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Abstract

:

This work introduces a novel approach for enhancing the performance of a triboelectric generator (TEG) by using a solid–liquid interface-treated foam (SLITF) as its active layer, combined with two metal contacts of different work functions. SLITF is made by absorbing water into a cellulose foam, which enables charges generated by friction energy during the sliding motion to be separated and transferred through the conductive path formed by the hydrogen-bonded network of water molecules. Unlike traditional TEGs, the SLITF-TEG demonstrates an impressive current density of 3.57 A/m2 and can harvest electric power up to 0.174 W/m2 with an induced voltage of approximately 0.55 V. The device generates a direct current in the external circuit, eliminating the limitations of low current density and alternating current found in traditional TEGs. By connecting six-unit cells of SLITF-TEG in series and parallel, the peak voltage and current can be increased up to 3.2 V and 12.5 mA, respectively. Furthermore, the SLITF-TEG has the potential to serve as a self-powered vibration sensor with high accuracy (R2 = 0.99). The findings demonstrate the significant potential of the SLITF-TEG approach for efficiently harvesting low-frequency mechanical energy from the natural environment, with broad implications for a range of applications.
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1. Introduction


The demand for alternative renewable energies and energy harvesting technologies has increased in recent years, prompting scientists to search for new, green, reliable, and cost-effective sources of energy. While mechanical energies from wind, water flow, and ocean waves have been established as important sources of power generation, small mechanical energies such as human motions, low-frequency vibration, and raindrops have been overlooked due to their low input energy [1]. However, the rise of portable and functional electronic devices, such as those used in the Internet of Things (IoT), has created a need for continuous, stable, and portable power supplies, making energy harvesting techniques a viable option for powering such devices [2,3,4]. Additionally, water-based energy harvesting technology has garnered significant research interest due to its potential, environmental friendliness, and wide availability [5,6,7]. As a result, researchers are focusing on developing devices capable of converting mechanical energy into electrical energy in a high-humidity environment.



The triboelectric generator (TEG) is a technology that can effectively harvest energy from small mechanical energy sources, introduced by Wang et al. [8,9,10]. Traditional TEGs work by coupling contact electrification (CE) and electrostatic induction, which involves the accumulation of charges with different signs on the corresponding surfaces when two materials are contacted or slid against each other [11]. Up to now, various TEG designs have been developed; however, most generally exhibit alternating current (AC) outputs, and a rectification method is required for converting to direct current (DC) before using to power electronic devices. This can be inconvenient and inefficient, particularly for low-power applications. To address this issue, novel strategies/technologies are being developed to directly convert mechanical energy into DC power, with a focus on enhancing the output power density, particularly the current density [12,13,14].



Recently, several methods have been proposed for generating DC power using water-based systems. These methods include DC-TEGs, which use water electrification and phase control with an array of disks [15], gas–liquid two-phase flow-based TENG devices that combine contact electrification and the breakdown effect [16], and droplet-based electricity generators that produce DC power through direct charge transfer at the water–metal contact interface [17,18,19]. Additionally, researchers have developed devices that convert mechanical energy from the movement of a water droplet in any direction within a layered structure composed of graphene, water, and a semiconductor [20], as well as the movement of water between two semiconductors [21]. A particularly interesting development is the dynamic junction theory proposed by Solares-Bocmon et al. [22]. This theory explains the mechanism of the direct current generation at solid–liquid interfaces, which has important implications for the design and optimization of water-based energy harvesting devices. According to this theory, when two materials with different work functions are brought into contact, a charging effect occurs that aligns their Fermi levels and develops a built-in voltage to prevent further net charge transfer. When there is a relative mechanical movement at the contact interface, extra electrons and holes are generated due to the dynamic junction. These are then separated by the built-in electric field, producing direct current in the external circuit. This means that DC power can be generated due to the movement of the water between two conductors. Besides, to solve the problem of insufficient generated current, various approaches have been conducted, such as the electrospinning technique [23,24,25,26]. By improving the conductivity of the triboelectric layer, the electron transport capacity can be improved, resulting in enhancing the output current density of the TEGs [27].



On another hand, the output performance of TEGs has been reported to generally decrease in the presence of water due to charge dissipation of the triboelectric charges, which can limit their effectiveness [28,29,30]. To overcome this limitation, new materials with high triboelectric charges in high-humidity environments need to be identified. For instance, Wang et al. [31] developed a TENG that utilizes the participation of water molecules fixed by hydrogen bonds formed with hydroxyl groups in a polyvinyl alcohol film to enhance the output performance. This is achieved by increasing the charge quantity and, subsequently, the triboelectricity. Mandal et al. [32] proposed a DC generator that employs an active protein layer with a hydrogen-bonded network of water molecules to transfer charges and generate electricity between two dissimilar metal contacts. Interstingly, cellulose has emerged as a promising functional material for the development of low-cost and eco-friendly energy harvesting technologies [27]. Cellulose contains abundant hydroxyl groups that endow it with a strong electron donation capacity, making it highly suitable for the triboelectric effect [33,34]. Moreover, cellulose is hydrophilic and tends to strongly interact with water. When cellulose comes into contact with water, the hydroxyl groups spontaneously form hydrogen bonds with water molecules. This leads to the fixing of water molecules on the surface of cellulose and the formation of a conductive path through the hydrogen-bonded network of water molecules [35,36,37,38]. This property of cellulose could be an important factor to explore in solving the problem of the decreasing trend of electricity performance in high-humidity environments.



In this paper, we introduce a novel direct-current triboelectric generator (TEG) that uses a solid–liquid interface-treated foam (SLITF), made by absorbing water into a cellulose foam, as its active layer to generate electric power from low-frequency vibration energy. The mechanism of this device relates to the CE and the charging effect between two materials with different work functions, a well-known phenomenon that was thoroughly characterized by Lord Kelvin [39,40]. This device is capable to convert mechanical energy from the relative sliding of the SLITF into DC power based on the dynamic junction of the SLITF and metal contacts. The study systematically examined the impacts of working parameters and material selection on the SLITF-TEG ‘s output performance. Our findings showed that SLITF-TEG can produce an impressive current density of 3.57 A/m2, a power density of 0.174 W/m2, and an induced voltage of approximately 0.55 V. The voltage and current can be increased up to 3.2 V and 12.5 mA by simply synchronizing the outputs of six-unit cells of SLITF-TEG connecting in series and parallel, respectively. Six-unit cells in series can produced an output energy of 2 mJ in 100 s and store it directly in a 1 mF capacitor without requiring rectification. This amount of energy is adequate for powering various electronic devices. Additionally, we demonstrate the great accuracy and potential application of SLITF-TEG for measuring the vibration frequency/sliding velocity with a high coefficient of determination (R2 = 0.99). Overall, these results illustrate the high potential of SLITF-TEG in mechanical energy harvesting and the field of self-powered sensor fabrication.




2. Materials and Methods


2.1. Materials


For preparing the materials, aluminum (Al) and copper (Cu) tapes were bought from Ducksung Hitech (Ducksung Hitech Co., Ltd., Seoul, South Korea). The cellulose foam is manufactured by Hankook Tamina (Hankook Tamina Co., Ltd., Hanam, South Korea). Distilled water was used from our research laboratory. Indium tin oxide (ITO) electrode (10 Ω/sq), polytetrafluoroethylene film (PTFE, 100 μm-thick), and polyvinylidene fluoride (PVDF, 50 μm thick) were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Besides, the mica, nylon, and resistors were purchased from a local market. Capacitors were purchased from Rubycon (Rubycon Corporation, Nagato, Japan).




2.2. Fabrication of the SLITF-TEG


To fabricate the SLITF-TEG, the Cu and Al tapes were cut into rectangular pieces of the same size (2 cm × 4 cm or 2 cm × 3.5 cm), and devised the electrical circuit as the bottom and top electrodes, respectively. A PTFE film (8 cm × 8 cm) was utilized as the dielectric layer and a solid–liquid interface-treated foam (SLITF), fabricated by absorbing distilled water (1 to 3.5 mL) into a cellulose foam (3 cm × 4 cm or 2 cm × 3.5 cm; 0.5 cm-thick), was used as an active friction layer. The Cu electrode was mounted on the PTFE layer, whereas the Al electrode was laminated to the SLITF and fixed to a movable substrate. The SLITF reciprocates on the surface of the dielectric layer and the bottom electrode, resulting in the lateral sliding mode of operation of the SLITF-TEG. Load resistances (10 Ω to 10 MΩ) and capacitances (0.1 to 6.8 mF) are applied in the external circuit.




2.3. Measurement and Characterizations


To assess the characteristics of the SLITF-TEG, the voltage and current were measured by a Digit Graphical Sampling Multimeter model DMM7510 of Keithley Instruments, Inc. (Cleveland, OH, USA). The surface morphology was investigated using Field Emission Scanning Electron Microscopes (FE-SEM, JSM-7600F, JEOL, Tokyo, Japan), whereas the contact angle was measured by SmartDrop (Femtofab Co., Ltd., Seongnam, Korea) to evaluate the hydrophilicity of the material. In addition, the elemental composition and chemical states of cellulose were determined by Thermal Scientific Nicolet iS5 FT-IR (Fourier-transform infrared spectroscopy) Spectrometer (Thermal Fisher Scientific Inc., Madison, WI, USA). The crystal structure of the cellulose foam was analyzed by an X-ray Diffractometer system (D/MAX-25000V, Rigaku, Tokyo, Japan) using monochromatic CuKα radiation with the wavelength λ = 1.54178 Å.




2.4. Method


The general physical process for energy conversion has three important steps: charge generation, charge separation, and charge flow [41]. In the proposed mechanism, charges are generated by friction energy during the relative sliding of the SLITF and separated under the effect of the built-in electric field developed between the two metal contacts. These charges are facilitated to transfer through metal/SLITF/metal counterparts via a conductive path formed inside the SLITF in one orientation, leading to generating a direct current through an external circuit. The impacts of working parameters and material selection on the output performance of the SLITG-TEG are systematically investigated, including vibration frequency, water absorption, different materials of the dielectric layers, and electrode pair materials.





3. Results and Discussion


3.1. Characterization of the Cellulose Foam


Polymers containing nitrogen and oxygen with pyridine amide, amine, or hydroxyl groups develop the most positive charges [11]. Thus, cellulose, which contains numerous hydroxyl groups with a strong electron donation capacity, is a high electropositivity material for triboelectrification. In addition, the hydrogen-bonded network formed due to the interaction between water molecules and the hydroxyl groups of cellulose creates a conductive path [35,36,37,38] that can facilitate charge transfer during the electricity generation process. The characterization of the cellulose foam is presented in Figure 1.



The morphology of the cellulose foam was characterized by FE-SEM and the results are reported in Figure 1a–c. The FE-SEM images show a 3D porous network structure with interconnected pores consisting of numerous macropores randomly distributed on the surface that are connected to form an open channel system (Figure 1a). The foam-like morphology can act as water channels that can take up high quantities of water [42]. Especially, it can be observed a secondary structure with micropores in the cell wall of the macropores on a length scale on the order of a few microns (Figure 1b) and a third-order with super-porous structures with dimensions of up to 1 micrometer (Figure 1c). This morphology increases the microporosity of the network, thus leading to a higher absorption capacity of the cellulose foam [43]. Figure 1d demonstrated the super-hydrophilicity of the cellulose foam, where a water droplet (3 μL) immediately spreads out and is absorbed by the cellulose foam within 100 ms upon contacting the surface of the cellulose foam, resulting in a water contact angle of nearly zero.



The XRD pattern of the cellulose foam is depicted in Figure 1e. A CuKα X-ray source with a voltage of 45 kV and a current of 45 mA was used to record the diffraction patterns. The main diffraction peaks appear at 2θ = 20° and 22.1°, corresponding to the (110) and (020) crystal planes, respectively, which are supposed to represent the typical cellulose II crystal structure [44,45]. The peaks corresponding to (110) and (020) are formed by inter- and intra-hydrogen bonding [46], proposing a hydrogen-bonded network in cellulose [47].



Additionally, the elemental composition and chemical states of cellulose were analyzed by using FT-IR spectroscopy, as summarized in Figure 1f. The intermolecular hydrogen bonding in cellulose, which relates to the surface -OH participation of hydrogen bonds, is generally shown at a wavenumber of 3447 cm−1 [47]. The peak at 1550 cm−1 is attributed to the C-N-H of the amine group (the stretching vibration of C-N and the bending vibration of N-H) [48,49]. Other peaks observed in the FT-IR include -C-H bonds in polysaccharides (at 2914 cm−1), -N=C=O stretching (at 2340 cm−1), C=O stretching (at 1730 cm−1), C-H deformation vibration (at 1375 cm−1), -OH in-plane bending (at 1330 cm−1), C-N stretching vibration (at 1321 cm−1), and -C-O-C pyranose ring vibration (at 1050 cm−1) [50,51,52,53].




3.2. Electric Output Characteristics and Working Mechanism of the SLITF-TEG


The experimental setup includes a slider crank mechanism that simulates mechanical vibration, a SLITF-TEG cell, and external measuring equipment, as shown in Supplementary Material Figure S1. For constructing the SLITF-TEG cell, we used copper (Cu) and aluminum (Al) films (2 cm × 4 cm) as the bottom and top electrodes, respectively, and placed a PTFE film (8 cm × 8 cm) as the dielectric layer. We then fabricated the SLITF by absorbing 3.5 mL of distilled water into a cellulose foam (3 cm × 4 cm × 0.5 cm, 0.64 g-mass). The Cu electrode was mounted on the PTFE layer, whereas the Al electrode was laminated to the SLITF and fixed to a movable substrate (8.78 g mass).



To evaluate the electric output characteristics of SLITF-TEG, The SLITF was driven to reciprocate on Cu and PTFE surfaces with a period time of about 2 s, corresponding to a sliding velocity of 3.5 cm/s, as shown in Figure 2a,b. Then, we measured the voltage output under the open-circuit condition and plotted the results in Figure 2c. It can be observed that the device can produce a continuous DC voltage (Voc) with all positive pulses due to the continuous reciprocating motion, with an average peak value of ~0.52 V and a time interval of the pulse ∆T of ~2 s. We also measured the current output under the short-circuit condition (Isc). The current peaks showed an increasing trend with the increasing number of movement cycles and approach a stable saturation value after a sufficiently long time, as shown in Supplementary Material Figure S2a. Figure 2d displays the Isc curve based on the saturation, in which a similar signal waveform to the voltage output is observed. From this figure, the peak current value can reach ~3.12 mA, corresponding to a current density of 2.6 A/m2, and the time interval between current peaks is also ∆T. The estimated charge transfer during one movement cycle obtained 3.3 mC, corresponding to a charge density of 2.75 C/m2, as shown in the inset image. The estimated charge transfer Q is described by Equation (1)


  Q =  ∫  i . d t    



(1)




where i is the instantaneous current and t is the time.



Importantly, we observed that the DC pulse outputs were obtained when the SLITF is brought into contact with the Cu electrode following the reciprocating motion. Otherwise, both voltage and current outputs are negligible, and the current flow is unidirectional from the Cu electrode to the Al electrode (Supplementary Material Videos S1 and S2). We also confirmed experimentally the DC characteristics of electric outputs by applying various load resistances and capacitances in the external circuit. The current outputs measured at 10 Ω, 150 Ω, and 1000 Ω load resistances are plotted in Supplementary Material Figure S2b, and the corresponding enlarged views of typical peaks are illustrated in the inset image of Figure 2e. All these results illustrate pulsed DC characteristics of SLITF-TEG.



We also investigated the dependence of current output on the load resistance in a range from 10 Ω to 10 MΩ and found that the value of peak current can reach 2.386 mA at 10 Ω and dramatically decreases to 50 μA and then 50 nA when the load resistance increases to 10 kΩ and then 10 MΩ, respectively. Figure 2e also displays the output power (P) as a function of external resistance. The power initially increases with increasing the external resistance to reach a maximum value of 208.86 μW at 150 Ω, corresponding to a power density of 0.174 W/m2, and then decreases with a further increase in the RL-value. We calculated the output power by using Equation (2)


  P =   R   L   ·   i   2    



(2)




where i is the peak current at the corresponding load resistance (RL).



The ability of the SLITF-TEG to generate DC outputs allows for the direct charging of energy storage units without the need for a rectifier. We verified this capability by exploring the charging behaviors across different load capacitances CL (0.1 to 6.8 mF) of the SLITF-TEG, and the experimental results are presented in Figure 2f. The trends of charging voltage with the charging time and various load capacitances CL have similar tendencies, where the capacitor is typically charged rapidly in the beginning and slows down until reaching a saturated voltage (Supplementary Material Video S3). It is noted that the smaller CL needs less time to reach saturation than the larger CL. Moreover, the stored power–time relationships for a fixed capacitor CL = 6.8 mF are plotted in the inset image, which indicates an optimum charging time where the maximum stored power is obtained. This inset image also shows the stored energy–time relationship, which increases gradually until reaching a saturation value of approximately 0.884 mJ. We calculated the stored energy Ws by using Equation (3)


  W s = C   V   2   / 2  



(3)




where V is the voltage and C is the capacitance of the capacitor.



The SLITF-TEG works by exploiting the natural electron transfer that occurs when two materials with different work functions come into contact, in which electrons transfer from the material with a lower work function to the material with a higher work function. This transfer continues until the Fermi levels of both materials align, resulting in a built-in electric field (Ebi) and a voltage (Vbi) across the materials (Figure 3a). The built-in voltage     V   b i     is given by Equation (4)


    V   b i   = ( ϕ 2 − ϕ 1 ) / q  



(4)




where ϕ1 and ϕ2 are the material work functions of materials 1 and 2, respectively, and q is the elementary charge [22,39,40,54]. When the two materials are in static contact (i.e., contacted still), the equilibrium state is established, and the built-in electric field and voltage prevent further net charge transfer. On the contrary, when they are in dynamic contact (i.e., sliding), extra charges (or nonequilibrium carriers) can be generated due to mechanical friction energy (Figure 3b). These extra charges (Qtri) can come from two sources: (1) charges generated by the CE during the sliding friction and (2) charges generated by energy released as a result of bond breakage at the interface during dynamic friction. These extra charges will be separated under the effect of the built-in electric field in one orientation, providing the main driving force of DC generation in the SLITF-TEG. The generated current density (    J   S C    ) can be expressed by Equation (5)


    J   S C   =   Q   t r i   · μ ·   E   b i    



(5)




where μ is the mobility of materials [55,56]. Therefore, the use of SLITF plays a crucial role in generating high-output performance. As mentioned above, the interaction between the water and cellulose leads to the fixing of water molecules on the surface of cellulose and the formation of a conductive path through the hydrogen-bonded network of water molecules inside the cellulose foam. Accordingly, more charges will be generated during the friction and these charges will be facilitated to flow through the whole circuit, leading to generating high-output performance, particularly high-output current.



The working mechanism of SLITF-TEG is illustrated in Figure 3c. When the SLITF was not in contact with the bottom electrode (Cu), there was no current output in the external circuit (Figure 3c, step 1). However, when it was brought into contact, the top electrode (Al) affixed to SLITF was connected electrically with the Cu electrode through a conductive path formed by the hydrogen-bonded network of water molecules inside SLITF (Figure 3c, step 2). This leads to the development of the built-in electric field/voltage across Al and Cu electrodes caused by their difference in work functions. During the sliding of SLITF on the Cu electrode, extra charges are generated due to CE at the contact interface and then separated by the built-in electric field via the conductive path. The work functions of Cu and Al were approximately 4.7 eV and 4.2 eV [22,32,57,58,59], respectively; thus, the built-in electric field points from the Al electrode to the Cu electrode. As a result, charges will flow through SLITF/metals interfaces to the external circuit in one orientation. Concisely, negative charges/electrons generated by the friction energy transfer from the Cu electrode to SLITF and then to the Al electrode via the conductive path formed inside SLITF under the effect of the built-in electric field and eventually to the Cu electrode via the external circuit. The output electrons flowed unidirectionally from the Al electrode to the Cu electrode, resulting in DC power generation. The DC outputs are still obtained even when SLITF continues sliding to the end of the right alignment (Figure 3c, step 3) and then moving back to the initial state (Figure 3c, step 4). The reverse lateral sliding process is the same as in Figure 3c, step 2. Thereafter, no current flowed in the external circuit when SLITF separated from the Cu electrode and moved backward to the initial position as in Figure 3c, step 1.



Briefly, the working mechanism of SLITF-TEG can be divided into two primary states. In the first state, the SLITF and the Cu electrode were separated, and the electric outputs were negligible (Figure 3c, step 1). In the second state, the SLITF was brought into contact and slid on the surface of the Cu electrode (Figure 3c, steps 2–4), and voltage/current was generated. The maximum output was achieved when the SLITF and the Cu electrode are in full contact (Figure 3c, step 3). Consequently, the SLITF-TEG can produce continuous pulsed DC electricity by periodically sliding the SLITF. Notably, the DC characteristics of the device depend on the built-in electric field developed between two electrodes.



A detailed current output signal during one movement cycle, measured at a load resistance of 150 Ω, is shown in Figure 3d and Supplementary Material Figure S3a, demonstrating the consistency between the electrical responses and the working mechanism. The current output starts when the SLITF contacts the Cu electrode (t1) and increases until the SLITF and the Cu electrode are in full contact (t2). When the SLITF moves backward (t3), the current value decreases as the contact area between the SLITF and the Cu electrode decreases. Once the SLITF separates from the Cu electrode (t4), the current becomes negligible. The corresponding experiment is presented in Supplementary Material Figure S3b.



It is worth noting that the Cu/SLITF/Al structure acts as a diode-like component, allowing current to flow through the structure in a single orientation during the electricity generation process. Looking at the device from a circuit perspective, the SLITF-TEG can be modeled as a friction-induced generation diode-like voltage source (Vs) (Cu/SLITF/Al—related to the voltage difference formed by the nonequilibrium carriers during the sliding friction), an internal resistance Ri (SLITF), and a load resistance RL. This device can produce DC output (IL) and voltage (VL) through the external resistance RL. Figure 3e illustrates the equivalent circuit diagram of SLITF-TEG.




3.3. Working Parameter Responses of the SLITF-TEG


In order to gain further insights into the electrical output and impedance characteristics of the SLITF-TEG, we explored the influence of different working parameters. As a model study, we first investigated the important role of mechanical friction in generating high-output performance. We measured the electric responses when keeping the SLITF stationary on the Cu electrode and then compared it with that of the sliding mode mentioned earlier. The electric outputs of the stationary mode showed a constant voltage of approximately 0.52 V, while the current dramatically decreased from 75 μA to a stable saturation value of 8 μA after 700 s (Supplementary Material Figure S4). Although the maximum voltages in both stationary and sliding modes were almost the same, the current generated in the sliding mode was more than 375 times higher than those in the stationary mode, demonstrating the essential role of mechanical friction and the CE in enhancing the output performance of the SLITF-TEG.



Simultaneously, we examined the effects of sliding velocity, which is driven by the vibration frequency of the reciprocating motion, on the maximum instantaneous electric outputs (Voc and Isc). By comparing the electric outputs under different vibration frequencies in the range from 0.21 to 2.22 Hz, we found that the sliding velocity had little effect on the peak values of Voc and Isc, with a slight difference of less than 1% and 6%, respectively (Supplementary Material Figure S5 and Figure 4a). However, we observed a decreasing trend in the time interval for reaching the maximum instantaneous current and the transferred charge (Qc) during one movement cycle with increasing vibration frequency, as depicted in Figure 4b. From this figure, the value of Qc decreased from 6.55 to 0.64 mC/cycle when the vibration frequency increased from 0.21 to 2.22 Hz. This could be due to the decrease in the working period caused by the increase in the vibration frequency.



We also investigated the essential role of water absorption of SLITF on the electric outputs to further optimize the output performance of the SLITF-TEG. Water absorption is defined as the amount of water absorbed by the cellulose foam and is calculated as the ratio of the weight of water absorbed to the weight of the dry cellulose foam. The results showed an impressive power generation capacity, in which the current output exhibited an upward trend from 0.5 to 3.12 mA, corresponding to a current density from ~0.42 to 2.6 A/m2, when the water absorption of the SLITF increased from 1.56 to 5.46 g/g, as presented in Figure 4c. This was presumably due to the effect of the internal resistance of SLITF on the current output. Previous studies have demonstrated that the increasing amount of absorbed water leads to an increase in the concentration of hydrogen bonds, resulting in a decrease the internal resistance [32]. Therefore, charges generated during the sliding motion are facilitated to transfer through the conductive path formed by the hydrogen-bonded network of water molecules inside SLITF, leading to generating high output current. To test this hypothesis, we measured the internal resistance of SLITF at different water absorption levels, finding that the internal resistance of SLITF considerably decreased from 217 to 102 kΩ when the water absorption increased from 1.56 to 5.46 g/g (Figure 4d). Meanwhile, the peak voltage output remained almost the same at ~0.52 V despite the increase in water absorption.



Subsequently, to demonstrate the crucial role of the SLIFT (cellulose foam treated by water) in the enhancement of energy conversion of the SLITF-TEG, we compared it to a conventional solid-solid triboelectric generator (SS-TEG) with the same structural design but using dry cellulose foam instead of SLITF. We found that SS-TEG exhibited a peak Voc of about 0.2 V and Isc of 30 nA with AC output characteristics (Supplementary Material Figure S6). Furthermore, we also realized an electrochemical cell (EC) composed of Al and Cu electrodes immersed in water, which implied constant voltage and current outputs with average values of ~0.5 V and 5 μA, respectively (Supplementary Material Figure S7a). Comparison between the SLITF-TEG, SS-TEG, and EC found significant improvements in generating high output current of SLITF-TEG, with over 600 times more output current than both the SS-TEG and EC (Supplementary Material Figure S7b). Notably, the internal resistances in the cases of SS-TEG and EC are respectively obtained at 6 MΩ, and 1.2 MΩ, considerably higher than the internal resistance of the SLITF-TEG (102~207 kΩ). Overall, these results strongly support our conclusion that fabricated SLITF is essential for an effective mechanical-to-electrical energy conversion technology.



Further research revealed how the dielectric layer impacts the output performance. In the triboelectric mechanism, selecting material pairs with a large difference in surface charge is critical for generating more triboelectric charges and then maximizing the outputs. As previously mentioned, water and cellulose foam are combined into one reactive entity and participate in CE as a high electropositivity material. Certainly, a dielectric layer with a high negative surface charge is suitable for generating a relatively high electrical [60]. To confirm this, we considered different polymers within the triboelectric series, including (most negative) PTFE, PVDF, nylon, and mica (most positive), as possible dielectric layers. Experimentally proved that the peak voltage remained at almost the same value, but more negative materials exhibited higher current outputs (Supplementary Material Figure S8 and Figure 5). The average peak Isc generated using mica as the dielectric layer was observed at 2.23 mA, with an estimated charge density of about 1.61 C/m2. Replacing the mica layer with nylon, PVDF, and PTFE layers resulted in a significant improvement in the average peak Isc by approximately 13%, 31%, and 37%, while the transferred charge density increased by 26%, 36%, and 64%, respectively. Interestingly, the maximum current output order matched well with the triboelectric ordering between the materials of the dielectric layers, where the more negative triboelectric materials generated higher current outputs. This increasing trend could be attributed to the increase in the number of triboelectric charges generated by the CE of the SLITF and the dielectric layer. The electropositive SLITF produced more triboelectric charges during CE with a higher negative triboelectric material, resulting in higher current outputs.




3.4. Demonstration of the Application of SLITF-TEG


To demonstrate the great potential application of SLITF-TEG as an advanced mechanical energy harvester, we compared its output performance with various cellulose-based nanogenerators and DC mechanical energy harvesters [12,34,61,62,63,64,65,66,67,68,69,70,71,72] (see Supplementary Material Table S1). For instance, Bai et al. [34] developed a high-output CP/LTV-TENG that can produce a peak Voc of 478 V and a current density (Jsc) of 0.063 A/m2. Chen et al. [12] reported a low-cost and efficient DC F-TENG that can generate DC energy with a peak Voc of 4500 V and a Jsc of 0.0084 A/m2. Moreover, Zheng et al. [61] designed high-performance flexible piezoelectric nanogenerators using a flexible porous CNF/PDMS aerogel film that can produce a Voc of ~60 V and a Jsc of ~0.0505 A/m2. Although SLITF-TEG shows a high current output density, the voltage output is relatively low, around 0.5 V, compared to the reported studies. In regard to enhancing the maximum voltage and current outputs, multiple unit cells of SLITF-TEG could be connected in series or parallel and synchronize their outputs.



In this study, SLITF was fabricated by absorbing 2.5 mL water into a cellulose foam with the dimension of 2 cm × 3.5 cm × 0.5 cm (0.37 g-mass). The corresponding electrical responses are reported in Figure 6a,b, which prove that a single cell of SLITF-TEG can produce a maximum instantaneous Voc of 0.55 V and Isc of 2.5 mA, corresponding to a current density of 3.57 A/m2. Intriguingly, six-unit cells connecting in parallel could produce a peak current of about 12.5 mA, and a voltage of approximately 3.2 V could be obtained by six-unit cells connecting in series. Remarkably, the ability to generate DC outputs enables this device to directly charge an energy storage unit, such as a capacitor, without requiring any rectifier. The charging behaviors of different capacitors are presented in Supplementary Material Figure S9. Moreover, the curves of stored energy concerning the load capacitance for various charging times presented in Figure 6c declare the highest stored energy is obtained at 2 mJ in the 1 mF capacitor after a charging time of ~100 s, suggesting that the optimal capacitance is 1 mF. This amount of energy is sufficiently high for directly powering many electronic devices. We experimentally clarified by powering a commercial light-emitting diode directly from six-unit cells of SLITF-TEG connecting in series (inset image of Figure 6c and Supplementary Material Video S4). This proves the promising potential of SLITF-TEG as a power source to run electronic devices for various practical applications.



More interestingly, SLITF-TEG not only provides a mechanical-to-electrical conversion concept but also demonstrates a promising potential application as a self-powered sensor itself based on the dependence of transferred charges during one movement cycle (QC) and the vibration frequency (f). To validate the sensing capability of the device, we drove the reciprocating motion at various frequencies in a range from 0.21 to 2.22 Hz. The experimental results are presented and discussed above (Figure 4a,b), where the value of QC decreases from 6.55 to 0.64 mC/cycle when the applied vibration frequency increases from 0.21 to 2.22 Hz, respectively. After analyzing the data and fitting a curve, we found a strong inversely proportional relationship between the transferred charge during one period of motion and the vibration frequency. The fitting curve can be described by a simple inverse function Equation (6)


   Q C  = K ·   1   f    



(6)




where K is the constant of proportionality, as presented in Figure 6d. The data followed an inverse power function with a constant K of 1.4587 and a high coefficient of determination R2 of 0.99, indicating a high level of accuracy and the potential application of this function in determining the vibration frequency and then sliding velocity.





4. Conclusions


In summary, the development of the solid–liquid interface-treated foam-based triboelectric generator (SLITF-TEG) was demonstrated as an effective method to convert mechanical energy into DC power. The SLITF-TEG utilizes cellulose-water interface-treated foam as an active material and generates electricity through the combination of CE due to the sliding friction and the charging effect between two electrodes with different work functions. The study systematically examined the impacts of working parameters and material selection on the SLITF-TEG ‘s output performance. The results demonstrate that triboelectric material properties significantly affect current output, while voltage output depends on electrode pair materials. Under optimized conditions, a single SLITF-TEG can produce DC power with a maximum instantaneous current density of 3.57 A/m2 and an induced voltage of approximately 0.55 V. By connecting multiple unit cells of SLITF-TEG in series and parallel, the maximum voltage and current outputs can be increased, and the device can produce enough energy to power electronic devices in various practical applications. Additionally, the SLITF-TEG exhibits a strong inversely proportional relationship between the transferred charge of one movement cycle and the vibration frequency (R2 = 0.99). Overall, the SLITF-TEG represents a promising potential as an effective strategy for mechanical energy harvesting and self-powered sensor fabrication.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym15102392/s1, Figure S1: Experimental configuration of the SLITF-TEG; Figure S2: Electrical responses of the SLITF-TEG. The current outputs are measured under (a) the short-circuit condition and (b) various load resistances in the external circuit (10 Ω, 150 Ω, and 1000 Ω); Figure S3: (a) Schematic of the contact area and short-circuit current of the SLITF-TEG. (b) Demonstration of the consistency between the electrical responses and the working mechanism of the SLITF-TEG; Figure S4: The comparison of (a) open-circuit voltage and (b) short-circuit current of the SLITF-TEG in the stationary and sliding modes; Figure S5: (a) The open-circuit voltage and (b) short-circuit current of the SLITF-TEG under different vibration frequencies; Figure S6: (a) The open-circuit voltage and (b) short-circuit current of the SS-TEG using a dry cellulose foam; Figure S7: (a) The open-circuit voltage and short-circuit current of an electrochemical cell. (b) The comparison in output performances of SS-TEG, EC, and SLITF-TEG; Figure S8: (a) The open-circuit voltage and (b) short-circuit current of the SLITF-TEG using different materials of the dielectric layer; Figure S9: (a) Charging behaviors of six-unit cells of SLITF-TEG at different load capacitances. (b) Stored energy-time and stored power-time relationships for a fixed capacitor of 1 mF; Table S1: Peak voltage and current density of various mechanical energy harvesters; Video S1: Measurement of the open-circuit voltage; Video S2: Measurement of the short-circuit current; Video S3: SLITF-TEG directly charges a 6.8 mF capacitor; Video S4: Six-unit cells of SLITF-TEG directly power a light-emitting diode.





Author Contributions


Conceptualization, Q.T.N.; methodology, Q.T.N. and D.L.V.; validation, C.D.L.; formal analysis, Q.T.N.; investigation, Q.T.N.; resources, D.L.V.; data curation, Q.T.N.; writing—original draft preparation, Q.T.N.; writing—review and editing, C.D.L. and D.L.V.; visualization, Q.T.N.; supervision, K.K.A.; project administration, K.K.A.; funding acquisition, K.K.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT, South Korea (NRF-2020R1A2B5B03001480) and by “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-003).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The authors confirm that the data supporting the findings of this study is available within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Annamalai, P.K.; Nanjundan, A.K.; Dubal, D.P.; Baek, J.B. An Overview of Cellulose-Based Nanogenerators. Adv. Mater. Technol. 2021, 6, 2001164. [Google Scholar] [CrossRef]

	



Xu, C.; Song, Y.; Han, M.; Zhang, H. Portable and wearable self-powered systems based on emerging energy harvesting technology. Microsyst. Nanoeng. 2021, 7, 25. [Google Scholar] [CrossRef]

	



Raj, A.; Steingart, D. Review—Power Sources for the Internet of Things. J. Electrochem. Soc. 2018, 165, B3130–B3136. [Google Scholar] [CrossRef]

	



Zhang, S.; Xia, Q.; Ma, S.; Yang, W.; Wang, Q.; Yang, C.; Jin, B.; Liu, C. Current advances and challenges in nanosheet-based wearable power supply devices. Iscience 2021, 24, 103477. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Wen, X.; Wang, L.; Ji, D.; Qin, X.; Yu, J.; Ramakrishna, S. Emerging design principles, materials, and applications for moisture-enabled electric generation. eScience 2022, 2, 32–46. [Google Scholar] [CrossRef]

	



Tan, J.; Fang, S.; Zhang, Z.; Yin, J.; Li, L.; Wang, X.; Guo, W. Self-sustained electricity generator driven by the compatible integration of ambient moisture adsorption and evaporation. Nat. Commun. 2022, 13, 3643. [Google Scholar] [CrossRef] [PubMed]

	



Yun, T.G.; Bae, J.; Rothschild, A.; Kim, I.D. Transpiration Driven Electrokinetic Power Generator. ACS Nano 2019, 13, 12703–12709. [Google Scholar] [CrossRef] [PubMed]

	



Fan, F.-R.; Tian, Z.-Q.; Lin Wang, Z. Flexible triboelectric generator. Nano Energy 2012, 1, 328–334. [Google Scholar] [CrossRef]

	



Wang, Z.L. Triboelectric Nanogenerators as New Energy Technology for Self-Powered Systems and as Active Mechanical and Chemical Sensors. ACS Nano 2013, 7, 9533–9557. [Google Scholar] [CrossRef]

	



Wang, Z.L.; Wu, W. Nanotechnology-enabled energy harvesting for self-powered micro-/nanosystems. Angew. Chem. Int. Ed. Engl. 2012, 51, 11700–11721. [Google Scholar] [CrossRef]

	



Zhou, Y.; Deng, W.; Xu, J.; Chen, J. Engineering Materials at the Nanoscale for Triboelectric Nanogenerators. Cell Rep. Phys. Sci. 2020, 1, 100142. [Google Scholar] [CrossRef]

	



Chen, C.; Guo, H.; Chen, L.; Wang, Y.C.; Pu, X.; Yu, W.; Wang, F.; Du, Z.; Wang, Z.L. Direct Current Fabric Triboelectric Nanogenerator for Biomotion Energy Harvesting. ACS Nano 2020, 14, 4585–4594. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhang, H.; Wang, Z.L. Direct-Current Triboelectric Generator. Adv. Funct. Mater. 2014, 24, 3745–3750. [Google Scholar] [CrossRef]

	



Zhao, Z.; Liu, D.; Li, Y.; Wang, Z.L.; Wang, J. Direct-current triboelectric nanogenerator based on electrostatic breakdown effect. Nano Energy 2022, 102, 107745. [Google Scholar] [CrossRef]

	



Kim, T.; Kim, D.Y.; Yun, J.; Kim, B.; Lee, S.H.; Kim, D.; Lee, S. Direct-current triboelectric nanogenerator via water electrification and phase control. Nano Energy 2018, 52, 95–104. [Google Scholar] [CrossRef]

	



Dong, Y.; Xu, S.; Zhang, C.; Zhang, L.; Wang, D.; Luo, N.; Feng, Y.; Wang, N.; Feng, M.; Zhang, X.; et al. Gas-liquid two-phase flow-based triboelectric nanogenerator with ultrahigh output power. Sci. Adv. 2022, 8, eadd0464. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Zheng, H.; Liu, Y.; Zhou, X.; Zhang, C.; Song, Y.; Deng, X.; Leung, M.; Yang, Z.; Xu, R.X.; et al. A droplet-based electricity generator with high instantaneous power density. Nature 2020, 578, 392–396. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Ning, X.; Li, L.; Wang, X.; Li, B.; Li, J.; Yin, J.; Guo, W. Performance and power management of droplets-based electricity generators. Nano Energy 2022, 92, 106705. [Google Scholar] [CrossRef]

	



Nguyen, Q.T.; Vo, C.P.; Nguyen, T.H.; Ahn, K.K. A Direct-Current Triboelectric Nanogenerator Energy Harvesting System Based on Water Electrification for Self-Powered Electronics. Appl. Sci. 2022, 12, 2724. [Google Scholar] [CrossRef]

	



Yan, Y.; Zhou, X.; Feng, S.; Lu, Y.; Qian, J.; Zhang, P.; Yu, X.; Zheng, Y.; Wang, F.; Liu, K.; et al. Direct Current Electricity Generation from Dynamic Polarized Water–Semiconductor Interface. J. Phys. Chem. C 2021, 125, 14180–14187. [Google Scholar] [CrossRef]

	



Lu, Y.; Yan, Y.; Yu, X.; Zhou, X.; Feng, S.; Xu, C.; Zheng, H.; Yang, Z.; Li, L.; Liu, K.; et al. Polarized Water Driven Dynamic PN Junction-Based Direct-Current Generator. Research 2021, 2021, 7505638. [Google Scholar] [CrossRef] [PubMed]

	



Solares-Bockmon, C.; Lim, A.I.; Mohebinia, M.; Xing, X.; Tong, T.; Li, X.; Baldelli, S.; Lee, T.R.; Wang, W.; Liu, Z.; et al. Generalized dynamic junction theory to resolve the mechanism of direct current generation in liquid-solid interfaces. Nano Energy 2022, 99, 107364. [Google Scholar] [CrossRef]

	



Veeramuthu, L.; Cho, C.-J.; Venkatesan, M.; Kumar, G.R.; Hsu, H.-Y.; Zhuo, B.-X.; Kau, L.-J.; Chung, M.-A.; Lee, W.-Y.; Kuo, C.-C. Muscle fibers inspired electrospun nanostructures reinforced conductive fibers for smart wearable optoelectronics and energy generators. Nano Energy 2022, 101, 107592. [Google Scholar] [CrossRef]

	



Venkatesan, M.; Chen, W.-C.; Cho, C.-J.; Veeramuthu, L.; Chen, L.-G.; Li, K.-Y.; Tsai, M.-L.; Lai, Y.-C.; Lee, W.-Y.; Chen, W.-C.; et al. Enhanced piezoelectric and photocatalytic performance of flexible energy harvester based on CsZn0.75Pb0.25I3/CNC–PVDF composite nanofibers. Chem. Eng. J. 2022, 433, 133620. [Google Scholar] [CrossRef]

	



Mahanty, B.; Ghosh, S.K.; Maity, K.; Roy, K.; Sarkar, S.; Mandal, D. All-fiber pyro- and piezo-electric nanogenerator for IoT based self-powered health-care monitoring. Mater. Adv. 2021, 2, 4370–4379. [Google Scholar] [CrossRef]

	



Babu, A.; Aazem, I.; Walden, R.; Bairagi, S.; Mulvihill, D.M.; Pillai, S.C. Electrospun nanofiber based TENGs for wearable electronics and self-powered sensing. Chem. Eng. J. 2023, 452, 139060. [Google Scholar] [CrossRef]

	



Song, Y.; Shi, Z.; Hu, G.-H.; Xiong, C.; Isogai, A.; Yang, Q. Recent advances in cellulose-based piezoelectric and triboelectric nanogenerators for energy harvesting: A review. J. Mater. Chem. A 2021, 9, 1910–1937. [Google Scholar] [CrossRef]

	



Nguyen, V.; Yang, R. Effect of humidity and pressure on the triboelectric nanogenerator. Nano Energy 2013, 2, 604–608. [Google Scholar] [CrossRef]

	



Karimi, M.; Seddighi, S.; Mohammadpour, R. Nanostructured versus flat compact electrode for triboelectric nanogenerators at high humidity. Sci. Rep. 2021, 11, 16191. [Google Scholar] [CrossRef]

	



Shen, J.; Li, Z.; Yu, J.; Ding, B. Humidity-resisting triboelectric nanogenerator for high performance biomechanical energy harvesting. Nano Energy 2017, 40, 282–288. [Google Scholar] [CrossRef]

	



Wang, N.; Feng, Y.; Zheng, Y.; Zhang, L.; Feng, M.; Li, X.; Zhou, F.; Wang, D. New Hydrogen Bonding Enhanced Polyvinyl Alcohol Based Self-Charged Medical Mask with Superior Charge Retention and Moisture Resistance Performances. Adv. Funct. Mater. 2021, 31, 2009172. [Google Scholar] [CrossRef]

	



Mandal, S.; Roy, S.; Mandal, A.; Ghoshal, T.; Das, G.; Singh, A.; Goswami, D.K. Protein-Based Flexible Moisture-Induced Energy-Harvesting Devices As Self-Biased Electronic Sensors. ACS Appl. Electron. Mater. 2020, 2, 780–789. [Google Scholar] [CrossRef]

	



Zhou, J.; Wang, H.; Du, C.; Zhang, D.; Lin, H.; Chen, Y.; Xiong, J. Cellulose for Sustainable Triboelectric Nanogenerators. Adv. Energy Sustain. Res. 2021, 3, 2100161. [Google Scholar] [CrossRef]

	



Bai, Z.; Xu, Y.; Zhang, Z.; Zhu, J.; Gao, C.; Zhang, Y.; Jia, H.; Guo, J. Highly flexible, porous electroactive biocomposite as attractive tribopositive material for advancing high-performance triboelectric nanogenerator. Nano Energy 2020, 75, 104884. [Google Scholar] [CrossRef]

	



Hubbe, M.A.; Ayoub, A.; Daystar, J.S.; Venditti, R.A.; Pawlak, J.J. Enhanced Absorbent Products Incorporating Cellulose and Its Derivatives: A Review. BioResources 2013, 8, 6556–6629. [Google Scholar] [CrossRef]

	



Peng, H.; Wang, H.; Wu, J.; Meng, G.; Wang, Y.; Shi, Y.; Liu, Z.; Guo, X. Preparation of Superhydrophobic Magnetic Cellulose Sponge for Removing Oil from Water. Ind. Eng. Chem. Res. 2016, 55, 832–838. [Google Scholar] [CrossRef]

	



Reishofer, D.; Resel, R.; Sattelkow, J.; Fischer, W.J.; Niegelhell, K.; Mohan, T.; Kleinschek, K.S.; Amenitsch, H.; Plank, H.; Tammelin, T.; et al. Humidity Response of Cellulose Thin Films. Biomacromolecules 2022, 23, 1148–1157. [Google Scholar] [CrossRef]

	



Chami Khazraji, A.; Robert, S. Interaction Effects between Cellulose and Water in Nanocrystalline and Amorphous Regions: A Novel Approach Using Molecular Modeling. J. Nanomater. 2013, 2013, 409676. [Google Scholar] [CrossRef]

	



Kelvin, L.V. Contact electricity of metals. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1898, 46, 82–120. [Google Scholar] [CrossRef]

	



Kenzhekhanov, T.; Abduvali, D.; Kalimuldina, G.; Adair, D. Investigating the feasibility of energy harvesting using material work functions. Mater. Today Proc. 2022, 49, 2501–2505. [Google Scholar] [CrossRef]

	



Fan, F.R.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z.L. Transparent triboelectric nanogenerators and self-powered pressure sensors based on micropatterned plastic films. Nano Lett. 2012, 12, 3109–3114. [Google Scholar] [CrossRef] [PubMed]

	



Atefe Derakhshani, S.H.; Nezafati, N.; Azami, M. Comparative analysis of gelatin and hydroxyethyl cellulose scaffolds crosslinked by silane coupling agent. J. Tissue Mater. 2020, 3, 1–10. [Google Scholar]

	



Demitri, C.; Giuri, A.; Raucci, M.G.; Giugliano, D.; Madaghiele, M.; Sannino, A.; Ambrosio, L. Preparation and characterization of cellulose-based foams via microwave curing. Interface Focus 2014, 4, 20130053. [Google Scholar] [CrossRef] [PubMed]

	



French, A.D. Idealized powder diffraction patterns for cellulose polymorphs. Cellulose 2013, 21, 885–896. [Google Scholar] [CrossRef]

	



Gong, J.; Li, J.; Xu, J.; Xiang, Z.; Mo, L. Research on cellulose nanocrystals produced from cellulose sources with various polymorphs. RSC Adv. 2017, 7, 33486–33493. [Google Scholar] [CrossRef]

	



Kawano, T.; Iikubo, S.; Andou, Y. The Relationship between Crystal Structure and Mechanical Performance for Fabrication of Regenerated Cellulose Film through Coagulation Conditions. Polymers 2021, 13, 4450. [Google Scholar] [CrossRef]

	



Oh, S.Y.; Yoo, D.I.; Shin, Y.; Kim, H.C.; Kim, H.Y.; Chung, Y.S.; Park, W.H.; Youk, J.H. Crystalline structure analysis of cellulose treated with sodium hydroxide and carbon dioxide by means of X-ray diffraction and FTIR spectroscopy. Carbohydr. Res. 2005, 340, 2376–2391. [Google Scholar] [CrossRef]

	



Chen, W.; He, H.; Zhu, H.; Cheng, M.; Li, Y.; Wang, S. Thermo-Responsive Cellulose-Based Material with Switchable Wettability for Controllable Oil/Water Separation. Polymers 2018, 10, 592. [Google Scholar] [CrossRef]

	



Zhang, S.; Yang, Z.; Huang, X.; Wang, J.; Xiao, Y.; He, J.; Feng, J.; Xiong, S.; Li, Z. Hydrophobic Cellulose Acetate Aerogels for Thermal Insulation. Gels 2022, 8, 671. [Google Scholar] [CrossRef]

	



Hospodarova, V.; Singovszka, E.; Stevulova, N. Characterization of Cellulosic Fibers by FTIR Spectroscopy for Their Further Implementation to Building Materials. Am. J. Anal. Chem. 2018, 09, 303–310. [Google Scholar] [CrossRef]

	



Oh, S.Y.; Yoo, D.I.; Shin, Y.; Seo, G. FTIR analysis of cellulose treated with sodium hydroxide and carbon dioxide. Carbohydr. Res. 2005, 340, 417–428. [Google Scholar] [CrossRef] [PubMed]

	



Raspolli Galletti, A.M.; D’Alessio, A.; Licursi, D.; Antonetti, C.; Valentini, G.; Galia, A.; Nassi o Di Nasso, N. Midinfrared FT-IR as a Tool for Monitoring Herbaceous Biomass Composition and Its Conversion to Furfural. J. Spectrosc. 2015, 2015, 719042. [Google Scholar] [CrossRef]

	



Mugesh, S.; Kumar, T.P.; Murugan, M. An unprecedented bacterial cellulosic material for defluoridation of water. RSC Adv. 2016, 6, 104839–104846. [Google Scholar] [CrossRef]

	



Varpula, A.; Laakso, S.J.; Havia, T.; Kyynarainen, J.; Prunnila, M. Harvesting vibrational energy using material work functions. Sci. Rep. 2014, 4, 6799. [Google Scholar] [CrossRef]

	



Lee, Y.-S.; Jeon, S.; Kim, D.; Lee, D.-M.; Kim, D.; Kim, S.-W. High performance direct current-generating triboelectric nanogenerators based on tribovoltaic p-n junction with ChCl-passivated CsFAMA perovskite. Nano Energy 2023, 106, 108066. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, Y.; Wang, Z.L. Fundamental theory of piezotronics. Adv. Mater. 2011, 23, 3004–3013. [Google Scholar] [CrossRef]

	



Kaur, J.; Kant, R. Theory of Work Function and Potential of Zero Charge for Metal Nanostructured and Rough Electrodes. J. Phys. Chem. C 2017, 121, 13059–13069. [Google Scholar] [CrossRef]

	



Stössel, M.; Staudigel, J.; Steuber, F.; Simmerer, J.; Winnacker, A. Impact of the cathode metal work function on the performance of vacuum-deposited organic light emitting-devices. Appl. Phys. A Mater. Sci. Process. 1999, 68, 387–390. [Google Scholar] [CrossRef]

	



Rajput, R.; Vaid, R. Flash memory devices with metal floating gate/metal nanocrystals as the charge storage layer: A status review. Facta Univ.-Ser. Electron. Energ. 2020, 33, 155–167. [Google Scholar] [CrossRef]

	



Chung, J.; Cho, H.; Yong, H.; Heo, D.; Rim, Y.S.; Lee, S. Versatile surface for solid-solid/liquid-solid triboelectric nanogenerator based on fluorocarbon liquid infused surfaces. Sci. Technol. Adv. Mater. 2020, 21, 139–146. [Google Scholar] [CrossRef]

	



Zheng, Q.; Zhang, H.; Mi, H.; Cai, Z.; Ma, Z.; Gong, S. High-performance flexible piezoelectric nanogenerators consisting of porous cellulose nanofibril (CNF)/poly(dimethylsiloxane) (PDMS) aerogel films. Nano Energy 2016, 26, 504–512. [Google Scholar] [CrossRef]

	



Pusty, M.; Shirage, P.M. Gold nanoparticle-cellulose/PDMS nanocomposite: A flexible dielectric material for harvesting mechanical energy. RSC Adv. 2020, 10, 10097–10112. [Google Scholar] [CrossRef]

	



Alam, M.M.; Mandal, D. Native Cellulose Microfiber-Based Hybrid Piezoelectric Generator for Mechanical Energy Harvesting Utility. ACS Appl. Mater. Interfaces 2016, 8, 1555–1558. [Google Scholar] [CrossRef] [PubMed]

	



Toroń, B.; Szperlich, P.; Nowak, M.; Stróż, D.; Rzychoń, T. Novel piezoelectric paper based on SbSI nanowires. Cellulose 2017, 25, 7–15. [Google Scholar] [CrossRef]

	



Sahatiya, P.; Kannan, S.; Badhulika, S. Few layer MoS2 and in situ poled PVDF nanofibers on low cost paper substrate as high performance piezo-triboelectric hybrid nanogenerator: Energy harvesting from handwriting and human touch. Appl. Mater. Today 2018, 13, 91–99. [Google Scholar] [CrossRef]

	



Wang, X.; Song, J.; Liu, J.; Wang, Z.L. Direct-current nanogenerator driven by ultrasonic waves. Science 2007, 316, 102–105. [Google Scholar] [CrossRef]

	



Yoon, G.C.; Shin, K.S.; Gupta, M.K.; Lee, K.Y.; Lee, J.H.; Wang, Z.L.; Kim, S.W. High-performance hybrid cell based on an organic photovoltaic device and a direct current piezoelectric nanogenerator. Nano Energy 2015, 12, 547–555. [Google Scholar] [CrossRef]

	



Luo, J.; Wang, Z.; Xu, L.; Wang, A.C.; Han, K.; Jiang, T.; Lai, Q.; Bai, Y.; Tang, W.; Fan, F.R.; et al. Flexible and durable wood-based triboelectric nanogenerators for self-powered sensing in athletic big data analytics. Nat. Commun. 2019, 10, 5147. [Google Scholar] [CrossRef]

	



Parandeh, S.; Kharaziha, M.; Karimzadeh, F. An eco-friendly triboelectric hybrid nanogenerators based on graphene oxide incorporated polycaprolactone fibers and cellulose paper. Nano Energy 2019, 59, 412–421. [Google Scholar] [CrossRef]

	



Chen, S.; Jiang, J.; Xu, F.; Gong, S. Crepe cellulose paper and nitrocellulose membrane-based triboelectric nanogenerators for energy harvesting and self-powered human-machine interaction. Nano Energy 2019, 61, 69–77. [Google Scholar] [CrossRef]

	



Wang, J.; Li, Y.; Xie, Z.; Xu, Y.; Zhou, J.; Cheng, T.; Zhao, H.; Wang, Z.L. Cylindrical Direct-Current Triboelectric Nanogenerator with Constant Output Current. Adv. Energy Mater. 2020, 10, 1904227. [Google Scholar] [CrossRef]

	



Zhao, Z.; Dai, Y.; Liu, D.; Zhou, L.; Li, S.; Wang, Z.L.; Wang, J. Rationally patterned electrode of direct-current triboelectric nanogenerators for ultrahigh effective surface charge density. Nat. Commun. 2020, 11, 6186. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 15 02392 g001 550] 





Figure 1. FE-SEM images of cellulose foam showing (a) macropores, (b) micropores on the wall of macropores, and (c) nanopores on the wall of micropores. (d) Water wettability of the cellulose foam in air. (e) XRD patterns of cellulose foam. (f) FT-IR spectra of dry and wet cellulose foam. 
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Figure 2. The electrical characteristics of the SLITF-TEG. 3D schematic illustrations of the measurement setup and the external circuit corresponding to (a) disconnected and (b) connected states of the ideal cycle of operation. (c) The open-circuit voltage. Inset image: partial magnified view of the voltage. (d) The short-circuit current. Inset image: partial magnified view of the current signal and estimated charge transferred. (e) The impedance-matching curve of the SLITF-TEG. Power and average current as a function of load resistance. Inset image: Enlarged view of typical peaks of current output at different load resistances. (f) Charging voltage on various load capacitances. Inset image: Stored energy-time and stored power-time relationships for a fixed capacitor of 6.8 mF. 
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Figure 3. (a) Electron energy levels of materials 1 and 2 before and after making contact. Here, EF1 and EF2 are Fermi levels of materials 1 and 2, respectively. (b) Space charge, built-in electric field, and potential after two materials are in contact at a static state and separation charges in a dynamic state. (c) The working mechanism of the sliding mode SLITF-TEG. (d) Magnified view of a current output signal during an ideal operating cycle of the SLITF-TEG. (e) Equivalent circuit diagram of the SLITF-TEG. 
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Figure 4. The dependence of (a) open-circuit voltage and short-circuit current and (b) Transferred charges during one movement cycle on the vibration frequency. Inset image: Enlarged view of typical peaks of current output with different frequencies. The dependence of (c) open-circuit voltage and short-circuit current and (d) Internal resistance of SLITF on the water absorption. 
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Figure 5. The dependence of (a) open-circuit voltage and short-circuit current and (b) transferred charge density during one movement cycle using different polymers for dielectric layers. 
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Figure 6. Demonstration of application of SLITF-TEG. (a) Enhancing instantaneous voltage by connecting six-unit cells in series. (b) Enhancing instantaneous current by connecting six-unit cells in parallel. (c) Stored energy concerning the load capacitance for various charging times. Inset image: a light-emitting diode powered by six-unit cells in series. (d) Inverse regression analysis between the transferred charge and the frequency of the reciprocating motion. 
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