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Conversion of low-grade waste heat into electricity had been studied employing single thermocell or flowcells so far. Graphene coated copper electrodes based thermocells connected in series displayed relatively high efficiency of thermal energy harvesting. The maximum power output of 49.2 W/m2 for normalized cross sectional electrode area is obtained at 60°C of inter electrode temperature difference. The relative carnot efficiency of 20.2% is obtained from the device. The importance of reducing the mass transfer and ion transfer resistance to improve the efficiency of the device is demonstrated. Degradation studies confirmed mild oxidation of copper foil due to corrosion caused by the electrolyte.
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INTRODUCTION

Low grade waste heat (i.e., at temperatures <200°C), such as that produced via industrial or geothermal processes, in particular was a significant source of energy that could be harvested for the production of electricity. In the field of wearable devices, where the utilization of body heat could power small portable electronics, such as medical devices or sensors [1, 2], thermocells become inevitable. Thermo-electrochemical cells, are electrochemical devices that produce a steady electric current under an applied temperature difference between two electrodes [3–5]. Due to the dependency of the performance of the cell on the ohmic, charge transfer and mass transport overpotentials [6–8], the performance of a given cell cannot be determined solely from the Seebeck coefficient.

Fast charge transfer property and low resistance at the electrode/electrolyte interface were important factors for an electrode material to determine the electrochemical performance [9]. Pt was usually used as electrode materials in thermocells, and this restricted the commercial viability [10–14]. Carbon-based electrodes were gaining prominence as a promising, low-cost alternative to Pt. The added advantage of carbon electrodes was the fast electron transfer kinetics of Ferri/Ferrocyanide redox couple [1]. Majority of research in this area had been focused on composite materials that incorporate nano-structured materials such as nanotubes, grapheme [10, 15–17] and additional treatment of materials via additives or doping [4]. The real time applications of thermocells were extensively limited by its low voltage generation. Although the maximum potential of a single cell was limited by the Seebeck coefficient and the temperature gradient, the potential difference could be increased significantly by connecting the cells in series [1]. The goal of present work is to fabricate cost-effective graphene coated copper based thermocell (3 cells in series) that generate very high power output per unit area and energy conversion efficiencies to the level at which they can be more efficient than thermoelectric devices for low grade thermal-energy harvesting. To push the utility of thermocells in real-time applications three thermocells are connected in series to take advantage of the increased voltage output. Usage of graphene coated copper improved the energy conversion efficiency via fast redox processes, high thermal and electrical conductivities. Here, we exploit simple dip coating processed graphene coated copper in planar configuration to optimize the carnot efficiency. The optimized strategies include usage of highly thermally and electrically conducting copper metal as base as well as current collector of the device. Graphene coating is used to improve the electron transfer kinetics. The output power density generated by the planar cells in series reached 49.2 W/m2 for inter electrode temperature difference of 60°C and correspond to the relative carnot efficiency of 20.2%. Thus, three thermocells connected in series could harness 20.2% of the maximum energy conversion efficiency possible for a heat engine operating between two given temperatures.

EXPERIMENTAL DETAILS

XRD patterns of the samples were obtained using PANalytical X-ray diffractometer, Netherlands. Electrochemical impedance measurements were conducted in the frequency range between 100 kHz and 100 mHz using a Zahner Zennium Electrochemical workstation. Cyclic Voltammetry using Zahner Zennium is carried out in aqueous 1M K3[Fe(CN)6] solution at the scan rate of 25 mV/s. Platinum and Ag/AgCl electrodes were used as counter and reference electrodes respectively for the electrochemical measurements.

Three single graphene coated copper thermocells were stacked in series configuration in such a way that the input heat flux from the hotter cell is transferred to the next cell. Illustrative representation of the thermocells were provided in Figure 1. For preparation of thermocell electrodes, copper sheet is taken and cut into required shape and cleaned with nitric acid to eliminate contaminants and oxides. Five grams of graphene is mixed well with distilled water in the form of paste. The paste is applied on cleaned copper sheet using paint brush and allowed to dry for 2–3 h. The graphene coated copper electrode with an area of 1.2 × 10−4m2 is used to evaluate thermocell performance. Five grams of Agar-agar powder is mixed in 50 ml of water and 1M potassium ferricyanide is added to it with constant stirring at 80°C until formation of gel electrolyte. The electrolyte is sandwiched between two electrodes and sealed with copper leads as current collectors. The device and electrochemical measurements such as Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) employedagar-agar gel soaked in aqueous solution of 1M K3[Fe(CN)6] as electrolyte. Cyclic Voltammetric (CV) measurements used an aqueous solution of 1M K3[Fe(CN)6] as electrolyte.
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FIGURE 1. Illustrative representation of the thermocells.



RESULTS AND DISCUSSIONS

To obtain high power generation from the device, fast transport of redox mediator into electrodes is required. The effectiveness of ion transport in graphene coated copper electrodes is characterized by evaluating the mass transfer coefficient.

Estimation of Mass Transfer Coefficient

By exploiting the limiting current method, the mass transfer coefficient is estimated [7, 18] from the Equation (1):
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where iL being the limiting current, n = 1 denote the number of moles of electrons transferred, F represent the faraday constant (96,485 C/mol), A depict the electrode area (1.2 × 10−4m2) and C∞ correspond to the bulk species concentration (1 mol/cm3). In the present scenario, limiting current as seen from Figure 2A, possess negligible current plateau, hence we approximated the maximum current as iL to determine Kc. This approximation might not affect the obtained values as the maximum current is in mA for all scan rates. Hence calculated Kc may possess about 5% error rather than changing in orders of magnitude.
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FIGURE 2. (A) Linear sweep voltammetry of the device at ΔT = 60°C. (B) Mass transfer coefficient of the device at ΔT = 60°C (an error accounting for 5% error in mass transfer coefficient values calculated by assuming maximum current to be limiting current in LSV).



LSV of the devices based on graphene coated copper from 1 to 100 mV/s at ΔT = 60°C are shown in Figure 2A. Using Equation (1), the lower limit of the mass transfer coefficient of graphene coated copper based thermocells in series is calculated as 3.47 × 10−3m/s. At ΔT = 60°C as shown in Figure 2B, this value is found to be three orders of magnitude higher than that of CNT aerogel sheet (5.19 × 10−6 m/s) and CNT buckypaper (2.51 × 10−6 m/s) as reported in the literature [18, 19].

EIS Analysis

EIS analysis is performed to support the performance improvement. The Nyquist plot of the device at ΔT = 60° is recorded employing Zahner Zennium electrochemical workstation and provided in Figure 3A. Corresponding bode plots to represent the processes happening in the device due to supply of thermal energy is also provided in Figure 3B. The Bode plot showed two time constants (R-Cs) as represented by two regions. The two regions correspond to (i) semicircle at high frequency region (100 kHz−10 Hz) representing charge transfer resistance (R1) (ii) tailing off at low frequency region (10 Hz−100 mHz) indicating mass transfer resistance (R2). The appropriate equivalent circuit model for the nyquist plot is fitted using Zman software (Rs-R1|Q1-R2|Q2) as shown in Figure 3C.
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FIGURE 3. (A) Nyquist plot for series thermocell. (B) Bode plot for series thermocell. (C) Fitted equivalent circuit for the bode and nyquist plot. (D) CPE representation at electrode/electrolyte interface at temperature gradient ΔT = 60°C.



For ΔT = 60°C, the series resistance (Rs) of the device being 1.90 Ω and correspond to the resistances at electrode/electrolyte interface which is 5.8 times lower than the series resistance of 11 Ω for the thermocells fabricated using as drawn, thermally oxidized and Pt-deposited CNT electrodes [l8]. The charge transfer resistance (R1) of the device for ΔT = 60°C is 5.12 Ω, attributed by the electron transfer reaction at electrode/electrolyte interface which is 6 times lower than the charge transfer resistance of 31 Ω for as drawn, thermally oxidized CNT and 4.5 times lower than that of the charge transfer resistance of 23 Ω for Pt-deposited CNT electrodes respectively [18]. The mass transfer resistance (R2) for ΔT = 60°C is 21 Ω and attributed to the transport of Ferro/Ferricyanide ions from bulk to the electrode/electrolyte interface. For ΔT = 60°C, the CPE value, Qy1 = 5.58 mΩ−1S0.6 and its exponent parameter Qa1 = 0.6 correspond to diffusion layer capacitance as shown in Figure 3D. Qy2 = 27.0 m Ω−1S0.2 and its exponent parameter Qa2 = 0.2 could be correlated to the distorted resistance generated during the phononic vibration in the electrode caused by thermal energy as shown in Figure 3D.

Performance of Thermocells Connected in Series

The power from a single thermocell of area 0.0064 m2 [19] proved to be insufficient for practical application in small electronic devices like mobile batteries, health care devices, so on and so forth. Therefore, cost effective electrode materials are experimented in a single flat type graphene based thermocell. In order to achieve higher voltage, flat type cells are connected in series and characterized at different temperature gradient (ΔT) (cf. Supplementary Material).

The power and current density variation with load is shown in Table 1. The current density (jsc) and maximum power density (Pmax) of 64.6 A/m2 and 1.36 W/m2 respectively, generated by the MWCNT buckypaper electrodes for an optimized electrical load had been the highest among the tested electrode materials, so far [10]. The Pt electrodes generated jsc of 48.4 A/m2 and Pmax of 1.0 2 W/m2 [10], the graphite sheet electrodes generated a jsc of 36.6 A/m2 and a Pmax of 0.76 W/m2. For a nominal ΔT of 45°C, voltage of 51.2 mV and current density stabilized at 30.4 A/m2 in the coin like thermocell with buckypaper electrodes were generated. At ΔT = 60°C, Voc was 70.4 mV and jsc stabilized at 55.7 A/m2 in the coin like thermocell with MWCNT forest electrodes [10]. The power density of 1.68 mW/m2 was attained at 60°C when 5 cells in series with activated charcoal as electrode material was used [20]. In the previous work [19] for single cell, the maximum current and power density obtained were 0.63 A/m2, 0.19 W/m2 at ΔT = 50°C indicating that graphene coated copper could be an efficient electrode system. In this present work for the fabricated series thermocell, the maximum current and power density obtained were 98.3 A/m2 and 49.2 W/m2 at ΔT = 60°C. The power and current density values obtained for series thermocell is much higher than the single thermocell and currently available literature data [10, 19, 20].


Table 1. Power and current density values of the device at ΔT = 60°C.
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The energy conversion efficiency (η) of the device is given by:
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where VOC denote the open-circuit voltage, ISC depict the short circuit current, Ac represented the cross-sectional area of the cell, κ correspond to the thermal conductivity of the electrolyte, ΔT indicate the temperature difference between the electrodes and d being the electrode separation distance.

The energy conversion efficiency is calculated [18] using Equation (2) for different loads at ΔT = 60°C as shown in Figure 4. The parameters employed were VOC = 0.5 V, ISC = 11.8 mA, A = 0.00012 m2, κ = 0.57 W/m/K, ΔT = 60°C, d = 10 cm. It would be clearly seen from Figure 4, that the maximum energy conversion efficiency of the fabricated graphene coated copper based thermocell (3 cells in series) to be 3.59% at a load of 100 mV/s for ΔT = 60°C which is 2.5 times higher than graphene based thermocell [19], 134 times higher than the energy conversion efficiency of 0.027% attained at 60°C when 5 cells in series with activated charcoal as electrode material was used [20], 45 times higher than the energy conversion efficiency of 0.085% at 60°C attained from flat cell with CNT as electrode material [20], 8.2 times higher than energy conversion efficiency of 0.44% at 60°C attained from MWCNT based flat thermocells and 6.4 times higher than the maximum energy conversion efficiency of 0.56% attained from cylindrical CNT aerogel sheets based thermocells [18].
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FIGURE 4. Energy Conversion and relative carnot efficiency of the device at ΔT = 60°C.



The energy conversion efficiency (ηr), relative to the Carnot efficiency of a heat engine is given by,

[image: image]

where TH is the hot electrode temperature (65°C).

The relative carnot efficiency is calculated using Equation (3) for different load from 1 to 100 mV/s as shown in Figure 4. Carnot efficiency of 1.4% was achieved in the literature by employing MWCNTs (multiwall carbon nanotubes) as electrode material with aqueous Ferri/Ferrocyanide redox couple [10]. Upon fabrication of CNT aerogel sheet electrodes, power as high as 6.6 W/m2 with a relative carnot efficiency of 3.95% at ΔT = 51°C had been reported in the literature [18]. Carnot efficiency of 0.98% attained at 60°C for 5 cells in series with activated charcoal as electrode material [20]. It could be clearly seen from Figure 4, that the resulting maximum relative carnot efficiency to be ηr = 20.2% at ΔT = 60°C for fabricated graphene based thermocell (3 cells in series) which is 12.9 times higher than the single cell graphene based thermocell [19] and 20.7 times higher than activated charcoal based devices reported in the literature [20].

Degradation Studies

As the solvent used in the present study is water which boils at and above 60°C, beyond ΔT = 60°C, water vapor accumulation starts happening inside the device. Due to this, cell opening and loss of thermal energy via absorption by water vapor and oxidation of copper reduces the performance of the device. Thus, after ΔT = 60°C sudden decline in the efficiency of the device is noticed. Degradation analysis of the bare copper (BC), used graphene coated copper (UGCC) were studied employing X-ray diffraction and CV before and after the performance studies of the thermocells.

The source consisted of Cu Kα radiation (λ = 1.54 Å.). Three peaks centered at 43.4°, 50.7°, and 74.4° assigned to (111), (200), and (220) crystal planes of metallic copper, could be clearly observed in the XRD pattern of UGCC electrode as shown in Figure 5 [21–23]. It also showed the presence of peaks due to the formation of Cu2O on the electrode surface. The low peak intensity at 2θ = 61.1°correspond to the Cu2O (JCPDS 78-2076) which confirmed the oxidation of copper foil due to corrosion [21, 22]. The XRD pattern of agar-Ferro/Ferricyanide electrolyte used as shown in Figure 5 indicated peaks at 2θ values of 26.6° corresponding to Ferro/Ferricyanide [24] and peak at 17.0° corresponds to agar film [25, 26] which confirmed the presence of electrolyte without any degradation. Thus, the corrosion of copper foil was caused by graphene and water vapor rather than by the electrolyte.
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FIGURE 5. XRD of UGCC electrode and electrolyte.



CV of BC and UGCC were performed employing 1M of potassium ferricyanideas electrolyte at the scan rate of 25 mV/s and temperature difference of ΔT = 60°C (Figure 6). CV of BC show reduction peak of Fe(III)/Fe(II) at 0.1 V and oxidation peak of Fe(II)/Fe(III) at 0.55 V vs. Ag/AgCl [27]. The peak at −0.3 V correspond to oxidation of Cu into Cu2O. CV of UGCC electrode resulted in identical peaks as that of BC with reduced peak height due to presence of thin graphene layer. Inset CV of GCC showed one oxidation peak at 0.85 V corresponding to Fe(II)/Fe(III) and the copper oxidation peak haddisappearedas shown in Figure 6. The diffusion coefficient of the electrolyte on BC, UGCC, GCC electrodes were 3.19 × 10−3 cm2/s, 3.12 × 10−3 cm2/s, 4.05 × 10−3 cm2/s as calculated using Randles-Sevcik Equation [7]:
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where, the constant 2.69 × 105 is calculated at 25°C, ip = peak current in ampere, n = number of electrons, A = area of the electrode in cm2.
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FIGURE 6. Cyclic voltammograms of BC, UGCC, GCC (inset graph) at ΔT = 60°C.



D = diffusion co-efficient in cm2/s, C = concentration of the species in mol/ cm3, ν = scan rate in mV/s. D values of BC and UGCC were close whereas GCC showed approximately 1.26 times higher value. This clearly indicated peeling of graphene coating on prolonged usage of the device and the copper getting exposed to the electrolyte solution.

SUMMARY

In summary, we report conversion of low-grade waste heat into electricity by thermocells connected in series based on cost effective graphene coated copper electrodes displaying relatively high efficiency of thermal energy harvesting. The maximum power output of 49.2 W/m2 and relative carnot efficiency of 20.2% is obtained at 60°C of inter electrode temperature difference from the device. EIS analysis showed the importance of reducing the mass transfer and ion transfer resistance to improve the efficiency of the device. Degradation studies confirmed mild oxidation of copper foil due to corrosion in the presence of electrolyte.
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