for cells in a coin cell CR2025: (a) Busofit, (b) Busofit Ag, (c) Busofit Ti, and (d) Busofit TiO2; (e) equivalent scheme of a TEC (e); (f) the dependence of the resistance of the electrolyte on the temperature difference between the electrodes for cells with a salt bridge and (g) for cells in a coin cell CR2025. 
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Figure 4. Dependence of the resistance of the electrode process on the temperature at the (a) Arrhenius coordinates, and (b) values of the activation energy of the electrode process in systems with the base fabric Busofit with Ag coating, Ti coating, and infiltrated TiO2. 
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Figure 5. The dependence of the equivalent parameter ZT on the temperature gradient (a) for cells with a salt bridge and (b) for cells in a coin cell CR2025. 






Figure 5. The dependence of the equivalent parameter ZT on the temperature gradient (a) for cells with a salt bridge and (b) for cells in a coin cell CR2025.



[image: Sustainability 13 01377 g005]







[image: Sustainability 13 01377 g006 550] 





Figure 6. The dependence of the efficiency of the studied cells on the temperature gradient of the electrodes (a) for cells with a salt bridge and (b) for cells in a coin cell CR2025. 
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Table 1. The influence of surface modifier on the maximum values of UOC and ISC for different types of thermo-electrochemical cells (TECs) (temperature difference between the hot and cold sides is 50 K).
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Salt Bridge

	
Coin Cell




	
UOC, mV

	
ISC, mkA

	
UOC, mV

	
ISC, mkA






	
Native Busofit

	
71.5

	
12.0

	
11.1

	
51




	
Busofit with Ag

	
75.4

	
9.4

	
7.0

	
44




	
Busofit with Ti

	
75.4

	
17.7

	
11.3

	
1217




	
Busofit with TiO2

	
72.6

	
21.5

	
19.0

	
682
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Table 2. Elements of the equivalent scheme of the studied TECs.
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	Type of Electrodes
	Rs (Ω)
	Cdl (mkF)
	Rct (Ω)





	Busofit (Salt bridge)
	4150
	6
	1100



	Busofit (Coin cell)
	2
	3
	80



	Busofit+Ag (Salt bridge)
	3000
	3
	4090



	Busofit+Ag (Coin cell)
	2
	3
	120



	Busofit+Ti (Salt bridge)
	2870
	3
	201



	Busofit+Ti (Coin cell)
	2
	10
	5



	Busofit+TiO2 (Salt bridge)
	3040
	6
	430



	Busofit+TiO2 (Coin cell)
	2
	3
	30
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