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Abstract

:

Energy harvesting from piezoelectric materials is quite common and has been studied for the past few decades. But recently, there have been a lot of new advancements in harnessing energy via piezoelectric materials. In this regard, several studies were carried out in analytical chemistry. This paper provides a detailed review of different piezoelectric materials, their structures, their fabrication processes, and their applications in analytical chemistry. Detection of the various gases percentage in ambient air is a valuable analytical chemistry technique. Additionally, the benefits of using piezoelectric materials, i.e., crystal for gas and liquid chromatography, virus detection including COVID-19 virus detection, water determination, trace metal analysis and the ability to measure micro weights with quartz crystal with some other applications are also described in this review. Energy harvesting is incredibly important and must be implemented on a large scale. So, developing self-powering devices can resolve the problems, and piezoelectric materials are gaining interest day by day because these materials help in energy generation.
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1. Introduction


P. Cure and J. Curie made the initial invention of piezoelectricity in 1880 [1]. The word ‘piezoelectricity’ originated from two words, ‘piezo,’ meaning the principle of stress and ‘electricity,’ meaning dependable on electron movement [2]. Piezoelectric materials generate electric fields in response to applied mechanical stress (piezoelectric effect), and a mechanical strain is produced when subject to an external electric field known as the inverse piezoelectric effect [2,3,4,5,6]. The immediate piezoelectric (PZT) effect is given by Equation (1) [7], and the inverse PZT effect is explained in mathematical Equation (2) [8]. Where:  σ  and  ∈  are stress and strain tensors, respectively, induced by the mechanical and electrical effects, E and D are the electric field and dielectric displacement vectors,    S E    is the elastic compliance matrix,    d  i m     and    d  i j     are the piezoelectric coefficients for direct and converse effects, and  e  is the permitivity value of the dielectric evaluated under constant stress. The direct and inverse piezoelectric effects are shown in below Figure 1.


  D = e . E +  d  i m   .   σ  



(1)






  ∈ =  d  j k     .   E +  S E  . σ  



(2)







Due to the zero internal dipole of piezoelectric materials, when strain is produced, the lattice displacement occurs, which results in the movement of dipoles and ultimately causes electric charge generation, and that charge produces an electric field or piezoelectric potential in the material [10,11]. Piezoelectric materials are a great source of energy storage and harvesting [11,12]. From renewable energy inputs, piezoelectric energy harvesters (PEH) may produce power ranging from nanowatts to microwatts by converting mechanical energy into electrical energy [13,14,15,16]. Piezoelectric energy harvesters are used in a large variety of products that are all around us, especially smart sensors. These devices have wireless communication capabilities with human beings and one another. The advancement of microelectronics and nanoelectronics technology is dependent on piezoelectric materials. The most sophisticated ambient energy harvesting method is piezoelectric transduction, which has found use in various fields, including transportation, construction, wireless electronics, IoTs, microelectromechanical systems (MEMS), implantable and wearable devices, and many others [17,18,19]. Compared to the other types of energy harvesters, piezoelectric energy harvesters are particularly effective at absorbing vibrational energy because they are lightweight and simple. The graph in Figure 2 depicts the number of publications on PEH from 2000 to 2020. The graph demonstrates the recent progressive rise of PEH [20,21].



Piezoelectric materials, which include ceramics, single crystals, composites and polymers, have recently been the main topic of research and development. These materials have been made in different forms of device structures, i.e., nanostructure (nanowires, nanorods, nanotubes, and nanoparticles) [22,23,24,25,26,27,28,29,30,31] and thin film for the development of piezoelectric nano/generators that will be used in a variety of fields. Their favorable properties, including high piezoelectric coefficient, durability, stretchability, and flexibility, made them ideal for various applications like wireless sensor networks and the Internet of Things (IoTs). It became simple to harvest energy from the environment for a sustainable power supply to sensor nodes due to the gradual increase in the number of deployed sensor nodes in a variety of fields as well as the significant reduction in the power requirement and node size [32,33].



Humanity needs novel technologies to enhance its quality of life, considering fast-advancing social globalization. Over the last few decades, significant advancements in microelectronics have paved the way for the development of various piezoelectric devices and sensors that can be used in analytical chemistry [34,35,36,37,38,39,40,41]. Sonar was developed as a result of Langevin’s utilization of quartz plates as underwater high-frequency wave emitters and receivers. To be utilized as tuning devices and crystal filters for telephone and radio communications, Cady and Pierce created highly stable crystal-controlled oscillators. Because of the continued widespread usage of this technique, crystals of high quality and low cost are readily available for analytical work [42]. It was discovered that the temperature coefficient of crystals might be changed by adjusting the cut angle of the crystal with reference to its optical axis. This discovery produced a wide variety of crystal cuts, which produced crystals with characteristics favorable for a variety of applications. The most used piezoelectric materials are quartz and Rochelle salts, although there are various materials, i.e., ethylenediamine tartrate, tourmaline, barium titanate, and ammonium dihydrogen phosphate. Rochelle salt holds a great piezoelectric effect and is effective and useful in vibrational and acoustic devices, but it must be protected from moisture. The completely oxidized compound is quartz. Quartz is more commonly used than natural ones due to its high purity [43]. Most of the piezo-electric research in analytical chemistry has utilized AT-cut crystals [44].



These days piezoelectric materials are being utilized for a variety of analytical applications, i.e., sorption detectors, detectors for gas and liquid chromatography, detectors for water, analysis of trace metals, detection of viruses, COVID-19 detection, detectors for air pollutants, electrogravimetry, different compound detection, and solution measurements. For example, piezo-electric sorption detectors can be used to determine air pollution. It is also used in detecting carbon monoxide (CO) in the ambient air at the sub-ppm level [45,46,47,48,49]. In the last 10 years, high-pressure liquid chromatography has made significant advances in the technique and applications. This is because of the improvement in the design, which causes an effective separation of high molecular weight and non-volatile compounds [50]. Similarly, a quartz crystal microbalance array can be used to determine the heavy metals in the natural or waste-water samples [51], and piezoelectric-based MEMS sensors are used for the detection of various viruses by providing them an active site to bind [52,53,54,55,56].



This study aims to comprehensively review piezoelectric materials, their structures, and their applications in analytical chemistry. This review has been divided into three sections. The Section 1 focuses on piezoelectric materials. The Section 2 explain the piezoelectric energy harvester’s device structure, including nanowires, nanorods, nanotubes, nanoparticles and thin films. The properties of some basic piezoelectric materials are also presented in tabular form, and a comparison is made between the piezoelectric materials based on the piezoelectric coefficient, dij, and the matrix of compliance SE. The Section 3 focuses on the applications of piezoelectric materials in analytical chemistry (sorption detectors, crystal detectors for water, detectors for gas and liquid chromatography, trace metal analysis, detection of viruses, COVID-19 detection, detectors for air pollutants, and solution measurement). It highlights the range of piezoelectric materials utilized for analytical processes. The steps involved in the piezoelectric energy harvesting process and the overall schematic of piezoelectric energy harvesting are shown in Figure 3 and Figure 4, respectively.




2. Piezoelectric Materials


In the design of energy harvesters, the most important step is the selection of a suitable piezoelectric material [58]. Piezoelectric materials have been discussed in numerous reviews of energy harvesting. In a variety of applications, different performance measures have been chosen to compare piezoelectric materials. The piezoelectric strain and voltage constants are appropriate parameters in actuating and sensing applications. The electromechanical coupling factor (k), mechanical strength, power density (Pd), manufacturability, mechanical stress (σ), and the quality factor (Q) are the most crucial elements for energy storage. Furthermore, material selection is influenced by the operating temperature [59]. Based on their structural properties, Li et al. [60] divided piezoelectric materials into four categories: composites, polymers, single crystals, and ceramics. In terms of the piezoelectric strain constant (S), electromechanical coupling factor (k), piezoelectric voltage constant (g), mechanical quality factor (Q), and dielectric constant, they described the properties of these four piezoelectric materials and compared them to some of the key candidate materials. In contrast to piezoelectric polymers, they found that piezoelectric ceramics and single crystals had far superior piezoelectric capabilities due to the intense polarization in their crystal lattice. However, they are less flexible and more brittle than piezoelectric polymers. Piezoelectric and mechanical properties must be taken into account when choosing a piezoelectric material for a piezoelectric harvesting application. Application frequency, the volume available, and how energy is delivered into the system are all crucial factors to consider. The PEH should be run at resonance frequency to capture the greatest energy. However, it is frequently impractical to match the input frequency of the host material structure with the resonance frequency of the piezoelectric. They concluded that the piezoelectric element may be thought of as a parallel plate capacitor for low-frequency applications and that the product of the piezoelectric strain constant and the piezoelectric voltage constant should be large to be able to capture more electrical energy. The highest output voltage, however, is reliant on the piezoelectric strain constant, while the harvester’s optimal output power is independent of the piezoelectric characteristics of the piezoelectric element under near-resonance conditions. The selection of a piezoelectric material for a piezoelectric harvester is definitely influenced by the operating conditions, which makes the choice of a piezoelectric material more difficult. Table 1 shows the key insights of recent review papers on piezoelectric energy harvesting materials.




3. Structures


3.1. Nanowires


Based on the observation of piezoelectricity, ZnO NW-based (Piezoelectric Nanogenerator) PENG was developed. Numerous studies have concentrated on the conceptualization, structure design, operating mechanism, and output optimization of nanogenerators [70]. Many studies show that PENG can harvest energy. Their output voltage signals are up to several hundred volts, enough to power LEDs and LCDs. Recently, piezoelectric-based lead-free NaNbO3 nanowires with polydimethylsiloxane (PDMS), a polymer-based composite nanogenerator, have been developed [71]. This PENG has been fabricated using lead-free NaNbO3 NWs. NaNbO3 NWs are made using a hydrothermal process at low temperatures, and they can be polarized at room temperature using an electric field. The flexible nanogenerator consists of a NaNbO3 NWs-PDMS composite, and Au/Cr coated films acting as electrodes. Figure 5a,b shows the topographical representation of a NaNbO3 NW. The piezoelectric nanogenerator’s structure is depicted in Figure 5c. It is made up of four layers: two Au/Cr-coated Kapton films functioning as electrodes in the yellow, blue, and light blue layers, a NaNbO3-PDMS composite acting as a source of piezo potential, and a solid polyester (PS) substrate film working as the primary driving force of strain. Due to the utilization of all polymer layers in the nanogenerator, the object is flexible and could be bent and released. The power generation process of the nanogenerator is depicted in Figure 5d. Electric dipoles that are neither parallel nor perpendicular to the direction of the NWs are created when a compressive force is exerted. Figure 5d illustrates how the electric dipoles will typically align themselves with the electric field’s orientation. Some piezoelectric domains will line up with the electric field’s direction, while other zones may tilt away from it. However, the electric dipole element is present in every domain along the green arrow-depicted direction of the electric field. The piezoelectric potential is stronger at the bottom electrode region than at the top electrode area if we apply force parallel to the surface, as shown in Figure 5d. Electric polarization will also align with the dipole direction. The charges should travel from the bottom electrode to the top electrode in the reverse direction if the pressure is relieved, and the piezo potential should dissipate. Thus, both current and voltage are generated as a result of repeatedly applying and relaxing compressive stress. Figure 5e,f shows that the NaNbO3-PDMS composite nanogenerator produces an output voltage of 3.2 V and an output current of 72 nA with a current density of 16 nA/cm2 under a compressive strain of 0.23%. The findings demonstrate the value of NaNbO3 NWs for applications using lead-free piezoelectric nanogenerators. Similar to the first, a second piezoelectric nanogenerator has been created by converting mechanical energy into electrical energy using cadmium sulfide (CdS) NWs [72]. The CdS NWs arrays, which are grown upwards, are utilized to transform mechanical energy into electrical energy. The hydrothermal approach and the physical vapor deposition technique are the two ways used to manufacture these vertically oriented CdS NWs arrays (PVD). The hexagonal wurtzite (WZ) and cubic zinc blend (ZB) phases with growth directions of WZ <0001> and ZB (111) were alternately present in the NWs produced by the hydrothermal method, while the single-crystalline WZ phase with growth direction <0001> was present in the NWs produced by the PVD process. Figure 6a displays the SEM picture of the hydrothermally generated CdS NWs, and Figure 6b displays the X-ray diffraction pattern (XRD). These NWs have a diameter of 150 nm. 5 nN of normal force and a speed of 150.24 m/s were kept in the AFM contact mode. Figure 6c illustrates how to measure output voltage across a load by moving the tip throughout the sample. A negative output signal was detected when the tip extended beyond the NW, as illustrated by the red curve in Figure 6d and the output power by the blue curve. To improve the output voltage, CdS NWs were synthesized using the PVD process at 950 °C. Figure 6e(i,ii) shows the SEM and TEM photographs of the single CdS NWs synthesized by the PVD process and the higher resolution transmission electron microscope (HRTEM) image at the marked region is shown in Figure 6e(iii). The topography and output voltage when the AFM tip scanned over the CdS NW formed by the PVD technique are shown in Figure 6f,g. The outcome demonstrates that the output voltage’s magnitude is significantly more than the voltage created by the hydrothermal method. The outcome demonstrates that the unique energy harvesters’ concept could support the creation of future power electronics.




3.2. Nanorods


Recently, ZnO-nanorods (NRs) comprised of PENG (ZnO-T-PENG) have been successfully developed [73]. Figure 7 shows the fabrication process of a vertically aligned ZnO NRs array. They are synthesized by using a novel hydrothermal method. In the first step, a precursor solution was formulated by mixing hexamethylenetetramine (HMTA), and zinc acetate dehydrate in deionized water. The nylon fabric piece was washed using alcohol and acetone and deionized with water by means of the ultrasonic method. Then the surface of the fabric is coated with silver (Ag) paste as an electrode by a facile screen-printing method, as shown in Figure 7a,b. Figure 7c shows the arrangement of ZnO NRs synthesized vertically on the surface of an Ag-coated fabric. After being submerged in a precursor solution for 5 min with the fabric attached to a PTFE holder, a consistent ZnO seed layer was created on the fabric. The PTFE holder with fabric was then once more submerged in a reaction mixture in a sealed beaker and maintained in a water bath for 4 h. Subsequently, the fabric was removed, cleaned, and repeatedly annealed. A vertical ZnO nanotube array with hexagonal cross-sections was then created on the face of the Ag-coated fabric, as seen in Figure 7e. Figure 7f shows the structure of ZnO NRs patterned textile-based-PENG (ZnO-T-PENG), consisting of a vertically arranged ZnO NRs array inserted between the Ag-coated fabric. Figure 8a shows the process of the piezoelectric charge generation of the PENG. When a vertical force is exerted over the surface of the ZnO-T-PENG on the top and bottom sides, respectively, an equal quantity of positive and negative charges are produced, as shown in Figure 8a(i). As a current form, the electrons will start to flow from the top electrode to the bottom electrode (Figure 8a(ii)). The strain on the ZnO NRs increases as more force is applied. Electric charges start to flow backward from the bottom electrode to the top electrode as the applied force is withdrawn (Figure 8a(iii)). The electrons stop flowing when all the force is removed from the ZnO nanorods, as seen in Figure 8a(iv). As illustrated in Figure 8b,c, this PENG can produce an output power of 20 nA and an output voltage of 4 V and 0.8 V, respectively, for palm clapping and finger bending. The development of smart wearable electronics can be aided by this kind of PENG [74]. Similar to this, another method uses piezoelectric ZnO NRs on a standard paper substrate to transform mechanical energy into electrical energy [75]. The standard packing paper with excellent flexibility was employed as the paper substrate in the synthesis of ZnO paper. Radiofrequency (RF) magnetron sputtering was used to coat these pieces of paper with a thick ZnO layer after they had been cleaned with acetone, ethanol, and deionized water. The ZnO NRs were grown by a simple hydrothermal process. The solution that was used was composed of acetate dehydrate and HMTA. After that, the solution was poured into the Teflon reaction kettle, inside of which paper substrates covered in ZnO seeds were hanging vertically. The ZnO paper was then removed and washed. It was washed with deionized water and then baked at 100 C. To act as an electrode, silver (Ag) paste was applied to the two ZnO paper’s ends. A flexible ZnO paper nanogenerator (ZPNG) was created after drying. The top and side views of the ZnO NRs in Figure 9a are shown in a highly magnified SEM picture, which unmistakably demonstrates that the ZnO NRs have hexagonal cross-sections. The schematic representation of each paper fiber developed with ZnO NRs is shown in Figure 9b. After the ZnO seed layer had coated the paper fiber, the ZnO NRs that had grown on it began to radiate outward along the fiber. The ZPNG can produce an output voltage and current of 10 mV and 10 nA and has high flexibility and piezoelectric sensitivity. The output voltage and current of the ZPNG after several cycles of rapid stretching (FS) and fast releasing are shown in Figure 9c,d (FR). The enlarged view of one cycle of FS and FR is shown in the insets. The output voltage and output current of the ZPNG are shown in Figure 9e,f at different frequencies, i.e., f1′f2′f3′, and at an applied strain of 2 cm. Figure 9e,f makes it abundantly evident that as the frequency rises, so do the output voltages and currents. The findings demonstrate that this energy harvesting system offers a straightforward and efficient platform to obtain low-frequency mechanical energy for real-world applications.




3.3. Nanotubes


Nanotube-based PENGs are very well recognized for powering miniature autonomous, independent systems. Recently, simple, inexpensive, and scalable piezoelectric nanogenerators were fabricated using stretchable and flexible BaTiO3 nanotubes [76]. Figure 10a shows a schematic of a nanogenerator composed of lead-free BaTiO3 nanotubes synthesized hydrothermally by forming composites with PDMS polymers. A direct poling procedure was used to create flexible and transparent nanogenerators. According to Figure 10a, there are five layers in the nanogenerator. Two Au/Cr films act as two upper and bottom electrodes, BaTiO3 nanotubes and PDMS composites act as piezoelectric potential generators under applied voltage, and a PS substrate. The PS substrate and PDMS serve as supporting and shielding layers to keep the nanogenerators’ conformation. The BaTiO3 nanotube/PDMS composite’s SEM picture is shown in Figure 10b, which also illustrates how adaptable the manufactured nanogenerators are. The output voltage and current of the constructed nanogenerators are shown in Figure 10c,d. The nanogenerator generates an open circuit voltage of 5.5 V and a short circuit current of 350 nA with a load of 1 Mpa. Because nanotubes are so small, nanogenerators have tremendous performance. To determine whether the generated output signal is the result of the piezoelectric effect, a switching polarity test is carried out. Nanogenerators are connected in two modes, forward and reverse. A positive output signal is generated during the forward link, as shown in Figure 10c, and an opposite output signal is recorded during the reverse link, as shown in Figure 10d. The COMSOL simulation model used to determine the distribution of piezoelectric potential inside the nanogenerator is depicted in Figure 10e. An upper PDMS layer, a BaTiO3 layer, and a bottom PS substrate make up the simulation’s three layers. In a similar vein, a hydrophobic piezoelectric nanogenerator based on poly (vinylidene fluoride)-carbon nanotube (PVDF-CNT) foam that is moisture-tolerant was created [77]. Figure 11 shows the fabrication process of nanogenerators based on hydrophobic piezoelectric PVDF-CNT foams fabricated by the solution route. PVDF-CNT foam fabrication involved mixing PVDF pellets, table salt (NaCl), and multi-walled carbon nanotubes (MWCNTs) in a solvent. The solution was held for 1 h at 60 °C with magnetic stirring. After that, the solution was put into a crucible made of silica gel and heated to 90 °C for 5 h. A black polymer composite was produced after cooling. The composite foam was submerged in boiling water to wash away the salt after the outermost layer of the composite sample was removed with sandpaper. Pictures of PVDF-CNT demonstrate how flexible it is. The chain structure of PVDF-CNT foam is crystallized and clearly defined. In order to create piezoelectric nanogenerators, conductive silver (Ag) paint was employed as an electrode. Figure 12a,b illustrates how a compressive force increase of 0.02 kgf resulted in a high output voltage of roughly 12 V and a current density of 30 nA/cm2 from a flexible piezoelectric PVDF-CNT foam-based nanogenerator. The identical settings as in Figure 12c,e were used to test the piezoelectric output current. To confirm that the generated output signal is the result of the piezoelectric effect, a shifting polarity test is carried out. For this cause, forward as well as reverse linkages are used to connect nanogenerators. The operation of the piezoelectric PVDF-CNT foam-based nanogenerator is depicted in Figure 12g. Figure 12g(i) demonstrates that in the absence of an external force, no output is generated. Due to the piezoelectrically produced potential, electrons move from the top electrode side to the bottom electrode side through the external load when a voltage is supplied perpendicular to the nanogenerator’s surface (Figure 12g(ii)). Electrons begin to flow in the opposite direction, returning from the bottom electrode to the top electrode, recording an opposite electrical signal, and the piezoelectric potential vanishes when the force is released (Figure 12g(iii)). The experimental setup schematic for determining the PVDF-CNT piezoelectric device’s output power under-regulated humidity levels is shown in Figure 12h. Figure 12i illustrates the piezoelectric output of the instrument under vertical compression at various relative humidity (RH) levels, which produced a voltage output of 8 V even at 60% RH. It was completed. These outstanding performances of the device proved potential applications in ultra-sensitive nanosensors and self-powered nanosystems.




3.4. Nanoparticles


Nanoparticles can also be used to create PENG nanoparticles (NPs). Recently, high-performance piezoelectric nanogenerators were created using poly (vinylidene fluoride) and lead formamidinium halide-based perovskite nps (FAPbBr3-NPs @ PVDF) [78]. Figure 13a shows the fabrication process of FAPbBr3 NP@PVDF composite nanogenerators. Thermal annealing can be used to create PVDF films with FAPbBr3 NPs. A composite nanogenerator based on FAPbBr3 NPs @ PVDF finger vents is depicted in Figure 13b, illustrating its remarkable flexibility and adaptability for integrated and wearable electronics. A schematic of the developed piezoelectric nanogenerator using a FAPbBr3 NP @ PVDF composite is shown in Figure 13c. It is placed between two Au/Cr-coated PET films that serve as electrodes. The piezoelectric distribution inside the composite nanogenerator is calculated using the finite element method of the COMSOL simulation software. Three layers make up the simulation model. The top and bottom two Au/Cr-coated PET sheets act as electrodes, with the FAPbBr3 NP @ PVDF composite layers being scattered at random. Figure 13d shows the scanning results of FAPbBr3 NPs with electrode-coated PVDF. Composite-based FAPbBr3 NP @ PVDF piezoelectric nanogenerators exhibited an output voltage of 30 V and a current density of 6.2 μA/cm at an applied voltage of 0.5 Mpa and a frequency of 5 Hz when they were subject to periodic compression and release obtained by measurement using a force simulator shown in Figure 14a. To confirm that the generated output signal is the result of the piezoelectric effect, a switching polarity test is carried out. When linked in forward mode, the nanogenerator produces a signal that is positive. Similar to forward mode, reverse mode records the negative output, as seen in Figure 14b. Similarly, lead-free (1 − x) KnaNbO3-x BaTiO3 NPs (x = 0.02, 0.04, 0.06, and 0.08) (used as KNN-x BTO) nanoparticles (NPs) were used to construct a membrane-based flexible piezoelectric nanogenerator [79]. Figure 15a shows a diagram of a composite piezoelectric nanogenerator (PCNG). Figure 15a(i) displays the morphological structure of the prepared composite. The thickness of the prepared composite film encroached into the PDMS matrix is shown in Figure 15a(ii), and the digital images of the PCNG specimen and operating mechanism are displayed in Figure 15a(iii) and Figure 15b, respectively. The gadget develops a potential difference between the two electrodes when a vertical push is applied because the electric dipoles align in the same (single) direction. As a result, as shown in Figure 15b(i), electricity travels through an external circuit from top to bottom. As depicted in Figure 15b(ii), when the force is removed, the electric dipole is inverted, and the current flow is reversed. PCNG produces a maximum output of 58 V, 450 nA. Figure 15c,d shows the output voltage and current for KNN, KNN-0.02 BTO, and BTO NPs, with the maximum output being represented by KNN-0.02 BTO NP. Figure 15e shows a comparison of the electrical output of PCNG devices. The doped PCNG device, PCNG2 (KNN-0.02 BTO), shows the greatest performance compared to other undoped (pure) PCNG devices, i.e., PCNG 1 (KNN), and other doped devices, i.e., PCNG3 (KNN-0.04 BTO), PCNG 4 (KNN-0.06 BTO), and PCNG 5 (KNN-0.08 BTO). This finding suggests that such a system might be helpful for identifying sleep disorders and might represent an evolution in mobile health surveillance.




3.5. Thin Films


Thin films are another significant structure of PENG [80]. Newly, an increased flexible nanogenerator relying on a composite thin film made of poly (vinylidene fluoride-co-hexafluoropropene) P(VDF-HFP) and hemispherical clustered BaTiO3 nanoparticles (NP) has been developed [81]. By evaporating solvents containing tetragonal BTO-NP, P(VDF-HFP), dimethylformamide (DMF), and acetone, the composite thin film was created. A schematic representation of the device manufacturing process is shown in Figure 16. A silicon substrate is shown in Figure 16a. Following the solvent evaporation of the spin-coated solution, a BTO-P(VDFP-HFP) composite thin film was cured in an incubator at 80 °C for 1 h under ambient circumstances. During the curing process, clusters develop. Following a high-field poling procedure, the subsequent composite thin film is peeled off from the Si substrate containing BTO clusters, as shown in Figure 16c. Finally, the top and bottom of the thin composite layer were enclosed by the coated PDMS before the spin-coated PDMS cured, coated metal electrodes AI on the polyimide (PI) film, as illustrated in Figure 16d,e. Figure 16f illustrates the flexibility of the device by providing an optical view of the manufactured nanogenerator in its bent condition. Piezoelectric potentials were produced for two distinct BTO NP topologies using the simulation tool COMSOL. One is the hemispherically packed BTO clusters (Figure 17a), and the other is the planar distribution of the lower region depicted in Figure 17b. In both simulations, the same number of BTO-NPs were employed. At a force applied of 0.23 Mpa, the flexible nanogenerator displays an open-circuit voltage of 75 V and a short-circuit current of 15 A, highlighting the significant significance of the hemispherical BTO clusters and producing enough power to turn on light-emitting diodes (LEDs). A PDMS layer increases the output power. To verify the reliability of the output signal, a switching polarity test was run. In this test, the nanogenerator was measured in two different modes. Figure 17c shows the nanogenerator measured in forward link mode, and Figure 17d shows the nanogenerator measured in reverse link mode. The output signal in reverse link mode is the same as in forward link mode; only the polarity of the signal is reversed. Furthermore, the durability and reproducibility of the nanogenerator were tested, which produced an output of ~5 V and ~750 nA, by repeated bending tests during the bending stage shown in Figure 17e. Similarly, another BaTiO3 piezoelectric thin film was deposited on a plastic substrate to show a direct piezo effect [82]. The manufacturing of flexible BaTiO3 nanogenerators on plastic substrates is depicted in Figure 18a. On Pt/Ti/SiO2/(111)Si substrates, perovskite ceramic BaTiO3 thin films were formed by RF magnetron sputtering, crystallized at 700 °C, and poled to enhance piezoelectric characteristics. The BaTiO3 thin film was then printed using soft lithography and nanofabrication techniques onto a substrate material and linked with electrodes. Figure 18b depicts the SEM image of the Au/BaTiO3/Pt layers on the SiO2/Si substrate that make up the metal-insulator-metal (MIM) structure. The spectrum of an annealed BaTiO3 thin film, which includes Ba, Ti, O2 and tiny C peaks, is shown in the inset. The SEM image of the MIM structure (Au/BaTiO3/Pt) shown in Figure 18c was created after the underlying Si layer was anisotropic ally etched with 5% tetramethylammonium hydroxide (TMAH) at 80 °C for 12 min. The inset is the scanning image of the MIM structure partially supported by the Si substrate during etching (corresponding to Figure 18a(ii)). According to Figure 18a(iii), the image in Figure 18d demonstrates that the MIM structure (about 1 cm2) was effectively transferred from the bulk Si wafer to the PDMS stamp without fractures. The images of the twisted PDMS stamp and the top view of the MIM structure of the PDMS stamp are shown in the insets at the top and bottom, respectively. A flexible BaTiO3 nanogenerator with an area of 82 mm2 and a filling factor of 16.4% is depicted in Figure 18e (equivalent to Figure 18a(iv)) on a plastic substrate. To measure the output voltage and current, silver (Ag) paste was used to affix copper (Cu) wires to metal plates. The top and bottom electrodes of the MIM structure that are connected to the IDE are visible in greater detail in the inset (Au). Figure 19a (i,ii) shows the flexible BaTiO3 nanogenerators before bending to the original state. Due to polarization in the initial condition of high electric fields without bending, piezoelectric materials have longitudinally oriented dipoles. Figure 19a (iii,iv) shows a flexible BaTiO3 nanogenerator in a bent state. In the bent state, the longitudinal and compression stresses caused by device deflection generate charges in the MIM structure. The charge then passes into the Au electrodes, generating an output voltage (ΔV) across the IDE. Figure 19b,c shows the output voltage (right ii) and output current (left i) of flexible BaTiO3 nanogenerators on plastic substrates in bent and unbending states. To verify that the output signal was produced by bending the MIM structure, a switching polarity test is done. According to Figure 19b, a positive voltage and current were produced during the forward connection. Negative voltages and currents for reverse connections were noted (according to Figure 19c). When circularly deformed by a bending stage, a BaTiO3 flexible nanogenerator built on a plastic substrate can provide an output voltage of 1.0 V, an output current signal of 26 nA, an output current density of 0.19 A/cm2, and a power density of about 7 mW/cm3. The findings demonstrate that flexible displays can be powered by mechanical motion using nanogenerators for future technologies. Key Highlights of the recent progress on piezoelectric energy harvesters’ designs are shown in Table 2.



The roadmap and factors for the performance improvement of the piezoelectric nanogenerator from µW to mW to W are shown in Figure 20 and Figure 21, respectively.
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Table 2. Overall review papers on the PEH design.
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	Author
	Accomplishments
	Subdivisions
	Highlights
	Conclusion
	References





	Uchino
	Considering the energy conversion efficiency, the PHE’s output power, the coupling coefficient, and the operating mode, including a mathematical model to match the PHE’s resonant frequency to the driving frequency, was reported
	Piezoelectric materials and their selection criteria, thin PEH, energy conversion efficiency, mathematical modeling of PEH, piezoelectric basins, improved piezoelectric cantilever design, electrode optimization, PEH electronic interfaces and power storage circuit, power quantification and comparison strategies, hybrid energy harvesting mechanism
	Explanation of the background of PEH, condemnation of various researchers’ misconceptions, a thorough examination of the energy flow in the energy harvesting system, a description of the methods for greatly enhancing efficiency, and helpful/significant comment regarding harvester output that is not useful
	Importance of storage circuits and electric interface circuits
	[83]



	Priya
	Considering the energy conversion efficiency, the PEH’s output power, the coupling coefficient, and the operating mode, including a mathematical model to match the PEH’s resonant frequency to the driving frequency, was reported
	Piezoelectric materials and their selection criteria, thin PEH, energy conversion efficiency, mathematical modeling of PEH, power storage circuits of PEH, and electronic interfaces
	Explains the criteria for choosing materials in on- and off-resonance situations. Explanation of the variables influencing PEH conversion efficiency. A number of low-profile PEHs are being used to create self-powered sensor nodes
	Improvement of the material properties and material selection strategy
	[84]



	Yang et al.
	Report the operating mode, coupling coefficient, and the mathematical model used to align the PEH’s resonant frequency with the drive frequency for energy conversion efficiency
	Nonlinear systems, mathematical modeling of PEHs, geometric optimization, improved piezoelectric cantilever design, piezoelectric stack configurations, piezoelectric basins, electrode optimization, comparative strategies, and power quantification
	Evaluation of different designs, nonlinear approaches, optimization techniques, and materials to increase performance. Introducing the set of indicators to compare PEH performance
	Importance of storage circuits and electric interface circuits
	[85]



	Li et al.
	Considering the energy conversion efficiency, the PEH’s output power, the coupling coefficient, and the operating mode, including a mathematical model to match the PEH’s resonant frequency to the driving frequency, were reported.
	Manual frequency tuning, frequency up-conversion approach, piezoelectric material and its selection criteria, mathematical modeling of PEH, improved piezoelectric cantilever design, piezoelectric basin, piezoelectric stack configuration, electronic interface, and power storage circuit for PEH
	A discussion of the main challenges of PEHs and an explanation of the main limitations of piezoelectric materials
	Importance of storage circuits and electric interface circuits
	[60]



	Talib et al.
	A discussion of the main challenges of PEHs and an explanation of the main limitations of piezoelectric materials
	Nonlinear systems, two-way and three-way systems, geometric optimization, design improvements for piezoelectric cantilevers, hybrid energy harvesting mechanisms, piezoelectric materials and their selection criteria
	Finding a balance between the bandwidth and the output power will enable piezo harvesters to perform as expected
	Importance of storage circuits and electric interface circuits
	[86]



	Ibrahim and Wahied
	Report on the power output of PEH, including a mathematical model that matches the resonance frequency to the driving frequency
	Manual frequency adjustment, autonomous frequency adjustment, mathematical modeling of PEH
	Review, comparison, and classification of several autonomous and manual tuning methods. Addressing the challenges of energy consumption
	Importance of storage circuits and electric interface circuits
	[87]



	Liu et al.
	Considering the energy conversion efficiency, the PEH output power, the coupling factor and the mode of operation. This includes a mathematical model to match the PEH’s resonant frequency to the driving frequency that was reported
	Multi-frequency systems, frequency up-conversion approaches, non-linear systems, bi-directional and tri-directional systems, mathematical modeling of PEHs, piezoelectric materials and their selection criteria, improved piezoelectric cantilever design, piezoelectric stack configurations, piezoelectric basins, hybrid energy harvesting
	Describes various important aspects of improving the overall performance of PEH devices. Classification of performance improvement approaches
	Increasing endurance and lifetime of PEHs and their manufacturability, size reduction, and packaging
	[64]



	Yildirim et al.
	Report of PEH output power, including mathematical model to match PEH resonance frequency to driving frequency
	Manual frequency tuning, multi-frequency system, autonomous frequency tuning, non-linear system, floating mass system, frequency up-conversion approach, bi-directional and three-way systems
	A new taxonomy of performance-enhancing techniques. Comparison of many performance-enhancing techniques
	Increasing the PEHs’ frequency tuning and bandwidth
	[88]



	Maamer et al.
	PEH output power report with a mathematical model that matches the PEH resonance frequency to the driving frequency and accounts for the energy conversion efficiency
	Manual frequency tuning, multi-frequency systems, autonomous frequency tuning, non-linear systems, free moving mass systems, frequency up conversion approaches, piezoelectric materials and their selection criteria, two-way and three-way systems
	A proposal for a new general classification using approaches based on aspects of harvester improvement, such as techniques for extending operating frequencies, design of non-resonant systems, and multi-directional harvesters. Evaluation of applicability and compatibility with MEMS technology of performance improvement technology under various conditions
	Increasing the PEHs’ frequency tuning and bandwidth
	[89]








Table 3 presents the properties of some basic piezoelectric materials in terms of their stress and strain constants, charge constants, coupling factor, mechanical quality factor, voltage constant, and curie temperature. PZN-PT and PMN-PT single-crystal structures exhibit great electromechanical properties as compared to PZT ceramics [89]. Due to the enhanced piezoelectric properties and high Curie temperatures, solid solutions of lead titanate and bismuth-based oxides have a wide range of possible applications. Compared to the other materials, ZnO and AIN have a lower piezoelectric effect. Mostly, they are used in thin-film structures at the micro-scale, where their performance metrics differ from that of the bulk materials. In general, we find that d15 >> d33 > d31, as indicated in Table 3. The maximum piezo-electric properties are displayed by the PMN-PT and PZN-PT. However, they are highly sensitive to temperature changes and more challenging to fabricate than the PZT. As a result, PZT is the most widely used piezo-electric material in energy harvesters.



Energy harvesters could be divided into two operation modes: d31 and d33, depending on the polarization and stress directions. In d31 mode, the electric field’s direction, “3,” is perpendicular to applied stress “1”. In contrast, in d33 mode, the polarization and applied stress are both in the same direction. Electrodes are positioned perpendicular to the poling direction in both d31 and d33 modes. The shear mode, which is used by several energy harvesters, requires charge constant d15 mode. The most common piezoelectric material, PZT, has a piezoelectric coefficient that is about two times that of d31. If both the modes d31 and d33 have similar design parameters, the output voltage for the d33 mode is predicted to be greater than the d31 mode energy harvester. Moreover, the distance between electrode fingers influences the voltage produced by the d31 and d33 mode devices. As the PZT layer is often very thin, so the distance of electrodes in the d31 mode is less than in the d33 mode. In terms of power output produced by the product of both voltage and current, Lee et al. discovered that the d31 mode energy harvester outperformed the d33 mode [90]. The compliance matrix, SE, is the inverse of CE, the stiffness matrix and is measured under the constant electric field. There are 10 independent matrix elements for the frequently used poly-crystalline ceramic materials, i.e., PZT. Ideally, under low electrical field and stress, and for the material having low losses, these ten constants include all the information necessary to determine how the material will behave when an electrical field, stress or strain is applied to it. If stiff piezo ceramics are attached directly to the vibration host, they are unable to absorb much mechanical energy. The solution to this is to install the piezo-electric element on the flexible beam structure. The most frequently utilized structure is the cantilever. Around the high-stress end, the sub-structure is usually covered with one (unimorph) or two (bimorph) piezo-electric elements and frequently attached with tip-mass to reduce the resonant frequency and enhance the vibration-induced stress.
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Table 3. Properties of some basic piezoelectric materials.
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	Piezoelectric Materials
	Const. Strain (S)
	Const. Stress (T)
	Charge Constant (d15 pC/N)
	Charge Constant (d31 C/N)
	Coupling Factor (k33)
	Mechanical Quality Factor (Q)
	SE11 (p/Pa)
	SE33 (p/Pa)
	Voltage Constant (g31 10−3 Vm/N)
	Curie Temperature (°C)
	References





	PZT-4H
	635
	1300
	495
	−1.23 × 10−12
	289
	500
	12.3
	15.5
	-
	328
	[90]



	PZT-5H
	1470
	340
	741
	−274 × 10−12
	593
	65
	16.4
	20.8
	-
	193
	[90]



	α-quartz
	4.63
	4.63
	-
	-
	-
	105–106
	12.8
	9.72
	-
	-
	[91]



	BaTiO3
	910
	1200
	242
	−158 × 10−12
	149
	400
	8.6
	9.1
	-
	115
	[49,90]



	PMN-PT
	680
	8200
	146
	−1320 × 10−12
	2820
	43–2050
	69
	119.6
	-
	-
	[49,92,93]



	PVDF
	5–13
	7.20
	−27
	21 × 10−12
	−33
	3–10
	365
	742
	-
	100
	[94,95]



	LiNbO3
	27.9
	28.7
	69
	−1.0 × 10−12
	6
	106
	5.83
	5.02
	-
	-
	[91,96]



	ZnO
	8.84
	11.0
	−8.3
	−5.0 × 10−12
	12.4
	1770
	7.86
	6.94
	-
	-
	[90,91,93,96,97,98]



	AIN
	10
	11.9
	3.2
	−2 × 10−12
	5
	2800
	2.85
	2.824
	-
	-
	[93,95,99,100]



	GaN
	11.2
	-
	3.1
	−1.9 × 10−12
	3.7
	2800
	3.23
	2.91
	-
	-
	[95,100,101,102]



	CdS
	9.53
	10.33
	−13.9
	−5.18 × 10−12
	10.3
	1000
	20.69
	16.97
	-
	-
	[103]



	PZT (I) BM 400
	-
	-
	-
	−115 × 10−3
	-
	500
	-
	-
	−10.5
	350
	[9,102]



	PZT (II) BM 500
	-
	-
	-
	−165 × 10−3
	-
	80
	-
	-
	−11.5
	360
	[9,102]



	PZT (III) BM 800
	-
	-
	-
	−80 × 10−3
	-
	1000
	-
	-
	−10.5
	325
	[9,103]



	PZT (VI) BM 532
	-
	-
	-
	−250 × 10−3
	-
	70
	-
	-
	−7.5
	210
	[9,103]



	PZT-5A
	-
	-
	584
	−171 × 10−12
	0.71
	75
	-
	-
	−11.4
	365
	[104]



	PZT-8
	-
	-
	330
	−97 × 10−12
	0.64
	1000
	-
	-
	−11
	300
	[104]



	PMN-33%PT
	-
	-
	-
	−920 × 10−12
	0.93
	69
	-
	-
	−17.1
	145
	[104]



	PZN-6%PT
	-
	-
	-
	−1400 × 10−12
	0.9
	-
	-
	-
	24.3
	100
	[104]










4. Applications of Piezoelectric Materials in Analytical Chemistry


Piezoelectric energy harvesters have recently been used in a variety of applications. They are also used in analytical chemistry for the detection and determination of various substances [105,106,107,108,109,110]. Below are several applications of piezoelectric crystal detectors in analytical chemistry.



4.1. Sorption Detector


King [111] constructed a selective and sensitive detector for gas chromatography using coated piezoelectric crystals. It is simple to measure the vibrating crystal’s frequency within 1.0 Hz., and momentous changes can be easily detected. King has shown that various substrates used in gas chromatography columns are coated with crystals and are in contact with the chromatographic components of the stream. The mass of the vapors absorbed by the coating influenced the frequency of the crystal. Also, the carrier gas has no effect on the detection limit. As a result of the combination between absorption and adsorption, King termed this device a Piezoelectric Sorption Detector. Because of its high sensitivity and selectivity, it is applicable to be used in analytical chemistry.




4.2. Piezoelectric Crystal Detector for Water


A wide range of materials can be used to make water vapor detectors [112]. Since 1964, hygroscopic crystal has been used as a water detector. With its high selectivity and long life, this device can detect ppm water in 30 s. Gjessing et al. have created a radio sonic element having a film of SiOx deposited over a piezoelectric crystal. Between 15 and 95 percent relative humidity, there was no hysteresis. Several studies have shown that piezoelectric crystal detectors can also be used to determine the amount of water in the Martian atmosphere. The atmosphere on the surface of Mars is different compared to that on Earth. Mariner flyby showed that the Martian atmosphere consists of 80% of carbon dioxide, with a total pressure of 6–8 mbar. There is evidence that water vapor pressure in the atmosphere of Mars ranges from 50 mm to 0.9 mm. Under these adverse conditions, King’s piezoelectric sorption hygrometers have been used to measure water vapor concentrations. Water was measured under various experimental conditions (temperature, pressure, etc.) [106,107,108]. Water measurement is an indicator that describes the level of hydration and water binding in a certain substance. Therefore, measures of water activity have great potential for technological use. In 2021 Agafonov et al. provided a technique for measuring water activity using a piezoelectric quartz crystal sensor covered with a porous layer of alumina. By injecting the air with the appropriate humidity in the vessel containing the resonator, it was possible to evaluate how the piezoelectric crystal’s frequency varies with respect to the relative humidity. The observed dependence was changed into the water sorption isotherm on the alumina. The water adsorption onto the pores wall of anodic oxide is enhanced by the presence of sulfate ions, which are the hydrated ions [113]. In order to address the global issue of sustainable access to water, Okosun et al., in 2021, developed an amino acid-based detector that is capable of detecting pipe leaks, Figure 22. The polycrystalline system uses the correlation between the piezoelectric voltage and the leak-induced vibration to detect pipeline degradation. The voltage constant and the piezoelectric strain for this device are 60 mV m/N and 0.9 pC/N, respectively. Compared to the PVDF patches, the crystal sensor of glycine has substantially higher sensitivity [114].




4.3. Detector for Gas Chromatography


With gas chromatography, the more sensitive flame ionization detector or thermal conductivity detector is used the most. Mass spectrometry and electron capture have been used to create more sophisticated detection methods. King and Karasek et al. [115,116] established a low-cost system of gas chromatography that is based on a piezoelectric crystal detector. The crystals were covered with the liquid that is used in the gas chromatography column. The compounds which are separated are detected by passing them onto the surface of a coated piezoelectric crystal, where the compound disperse within the coating of the crystal, resulting in the change in the piezoelectric crystal’s resonance. The frequency shift is used as a response to the detector and is converted to a voltage. Piezoelectric detectors can be used at room temperature or above if the carrier gas is air, nitrogen, or helium. Chromatographs can be used to apply a variety of compounds with boiling temperatures up to 200 °C. Equation (3) below shows the reaction between the coated piezoelectric crystal and the elution of the compound from the column of gas chromatography:


  A =   C W   γ P °   F    



(3)







Here, A represents the area of the response curve, W represents the total eluent weight, γ represents the eluent activity coefficient, P° represents eluent vapor pressure at the operating temperature, F represents the flow rate of the carrier gas, and C represents a constant which is a characteristic of the piezoelectric crystal, detector temperature, and the liquid coating over the crystal. Equation (3) describes several solvent properties of the piezoelectric crystal detectors when they are used in conjunction with the gas chromatographs. When utilizing piezoelectric crystals, the detector’s temperature is crucial. When utilized above ambient temperature, the same properties, such as linearity and sensitivity, can be seen. There are variations in the separation between the compounds observed at high temperatures because of the respective partition coefficients of the gas components. With the rising temperature, a compound’s absolute detector response declines. The result is not as dramatic as predicted. For optimal detector conditions, the detector and column temperature must be maintained as low as possible while still being higher enough for the elution of the compound of interest in a sufficient amount of time [117]. Since the vapor pressure of all chromatographic separation solvents is fixed, the lifetime of the coated crystal is determined by the solvent used and the vapor pressure of the carrier from the column. Crystals coated with polymers and adsorbents have a longer service life. If the crystal detector is damaged in an accident, it can be repaired by cleaning it with a solvent or coating it with a new substance. A detector’s lifetime is independent of the performance of the instrument. Janghorbani et al. [118] described a coated piezoelectric crystal’s response characteristic as a distribution detector of dissolved vapors in the gas stream. The partition detector theory’s authors assume that the detector is attached to the gas chromatograph column’s outlet. The response of the peak area is associated with the gas mixture of the sample. The equations developed by them to describe the action of the crystal distribution detector in the gas and liquid chromatography under equilibrium conditions are shown below (Equation (4)),


   A y  =   m  K  y , x      V x     W T   F   



(4)




where Ay is the area below the peak caused by the y component, m represents the constant giving the change in crystal frequency caused by a mass increase at the surface, and K(y,x) is the partition coefficient of gas y in the liquid x, which describes the following ratio shown by Equation (5):


     W  y , x      W y    =  K  y , x    



(5)







W(y,x) shows the equilibrium mass of the gas y in one unit of the crystal-coated material x, whereas Wy is the mass of the gas y in one unit of the gas phase. Vx is the volume of liquid coating x that is present on the crystal. WT indicates the mass of the gas contained in the volume of a detector when in equilibrium with a liquid coating, and F indicates the gas phase flow rate. When squalene-coated crystals were used as a detector, an admirable linear relationship between Ay and an inserted volume of pentane, hexane, and octane was noted. Table 4 shows various coatings used with piezoelectric crystal detectors in gas chromatography. To enable in-line detection in gas chromatography, Hu et al. [119] developed a revolutionary microfluidic film bulk acoustic wave resonator gas sensor (mFBAR) in 2021, Figure 23a. The detecting element FBAR within this detector is contained within a microfluidic flow channel and operates via a desorption or adsorption mechanism. Comparative tests and computer simulations showed that adding an additional mFBAR to the capillary line (flow channel) did not significantly alter the flow or affect separation. In this system (gas chromatography-mFBAR-flame ionization detector (FID)), they showed that the simultaneous measurement of concentration profile within the mobile phase by the flame ionization detector (FID) and the direct measurement of concentration profile over the surface of the solid by mFBAR was possible. The rate of mass transfer could be easily determined by the difference between the maximum peak positions of the solid phase and the mobile phase. Figure 23b displays a 1-dimensional separation of the chromatogram for 11 gases utilizing an in-line mFBAR detector.



Yen et al. [120], in 2021, created an electronic nose model that is based on the surface acoustic wave to analyze the freshness and quality of the kiwifruit, Figure 24. Piezoelectric properties were displayed by LiNbO3. Due to the absorption of the volatile organic compounds, the change in frequency varied based on the characteristics of different polymers. We examined the VOCs in the kiwi aroma using a thermal desorption (TD)-gas chromatograph (GC)-mass spectrometer (MS) (TD-GC-MS) system. The kiwifruit started to ripen as the esters’ concentrations rose, which was followed by an increase in the concentration and the type of VOCs. As a result, ester aroma was primarily determined using fluoropolymer and polystyrene, which acted as the sensing materials. While kiwifruits were ripening, polyvinyl butyral, poly-N-vinylpyrrolidone and polyvinyl alcohol were used to extract the acids and alcohols. The frequency shift of 2510 Hz occurred from the unripe stage to the ripe stage, and the frequency shift of 4572 Hz occurred from the ripe stage to the over-ripe stage, which is best for determining the freshness of the kiwifruit and was specifically revealed by the surface acoustic wave chip that is coated with thin polyvinyl alcohol film. This is a promising technique for identification analyses and developing food quality.
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Table 4. Various coatings use with piezoelectric crystal detectors in gas chromatography.






Table 4. Various coatings use with piezoelectric crystal detectors in gas chromatography.





	Crystal Coatings
	Column Packing
	Temperature (°C)
	Time (min)
	Carrier Gas (mL/min)
	Samples
	References





	Squalane
	Carbowax 1540, dinonyl phthalate (DNP)
	62 °C
	-
	He
	n-pentane, n-octane, n-hexane, benzene
	[121]



	Squalane
	Squalane
	27 °C
	4 min
	He
	n-pentane, benzene, n-hexane, n-heptane, n-octane, toluene, o-xylene, ethyl benzene,
	[111]



	1,2,3-Tris cyano-ethoxy-propane (TRIS)
	TRIS
	23 °C
	28 min
	He
	Benzene, ethyl benzene, toluene, propyl benzene, pentyl benzene, butyl benzene, heptyl benzene, hexyl benzene
	[122]



	OV-17
	5% of OV-17 on the chromosorb W
	22 °C
	2.5 min
	He
	n-hexane 35.5 wt. %, n-octane 18.4 wt. %, n-heptane 17.9 wt. %, n-decane 9.5 wt. %, n-nonane 18.7 wt. %
	[115]



	Carbowax 20 M
	10% of carbowax 400 on the chromosorb W
	22 °C
	5.5 min
	He
	Ethanol, Acetone, n-propanol, cyclohexanone, water
	[115]



	Carbowax 20 M
	10% of carbowax 400 on the chromosorb W
	22 °C
	2 min
	He
	Breath containing ethyl alcohol and normal breath
	[115]



	Carbowax 20 M
	10% of carbowax 400 on the chromosorb W
	22 °C
	5.5 min
	He
	Diethyl ketone, acetone, 2-methyl-pent-2-enol, cyclo-hexanone, n-butanol
	[115]



	Carbowax 400
	Carbowax 400 on the chromosorb W
	22 °C
	7 min
	Dry air
	40.0% ethanol, 53.4% methanol, 6.6% propanol
	[123]



	OV-17
	5% of OV-17 on the chromosorb W
	22 °C
	4 min
	He
	Chloro benzene, benzene, m-dichlorobenzene
	[115]



	Carbowax 400 (about 4 µg)
	5% of carbowax 400 on the chromosorb W
	25 °C
	1 min
	Air
	SO2 in nitrogen
	[116]



	OV-17 (about 4 µg)
	5% of OV-17 on the chromosorb W
	25 °C
	14 min
	Air
	benzene, n-hexane, n-octane, n-decane, toluene
	[116]



	Rubber cement
	5% of carbowax 400 on the chromosorb W
	25 °C
	-
	-
	n-decane, n-nonane, dodecane, b-undecane
	[116]



	Carbowax 400 (about 4 µg)
	5% of carbowax 400 on the chromosorb W
	25 °C
	14 min
	Air
	Propyl-, ethyl-, butyl-, alcohol, amyl-
	[116]



	Carbowax 400 (about 7 µg)
	5% of carbowax 400 on the chromosorb W
	74 °C
	-
	Air
	n-octane, n-hexane, n-dodecane, n-decane
	[117]



	Carbowax 400 (about 7 µg)
	5% of carbowax 400 on the chromosorb W
	40–100 °C
	-
	N2
	benzene, -n-butanol, -n-decane
	[117]



	Ucon LB550X (about 4 µg)
	5% of Ucon LB550X on the chromosorb W
	25 °C
	8 min
	Air
	Propyl acetate, ethyl acetate, butyl acetate, hexyl acetate, amyl acetate
	[116]









4.4. Detector for Liquid Chromatography


King and Schulz [124] constructed a worldwide mass detector for liquid chromatography. The effluent of the liquid chromatograph was sprinkled over the surface of the crystal. After the solvent has evaporated, the change in crystal frequency is used to calculate the mass of the remaining solute. Solute deposition and the sampling of liquid flow can be done quickly. Sensitivity was comparable to conventional liquid-liquid chromatography detectors, and nebulization, drying and measurement all took place in just 10 s. A gel transmission chromatograph differential refractometer directed the effluent to a crystal detector. A polystyrene blend was evaluated using chromatography, and the system was tested with butyl rubber. The mass versus retained volume distribution curves was compared with the results that were obtained with the differential refractometer detector. Refractometer detectors have been proven to be inferior to piezoelectric crystal detectors. The benefits listed by Schulz and King include that the method is non-destructive, highly sensitive, has a mass and universal detector, a wide dynamic measuring range, independent of changes in the chromatograph’s pressure temperature or flow rate, any solvent or solute mixture can be useable, volatile impurities do not inhibit it, and it is compatible with the digital response with the digital processing equipment. For effluent detection, Bastiaans and Konash [125] placed a piezoelectric crystal detector immediately in the liquid phase. A large energy loss at the interface of the liquid crystal makes it further difficult to obtain liquid phase adsorption measurements, making it more difficult to sustain crystal vibrations. The piezoelectric crystal’s frequency is determined by the liquid phase density over the crystal’s surface. Therefore, the change in density induced by the solvent gradient and the solute causes the crystal’s resonant frequency to drift. Reference crystals and a coated sample crystal were used to compensate for changes in liquid density. Only one side of each crystal encounters the liquid phase to achieve stable oscillations. The density gradient, flow rate, and temperature effects are removed by using a reference crystal. To regulate the surface adsorption capabilities of the sample crystals in the presence of effluent, long-chain hydrocarbons were used. These coatings could only detect smaller non-polar molecules; however, advanced surface modification techniques offer more sensitive and rapid detection. Piezoelectric crystals give very good results when they are used in photoacoustic detectors for liquid chromatography. According to the photoacoustic detection principle, when a solute is dissolved in the solvent and irradiated with a suitable light source, the solution expands due to light adsorption. Expansion to a piezoelectric crystal changes crystal resonant frequency. When a laser is utilized to illuminate the sample, photoacoustic detection of the compounds in the static solutions becomes an extremely sensitive approach. Therefore, an analysis of this type of detection system’s application in liquid chromatography was analyzed. By combining liquid chromatography with the quartz crystal microbalance, Kartanas et al. [126] describe a technique for label-free protein analysis, Figure 25. This method uses size omission chromatography to initially separate a mixture of proteins in the physiological buffer solution, allowing for the selection of particular protein fractions, desalination, and subsequent spray-drying over the quartz crystal microbalance for mass analysis. Protein detection and sample fractionation are accomplished simultaneously by creating a continuous interface between the spray device and chromatography column using the flow splitter with precision as low as 100 μg/mL. With this method of quantitative mixture analysis, it could be possible to identify different protein species within physiological conditions. The most widely employed bulk analytical techniques have limitations regarding their capability to separate particular protein species hence needing more time to take steps. This work demonstrates a method for addressing these challenges by executing label-free protein detection by combining liquid chromatography with the gravimetric quartz crystal microbalance detection using the micro-fluidic spray nozzle and resulting in the protein detection limit at the microgram level.




4.5. Trace Metal Analysis


Mieure and Jones [127] created an electrogravimetry assay that uses piezoelectric crystals to determine trace metals in solution. The electrochemical cell’s cathode was made of AT-cut quartz. After passing the known amount of current through the cell, the crystals were removed, washed, and dried. The concentration was calculated by utilizing the frequency shift caused by metal deposition. Cadmium solutions with concentrations ranging from 5.0 × 10−4 M to 5.0 × 10−8 M were investigated. Cadmium accurateness of this technique ranged from 0.42% at a large concentration to 8.7% at a small concentration. Nomura and Mimatsu [128] measured iodide in solution using another electro-gravimetric analysis using silver-covered piezoelectric crystals on a platinum-coated gold electrode. Iodide was electrodeposited at −0.05 Volts in a 10−3 M potassium chloride (KCl) sample solution. The pH of the sample solution was adjusted to 9.8 with 10−3 M sodium tetraborate (IH) caustic soda solution. This technique involves first running the reagent blank through the detection cell until it reaches a specific frequency. Iodide was present in the sample solution, which was then passed for 1 min (10−6 M to 10−5 M) or 10 min (10−7 M to 10−6 M). After each assay, −0.4 V electrolysis can be used to remove the iodide from the crystal. Lead was extracted from the solution using platinum-coated piezoelectric crystals. In another report, Nomura and Maruyama [129] examined the stability of metal ions in solutions and the method for detecting iron (III) as a phosphate. For concentrations up to 2 mM, it has been demonstrated using standard piezoelectric crystals that the measured frequency change of metals in solution is proportional to the specific conductance, with variations owing to solution density and viscosity. The solution short-circuiting the crystal caused significant frequency changes at concentrations above 20 mM. Under these conditions metal ions i.e., Ni2+, Mn2+, Zn2+, Co2+, Cd2+, Pb2+, Ag2+, and Cu2+ was deposited on the electrodes. Changes in aluminum and iron frequencies have been attributed to salt adsorption. Another quartz plate was placed on the other side of the quartz plate, with just “four thin hairs deposited on each of the sides of the ‘square’ quartz plate”, separating the two. The plate was firmly bonded with epoxy resin. To avoid electrolysis, resin is also applied to the crystal holder’s lead wire. It was discovered that the modified crystal responded linearly to lead (III) in the range of 1 × 10−5 M to 1 × 10−4 M. Interference experiments concerning an iron (III) solution at 5 × 10−5 M have shown that the 10-fold molarities can be harmful if deviations larger than 15% are attained. This occurs with aluminum, sulfide and thiosulphate, bismuth, and lead [106,107,108]. The contamination brought on by the existence of trace metals that could transmit through the in-filtrate water and soil is one of the main problems with mining operations and has a direct impact on the sustainability index for the environment. There are numerous methodologies that could be utilized to detect trace metals in the water and soil, as depicted in Figure 26, but the majority of them have limitations that make it impossible to apply them in real-world settings. There have been numerous attempts to develop portable sensor devices for regulating environmental trace metal concentrations. The transducer and the sensing elements are the two primary components of a traditional sensor for the precise detection of an analyte. This is because adding new structures to sensors, like nanostructures, can significantly increase their effectiveness in terms of selectivity, sensitivity, portability, and multiplexed detection [130]. Due to their availability, chemical stability, and high-temperature impedance, quartz crystals have become the most often used type of natural and synthetic materials that demonstrate the piezoelectric effect [131]. The self-generating, flexibility, high frequency, huge dielectric constant, and ease of use are some of the benefits of piezoelectric transducers.



The quartz crystal microbalance could be utilized under a variety of conditions, including liquid conditions, gas sensors, and in vacuums. It is helpful for monitoring the record of the rate of vacuum-based thin-film deposition systems. A flow-type chemical sensor was investigated by Sartore et al. [132] in 2011 for the purpose of detecting trace metals in the aqueous solutions, Figure 27. The 9 MHz AT-cut quartz crystal resonator used in the sensor’s construction enables the surface chelation of metal ions. The use of new methods has made it possible to isolate gold electrodes with surface modifications that are highly capable of tracing metal ions and complexing them. By complexing with the functional groups included in polymers, these polymers grafted quartz crystal microbalance sensors may effectively adsorb trace metals from solution, such as lead, chrome, cadmium, and copper, in a range between 0.01 ppm–1000 ppm of concentration.



Similarly, Huseynli et al. [133], in 2018, investigated a novel method for the quartz crystal microbalance nano-sensors for the detection of Hg (II) ions in wastewater. In this method, the N-methacryloyl-(l)-cysteine (MAC) and the Hg2+ ions were transformed in the pre-complex, which was subsequently changed on the nano-sensor chips to produce pHEMAC polymers and pHEMAC-Hg (II) ions. According to the estimates, the detection limit is about 0.21 × 10−9 M. The developed Hg (II) ions imprinted nano-sensors exhibit great sensitivity and selectivity for the detection of Hg (II) ions from wastewater. This approach outperforms others in terms of speed, sensitivity, and affordability.




4.6. Detection of Viruses


Various viruses such as human papilloma, dengue virus, vaccinia, influenza A virus, Ebola virus, hepatitis B, and human immunodeficiency virus are detected by piezoelectric sensors. An alternating current causes a piezoelectric material to mechanically oscillate, creating an oscillating electrical field. The frequency regulated by alternating current voltage drops when the mass rises as a result of the molecular interactions. Piezoelectric sensors of the mass response type are frequently employed for the detection of viruses. Figure 28 provides a schematic representation of the piezoelectric biosensor’s working. On the piezoelectric material’s upper surface of the electrode, antibodies are attached. The piezoelectric material resonates as a result of the top and bottom electrodes. The majority of materials utilized for sensor materials are anisotropic, including PVDF, BaTiO3, PbTiO3, ZnO, AIN, and SiO2 [134].



Human papillomavirus is a potential cause of cervical cancer, the third-most frequent malignancy in women. Fu et al. [135] created a piezoelectric gene sensor for the detection of the papillomavirus using an AT-cut quartz crystal of 10 MHz. Airborne detection and the rapid detection of the vaccinia virus were achieved using quartz crystal microbalance technology. By integrating the quartz crystal microbalance detection methods and polymerase chain reaction (PCR) amplification, Kleo et al. [136] produced a unique system for the detection of the vaccinia virus. Dengue fever is a widespread viral disease that is spread by mosquitoes and causes thousands of fatalities each year. It is a serious health issue in urban and semi-urban areas. A piezoelectric immuno-chip was created by Wu et al. [137] for the detection of the dengue virus. They utilized a 10 MHz quartz crystal microbalance to detect dengue E protein and NS-1 protein using an 8 mm AT-cut quartz wafer sandwiched between the Au electrodes. Since the discovery of the Ebola virus in 1976, thousands of individuals have died from the illness. The virus is transferred among humans via direct contact with the secretions, blood, other body fluids, or organs of the infected persons, as well as with the surfaces and materials that have been contaminated by these fluids. This virus is spread in humans from wild animals. For the quick detection of the Ebola virus, Baca et al. [138] suggested a label-free sensing method that is based on the surface acoustic wave sensor. The sensor chips were created by utilizing wafers of LiTaO3. The influenza virus is the most harmful and prevalent infection, which has a high level of infectivity and mutagenicity. Type A virus is transmitted both from human to human and animal to human. For the purpose of detecting the influenza-A virus, Jiang et al. [139] devised and created a surface acoustic wave sensor with piezoelectric LiNbO3 wafers coated with SiO2, Figure 29a. Another of the most frequently encountered diseases around the world is infection with hepatitis B. Despite the fact that billions of individuals have the hepatitis virus, effective treatments and medications have still not been developed to treat chronic hepatitis-B infections. Using the micro-fabrication technology, Xu et al. [140] created a piezo diaphragm-based immuno-assay chip to identify the anti-hepatitis B virus, Figure 29b. The results showed a detection limit of 0.1 ng/mL.




4.7. COVID-19 Detection


People’s lives have changed all around the world as a result of the severe acute respiratory syndrome coronavirus (SARS-CoV-2) outbreak, which has had a profound effect on economies and communities. As illustrated in Figure 30, new techniques have recently been created to detect SARS-CoV-2 [141].



By 2030, it is predicted that the IoTs and AI will have a significant economic influence and become progressively more in demand in the upcoming post-corona society. For instance, AI-enabled IoT-connected biosensors may proliferate. Currently, there is a need for the creation of reliable and effective piezoelectric biosensors that can detect SARS-CoV-2. In fact, it has been reported that SARS-CoV can be detected using a piezoelectric immuno-sensor [142] and applying the recently suggested surface chemistry to the surface of quartz crystal of the quartz crystal microbalance will enable the rapid detection of the SARS-CoV-2, Figure 31 [143].



The spike protein has hydrophobic and positively charged residues of amino acids at its protein binding sites. As a result, it is anticipated that a surface that is hydrophobic and negatively charged will adsorb or attach to the spike protein because of the strong electrostatic and hydrophobic interactions. The best-engineered surface used for this purpose appears to be mixed self-assembled monolayers of COOH and CH3 groups. For the real-time detection of the SARS-COV-2 with a sensitivity up to the ng range, the described surface chemistry could be applied to the quartz crystal surface of the quartz crystal microbalance. A piezoelectric microcantilever biosensor was developed for the immediate detection of COVID-19 without the need for any pre-treatment. The associated antibody is coated on the biosensor, which serves as a transducer. A piezo-electric microcantilever bio-sensor function based on the interactions between SARS-CoV-2 antigen and antibody. Through their spike proteins, the SARS-CoV-2 antigens adhered/attached to the microcantilever top surface. Different piezoelectric materials were assessed in order to create a biosensor with the optimum parameters. Consequently, it was determined that a PVDF biosensor provided the optimal result. As a result, the rapid detection of COVID-19 in clinical samples with different viral loads is made possible by the extremely sensitive microcantilever biosensor [144]. Piezoelectrics are attractive candidates for self-powering biosensors for the detection of viruses and communication by harvesting energy from environmental sources. Wearable biosensors should be integrated with the energy harvesters to provide a self-power source. By automatically gathering and transmission of data, such multi-function self-powered devices may be able to control health, making it possible for people to live without the fear of acquiring numerous viral infections. A representation of this type of future society is seen in Figure 32 [134]. Wearable actuators might be capable of guiding individuals away from dangerous situations. The energy required could be generated by the breeze. AI may be able to anticipate the severity and the rate of disease spread.




4.8. Detector for Air Pollutant Detection and Determination


For over 60 years, analyzing SO2 in the air has been a great concern. Oil refineries, paper and pulp mills, and the effluents released from a variety of other industries are all major sources of SO2 emissions into the environment. Another ground-level pollution is the combustion of high-sulfur fuels in automobiles. As a result, there is a growing demand for new, effective, simple, and low-cost methods for measuring and controlling SO2 pollution. Several scientific studies [144,145,146,147,148,149,150,151,152] have described the use of coated piezoelectric crystals as sensitive SO2 detectors. Table 5 summarizes the various coating materials and their detection limits, as well as additional measurement settings. For SO2, many coating materials have been studied. A novel detector was designed using triethanolamine and quadrol as the coating materials, which may detect trace quantities of SO2 [153]. The primary characteristic of this system is the separation of the column effluent into two equal streams that fall on the opposite faces of a coated crystal simultaneously and directly. This design is expected to enhance sensitivity since the amount of the sample gas reacting with the coating at any specific time is greatly increased. Several experiments examined the effect of changing the temperature. With rising the temperature, the crystals’ frequency also increased, according to Guilbault et al. [145], especially from 100 °C to 200 °C. The influence of temperature increases just slightly from 25 °C to 40 °C at 40 Hz. According to these experiments, the temperature needs to be consistent during the reading, but an increase in temperature of 10 degrees Celsius is not critical. Cheney et al. [146] employed triethanolamine as a coating substance. They found that an uncoated 9 MHz crystal’s temperature dependence changed by 71 Hz when the temperature was raised from 10 °C to 35 °C. Investigations were also conducted on the SO2 desorption and adsorption of the coated material at various temperatures. Several diverse ways of applying the substrate to the piezoelectric crystal were examined. Spraying, dropping, and dipping techniques were among them. According to Hartigan [154], the most important factor in coating the crystal is the capability to reproduce the coating procedure, not the amount of coating. For SO2 detection, Cheney et al. [144] utilized cotton swabs to cover a crystal with ethylenedinitrotetraethanol. A center-covered 9 MHz crystal (340 Hz) was shown to be more sensitive to SO2 as compared to the fully coated crystal (260 Hz). The scientists also found that the frequency variation caused by varying coating is predictable and constant for a center-coated crystal but not for a fully-coated crystal. Table 5 shows that NO2 and moisture created significant interferences in the SO2 assay when all coatings were utilized. Coated piezoelectric crystals cannot provide a reliable quantitative measurement of SO2 in the presence of NO2.



Coated piezoelectric crystal detectors were used to detect NH3 in the ppb range. A great sensitivity towards ammonia was obtained when the coatings Ucon-LB-3OOX and Ucon 75-H-90,000 were applied [155]. The Ucon coatings reacted with the nitrogen dioxide to create new compounds upon that crystal, showing a high sensitivity towards both nitrogen dioxide and ammonia. These chemicals’ infrared spectra showed the creation of new bands and modifications to certain existing bands, indicating the synthesis of new molecules. Atmospheric moisture and excessive amounts of organic chemicals that disintegrate the coatings caused several problems. New coating materials, i.e., coating of ascorbic acid, coating of capsicum annuum pods, and coating of ascorbic acid with silver nitrate, have been used to detect ammonia in the atmosphere precisely [156].



The impact of pesticides on our environment has become a major issue in recent years. Because they are strong cholinesterase inhibitors, pesticides are hazardous to both people and animals. The reactions that the organophosphorus pesticides undergo are all structurally connected to one another. Di-isopropylmethyl phosphonate (DIMP) was selected as a model compound in research by Guilbault and Scheide because almost all organophosphorus pesticides comprise either phosphoryl or thiophosphoryl groups, and the thiophosphoryl pesticides easily undergo oxidation reactions to produce phosphoryl containing compounds [157]. Various inorganic salts, i.e., CuCl2, CdCl2, NiCl2, and FeCl3, were used to coat the crystal, which had an impact on the detection of DIMP in the ppm range. It was determined that other organophosphorus compounds with a similar structure could not be detected using the FeCl3-DIMP complex, which has been utilized as the substrate to measure low quantities of DIMP. In order to specifically determine paraoxon levels, a detector was developed utilizing a piezoelectric crystal and a FeCl3- paraoxon complex as the substrate. Various inorganic salts, i.e., HgBr2, CuC12, HgCl2, MnC12, ZnCl2, and MoCl5, had a strong chemical interaction with DIMP [158]. Guilbault noted that salts of the majority of transition metals should perform well as piezoelectric crystal detector coatings.



Hydrogen sulfide is a hazardous gas that raises safety concerns for many industries. This is particularly true as dangerous levels of hydrogen sulfide can go unnoticed by workers and rise suddenly. Techniques have been developed to detect hydrogen sulfide in the atmosphere [159]. The adsorption of hydrogen sulfide (H2S) on a crystal surface that has been covered with an acetone extract of different soot particles that are produced when specific organochlorine chemicals are burned is the basis of this technique. The best substrate was chlorobenzoic acid extract of soot, and this technique is highly effective in the concentration range between 1–60 ppm. Lead acetate, copper and silver metal, and anthraquinone disulfonic acid are additional coating materials proposed by King to detect hydrogen sulfide.




4.9. Solution Measurement


Nickel dimethylglyoxime has been utilized as a coating by Webber and Guilbault [155] to detect ammonia in solution. By Utilizing the hydrophobic membranes between both the sample solution as well as the crystal, the effects of moisture were reduced. Alternately, the crystal was moved to the sampling chamber after being allowed to establish equilibrium over a sample of the distilled water. A signal of -135 Hz was produced by 0.15 M of ammonia in water. Up to a value of 0.45 M ammonia, the calibration curve was linear. Sulfur dioxide was determined in the ppb range under identical circumstances utilizing quadrol as the coating.



Piezoelectric crystals have been utilized by Nomura and colleagues [160,161] to detect cyanide in solution. AT crystals cut to 9 MHz gold electrodes with silver plating were utilized. An original investigation either used dihydrogen phosphate-borate or a borate-hydroxide buffer to maintain a consistent volume of a sample or a standard solution at pH 9.6. In a water bath, the solution was maintained at a consistent temperature of 25 °C. For the analysis, the crystal, whose frequency was already determined, was submerged inside this solution for about 15 min while being agitated at 430 rpm. After being removed, the crystal was cleaned with acetone and water before being immersed in a steady stream of 30 °C air. The frequency was determined after 1 minute. According to reports, cyanide measurement has a linear range from 10−7 M to 10−5 M. Ethylenediaminetetraacetic acid (EDTA) was used to remove the cation interferences that formed complexes with cyanide.



A preliminary investigation into the utilization of the piezoelectric quartz crystals to evaluate the rate of microbial or fungal growth on their surface was published in Down [162]. The study was unable to quantify any significant alterations brought on by the expansion of these biological systems. It was believed that cells grew very slowly and that the cell membrane was broken by high-frequency vibrations.



Nomura and Tsuge [163] used an oscillator equipped with transistors to develop a technique for the determination of the silver concentration in the solution. It was found that this form of oscillator had a much lower frequency drift than an integrated circuit oscillator, which has previously been reported [164]. Silver concentration in solution is measured using a three-electrode deposition system that includes a platinum-plated gold electrode as that of the cathode, a coiled platinum wire as the anode, and a silver chloride as the reference electrode. The test solution is mixed with 1 × 10−3 M EDTA to create a stable combination with the intervening ions in the solution. Mercury (II) was deposited on the electrode even in the presence of EDTA; however, a technique was established for both silver and mercury in the solution. After 10 min of electrodeposition, the silver response was linear, ranging from 10−6 M to 3 × 10−5 M and from 2 × 10−7 M to 1 × 10−6 M after 1 h.



Nomura and colleagues [165] devised a sensitive method for the determination of iodide in the solution utilizing a silver-plated piezoelectric crystal. First, 11.2 mL (approximately 0.38 oz)/min of a blank solution containing reagent is delivered through the cell until the crystal’s frequency has stabilized (F1). The blank solution containing the reagent is added to the cell till the crystal reaches equilibrium (F2) after the sample or the standard solution has been running through it for precisely five minutes. The frequency change (ΔF), i.e., F = F1 − F2 is proportionate to the concentration of iodide. A 0.01 M of ammoniacal buffer solution having pH 9.4 containing 2 mM of sodium thiosulfate can then be passed through the cell for over 30 s at 50 Hz to remove the deposited iodide from the electrode (F). At least 30 determinations can be performed before the electrode must be replotted. This technique can detect iodide at concentrations ranging from 0.5 M to 7 M.




4.10. Miscellaneous Applications


Daley et al. [166] determined the mass (concentration) of an aerosol using a piezoelectric crystal sensor. Humidity, temperature, particle accumulation characteristics, mass sensitivity, and response linearity were examined as five areas of influence. No reference crystal is used to compensate for changes in airflow temperature or humidity. By reducing the inlet temperature’s rate of change, the error due to temperature was successfully reduced. The absorption and release of moisture by aerosol deposition caused the error due to humidity. The recorded linear response limitations for several aerosols and devices ranged from 0.2 µg/mm2 to 6 µg/mm2. Mass sensitivity was affected by sediment size and location. At particle sizes of 2 m in diameter, mass sensing was reduced, reaching 0 m to 20 m. In the size range of 2 μm–20 μm, plastic crystal coatings improved sensor performance. Olin et al. [167] assert that the suspended particle’s mass concentration can be determined using piezoelectric quartz as a microbalance. A collector, such as an electrostatic precipitator or an impactor, deposits suspended particles on the surface of the electrode of the vibrating crystal, and the resonance frequency lowers proportionally to the additional mass of the particles. The device’s time resolution and high sensitivity were examined. An electrostatic precipitator that sampled at 1 L/min was utilized to measure the mass concentration of the particles in the air at 41 s to within 5%. Chuan [168] s described a portable direct reading device capable of monitoring particle mass concentrations in the range of about 50 µg/m3 to 5000 µg/m3. Vapors in the air, including water vapor, have no impact on the sensors. The chemisorption reactions of mono-, dimethyl-, and trimethylamine with piezoelectric crystals in vacuum systems have been studied at ambient temperature [169,170]. For the solid substrate coating over the crystals, thin films of several metal salts such as ZnCl2, FeCl3, CoCl2, ZnI2, and HgBr2 have been applied. The reactions were studied to find the optimal coating for detecting and identifying these dangerous amines with piezoelectric crystal detectors. Iron (III) chloride coating has immense potential. Behrndt etc. [171] and Oberg [172] created a technique that makes use of piezoelectric crystals to measure the deposition rate and the thickness of the film. AT-cut crystals in thick slip mode with a vibration frequency of 2.5 MHz show a frequency variation of about 1 Hz per thickness of the metal accumulated over the exposed facets. On average, crystals can hold about 20,000 g (about 44.09 lb) of metal before the deposits need to be removed or new crystals need to be used. King [173] used a solvent sorption detector to create a simple portable detector for studying the detection limits of various chemicals. Finally, quartz thermometers, quartz pressure transducers [174], and thin film thermocouples [175] are some other applications.





5. Future Perspective and Conclusions


Piezoelectric materials have a very promising future in analytical chemistry. This review covers the recent advancements in piezoelectric materials for analytical applications. For various purposes, changing mechanical vibrations in various frequency bands are obtained using piezoelectric materials of the specific frequency. When selecting piezoelectric materials for experiments, these factors consistently offer guidance. Analytical chemistry uses piezoelectric crystals in a variety of ways. Most of those described devices are available commercially. However, equipment for detecting various gas/pollutants is not yet available because finding a long-life coating is difficult or specified only for the target gas. However, there are many devices that are portable with it and are in the developing stage, which shows the major role of piezoelectric materials in the future. In particular, coronavirus detection and sampling have been highlighted in this review and are currently the subject of intense research. There is a need to create more efficient and reliable viral detection sensors with higher accuracy and sensitivity, smaller weight and size, and lower cost in the future. Such sensors are going to become a reality as materials science further develops and with the technological development of AI, data analytics, and machine learning. Piezoelectric materials can be crucial in developing novel solutions to problems relating to energy and environmental concerns. Piezoelectric materials transform mechanical energy into a source of electrical energy that can be used later. Although piezo analytical applications are of great interest with increasing research, patents, and publications, commercial translations of these potential applications are necessary.
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Figure 1. Direct and inverse PZT effect [9]. 
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Figure 2. Total publications on PEH between 2000 to 2020 [21]. 
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Figure 3. Three steps are included in the piezoelectric energy harvesting process reproduced with permission from [21,57], American Chemical Society, 2015. 






Figure 3. Three steps are included in the piezoelectric energy harvesting process reproduced with permission from [21,57], American Chemical Society, 2015.



[image: Applsci 13 01300 g003]







[image: Applsci 13 01300 g004 550] 





Figure 4. Schematic diagram of piezoelectric energy harvesting. 
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Figure 5. (a) SEM image and (b) TEM image of NaNbO3 NW; (c) structural diagram of a nanogen− erator, with the photograph showing nanogenerator device flexibility (inset); (d) diagram showing piezoelectric charge generation mechanism of the nanogenerator; (e) open circuit voltage and (f) short circuit current of NaNbO3 NW (black line) and a nanocube−based (red line) nanogenerator reproduced with permission from [70], American Chemical Society, 2011. 
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Figure 6. (a) SEM image of the CdS NWs produced by the hydrothermal method; (b) XRD pattern of the CdS NWs produced by the hydrothermal method; (c) schematic diagram of the AFM measurement system; (d) line profiles scanned across CdS NWs; (e) (i) SEM image of the CdS NWs prepared by PVD process (ii) TEM image of the CdS NWs prepared by the PVD process (iii) HRTEM image of the CdS NWs; (f,g) topography and subsequent output voltage image of CdS NW respectively reproduced with permission from [72], AIP Publishing, 2008. 
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Figure 7. Schematic diagram of the fabrication process of vertically aligned ZnO NRs arrays; (a) screen printing method used to coat the fabric’s surface as the electrode; (b) Ag-coated fabric; (c) fabric on a PTFE holder; (d) ZnO NRs array hydrothermal growth; (e) vertically aligned ZnO NRs array on the surface of the fabric coated with Ag; (f) structure of ZnO-T-PENG [73]. 
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Figure 8. (a) Charge generation process of the PENG; (b) output voltage (c) output current of the PENG by finger bending and palm clapping; enlarged view of one cycle of (d) output voltage and (e) output current [73]. 
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Figure 9. (a) Higher magnification SEM image of the ZnO NRs; (b) structural diagram of an indi− vidual paper fiber grown with ZnO NRs; (c) output voltage and (d) output current of the ZPNG subjected to repeated cycles of FS and FR; measured (e) output voltages and (f) output currents at different frequencies and a constant applied strain reproduced with permission from [75], RSC Pub, 2012. 
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Figure 10. (a) Diagram of the manufactured nanogenerator; (b) SEM illustration of the BaTiO3 nanotubes/PDMS composite; output voltage and output current of the nanogenerator measured under (c) forward connection (d) reverse connection; (e) COMSOL simulation model of the nanogenerator reproduced with permission from [76], American Chemical Society, 2012. 
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Figure 11. Diagram of the fabrication process of hydrophobic piezoelectric PVDF-CNT foam-based nanogenerator reproduced with permission from [77], American Chemical Society, 2021. 
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Figure 12. Output voltage of nanogenerator measured under (a) forward condition (b) reverse condition; output current of nanogenerator measured under (c) the forward condition and (e) reverse condition; (d) enlarged view of output signals measured under forward condition; (f) enlarged view of output signals measured under reverse condition; (g) working mechanism of piezoelectric charge generation of nanogenerator; (h) setup for measuring the output performance of PVDF-CNT device under controlled humidity; (i) output voltage of the PVDF-CNT foam based nanogenerator measured at different humidity levels reproduced with permission from [77], American Chemical Society, 2021. 
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Figure 13. (a) Schematic diagram of the fabrication process of FAPbBr3 NPs @ PVDF composite-based nanogenerators; (b) picture of nanogenerator bent by finger showing its flexibility; (c) diagram of the structure of FAPbBr3 NPs @ PVDF composite-based nanogenerator sandwiched between two Au/Cr coated PET films acting as electrodes, and the piezo potential distribution inside the nanogenerator is specified by the color code; (d) nanogenerator SEM image reproduced with permission from [78], Elsevier, 2017. 
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Figure 14. Output voltage of FAPbBr3 NPs @ PVDF composite-based piezoelectric nanogenerator (a) in forward connection (b) in reverse connection; (c,d) enlarge views of output voltage for one cycle for forward and reverse connection respectively (e) output current density of FAPbBr3 NPs @ PVDF composite-based piezoelectric nanogenerator (f) output voltage of nanogenerator with different concentrations reproduced with permission from [78], Elsevier, 2017. 
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Figure 15. (a) Schematic diagram of the PCNG device (i) morphology of the manufactured nanoparticle (ii) thickness of the composite film (iii) digital image of the PCNG device; (b) PCNG device working mechanism; (c) output voltage of the PCNG device; (d) output current of the PCNG device; (e) output comparison of the PCNG devices reproduced with permission from [79], Elsevier, 2019. 
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Figure 16. (a–f) Fabrication process of the BTO NPs schematic diagram; (g) SEM of the BTO-P(VDF-HFP) composite film consisting of BTO clusters; (h) SEM image of the PDMS-covered BTO-P(VDF-HFP); (i) Raman spectrum of the BTO NPs showing BTO NPs have a tetragonal phase, and high piezoelectric coefficient reproduced with permission from [81], American Chemical Society, 2014. 
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Figure 17. Simulated piezoelectric potentials for BTO NP in (a) distribution pattern as a hemispherical cluster, (b) planner distribution at the bottom; switching polarity test (measure open circuit voltage and short circuit current) in (c) forward connection mode and (d) reverse connection mode; (e) photograph of the nanogenerator in the bending and releasing states reproduced with permission from [81], American Chemical Society, 2014. 
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Figure 18. (a) Diagram of a flexible BaTiO3 nanogenerator fabrication process; (b) SEM image of MIM structure (Au/BaTiO3/Pt layers); (c) SEM image of the MIM structure (Au/BaTiO3/Pt) after anisotropic etching of the Si layer. The inset is a magnified cross-sectional view of the MIM structures; (d) a magnified image of a PDMS slab inked with MIM structure. The inset shows the MIM structure (300 µm × 50 µm) was successfully transferred onto the elastomer; (e) magnified optical image of the flexible BaTiO3 nanogenerator supported on the plastic substrate after the PDMS was removed. The inset shows the image of the MIM structure connected to the IDEs reproduced with permission from [82], American Chemical Society, 2010. 






Figure 18. (a) Diagram of a flexible BaTiO3 nanogenerator fabrication process; (b) SEM image of MIM structure (Au/BaTiO3/Pt layers); (c) SEM image of the MIM structure (Au/BaTiO3/Pt) after anisotropic etching of the Si layer. The inset is a magnified cross-sectional view of the MIM structures; (d) a magnified image of a PDMS slab inked with MIM structure. The inset shows the MIM structure (300 µm × 50 µm) was successfully transferred onto the elastomer; (e) magnified optical image of the flexible BaTiO3 nanogenerator supported on the plastic substrate after the PDMS was removed. The inset shows the image of the MIM structure connected to the IDEs reproduced with permission from [82], American Chemical Society, 2010.



[image: Applsci 13 01300 g018]







[image: Applsci 13 01300 g019 550] 





Figure 19. (a) Schematic diagram of the power generation of the flexible BaTiO3 nanogenerator in unbending (i,ii) and bending (iii,iv) states; measured output voltage (right ii) and output current (left i) of the flexible BaTiO3 nanogenerator during bending and unbending (b) when forward connected (c) when reverse connected reproduced with permission from [82], American Chemical Society, 2010. 
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Figure 20. Road map for improving the output performance of piezoelectric nanogenerator from µW to mW to W. 
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Figure 21. Factors to improve the output performance of piezoelectric nanogenerator. 
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Figure 22. Amino acid-based detector for the detection of pipe leaks developed by Okosun et al. [114]. 
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Figure 23. (a) mFBAR developed by Hu et al. [119]; (b) 1-dimensional separation of the chromatogram for 11 gases [119]. 
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Figure 24. TD-GC-MS system, (a) experimental setup (b) schematic diagram, created by Yen et al. [120]. 
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Figure 25. Label-free protein analysis by Kartanas et al. reproduced with permission from [126], American Chemical Society, 2021. 
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Figure 26. Numerous methodologies utilized for the detection of trace metals reproduced with permission from [130], Elsevier, 2021. 
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Figure 27. Chemical sensor developed by Sartore et al. for the detection of trace metals, schematic diagram reproduced with permission from [132], Elsevier, 2011. 
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Figure 28. Piezoelectric material used for virus detection; (a) piezo-electric biosensor operating principle; graph of (b) voltage to time and (c) amplitude to frequency, during detection [134]. 
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Figure 29. (a) Surface acoustic wave sensor for the detection of influenza-A virus devised by Jiang et al. [139]; (b) a piezo diaphragm-based immuno-assay chip for the detection of the hepatitis-B virus created by Xu et al. (i) SEM image of the manufactured chip, (ii) backside view, SEM image of the (iii) top view and (iv) cross-sectional view created by Xu et al. reproduced with permission from [140], Elsevier, 2015. 
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Figure 30. Methods for SARS-CoV-2 detection reproduced with permission from [141], Elsevier, 2011. 
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Figure 31. Schematic representation of engineered surfaces that could be applied to the quartz crystal surface of the quartz crystal microbalance for the rapid detection of SARS-CoV-2 reproduced with permission from [143], Elsevier, 2011. 
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Figure 32. Future society [134]. 
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Table 1. Overall review papers on piezoelectric energy harvesting materials.
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	Author
	Accomplishments
	Piezoelectric Materials
	Highlights
	Conclusion
	References





	Li et al.
	Considering the range of piezo-electric coefficients, manufacturability, coupling factors, material selection, output power, quality factor, energy density
	PVDF, Pu, Cellular PP, PVDF-TrFE, Piezoelectric ceramics, Piezoelectric composite, Quartz
	Learn about the techniques created to increase the output performance of PEH devices as well as the current status of research on PEH devices for low-frequency applications. Find out ways to optimize your piezoelectric energy collector designs and how to select the ideal piezoelectric material for your specific application
	Life extension, size reduction, durability, energy density, manufacturability, and biocompatibility
	[60]



	Narita and Fox
	Considering the range of piezo-electric coefficients, mechanical strength, manufacturability, energy density, output power
	Piezoelectric micro/macrofibres, PVDF-TrFE, PVDF, Pu, Cellular PP, Quartz, Piezoelectric ceramics, Piezoelectric composites
	Effectiveness of PZT-based PEH with various structural variations has been observed. By contrasting the results of various piezoelectric environmental harvesters, recent developments in the area of PVDF-PEH and polymer-based piezoelectric composite have been described
	Longer life, reduced size, durability, energy density, manufacturability, and biocompatibility
	[61]



	Lefeuvre
	Considering the range of coupling coefficients, energy density, output power
	PVDF, Pu, cellular PP, PVDF-TrFE, Quartz
	Efficiency rating for energy transformation. For piezoelectric materials, a merit Figure. Explain a comparison of power interfaces with one, two, and three stages
	Piezoelectric material selection strategy
	[62]



	Safaei et al.
	Considering the range of piezoelectric coefficient, stiffness, manufacturability, energy density, output power
	Piezoelectric micro/macrofibres, Ceramic nanofiber, Polymer nanofiber, Piezoelectric nanowire, Micro/nanofiber, Wire composite material, Piezoelectric ceramic, Piezoelectric Foam, Quartz, Piezoelectric composite
	There have been reports of recent developments in the area of piezoelectric materials. An analysis of certain recent piezo materials, i.e., piezo foams and the hot materials
	Piezoelectric material selection strategy
	[63]



	Liu et al.
	Consideration of piezoelectric coefficients, material selection guidelines, manufacturability, energy density, power range
	Ceramic nanofibers, Polymer nanofibers, PVDF, Pu, Cellular PP, PVDF-TrFE, Piezoelectric ceramics, Piezoelectric foam, Quartz
	A discussion of recent developments in the study of piezoelectric materials. Description of various production processes for piezoelectric materials used in energy-harvesting applications. A discussion of the main frequency bandwidth expansion methods. Discover the types of piezoelectric materials, how they are made, and how to expand their frequency range
	Increased lifespan, size reduction, durability, energy density, manufacturability, and biocompatibility
	[64]



	Zaarour et al.
	Consideration of manufacturability, mechanical strength, material selection guidelines, power spectrum or energy density
	Piezoelectric micro/macrofibre, Ceramic nanofiber, Polymer nanofiber, Micro/nanofiber, Wire composite material, Piezoelectric nanowire
	Manufacturing of nanofiber and wire. References to output current and voltage in nano- and micromaterials. Discover how to compare nano- and micromaterials according to their active area, maximum voltage, and current
	Increased lifespan, size reduction, durability, energy density, manufacturability, and biocompatibility
	[65]



	Yuan et al.
	Considering the range of piezoelectric coefficient, quality coefficient, mechanical strength, energy density, output power, stiffness
	PVDF, Pu, Cellular-PP, PVDF-TrFE, Piezoelectric ceramics
	Introduction of dielectric electroactive polymers and electro strain. Comparison of PZT, PVDF, and electrostrictive polymers in terms of their performance. Describes the difficulties in using dielectrically electroactive polymers in industry
	Cost of piezoelectric materials
	[66]



	Mishra et al.
	Piezoelectric coefficient, coupling coefficient, manufacturability
	PVDF, Pu, Cellular PP, PVDF-TrFE, Piezoelectric ceramics, Piezoelectric composite, Quartz
	This article primarily aims to compare significant forms of piezoelectric composites and polymers and explore the fundamental theories underlying the piezoelectric behavior of composite and polymer systems. The piezoelectric characteristics of numerous piezoelectric polymers and polymer composites are discussed in this article
	Piezoelectric material selection strategy
	[67]



	Bowen et al.
	Piezoelectric coefficients, coupling factors
	PVDF, Pu, Cellular PP, PVDF-TrFE, Quartz, Piezoelectric ceramic
	Discover some trending topics like nanoscale pyroelectric systems, piezoelectric focusing, and pyroelectric-based harvesting
	Selection strategies for piezoelectric materials
	[68]



	Mukherjee and Datta
	Piezoelectric coefficient, coupling coefficient, material selection guideline, quality coefficient
	Piezoelectric ceramics
	Discussion on the impact of the load resistance on PEHs’ output power. Discussion regarding piezoelectric ceramic selection criteria
	Cost of piezoelectric materials
	[69]
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Table 5. Coatings used for detecting SO2.






Table 5. Coatings used for detecting SO2.





	Coating Material
	Coating Method
	Sampling Method
	Detection Limit ppm
	Interference
	Results
	References





	Ethylenedinitrillo-tetraethanol
	Smearing with cotton swabs
	Flow System in N2
	1 ppm
	NO2
	Investigated the position of the coating material
	[144]



	Triethanolamine
	-
	Gas handling apparatus, EPA method
	25 ppm
	NO2
	Investigation of the response time and the nature of the absorption
	[146]



	Carbowax 400, 20 M;

polyphenyl ether; DNP;

β, β-oxidipropio-nitrite;

triethanolamine; SAIB (sucrose acetate isobutyrate); squalane;

amine 220
	Dropping
	Gas handling apparatus
	5 ppm
	-
	Response time was investigated
	[147]



	Quadrol
	Smearing with a tiny brush
	Syringe dilution
	20 ppm -50 ppm in the auto exhausts and up to 300 ppm in the stack gases
	NO2
	Portable design
	[148]



	Quadrol
	Smearing with a tiny brush
	Syringe dilution
	1 ppb
	NO2
	Hydrophobic membrane used to eliminate interference
	[149]



	Apiezon; sodium tetra chloro-mercurate;

silicone SE-30;

carbowax 20 M; silicon QF-1;

versamid 900
	Spraying
	Gas-tight syringe
	5 ppm
	-
	Effect of change of voltage was investigated
	[145]



	Amine 220; ρ-toluidine;

triethanolamine;

armeen 2S; quadrol
	Smearing with a tiny brush
	Syringe dilution
	1.0 ppb
	NO2, moisture
	New cells design
	[150]



	Styrene-dimethyl-aminopropyl-maleimide (1:1 copolymer)
	Dropping with syringe
	Gas-tight syringe
	0.1 ppm
	NO2, moisture
	Portable device
	[152]



	Igepal CO-880; tridodecylamine;

diallylamine;

SDM polymer; tripropylamine; phenyldiethanolamine PP-2040
	-
	Gas-tight syringe or gas sampling valve
	5 ppm
	NO2
	-
	[151]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
(@ @ Targot anigen
LY Amwosy

-
Prezosloctic meterial _Elocrode ® \. .
@ -

N >
No binding

After binding
(®) ©

Nobinding  After binding

Voltage
Amplitude






media/file8.jpg





media/file64.jpg
Predicting the grade of severity loT & Al
and the result of disease -
: |

Environmental changes Control G\~ Communication
3Cs | z Air sensing






media/file48.jpg
Fume Hood






media/file27.png





media/file43.png
DIFFERENT PIEZOELECTRIC
MATERIALS

1

AT

PIEZOELECTRIC N
NANOGENERATOR V]

COMPOSITE THIN FILM
MATERIALS

DIFFERENT SURFACE
MORPHOLOGY

k mmnw

HIHIHHH

Il
”mu

' Y .4

::::

v g

SUBSTRATES

CHEMICAL DOPING

W las b | m“ E

| AAAA 77-/ _f

s SAABS 09 ; : I
w bipiw bu3

ARAS X0 - "}

Ty ot e

CHANGING DEVICE






media/file61.png
NUCLEIC ACID

amplification tests

COVID-19

diagnostic methods

»

| RT-PCR

v

. CRISPR

SEROLOGY

based tests

>

ELISA

~>=

< " LFIA

OTHER

tests

Biosensor





media/file12.jpg
Chowaan IHBS

XRD Intensity (3.

]
H .
i = % 3
= =1 'w-;i/_
i ity
B






media/file14.jpg





media/file35.png
Piezopotential (V)

o 2 4 6 s 10 [ 1 2
00 sy ——— v v -
— 15
c. s“ “ i
g il J
40 <
- 3
3 2 -— ° | | I | 1 ] T
| L B SEa S |
3 - |
i — a 10 - —
'“o S 10 15 20 e s 10 135
Time (s) Time (s)
“ v ) | | — ‘o
d s ” : 3 5- L
° ! e
g o - B
g | 2
i 10} .
40 .
o ] O 185} .
'“o - 10 15 20 0 20
Time (s) Tlme (s)
e. Bending Release

Plozopotonual v)






media/file20.jpg
[

e o
= 3
—

" s 5
T < u;\
AR AL
il mmwmwm i JILGLG

Compressive stress

I ERERR






media/file53.png
o Techniques
Spectroscopy for detecting
heavy
metals






media/file5.png
Number of publications

5000

4000

3000

2000

1000

0

lllllllll'llll'llll'llll

2000

-

l 1 1 1

L

1

1

2005 2010
Year

2

015 2

020






media/file19.png
o

Voltage (mV)

Voltage (mV)

- 44'\
' ;

AR -
N/

B A A R R R S i R —

A

5 — d
IFS u
104 10+
1 ; ': =
54 S ‘é
. g 0 :
: - by §
| | =
-5 - 10: &
10‘ - 2
|FR u Time (s)
-15 v T v T v T v T v
0 10 20 30 40 50
" Time (s)
f
fi + f2 : f3
- : 'FS
'FS : -
10- FS ' : <
IR :
0- : ‘ ; £
| ' h
' ' -
VTN « =
104 FR : ©
| FR E
-20 4 : 'FR

-2,0-

40 60 80 100 120 140

Time (s)

N

paper fiber

Zn0O nanorods

— Zn0 seed layer

0

ad

10 20 30 40 50 60 70
Time ()

-

L

80






media/file58.jpg
e
= uso,
[ | so,

Lo
o on

Aotboyimmobizaion

0 sine

Anibody

= _stigen






media/file45.png
Eco-Friendly
Glycine-Based
Piezoelectric Sensor

Polycrystalline Assembly

Leak-Induced Sensor
Vibration

YA
\ikf\’x

e X xfxfx
oo

s
Z
5
$
Time [Sec)
High Sensitivity





media/file54.jpg
pc






nav.xhtml


  applsci-13-01300


  
    		
      applsci-13-01300
    


  




  





media/file11.png
@

Voltage (V)

lem

) ——Nanowire ——Nanocube -——PDMS

y— : — ——
o  e003% | e=0.12% i  e=0.23% _
2 E i y
) N U G W
b L BN S o
4 12 16 20 24

. Time (s)

(N 1BUa0d 2Upe|e0Zay

r——-
r——

Xy
—_—

—_—

Time (s)

Oy == === —





media/file41.png
PIEZOELECTRIC NANOGENERATOR OUTPUT POWER






media/file37.png
( MIM structurc

. BaTnOx
T PDMS

Anisotropic
wet etching of Si

Plastic substrate

& j cross-sectional view

10 mm 10 mm
. . - g 0 um





media/file46.jpg
(@

Gas molecules

AF, KHz

time, min





media/file10.jpg
¥

Voltage (V)

)

Curent o

8






media/file40.jpg





media/file16.jpg
YRR le;l

AN AR AL AP AN AN

|||||||||||||||||||||||||||||||ﬂt - |||Illnnm>mHnmlllllllﬂgp
L g Lelinliol

t o )

By .4
tttt t 141
A AN AP A

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII )] ’ WNNll!lIIIIIIIIIIIIIIIIIIIK{'J
N T
(b) e

1]
i
il

@ e T w T e T
5! i:






media/file3.png
+ + + _
Zh 77
v -— + + - — L
Piezoelectric Mechanical Positive Negative Electrical Deformed

Material Effort Potential Potential Input

Shape






media/file22.jpg
Removalof Nact
Iotervalof 2 for
2h






media/file55.png
= WASTE

mobl
‘ phase \

(bio)chemica

T

I flow cell ‘ piezolelectric

sensor

OSCILLATING
CIRCUIT






media/file25.png
Current density (nA/cm®)

Current density(nA/cm’)

e (a) —PVDF-CNT Foam | o1(b)
9 r
26 0
. “ &-3
0 %-e
ry > 9
3}
X 42
0 2 3 s = 1
Time (s)
30 . —— PVOF-CNT foam :Eoﬁ* d = PVOF CNT foam h —
° ;
15 < 15}
0 § Of
8 3
5 g ‘15t
IS
30} o%p
00 05 10 15
Time (s) i
15
30 "E/aob f e PVOF CNT fo0 12k
J 9 ’ ’
15 < 15} sl
ol 2 o' N
| § | 5
15 g 15} i
\§~ | .3:1@ GSNRH  GONRM  TINRM
-30 ol L] s
0.0 0.5 1.0 1.5 Time (s)

Time (s)





media/file52.jpg
-
- - Techniques e . ‘l 1
spectioscopy for detecting o
heavy
metals =






media/file26.jpg





media/file65.png
Predicting the grade of severity loT & Al
and the result of disease =

Environmental changes Control M Communication
3Cs Perception of danger \ 77 Air sensing
Crowded places

ct settings
osed s

¥

!

Breeze
energy harvesting






media/file57.png
(@

@ Target antigen
Y Antibody

Piezoelectric material

Electrode

=

—~
g

&

No binding

(©)

Voltage

No binding After binding

- >

Amplitude

llllllllll

1

3 0wl Bo 0% BT e O IR B0 I OEN B

B e B |

Time

Frequenc;y






media/file34.jpg





media/file60.jpg
amplficaton st

NUCLEIC ACID

% coviD-19
dagnostc methods

5 2
RT-PCR [T EusA CT Scan
v X @

- o S

OTHER

SEROLOGY
asedtests

P






media/file13.png
60

Q] Q@
w2
s 8
%
83 o000 M{
S 3 hz-0zIm{ 4 1
oL 2 | b2
oN S
NEZ E-oLM—~
TeUo
x o0
H 0z-1Im{ - 1
-] Q uw
(Z1-0L) M 4
] -8
+ (L0 M4 —
= - -
S (0oL Mm{ —
)w L v
2
S— o
~N

(n"e) Qm:ouc_,-om_.x

y (um)






media/file31.png
(b)

—
(@)
—

Voltage (V)

- - N‘ “
o o o o o
sedre b e rd e dred—e

(]
o

Schematic of PONG Device

- XA EEE RN
i.n:n...:..
FEEIEEREEEREE

PDMS/KNN-xBTOCF

Current (nA)

8

. A . A - 'S . A . A -

8

~d
w

o

.
o™

~
»
o

Voltage (V)

+* + + > * + P+ P+ P

8 32 %

3
(yu) Juaiunn

»
©





media/file39.png
&

original state

bending state
1)
5.
5 10 15
Time (s)
1
. J
0 5 10 15

Time (s)

iv)

Voltage (V)

¥ T

@ - aligned dipoles
in BaTiO: films

-

tensile stress
*——-—_ “’

L - Lo

__—-—. “
compressive stress

Time (s)





media/file18.jpg
200 nanorods

200 seed Iayer

paper fiber

0.

Current (nA)

[ o |
. 3 o e
F b} e’ Fs s
" a0 =
LR TR IR R T S S A A
i Time () “Time ()
f o0 , -
o o Iy -
os R
s 2" I
. 2
3 Eos] |
%o lJ M B
Fm -
2 4 g
s
s |
B as Fs
A I

Time ) Time (5)





media/file9.png
(=) (oo () () ()
s (o)
() () &=
(mwm —_— r———]
&= T 7 =
() (=)

][] (o) () G

[\Momm)

() -
b || i () (=)






media/file42.jpg
DIFFERENT PIEZOELECTRIC
MATERIALS

DIFFERENT SURFACE
'MORPHOLOGY

A1

T

‘COMPOSITE THIN FILM
MATERIALS

I
iy

PIEZOELECTRIC
NANOGENERATOR

CHEMICAL DOPING






media/file23.png
. .“.. ] /
‘\‘3 | ‘.o va
I_ .‘ PVDF MWCNT\ Nacl

P i
W\

P

>

24 h
" Mixing with “
magnetic PVDF + Heat treatment
BT MWCNT +NaCl ~ 90°C

5h






media/file50.jpg
M

Protein HPLC
mixture column

Desalting

column . Sprs

Fractionation ~ QCM





media/file36.jpg
MIM sotis

o=






media/file15.png
(a)

Vertically fixed on
Ag coated weave fabric PTFE holder

o o V¥

i i
A iyl Ag
LLILLI1 2Rt ranatedsl 1111156 geed tayer
Lok nk






media/file28.jpg
1% 1%

]
Time (s)

G
(U]

Time (s)

6w | 9 wese | 12 winf 15 w18 wes

LR R E]
(n) 9Beyjon

]
Time (s)

23

(e)

0

B

7
Time (s)

CI R R





media/file49.png
Fume Hood

Reaction Flask

Frequency Counter

(b) [ Carrier gas }—-{ MFC ]

Solenoid
Valves

l Power supply ]

Sensing | Exhaust
Ty [

Solenoid l I I l

[ Zero gas ]——{ MEC ] counter

PC Monitor






media/file2.jpg
+++ 7z
—_— — ' !
'

—_— — i 1
—_— — i3 1
— - atieed —

fesosectic  mochanical positve Negatve tecrical el
Vateral i otenta potental nput

shape






media/file32.jpg
€ PVDF-HFP + BaTiO, NP film






media/file62.jpg
Am=-CxAF

Spike gycoprotein
4 Membrane
i slycoprotein






media/file59.png
(a)

‘ Hydroxylati

on

. Silanization

I Antibody immobilization

Antigen
capture

4 A >4 h b b4 4 D

[y gage

LEGEND:
LiINbO,
Si0,

-OH
Silane
Antibody

Antigen

Top Electrode

rd N\

PZT Diaphragm

Bottom Electrode

300 um





media/file6.jpg
phase 1 phase 3
Mechanical elecrical Electrical energy
energy transfer energy transduction transfer

Environmental [*=| niechanical |™t|  Electrical |™=*|  Electrical

exitation energy vibration energy lenergy generatior energy output

Mecanical-clectrica
transduction loss
Coupling factor ()

Mechanical strength Electircal impendance

piezoclectric coe.(d,8) Circuit loss

Mecanical impedance

Damping factor





media/file24.jpg
Votoge )

P w2

Cuint danaiy (oAer)

&

W05 1o 15
Tine ()

P ap———

s

Ll

W s 1o 15
"Time (3)

o e

Time 6]






media/file29.png
ST °S 889
(A) @bejjon

196 19

1.94

i
(f)

278
Time (s)

277

276

Time (s)

-

15 wt% |18 wt%

o

-

-

6wt | 9wt |12

-

2 3 K

Time (s)

1

Time (s)





media/file63.png
Spike glycoprotein

Membrane
glvcoprotein

Hydrophilic shell
Hydrophobic @
core s
‘ Attachment/

adsorption

Mixed
SAMs

S/ Anti- spike

glycoprotein

Time

QCM sensor
(Engineered)





media/file7.png
phase 1 phase 2 phase 3
Mechanical Mechanical - elecrical Electrical energy
energy transfer energy transduction transfer
Environmental |™==%| ¢ chanical — Electrical w==*|  Electrical
exitation energy vibration energy energy generatio energy output
\ J \ J \

Electrical
loss

Mecanical Meccanical-clectrical

loss transduction loss

Mechanical strength Coupling factor (k) Electircal impendance

Mecanical impedance piczoclectric coeff.(d,g) Circuit loss

Damping factor





media/file33.png
o

r

i3
»'§q 513
N £
£ :
€
- 715
L3
-'ti
o
208 400 G060 800 , ol

Raman shift (cm )
,{ . o
—

4
— >y 200nm |





media/file44.jpg
Pipe

‘ Leak-Induced Sensor
Vibration

GRS PR VO,

Eco-Friendly F ot ot
Glycine-Based p¢ .,.\ ‘.‘x ,-.-\
Piezoelectric Sensor Lo x Ty Ty Ty

e

Voltage Output V]

Polycrystalline Assembly High Sensitivity





media/file47.png
(a)

Gas molecules

1 mm

| Wi(e bonding

b
(b) - _
! I ]
0 I
- 1 ]
N -50 : :
E 1 |
100 Bk
(TH | ]
<] ] ]
-150 [ 1
1 |
200} : o
1 4

0 5 ‘ 10 ‘ 15 ‘ 20 ‘ 25
time, min





media/file38.jpg
original state






media/file0.png





media/file17.png
HEEHEEHRR R
‘mbnbnlbn

(b) (c)

°I I Finger bending Paim clapping
4 204+
B A R
0 2k =
g | 5 ol ”l]l“ Il ”[||
4 !
] 204
‘ ' - ' e a . & . & . & . & . & . & . __}
0 3 6 9 12 15 18 21 24 27 30
(d) Time (s) (e) Time (s)
| 25 '1’1
4t 20
3t __ 15}
z < ’
e e
o “ | -~ .
o 0 c '.
g g o' \//\kv_——\
; " 3 Sh
2} A0}
.3. .16:
4 1 -20b 1111111111 ’l’ 111111111111
20 42 a4 46 a8 192 194 195 198 200 36 38 40 42 44 182 184 186 188 190 192

Time (s) Time (s)





media/file4.jpg
Number of publications

4000

2005

2010 2015
Year

2020






media/file30.jpg





media/file51.png
.

==

Protein HPLC
mixture column

Desalting
column

0

Fractionation QCM





media/file21.png
DMS |

|| Baiosmanot

| X Max: 0.360
Compressuve stress S Y

._‘3 -1
§ -2

e 3N
S 4
N
2
o- -6

M






