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            Abstract
          
        

        
          Thermoelectric (TE) composite films that can harvest electrical energy from ambient heat sources are attractive for flexible and battery-free power sources, yet their performance is often limited by unfavorable transport trade-offs in polymer-based composites. Here, we report an effective approach to enhance flexible TE films by incorporating an ionic liquid (IL) into a PVDF-based organic-inorganic composite containing p-type Bi0.5Sb1.5Te3 (BST) powders. Composite solutions with different IL concentrations (3-20 wt%) were prepared and then drop-cast to produce free-standing TE films with a thickness of ~100 µm. Increasing the IL content enhanced the Seebeck coefficient but decreased the electrical conductivity, signifying IL-induced alterations in charge transport and interfacial scattering. An optimal IL content of 15 wt% produced the highest power factor of 3.22 µW m-1K-2, which is ≈1.45 times higher than that of a bare TE film. A flexible energy harvester fabricated by integrating IL-based TE films onto polyimide substrates delivered a maximum output power of 6.67 nW at ΔT = 20 K, corresponding to an ≈3.75-fold improvement compared to the IL-free devices. These results demonstrate IL-assisted tuning as an effective route toward conformal, self-powered wearable devices and sensor platforms.
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      1. INTRODUCTION
      Thermoelectric (TE) materials have recently attracted attention as process-compatible platforms for flexible and battery-free power sources, since they can generate electrical output even under small temperature gradients (ΔT) via coupled ionic and electronic transport[1-4]. With the rapid proliferation of wireless communication networks and electronic devices, global energy consumption has increased dramatically, driving strong interest in energy harvesting technologies capable of scavenging energy from the ambient environment. Among these approaches, thermoelectric generators (TEGs) that harvest electricity from ambient heat sources have gained significant attention as a sustainable power solution, as they enable continuous electricity generation without batteries simply by maintaining a ΔT [5-8].

      TEGs function through the Seebeck effect, in which a temperature difference (ΔT) across a material induces charge carrier diffusion, generating an electrical potential and electromotive force independent of device geometry. Owing to this principle, TEGs are applicable not only to wearable electronics but also to industrial and manufacturing environments where waste heat is ubiquitously generated. Their ability to convert small temperature differences into electrical energy makes them highly versatile for self-powered systems [5,9,10].

      The performance of TE materials is quantified by the dimensionless figure of merit, zT, defined as zT = S2σT/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and κ is the thermal conductivity. Achieving a high zT requires a high power factor (S2σ) while simultaneously suppressing κ. However, the strong interdependence among these parameters imposes intrinsic limitations, making their simultaneous optimization challenging [11-14].

      Bismuth telluride (Bi2Te3), a representative room-temperature TE material, exhibits excellent intrinsic TE performance but suffers from limited tunability due to the trade-off between σ and S, as well as poor mechanical flexibility and processability [14,15]. To overcome these limitations, recent studies have explored organic–inorganic TE composites incorporating polymers or ionic components to decouple transport properties and enable enhanced control over charge carrier behavior [16,17].

      Ionic liquids (ILs) are a class of molten salts composed entirely of organic cations and inorganic or organic anions that remain in a liquid state at or near room temperature. Owing to their negligible vapor pressure, high thermal stability, and excellent ionic conductivity, ILs have been extensively investigated in electrochemical and energy-related applications. Furthermore, the wide tunability of cation–anion combinations enables precise control over physicochemical properties such as polarity, viscosity, and ion transport behavior [18-21].

      Within the realm of TE materials, ILs have recently emerged as promising functional additives that can influence charge carrier transport and interfacial interactions. The incorporation of ILs can induce energy filtering effects, adjust carrier concentration through interfacial doping, and inhibit phonon transport via enhanced interfacial scattering, thereby offering a potential pathway to decouple the interdependent TE parameters (S, σ, and κ) [1,2,22-25]. These characteristics make ILs particularly attractive for hybrid organic–inorganic TEGs.

      Herein, ILs were incorporated into a Bi2Te3-based TE system to facilitate efficient adjustment of charge transport and interfacial interactions, consequently enhancing TE performance while ensuring process compatibility [26,27]. PVDF-based TE composite films were prepared by adding p-type Bi0.5Sb1.5Te3 (BST) powders as an inorganic filler and different quantities of ILs into a PVDF polymer matrix, followed by a drop-casting [28-31]. The TE properties of the prepared composite films, such as the Seebeck coefficient, electrical conductivity, and power factor, were assessed with a customized TE characterization system. A rise in both the Seebeck coefficient and power factor was noted with increasing IL content. The impact of IL inclusion in the film displayed saturation characteristics at 20 wt%, with an optimal formulation found at 15 wt%. Furthermore, the optimized TE composite films were cut to appropriate dimensions and integrated into flexible substrates to fabricate an IL-adopted TE generator (IL-TEG). The resulting IL-TEG generated a maximum output power of 6.67 nW under a ΔT of 20 K. Specifically, IL-TEG showed an output performance enhancement of approximately 3.75 times when compared to conventional PVDF-based IL-free TEGs. These findings indicate that the addition of IL is a successful strategy for improving the TE performance and power generation ability of flexible TEGs, implying their possible uses in wearable devices and surface-mounted sensing systems.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Synthesis of ionic liquids
        1-Bromohexyl-1-methylpiperidinium bromide (Br-6-MPRD) IL powder [32,33] was synthesized by quaternization of N-methylpiperidine (Sigma Aldrich, USA) with 1,6-dibromohexane (Sigma Aldrich, USA), as illustrated in Figs. 1(a) and 1(b). Initially, 9.5 mL (30.90 mmol) of 1,6-dibromohexane was mixed into 30 mL of ethyl acetate, and a uniform solution was obtained by stirring at room temperature for 5 min. Thereafter, 7.5 mL (20.51 mmol) of N-methylpiperidine was gradually added to the reaction mixture, which was allowed to react for 72 h at room temperature with constant stirring. Upon completion of the reaction, a white precipitate was formed and collected through filtration. The crude product was thoroughly washed with ethyl acetate to remove unreacted materials and residual impurities, and then dried under vacuum at room temperature to yield the final product. Fig. 1(b) shows the chemical reaction scheme for the synthesis of the Br-6-MPRD IL.

        
          
          

          Fig. 1. 
				
          

          
            (a) Schematic illustration of the synthesis procedure for the Br-6-MPRD IL powders. (b) Chemical reaction scheme for the synthesis of the IL.
          
          

          

        

      

      
        2.2 Fabrication of PVDF-based IL-incorporated TE composite films
        A TE composite solution was prepared by dissolving PVDF (Kynar 2821-co, Arkema, South Korea) powder, BST powder (Hanaro TR. Co. Ltd, South Korea) and IL in a mixed solvent composed of acetone and N,N-dimethylformamide (DMF) at a 7:3 mass ratio under continuous stirring. Several homogeneous composite solutions were prepared by varying the IL concentration to 3, 7, 11, 15, and 20 wt% relative to the total weight of the composite. A specific quantity of TE BST filler particles was added to the PVDF polymer, as too much BST in PVDF could compromise film flexibility and cause surface roughness. Consequently, for all the composite films, the mass fraction of BST was kept constant at 75 wt% in relation to PVDF. Finally, the versatile PVDF-based TE composite films were produced by drop-casting the prepared composite solutions onto cleaned glass substrates, followed by drying in an oven at 80°C for 1 h.

      

      
        2.3 Characterization of IL-adopted TE composite films
        The IL formation and its chemical structure and bonding interactions were systematically characterized by FT-IR (PerkinElmer, Frontier, USA) and 500 MHz NMR spectroscopy (BRUKER, AvanceNeo500, USA). The crystalline phase and composition of the BST powder were analyzed through X-ray diffraction (XRD; Empyrean, PANalytical, China) utilizing Cu Kα radiation (λ = 1.5406 Å). The thickness and surface morphology of the TE composite films were examined using field emission scanning electron microscopy (FE-SEM, JSM-IT700HR, Japan). The TE properties of the fabricated composite films such as the S, σ, and power factor, were assessed utilizing a specially designed four-point probe–based TE measurement system. The system consists of a Peltier device for generating a controlled ΔT, a source meter (2612B, Keithley, USA), a multichannel measurement system (3706A, Keithley, USA), a nanovoltmeter (2182A, Keithley, USA), and a DC power supply (GPP-1326, GW Instek, Taiwan). The four probes were brought into direct contact with the TE film to simultaneously measure the ΔT and the TE voltage generated across the sample. The S and electrical conductance were simultaneously measured and recorded using a computer-based data acquisition system. The σ was calculated from the measured conductance by considering the probe spacing and the cross-sectional area of the TE film. The power factor was determined using the equation PF = S2σ.
				

      

      
        2.4 Fabrication of energy harvester based on IL-adopted TE films
        A TEG was constructed by cutting the PVDF-based IL-adopted TE composite films into rectangular pieces (2 × 0.5 cm2) and affixing them to a flexible polyimide (PI) substrate (3 × 5.5 cm2) using conductive epoxy (CW2400, Chemtronics Co. Ltd, South Korea). Electrical connections linking the TE films to the electrodes were established using aluminum foil and conductive epoxy, providing a consistent contact area of 5 × 5 mm2 between each TE element and the electrodes. Copper wires were connected to both ends of the electrodes with conductive epoxy to collect the output voltage and current produced by the TE energy harvester.

      

      
        2.5 Evaluation of output performance harvested from an IL-TEG
        A custom measurement system was developed to assess the electrical output of the flexible IL-TEG. A temperature gradient was controlled across the TE element by heating one side with a hot plate (MSH20D, Daihan Scientific, South Korea) and cooling the other side with a chiller (RW3-3025, Lab Companion, South Korea). The ΔT across the TEG was monitored continuously with a digital contact thermometer (A1.T9214T, Daihan Scientific, South Korea). Load resistance analysis for the IL-TEG was conducted by varying the load resistance from 100 Ω to 1 MΩ using a resistance box (RS-200W, IET Labs, Inc., USA), while the output voltage and current were measured with a source meter (2612B, Keithley, USA). The output power (P = V × I) of the harvester was calculated using the measured voltage and current.

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      
        3.1 Chemical structure analysis of Br-6-MPRD IL
        The chemical structure and its bond formation of the Br-6-MPRD IL were confirmed by 1H NMR, as shown in Fig. 2(a) [32,33]. The characteristic resonance peak at 3.10 ppm relates to the methyl protons of the piperidinium ring,while the peak at 3.70 ppm pertains to the methylene protons adjacent to the nitrogen cation. The peaks observed in the range of 1.97 to 1.99 ppm were assigned to the remaining CH₂ groups on the piperidine ring, while the resonance peaks at 1.80, 1.45, and 1.21 ppm correspond to the methylene protons of the alkyl spacer. In addition, the peak at 3.35 ppm is related to the methylene protons in the aliphatic chain adjacent to the bromine atom. FT-IR spectroscopy further confirmed the current chemical structure and detailed information regarding the chemical bonds of the Br-6-MPRD IL, as shown in Fig. 2(b) [32,33]. The absorption bands located at 2860 and 2940 cm-1 correspond to the C-H stretching vibrations of alkyl chains, whereas the band at 1468 cm-1 is associated with the C-H bending vibrations of Br-6-MPRD. The broad absorption band at 3400 cm-1 is attributed to O-H stretching related to moisture adsorbed onto the IL. Furthermore, the characteristic absorption band at 923 cm-1 is correlated with the C-N+ stretching vibration of the piperidinium group, verifying the formation of the quaternary ammonium structure.

        
          
          

          Fig. 2. 
				
          

          
            Spectroscopic characterization of the Br-6-MPRD IL: (a) 1H NMR spectrum and (b) FT-IR spectrum.
          
          

          

        

      

      
        3.2 IL-adopted TE films and flexible IL-TEGs
        Fig. 3(a) illustrates the fabrication process of the flexible IL-adopted TE composite films utilizing different composite solutions with varying IL concentrations, specifically 3, 7, 11, 15, and 20 wt%. Detailed information on the film processing conditions is provided in the Experimental section. Fig. 3(b) shows an optical image of the as-prepared final TE composite film. Fig. 3(c) depicts the fabrication steps of the flexible TEG using the IL-adopted TE composite film. The TE composite film was affixed to a flexible PI substrate and electrically interconnected using aluminum foil, ensuring reliable electrical contact while maintaining the composite film’s mechanical flexibility. Fig. 3(d) shows the optical image of the IL-TEG, whose flexibility was validated by bending it by hand. This indicates strong mechanical compliance, suggesting that the TEG is a promising candidate for the wearable and surface-mounted sensing and energy harvesting applications.

        
          
          

          Fig. 3. 
				
          

          
            (a) Schematic illustration of the fabrication process for the flexible TE composite films. (b) Optical photograph of the fabricated IL-adopted TE film. (c) Schematic diagram showing the fabrication procedure for the flexible IL-TEG. (d) Photograph of the device bent by hand.
          
          

          

        

      

      
        3.3 TE properties of IL-adopted TE composite films
        Fig. 4(a) shows the cross-sectional SEM image of the TE composite film, revealing a thickness of approximately 100 μm. The surface morphology of the TE composite film verifies the presence of the BST powder and its uniform distribution within the PVDF polymer matrix (Fig. 4(b)). Fig. 4(c) shows the XRD pattern of the BST powder as the TE filler used to fabricate TE film, which aligns well with the standard JCPDS reference (#49-1713), affirming the high purity of its crystalline phase. Figs. 4(d) and 4(e) show the Seebeck coefficient and electrical conductivity of the TE composite films relative to IL content, respectively; these results were evaluated with a four-point probe-based TE characterization system. The observed increase in the Seebeck coefficient accompanied by a reduction in electrical conductivity indicates that IL incorporation redirects TE transport towards a Seebeck-dominant regime. This behavior is often linked to energy-filtering effects and increased carrier scattering at ionic and polymer–inorganic interfaces, emphasizing the importance of ILs in selectively tuning charge transport characteristics. The incorporation of the IL is anticipated to increase the free volume in the PVDF polymer matrix, resulting in adjusted polymer chain arrangements and modulated charge carrier transport. Fig. 4(f) shows the power factor of the flexible TE composite films as a function of IL concentration in polymer. The power factor of the TE composite films increased as the IL concentration changed from 3 to 15 wt%. The maximum power factor of 3.22 µW m-1 K-2 was achieved at an IL content of 15 wt%, which is approximately 1.45 times greater than that of the pristine PVDF-based TE film. These findings indicate that the inclusion of ILs in TE composite films is an effective strategy for enhancing TEG performance.

        
          
          

          Fig. 4. 
				
          

          
            (a, b) Cross-sectional (a) and surface SEM images (b) of the IL-adopted TE composite film. (c) An XRD pattern of the p-type BST TE powder compared with the standard JCPDS pattern. (d-f) TE properties of the fabricated composite films as a function of IL concentration: (d) Seebeck coefficient, (e) electrical conductivity, and (f) power factor.
          
          

          

        

      

      
        3.4 Energy harvesting performance of an IL-TEG
        Fig. 5(a) shows an optical image of the measurement system with an IL-TEG for demonstrating the energy harvesting. By introducing a controlled ΔT across the device using a hot plate and a chiller unit, the output signals such as load voltage and current values were simultaneously detected. A detailed description of the measurement setup is provided in the Experimental section. Figs. 5(b) and 5(c) compare the power generation performance of TEGs utilizing composite films made with and without the adoption of IL. The TEG based on the pristine TE composite film produced a maximum voltage of 0.69 mV, a maximum current of 8.83 µA, and a maximum output power of approximately 1.78 nW at the ΔT = 20 K. In contrast, the IL-TEG generated a maximum output voltage of 1.09 mV, a maximum current of 16.45 µA, and a maximum output power of approximately 6.67 nW at the same ΔT. Overall, the output response of the IL-TEG was significantly greater than that of the conventional IL-free TEG, demonstrating that the inclusion of ILs in the system decreases the electrical conductivity of the composite film while improving the charge carrier mobility within the device.

        
          
          

          Fig. 5. 
				
          

          
            (a) Optical image of the custom measurement system with a TEG for evaluating its output performance. (b, c) Voltage-current-power curves of the flexible TEGs fabricated by IL-free (b) and IL-adopted TE (c).
          
          

          

        

      

    

    

  
    
      4. CONCLUSIONS
      In summary, flexible TE composite films were produced by varying the IL concentration in the BST-PVDF composite solution. The IL-adopted TE composite film exhibited a power factor of 3.22 µW m-1 K-2 when the IL concentration was 15 wt%, which represents a 1.45-fold enhancement compared to the IL-free film. Additionally, the impact of the IL on TEG performance was assessed systematically and compared with the output of the IL-free device. The IL-TEG with an IL content of 15 wt% produced a maximum output power of 6.67 nW at ΔT = 20 K, which is approximately 3.75 times greater than that of the IL-free device. These results indicate that the incorporation of ILs is an effective strategy for enhancing the energy conversion efficiency of TE composite films and boosting the power generation ability of flexible TEGs, highlighting their potential for use in conformal wearable electronics and surface-mounted sensing platforms.
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