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Abstract

:

In this study, we used n-chitosan-Bi2Te2.7Se0.3 and p-chitosan-Bi0.5Sb1.5Te3 composite inks to print a circular thermoelectric generator (TEG) device using a low-energy-input curing method. Thermoelectric (TE) composite films were fabricated using varying sizes of thermoelectric particles and a small chitosan binder (0.05 wt. %). The particles and binder were hot pressed at an applied pressure of 200 MPa and cured at 200 °C for 30 min. We achieved ZT of 0.35 for the n-type and 0.7 for the p-type TE composite films measured at room temperature. A radial TEG was fabricated using the best-performing n-type and p-type composite inks and achieved a power output of 87 µW and a power density of 727 µW/cm2 at a temperature difference of 35 K; these are among the best-reported values for printed TEG devices. Using a low-energy-input fabrication method, we eliminated the need for high-temperature and long-duration curing processes to fabricate printing devices. Thus, we envisage that the low-energy-input curing process and cost-effective printable strategy presented in this work pave the way for sustainable manufacturing of large-scale energy harvesting TEG devices.
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1. Introduction


The recent advancements in wireless technology and the Internet of Things (IoT) have led researchers to develop wireless sensors for various applications. This includes wearable health monitoring devices, condition-monitoring wireless sensor network (WSN) devices used in defense applications, home appliances, industry, etc. [1,2]. WSN is a rapidly emerging technology used to monitor and collect physical data such as temperature, pressure, steam, structural health of bridges, etc. [3]. To continuously monitor data, condition-monitoring sensors require an uninterrupted and long-lasting supply of power that does not involve frequent replacement of batteries [4,5]. Moreover, battery replacement is potentially extremely labor intensive, especially when WSNs are deployed in remote and inaccessible areas [6,7]. Therefore, it becomes essential to develop a self-sufficient power supply that can meet the power requirements of WSNs, thereby eliminating the need to replace/recharge these devices to enable the continuous monitoring of physical data [8,9,10]. As a potential constant and renewable power supply, TEGs can directly convert heat into electrical energy without moving parts while being ecofriendly [11,12,13,14]. TEGs are easy to install and can use any waste heat available. Therefore, TEGs may be attractive, self-sufficient power supply alternatives for WSN devices, especially for those in remote locations. TEG devices can be made with different geometries. For example, to scavenge the waste heat from any type of pipe (exhaust gas pipes, mufflers, hot water and steam pipes, drill pipes, etc.), radial TEG devices that can wrap around the pipe may be more suitable than planar TEG devices that may have limited surface contact with the heat source [15,16,17]. Every kWh of electric energy captured from waste heat or saved through improved industrial heating is a kWh that does not have to be produced by burning fossil fuels, i.e., total energy efficiency has positive feedback on all energy realms. TE composite films must have high electrical conductivity and a high Seebeck coefficient to achieve high-power output in a TEG device, contributing to high voltage output [18,19]. The power output and density of the TEG device also depend on the aspect ratio of the thermoelement to achieve a high-temperature difference (ΔT) across the device and the number of thermoelements to achieve high voltage output [18,19,20]. Many researchers have reported high power density (e.g., 7.34 mW/cm2 at ΔT of 28 K) for printed TEG devices using cost-effective additive manufacturing printing techniques but simultaneously high-temperature (500 °C) and long-duration (up to 18 h) sintering techniques and cost-effective additive manufacturing printing techniques [20,21,22,23,24,25,26,27,28,29]. Moreover, limited research has been performed on the varied shapes of flexible TEGs, e.g., circular or radial TEG devices, which can be used around waste heat pipes [25]. Therefore, to achieve widespread adoption of cost-effective and high-performance printed radial TEGs, it is important to implement a low thermal budget (low-temperature and short-curing duration) using additive manufacturing techniques [30,31,32,33,34,35,36,37,38,39].



In our previous work, we developed an energy-efficient curing method to stencil print a planar TEG device using [36,37,38]. The objective is to eliminate the high temperature and long-duration curing of the thermoelectric composites and TEGs and fabricate a high-performance radial TEG using a low thermal budget method, potentially used near waste heat pipes. To achieve this objective, we used the synergistic effects of (1) a small amount of chitosan binder (0.05 wt. %), (2) heterogeneous (mixed nanoscale and microscale) TE particles, and (3) applied mechanical pressure of 200 MPa combined with curing at a low temperature of 200 °C for 30 min. We assume that 0.05 wt. % of Chitosan binder will produce TE composite microstructures that will not affect the electrical connection among microscale TE particles while facilitating interfacial thermal resistance among nanoscale TE particles and the polymer. The micron-sized TE particles will provide a large mean free path for charge carriers, resulting in maintaining the electrical conductivity, and nano-sized TE particles and interfacial defects facilitating phonon scattering and low thermal conductivity. Additionally, tuning external uniaxial pressure will initiate lattice defects, resulting in high-weighted mobility and phonon vibrations. The n-type chitosan-Bi2Te2.7Se0.3 (BTS) and p-type chitosan-BST composites were used to improve the power output and power density of TEG devices. Hot pressing (applied pressure 200 MPa) was employed to cure (200 °C for 30 min) and densify films simultaneously. The combination of a small amount of binder, micro- and nano-sized TE particles, and hot pressing produced a synergetic effect that resulted in high ZT values of 0.35 for n-type BTS and 0.7 for p-type BST TE composite films. These values are comparable to the best-reported values for printed TE composite films in the literature, as shown in Table 1. In addition to using the low-energy-input method to fabricate TEG devices, we also used a radial form factor for TEG devices. This allows the TEG devices to be potentially wrapped around pipes to harvest the waste heat and produce sufficient power to operate the condition-monitoring sensors near or around the pipes. In addition, seven and a half coupled radial TEG devices were fabricated using our best-performing n-type and p-type TE composite films and achieved a device resistance of 34 Ω. The best power output of 87 µW and power density of 727 µW/cm2 was achieved at a T of 35 K. The power density achieved by the radial BTS-BST TEG device at ΔT of 35 K was 30% higher than our previously reported work [36]. Thus, we envisage that the low-energy-input curing process and cost-effective printable strategy presented in this work pave the way for sustainable manufacturing of large-scale energy harvesting TEG devices.




2. Experimental Method


2.1. TE Film Fabrication and Measurements


Commercially available 100 mesh (a combination of micro- and nanometer-sized TE particles) n-type BTS and p-type BST TE powders were used to fabricate and characterize TE films [36,37,38,39]. An ink was synthesized by combining the TE powder with 0.5 wt. % of chitosan and DMSO solvent. These inks were then stencil printed onto Kevlar substrates using a customized stencil-printing mask (10 mm × 10 mm) and cured at 120 °C for 5 min until the solvent was evaporated. The resulting films were then hot-pressed for 30 min at 200 MPa and 200 °C using a Rosin Hot-press (TEGRIDY-3×10, Cannabis Hardware, Boynton Beach, FL, USA) [36,37,38,39]. The difference between the thickness of the substrate and the whole thickness was calculated using a Vernier caliper (293-340-30, Mitutoyo, Tokyo, Japan). The average TE composite film shows a thickness of ~250 µm. A custom-built high-temperature Seebeck measuring setup was used to measure the Seebeck coefficient of the fabricated TE composite films at high temperatures [36,38]. A Hall Effect measurement system (HMS-5500, ECOPIA, Neveda, Chandler Heights, Chandler, AZ, USA) was used to measure the in-plane, high-temperature electrical conductivity of the films. Both the high-temperature Seebeck setup and the accompanying Hall effect measurement system were described in our previous publications [37,38,39]. The measurements were performed at 25–100 °C. The Angstrom method was utilized to measure the in-plane directions for the thermal conductivity of the films. [23,39]. A TCi-3, a thermal conductivity analyzer from C-Therm Technologies Ltd., Fredericton, NB, Canada, was used to perform the out-of-plane measurements [36,37,38]. X-ray diffraction (XRD) analysis was performed using a Cu-Kα radiation source on a Rigaku mini flex operating at 15 mA and 30 kV to analyze the composition of the as-received BST and BTS particles. Scanning electron microscopy (SEM) was utilized to obtain detailed information on film structure, surface microstructure, and particle interfaces. High-resolution transmission electron microscopy (HRTEM) images were used to observe the interfaces between chitosan and TE particles.




2.2. TEG Prototype Fabrication


Metal electrodes were deposited on the Kevlar substrate to ensure good electrical contact between the thermoelements and the Kevlar substrate. The metal electrodes used in the TEG devices were made of 70 µm Cu, 5 µm Ni, and 0.03 µm Au, respectively, which provided sufficient thickness (75 µm) to reduce the electrical resistance between the thermoelements, metal electrodes, and the Kevlar substrate. Thick metal electrodes improve the contact between thermoelements and substrate. During the hot-pressing process, it was observed that the thermoelements tended to delaminate from the metal electrodes. A solder paste (DS-0201LF305O, Danyang SOLTEC, Hwaseong-city, Republic of Korea) was stencil-printed onto the metal electrodes to prevent delamination during hot pressing. After applying the solder paste to the metal electrodes, the p-type BST-100 and n-type BTS-100 TE composite inks were stencil printed on top of the solder paste-coated metal electrodes on the Kevlar substrates.



The p- and n-type TE elements were printed in a circle on a planar Kevlar substrate, followed by curing at 120 °C to evaporate the solvent and followed by hot pressing (applied pressure 200 MPa and curing at 200 °C for 30 min). Due to hot pressing, the Kevlar substrate changed color (from yellow to black) around the thermoelements. The hot pressing was vital for achieving compact and dense thermoelements. Figure 1 shows the resulting radial TEG prototype of 10 couples. The dimensions of each TE element were 7 mm (length) × 2.5 mm (width) × 160 µm (thickness), and the spacing between two thermoelements was about 2 mm in this radial TEG device. Electrical connections were made using soldering paste and Cu electrical wires. The leg length and spacing between the thermoelement of this prototype device were not symmetrical or well controlled. Some of the thermoelements in radial TEG devices were cracked or short; therefore, we excluded those thermoelements from the discussion. Consequently, we have 7.5 couples of TEG devices for future discussion. We will optimize the radial TEG device’s printing parameters, leg length, and spacing in future work.




2.3. TEG Prototype Characterization


The open-circuit voltage, device resistance, and power output of the radial TEG device were measured at various ΔT (8, 16, 24, and 34 K). The TEG power output setup is similar to as shown in our previous work [36,38]. A constant ΔT was generated and maintained using a circular Kapton heater (from Omega Engineering Inc., Norwalk, CT, USA) for the hot side and Peltier modules 03111-5L31-03CG (from Custom Thermoelectric, Bishopville, MD, USA) for the cold side. The centric ends of the radial TEG device were maintained at the hot temperature by placing that side of the device on the Kapton heater. The outer ends of the radial TEG device were maintained at the cold temperature by placing the opposite side of the device on the Peltier modules. An aluminum, water-cooled heat sink was placed under the Peltier modules, and cold water continuously flowed through the heat sink to maintain the cold side temperature. Two thermocouples were connected on the radial TEG, one on the hot and one on the cold sides. The thermocouples were connected to two PID controllers to monitor the hot and cold side temperatures. The radial TEG prototype was electrically connected to a source meter (Keithley 2000, Tektronix, Inc., Beaverton, OR, USA), and the resistance of the TEG prototype was measured before subjecting the device to the ΔT by heating/cooling the respective sides. The radial TEG prototype was electrically connected in series with an external variable resistor. The voltage output was measured using a multimeter (Keithley 2000, Tektronix, Inc., USA). The open-circuit voltage was measured using an external load of 10 MΩ. The output voltage was measured by applying currents from 0.01 to 6.5 mA in increments of 0.03 mA. The average power output was calculated as the product of the corresponding current and voltage at each applied ΔT.





3. Results and Discussion


3.1. XRD Characterization


The crystal structure of p-type BST and n-type BTS particles was investigated using X-ray diffraction patterns (Figure 2). The XRD peaks of n-type BTS and p-type BST TE particles can be indexed to the standard pattern of BTS (JCPDS 50-0954) and BST (JCPDS 49-1713) [36,37,38,39]. This shows that the commercially purchased p-type BST and n-type BTS have the same rhombohedral crystal structure as bulk BST and BTS, respectively.




3.2. TE Composite Films Characterization at High Temperature


The results of the effect of temperature on the in-plane electrical conductivities and Seebeck coefficients of p-type chitosan-BST (1:2000 wt ratio) and n-type chitosan-BTS (1:2000 wt ratio) composite films are shown in Figure 3 [36,37,38,39]. These temperatures were chosen based on previous TEG studies focusing on low-waste heat applications [36,37,38,39]. The average electrical conductivity of the p-type chitosan-BST composite films (600 S/cm) was observed to be half of the bulk BST electrical conductivity (1200 S/cm) [11]. The average electrical conductivity (200 S/cm) of n-type chitosan-BTS composite films is also lower than bulk BTS (700–800 S/cm) [21]. The electrical conductivity depends on charge carrier concentration and carrier mobility. The decrease in the electrical conductivity of n- and p-type chitosan-TE composite films compared to their bulk counterparts can be attributed to a decrease in carrier mobility (μ). The carrier mobility is negatively affected by the presence of an insulating chitosan binder, which, when combined with the heterogeneous-sized TE particles, forms TE particle-chitosan interfaces and lowers the average mean free path of charge carriers due to the scattering at those interfaces. Additionally, forming pores or voids and gaps due to solvent evaporation and grain boundary interfaces in composite films contribute to carrier scattering, further reducing mobility and electrical conductivity [39].



The average electrical conductivity of n-type chitosan-BTS composite film was 200 S/cm, like previously reported n-type printed composite films [37,38,39]. Likewise, the average electrical conductivity of p-type chitosan-BST composite film at room temperature was 600 S/cm, comparable to previously reported p-type printed films [36,37,38,39]. However, using a nominal amount of chitosan binder (0.05 wt. %), we significantly reduced the insulating binder needed to print these composite films compared to the existing printed films [20]. Additionally, micron- and nanometer particles in the TE powder resulted in compact packing due to grain coalescence following hot pressing (applied pressure 200 MPa, curing at 200 °C for 30 min) [36,37,38,39].



As the temperature increased from 25 to 100 °C, the average electrical conductivity of p-type BST-100 composite films decreased from 600 S/cm to 500 S/cm, demonstrating the semi-metallic behavior of BST composite films [11,39]. In contrast, the average electrical conductivity of n-type BTS-100 composite films remained relatively stable as the temperature increased [37,38,39]. The electrical conductivity of TE composite films is a key factor in determining the resistance and power output of the TEG prototype.



The average value of the Seebeck coefficients of the n- and p-type composite films was between 190 and 200 µV/K. The n-type BTS composite film exhibited a negative Seebeck coefficient, which confirms its n-type behavior. In contrast, the p-type BST composite films display positive coefficients, indicating their p-type behavior. The average Seebeck coefficient of n-type and p-type composite films remained relatively stable from 25 to 100 °C [37,38,39]. The average Seebeck coefficient of n-type and p-type chitosan-based TE composite films is comparable to that of bulk and printed TE composite films [37,38,39]. The average power factor of p-type TE composite films was 2.04 mW/mK2, while the average power factor of n-type TE composite films was 0.56 mW/mK2. Because the average electrical conductivity of p-type BST-100 composite films is higher than that of n-type BTS composite films, the average power factor of p-type composite TE films is higher than that of n-type composite films. The power factors of the n-type and p-type TE composite films remained relatively stable up to 100 °C. The thermal conductivity of p-type BST composite film was 0.75 W/mK, and that of n-type BTS composite film was 0.56 W/mK at 25 °C [37,38,39]. The thermal conductivity of n-type BTS and p-type BST TE composite films was similar to that of our previously reported composite films prepared using cold pressing [37,38,39]. The average ZTs of p-type BST and n-type BTS composite films were 0.7 and 0.35 W/mK, respectively, making them some of the best-reported ZT values for printable TE films at 25 °C [36,37,38,39]. The stability of the electrical conductivity and Seebeck coefficient of TE composite films over the temperature range from 25 to 100 °C allows us to predict the suitability of a radial TEG device (made using n-type BTS-100 and p-type BST-100 composite inks) for various low-temperature waste heat applications.




3.3. Radial TEG Prototype Power Output Characterizations


The seven-and-one-half couple radial TEG device fabricated using n-type chitosan-BTS-100 and p-type chitosan-BST-100 had a resistance of 34 Ω. Figure 4a shows the open-circuit voltage output of the radial TEG device measured at ΔT of 8, 16, 24, and 34 K. The maximum voltage was calculated using Equation (1):


              V   m a x   = m     α   p   +   α   n     ∆ T  



(1)




where m is the number of n-type and p-type TE element couples in radial TEG device, αp is the absolute Seebeck coefficient of p-type TE composite film (average 200 µV/K), and αn is the absolute Seebeck coefficient of n-type TE composite film (average 190 µV/K). The calculated ideal and measured open-circuit voltage matched well even as ∆T increased (Figure 4a). The data indicate that the measured voltage increased linearly as ∆T increased. Figure 4b shows the power density of the TEG prototype and the fitted model power density. The power density is the measured power output per unit cross-sectional area of the TEG device. The fitted model power density was calculated using open-circuit voltage (Equation (1)), the resistance of the TEG device (RTEG, 34 Ω), and the area of the TEG device (ATEG) using Equations (2)–(4):


  P o w e r ( P ) =       m     α   p   +   α   n     ∆ T     2     4   R   T E G        



(2)







The cross-sectional area of the TEG device was calculated using Equation (3):


            A   T E G   = 2 m     A   T   +   A   S      



(3)




where ATEG is the total cross-sectional area, AT is the cross-sectional area of thermoelements, (width (2.5 mm) × thickness (0.16 mm) of the thermoelements), and AS is the cross-sectional area of spacing (between two thermoelements (2.0 mm) × thickness (0.16 mm). The power density was calculated using Equation (4):


  P o w e r   d e n s i t y =   P     A   T E G      



(4)







The voltage and power output are plotted as a function of current at various ∆T (Figure 4c). The maximum power was obtained when the resistance of the TEG device was equal to the applied resistance. The maximum power output of 87 µW was obtained when the open-circuit voltage was half its original value (55 mV), and the current was 1.6 mA at a ∆T of 35 K. Therefore, the radial TEG device’s power output was sufficient to meet the average power requirements (10 µW–100 mA) of various condition monitoring sensor network devices used around heated pipes [6,7,8].
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Figure 4. Characterization results of a 7.5 radial TEG prototype: (a) ideal and measured open-circuit voltage vs. ΔT, (b) ideal and measured power density at various ΔT, and (c) TEG voltage and power curve at various ΔT. 
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Table 1. Performance of the prototype radial stencil-printed TEG device and other reported printed TEGs.
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	Number of Couples
	Dimensions
	Resistance

(Ω)
	ΔT

(K)
	Max. Voltage (mV)
	Max. Power (μW)
	Power Density (μW/cm2)
	Curing Temp

(K)
	Max.

Curing Time (min)
	Reference





	10
	20 mm × 20 mm × 70 µm
	192
	48
	68
	6
	238
	523
	480
	[16]



	5 × 10 planar
	3.5 mm × 0.6 mm × 100 µm
	55
	20
	88
	33
	280
	523
	180
	[20]



	4 single leg
	10 mm × 2.7 mm × 27 µm
	8.5
	80
	60
	54
	1880
	723
	136
	[23]



	10 circular
	5 mm × 1.5 mm × 120 µm
	100
	70
	230
	130
	1230
	523
	360
	[25]



	9 planar
	6.5 mm × 2.3 mm × 150 µm
	12
	40
	54
	73
	566
	393
	60
	[36]



	2 single legs
	6 mm × 3 mm × 170 µm
	9
	12
	4.2
	0.48
	
	393
	30
	[37]



	3 single legs
	5 mm × 7 mm × 70 µm
	3
	38
	20
	58
	5720
	423
	30
	[38]



	6
	7 mm × 3 mm × 170 µm
	5.9
	40
	90
	357
	5000
	423
	30
	[39]



	24
	40 mm × 80 mm × 300 µm
	1600
	35
	10
	0.015
	-
	393
	30
	[40]



	7.5 radial
	7 mm × 2.5 mm × 160 µm
	37
	34
	110
	87
	727
	393
	60
	This work








The calculated power density and the fitted model power density of the prototype were similar at all ∆T (8, 16, 24, and 35 K). The maximum power density of the actual prototype was 727 μW/cm2. The printed n-BTS and p-BST radial TEG device achieved 30% higher power density than our previous n-Bi and p-BST planar TEG device [36,37]. In this work, we used a low thermal budget and fast curing method to fabricate the radial TEG device that achieved power densities comparable to those of other printable TEG devices (Table 1). It is easy to fabricate a scalable TEG device by printing the desired number of thermoelements of any aspect ratio. The unique features of our prototype radial TEG device show that: (1) These devices can be easily stencil printed and are scalable, (2) unlike traditional rigid devices where thermoelements occupy lots of space, sufficiently large power output will be produced by packing a large number of high-aspect-ratio thermoelectric elements in a small and or multiple device, (3), the technology does not involve any high-temperature (500 °C) and long-duration (up to 18 h) processing. Developing a low thermal budget manufacturing method reduced energy use in production and enabled large-scale, production-worthy technology to fabricate TEGs. (4) These radial TEGs can be printed on a flexible Kevlar substrate and, therefore, can be used to harvest waste heat from hot pipes. Every electric energy captured from waste heat or saved through improved industrial heating is a kWh that does not have to be produced by burning fossil fuels, i.e., total energy efficiency has positive feedback on all energy realms and sustainability [41].



The characteristics of our radial TEGs may contribute to the development of self-sufficient power supplies for WSN devices. Radial TEG devices can be wrapped around hot water and steam pipes to harvest waste heat and convert it into usable energy for monitoring sensors that measure temperature, pressure, or steam leakage [13,14]. The obtained power output is sufficient to power various WSN modules that could be used in various condition monitoring devices around the waste heat pipes.



Developing printable and scalable TEG devices may offer a safe and sustainable alternative to current rigid and flammable battery systems for meeting the power needs of condition monitoring sensors used in various industrial applications. Future work will focus on developing the process parameters to fabricate more TEGs and engineering methods to wrap radial TEGs around waste heat pipes to harvest valuable electrical energy.





4. Conclusions


In this work, we used p-type BST and n-type BTS TE materials with a wide distribution of particle sizes (a combination of micro- and nanometer-sized particles) to create compact TE composite films and TE elements for TEG devices. The composites were cured via hot pressing at 200 MPa for 30 min at 200 °C. The chitosan binder (0.05 wt. %) held the particles in the TE composite films. The synergistic effect of the chitosan binder, a combination of micro- and nanometer-sized TE particles, and hot pressing (using a low-energy-input method) resulted in ZT values of 0.35 for the n-type and 0.7 for the p-type TE composite films. These values are comparable to the best-reported values for printed TE composite films. Our radial TEG prototype was stencil printed using p-type and n-type TE composite inks on gold-coated copper electrodes on a Kevlar substrate. The prototype generated a maximum power of 87 μW and a 727 μW/cm2 power density. Our radial TEG prototype’s power output and density are sufficient to power various condition-monitoring wireless sensor devices around heated pipes. One of the main highlights of our work is that we used an energy-efficient fabrication method to achieve power output and power density values for our radial TEG devices that are comparable to the best-reported values for printed TEG devices without the need for an energy-intensive curing method. Using cost-effective printing techniques and energy-efficient curing will contribute to the sustainable manufacturing of large-scale adoption of TEG devices.
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Figure 1. Radial TEG device using chitosan p-BST and chitosan n-BTS (left-hand side). 
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Figure 2. XRD patterns of 100 mesh n-type BTS particles (top) and p-type BST particles (bottom). 
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Figure 3. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of p-type chitosan-BST-100 and n-type chitosan-BTS-100 TE composite films (1:2000 wt. ratio, hot pressed at 200 MPa at 200 °C for 30 min) as a function of temperature from 25–100 °C. 
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