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Moisture is a ubiquitous and clean resource in nature, which continuously diffuses in the atmosphere and demonstrates huge chemical potential energy that is difficult to be utilized. Recently, the generation of power from interactions between graphene and gaseous water molecules in moisture has triggered great research interest that could provide a novel energy conversion system for our society. graphene-based assemblies have been considered as ideal platforms for moist-electric generation (MEG) in many studies, because of the abundant of functional groups, controllable microstructure and diverse macro morphologies. Therefore, in this short review, we will first state the preparation techniques of graphene-based assemblies for MEG. Then, the fundamental mechanisms of MEG are discussed and the latest advances on graphene MEG are reviewed. Finally, an overview of the current challenges and future development trends in graphene MEG is provided.
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1 INTRODUCTION
The energy crisis and global warming caused by the increasing utilization of fossil fuels have created an urgent need for the development of sustainable and green energy resources (David, 2004; Steven and Arun, 2012; Chu et al., 2017). Electricity is the most important secondary energy in modern society, and the use of electric power is the outstanding feature of the second industrial revolution. Since the dawn of the age of electricity, this form of energy has had a great impact on human society by promoting rapid development. In recent years, research efforts have been focused on the generation of electricity from renewable natural resources such as light, heat, and mechanical movement (He et al., 2019; Jin et al., 2019; Jung et al., 2019), and currently, electric power is commonly generated from wind, solar energy, water flow energy (hydropower), and thermal energy. The hydrovoltaic effect is also used to produce electricity, based on the direct interaction between nanostructures and flowing, waving, dropping, or evaporating water. (Yin et al., 2014a; Yin et al., 2014b; Xue et al., 2017; Hou et al., 2018; Yao et al., 2020). The water energy resource is considered 100% environmentally friendly. Back in 1859, Quincke was the first to succeed in generating electricity from water by direct interaction between water and solid. Specifically, he created an electric voltage by flowing electrolytes through a narrow channel under a pressure gradient (van der Heyden et al., 2005). Since then, many studies have confirmed that electricity may be generated directly in nanomaterials, including carbon nanoparticles, carbon nanotubes, polymer materials, graphene, and nanostructured silicon, under the effects of water flow, waves, and water evaporation (Zhao et al., 2008; Fei et al., 2019; Zhang et al., 2019; Qin et al., 2020a; Kuriya et al., 2020; Zhou et al., 2020). Based on this principle, Wang et al. (Wang et al., 2021) have designed and developed a heterogeneous moisture-enabled electric generator that can yield voltages greater than 1,000 V under ambient conditions (25% relative humidity (RH), 25°C).
In a previous study, we had shown that graphene oxide (GO) assemblies with an oxygen gradient can induce a gradient of protons under moisture ingress, and in turn, the migration of protons induces a voltage output of ∼40 mV (Zhao et al., 2017a). The method is called MEG, and the voltage produced is much higher than the waving potential (Figure 1). The stimulation of pristine GO by moisture can also be used to generate electricity (Liang et al., 2018). In general, graphene assemblies with different dimensions have various power generation properties.
[image: Figure 1]FIGURE 1 | Schematic diagram of MEG.
As the thinnest two-dimensional material in the world, graphene has sparked tremendous interest over the past few decades. Owing to its extraordinary properties of large theoretical specific surface area (2,600 m2 g−1), high carrier mobility at room temperature (15,000 cm2 V−1 s−1), remarkable thermal conductivity (3,000–5000 W m−1 K−1), high electrical conductivity (up to 6 × 103 S cm−1), and excellent optical transparency (97.3%) and reflectance (<0.1%), this material is of great value in multiple disciplines (Stankovich et al., 2006; Geim and Novoselov, 2007; Lee et al., 2008; Geim, 2009). In particular, macroscopic graphene assemblies have attracted tremendous attention due to their promising applications in the fields of energy conversion and storage (Yang et al., 2016). Many researchers have attempted to assemble graphene sheets into one dimensional (1D) fibers, two dimensional (2D) membranes, and three dimensional (3D) foams using different methods, and based on the published studies, graphene has great potential for use in electronics (Meng et al., 2018; Them et al., 2021) and biology (Hu et al., 2018; Dong et al., 2020), as well as in energy and environmental applications (Chen et al., 2015; Chen et al., 2021; Han et al., 2021).
Several excellent reviews discuss the rapid development of MEG (Cheng et al., 2017; Xu et al., 2018a; Shen et al., 2020). In this review, we focus on the progress of MEG using graphene assemblies. First, the main methods used to prepare these assemblies are discussed, and the fundamental mechanisms of harvesting energy from moisture are briefly introduced. Then, the recent advances in developing graphene-based advanced functional materials for MEG are summarized. Finally, the future challenges and potential trends related to the application of MEG are assessed.
2 TECHNOLOGY OF GRAPHENE ASSEMBLY PREPARATION
The large-scale preparation of graphene assemblies such as 1D graphene fibers/micro-tubules (Cong et al., 2012; Cheng et al., 2013; Xin et al., 2016), 2D graphene films (Wang et al., 2013a; Xie et al., 2020), and 3D graphene foams promotes the application of these materials on an industrial level (Chen et al., 2013; Chen et al., 2014). In this section, we introduce several technologies that are commonly used to assemble graphene.
2.1 Template Assembly Technology
The template method is an important method used to synthesize nanocomposites and nanomaterials. This method makes use of cheap, readily available, nanostructured materials with flexible shapes as templates, which enables the controlled synthesis of nanomaterials with specific morphology and pore size. However, the removal of the template may affect the quality of the material. Previously, the templating method had been used by Zhuo et al. (Zhuo et al., 2021) to encapsulate uniform well-dispersed Sn nanoparticles in an amorphous carbon tube. In a pioneer study, Huang et al. (Huang et al., 2014) developed a general emulsion soft-template approach that was applied in the preparation of porous graphene foams with controllable pore morphologies (Figure 2A). Macroporous graphene foams were synthesized for the first time using simple soft-templated metal frameworks (Tynan et al., 2016). In three simple steps, our group fabricated multifunctional microchannel-network graphene foams by using an alumina fiber blanket template (Yan et al., 2014). We also developed a surfactant-foaming sol-gel method that can be used to effectively disrupt and reconstruct the GO LCs in dispersions via microbubble templates. The resulting graphene hydrogel bulk is characterized by large size and intact structure, which indicates that this method of graphene preparation can be applied on an industrial level (Yang et al., 2018a).
[image: Figure 2]FIGURE 2 | (A) Schematic illustration of the emulsion soft-template synthesis procedures for preparing porous graphene foams; (Figures reprinted from ref. 45 with permission. Copyright 2014; The Royal Society of Chemistry); (B) Schematic apparatus for spinning GGO fibers; (Figures reprinted from ref. 54 with permission. Copyright 2013; Wiley Online Library) (c) Preparation scheme of the electrochemically grown graphene microtube; (Figures reprinted from ref. 51 with permission. Copyright 2017; Elsevier Ltd.).
2.2 Wet Assembly Technology
Wet assembly technology mainly includes hydrothermal processes and liquid crystal wet spinning. Despite the advantages of the hydrothermal method, such as simple operation, mild reaction conditions, and wide application range, its use is limited by the difficulty in controlling the structure and morphology of the synthesized materials. A one-step hydrothermal process was used by Shi et al. to prepare a self-assembled graphene hydrogel for the first time by heating a homogeneous, aqueous GO dispersion in an autoclave. Using the same method, Zhao et al. (Zhao et al., 2012) prepared a novel versatile, ultralight, nitrogen-doped graphene framework, and Dong et al. (Dong et al., 2012) fabricated light, flexible, and multifunctional graphene fibers. Unlike the self-assembly method, the wet spinning method allows for the preparation of products whose morphology and structure can be well controlled simply by adjusting the composition of raw materials. Moreover, the excellent physical and chemical properties of graphene are maintained after wet spinning. So far, this method has been successfully used to synthesize ultra-strong graphene fibers (Xu et al., 2013) (Figure 2B), nitrogen-doped graphene films (Chu et al., 2020), and millimeter-scale super-elastic graphene aerogel spheres (Zhao et al., 2017b). The latter product has been prepared on a large scale by wet spinning of GO liquid crystals, followed by facile drying and thermal annealing.
2.3 Electrochemical Assembly Technology
The main advantages of electrochemical assembly technology are short preparation time, low temperature (room temperature), and eco-friendliness. Moreover, the morphology of the products synthesized by this technology can be well controlled, which favors its use by researchers. Previously, Yang et al. (Yang et al., 2018b) used the electrochemical technique to simultaneously deposit and reduce graphene oxides on a Cu wire template at room temperature (Figure 2C). After removing the template, a tubular structure with the shape of the Cu wire was obtained. Porous reduced graphene oxide/polypyrrole composite films were also prepared by a facile pulsed electrochemical method that involves blade casting of the GO gel (Chen et al., 2020). In addition to making use of a simple electrolyte precursor, this method preserves the porous structure of the GO gel.
2.4 Chemical Vapor Deposition
The CVD process characterized by excellent controllability of reaction conditions is an efficient method used to prepare high-quality graphene. In general, there are two types of CVD processes: 1) homogenous gas-phase reaction followed by physical deposition on substrate surfaces, and 2) heterogeneous chemical reaction on the surface of catalyst substrates (Qin et al., 2020b). In 2006, the CVD synthesis of few-layer graphene on nickel sheets was first reported by Somani et al. (Somani et al., 2006). Since then, the technology has developed rapidly, and in 2013, Wang et al. reported the direct CVD growth of graphene onto a CVD-grown h-BN film, resulting in the formation of a pristine graphene/hBN interface over a large area. Using this configuration of graphene assembly, the negative effect of substrate on the quality of graphene is eliminated (Wang et al., 2013b). Zeng et al. prepared 3D graphene fibers by electro-spinning, stabilization, carbonization, and CVD. The synthesized fibers possess a unique structure with fibrous shape, nanoscale pores, and exposed single-layer graphene edges, and their morphology can be effectively controlled and functionalized (Zeng et al., 2018). CVD was also used to grow hollow graphene tubes on a copper (Cu) wire substrate, and after removing the Cu template, the tubes obtained were drawn into graphene fibers (Chen and Dai, 2015). This study was the first to use the CVD method in fiber preparation. Using plasma-assisted thermal CVD, Chan et al. synthesized high-quality graphene films at low temperature (600°C) (Chan et al., 2013). Finally, Shi et al. directly prepared a 3D graphene foam on a shell substrate by CVD method, and their production process was scalable and cost-effective (Shi et al., 2016). Although the CVD method was a conventional and effective method to prepare graphene film, However, the graphene-based materials via CVD was hardly used for moisture induced electricity generation at present.
2.5 Other Technologies
3D printing technology (Wei et al., 2015; Fu et al., 2016; Ponnamma et al., 2021), the sol-gel method (Tang et al., 2014; Xu et al., 2016), direct freeze-drying (Yang et al., 2018b; Thomas and Agarwal, 2021), substrate-assisted reduction and GO assembly (Hu et al., 2013; Zhao et al., 2016a), and laser scribed patterning (El-Kady et al., 2012; Strong et al., 2012), among others (Ervin, 2015), are also effective methods of graphene assembly preparation. Due to their unique advantages, these methods are widely used in graphene assembly research.
3. MECHANISM OF MOISTURE-INDUCED ELECTRICITY GENERATION
At present, the diffusion of ions stimulated by ion concentration gradient is widely accepted as the mechanism underlying moisture-induced power generation (Shen et al., 2020; Bai et al., 2019). Considering that the inner 2D-GO sheets are rich in oxygen-containing functional groups (e.g., -COOH) and have a large specific surface area, they can generate large quantities of protons (H+ ions) by absorbing ambient water molecules. If the concentration of protons on the graphene surface is different from that in the bulk, a concentration gradient will be formed, and H+ will spontaneously migrate from the high concentration region to the low concentration region, until a dynamic equilibrium is reached. The typical process is divided into four steps, as illustrated in Figure 3. First, ambient water molecules (i.e., moisture) are absorbed on the surface of the substrate material. Then, the functional groups on these sheets are dissolved, and numerous positively and/or negatively charged ions are released. Subsequently, the ions migrate, and electric potential is produced. Finally, the chemical potential energy is converted into electric potential power (Han et al., 2019).
[image: Figure 3]FIGURE 3 | Working mechanism of the MEG process.
Based on the mechanism detailed above, the formation of an ion concentration gradient is key to the generation of moisture-induced electricity. Currently, two strategies are used to form this gradient. The first strategy relies on controlling the chemical composition of the functional material surface by varying the type of material and the quantity and distribution of functional groups. For example, under the same RH conditions, materials with higher functional group contents release larger numbers of positive and negative ions. As for the second strategy, it is based on controlling the relative humidity. This means that different areas of the material must be exposed to different humidity conditions. The asymmetric moisturization of materials results in the development of high and low ion concentration regions, which triggers the diffusion of ions. Notably, the side of the material exposed to higher RH will release more charged ions than the side exposed to lower RH.
Besides the typical processes described above, Liu et al. (Liu et al., 2020) proposed that distribution of water molecules in MEG is important for the electricity generation. Meanwhile, water molecules in air naturally include ionized species or are ionized when adsorbed on the material surface. The ionized clusters (H(H2O)n+/HO(H2O)n−) donate charge (such as H+/e−) to the material, supplying the closed-loop current flow driven by the voltage resulting from the moisture gradient.
4 GRAPHENE-BASED ASSEMBLIES FOR MEG
4.1 Fibers for MEG
Due to the highly oriented arrangement of GO sheets, GO fibers are characterized by high porosity, large surface area, and fast electron transfer. Moreover, these fibers can be woven into wearable self-powered devices. According to Liang et al. (Liang et al., 2017), a graphene fiber that is less than 1-mm long and only 80-µm wide can supply a high voltage output of ca. 0.4 V upon varying the environmental RH (Figures 2C, 4A). The GO fiber precursor used by the authors was first prepared by large-scale wet-spinning; then, the GO fiber region was reduced by well-controlled region-selective laser irradiation technology. Finally, the concentration of oxygen-containing functional groups in the GO region was regulated by electrochemical treatment in order to obtain a non-uniform distribution, and the RGO-GO-RGO structure was formed. In the fiber power generator, RGO is used as the electrode and GO as the electrolyte. Inspired by this study, we designed a high-performance moisture-activated nanogenerator based on 1D gradient doped polypyrrole nanowire (GDNw) with a preformed sulfonate ion gradient. When the nanogenerator is exposed to moisture (△RH = 75%), the hydrophilic polypyrrole groups in the GDNw absorb water molecules. During this hydration process, a gradient distribution of Na+ ions is produced along the GDNw, which triggers the migration of Na+ from the high-concentration side to the low-concentration side. Although this work is not based on graphene, it shows that as long as there is an ion gradient, electricity can be generated (Nie et al., 2018).
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of the process of RGO-GO structure graphene fiber preparation. First, the GO fiber is prepared by wet spinning method. Then, it is reduced by laser selective writing. Finally, the distribution of functional groups is varied by electrochemical treatment. (B) Voltage and (C) current density responses of the RGO-GO unit under moisture stimulation (Figures reprinted from ref. 79 with permission. Copyright 2017; Elsevier). The insets show the testing circuits. (D) Schematic illustration of the MEG cycle. V and A represent the induced voltage and current along the direction of arrows, respectively. (E) Voltage and (F) current output cycles of a prototype MEG device of g-GOF in response to intermittent and periodic RH variation (ΔRH = 30%) (Figures reprinted from ref. 80 with permission. Copyright 2015; Wiley Online Library). (G) Open-circuit voltage generated by vapor adsorption, types I, II, III, and IV correspond to the sample with a half region functionalized in different ways; (H) Measured voltage of the device when the beaker was periodically sealed and unsealed. (Figures reprinted from ref. 90 with permission. Copyright 2016; Wiley Online Library).
4.2 Films for MEG
4.2.1 Graphene-Based Films
Currently, graphene-based films are most widely used in MEG research. In 2015, it was first discovered that graphene oxide films (GOFs) can generate electricity under moisture (Zhao et al., 2015). After polarization by moisture-electric annealing, the oxygen content in the GOF is gradually increased from top to bottom, and the g-GOF is formed. When the g-GOF is exposed to moisture, the gradient distribution of oxygen-containing groups results in a non-uniform release of free H+ from different parts of the film, with more ions being released from the O-rich part. Consequently, the H+ ions diffuse from the high concentration region to the low concentration region, thereby generating a strong induced potential and free electron movement in the external circuit. As shown in Figures 4D–F, the output voltage is about 35 mV, and the power density is about 4.2 mW m−2. In 2016, our group found that the surface structure of a single GO film is asymmetric, which indicates that the actuation ability of this film can be triggered by multiple stimuli such as moisture, heat, and infrared light. Moreover, the process of water adsorption/desorption occurring in oxygen-rich GO layers triggers fast and reversible expansion/contraction of GO films. Based on these findings, we conducted another study wherein we generated electric power by directly interacting the pristine graphene-oxide with water molecules. Once the material comes in contact with water vapor, an open-circuit voltage (Voc) of up to 0.4–0.7 V and a short-circuit current density of 2–25 μA cm−2 are generated by a single piece of GO film. Notably, the magnitude of the Voc signal increases rapidly with increasing film thickness; however, beyond 90 μm, this magnitude remains constant. In addition to film thickness, the voltage depends on the temperature (positive correlation) and incoming direction of moisture (Xu et al., 2018b).
In 2018, MEG technology witnessed extensive and rapid development. To improve the performance of electricity generation devices, researchers have attempted to control the composition and structure of materials. In general, the devices constructed using materials with rigid structures cannot be used in applications wherein the working conditions are complex and highly deformable (Fan et al., 2016). To overcome this limitation, our group designed a flexible in-plane moisture-electric converter (IPMEC) based on GO-assembled films for use in touchless interactive systems. The GO films were synthesized by vacuum filtration and subsequent peeling off; then, they were reduced by laser writing. The distribution of the oxygen-containing groups in the GO region of the IPMEC device was adjusted by electric field polarization, and during this process, the applied voltage was provided by the digital source table of a dual channel system. Upon exposure to moisture, the non-uniformly distributed functional groups in the GO combine with water molecules, resulting in the formation of an ion concentration gradient along the planar direction of inner GO sheets. Based on this technique, diverse self-powered touchless panels including finger position sensors for smart artificial skin, touchless switches, and even handwriting panels have been developed (Cheng et al., 2018a). To further improve the output voltage and device performance, a series of rollable, stretchable, 3D space-deformable, graphene-based MEG devices was developed by direct laser writing strategy. All generator units, including interdigital electrodes and circuits, were directly embedded in the flexible GO film. Despite being arbitrarily bent, this film exhibits excellent electricity generation ability. When the humidity in the atmosphere is varied, voltages as high as 1.5 V can be generated, which is enough to power a variety of commercial electronic devices (Yang et al., 2019). To reduce the cost of the device without compromising its efficiency, we used flexible, all-printable GO-functionalized paper as a moisture electric generator. This generator induces high voltages (2 V) that can power commercial liquid-crystal displays for portable electronic devices, and it is prepared by directly printing the well-ordered stacked GO nanosheets onto a moisture insulation substrate (MIS), such as glass, paper, or poly. Upon exposing the GO/MIS bilayer film to moisture, the GO nanosheets near the bare side are effectively moisturized, whereas those on the MIS side are not. Therefore, paper, a widely available, recyclable, and cheap resource that can be easily produced in large amounts and does not contribute to white pollution, is a viable moisture insulation substrate (Liang et al., 2018).
GQDs consist of nanometer-sized fragments of single- or few-layered graphene sheets. Due to quantum confinement and edge effects, the internal electron motion of GQDs is limited in all directions. In addition to their small size, GQDs have a large specific surface area and abundant edge sites, which endows them with excellent electrical and optical properties (Ponomarenko et al., 2008; Li et al., 2012; Yan et al., 2013; Hu et al., 2021). In a previous study, we had fabricated a high-performance MEG device by using small-sized (2–5 nm) GQDs that were prepared by direct oxidation and etching of natural graphite powder. To establish a gradient distribution of oxygen-containing functional groups in the material, moisture-assisted electrochemical treatment (ECT) was used. Based on our results, the voltage and current density produced by the as-fabricated nanogenerator are 270 mV and 27.7 mA cm−2, respectively, and the calculated power density is 1.68 mW cm−2. This work highlights a new method that can be used to harvest ambient energy (Huang et al., 2017). Although GQDs have great potential for constructing MEG devices, further research is needed.
4.2.2 Other Materials
Liu et al. (Liu et al., 2016)fabricated a device (size = 5*1 cm2) with a piece of porous carbon film, the voltage can increased to a maximum in 2 hours and then remained at a constant value of approximately 68 mV for over 6 h at fixed RH value (Figure 4G). They found that the output voltage was closely related to temperature and humidity (Figure 4H). They established the mathematical relationship between concentration gradient of protons and voltage-drop gradient along the device. They also concluded that the voltage is proportional to the proton concentration gradient and does not change with the device length or width, which was verified by altering the length/width of the device.
Considering that ordinary print paper is a low-cost biodegradable material that is rich in oxygen functional groups and micro-sized pores, we used it as hydroelectric material to construct paper-based moist-electric generators. The paper sheet (1.5 cm2) was sandwiched between a polyethylene terephthalate-indium tin oxide film and an Au-coated perforated stainless steel plate. The open-circuit voltage (Voc) of the device was found to be 0.25 V, and it increases linearly as more units are connected in series or parallel (Gao et al., 2019). Although printing paper is cheap, its application is limited by short service life.
The first attempt at constructing a direct and highly efficient polymer moist-electric generator (PMEG) based on the polyelectrolyte membrane of poly (4-styrensulfonic acid) (PSSA) was inspired by the process of electron and proton transport in the inner mitochondrial membrane. A 1 cm2 piece of pristine PSSA membrane provides an open-circuit-voltage (Voc) of up to ∼0.8 V and an Isc density as high as ∼0.1 mA cm (Steven and Arun, 2012) upon exposure to moisture. This work suggests that polymer films can greatly improve the service life of flexible power generators, which promotes the design and application of portable, wearable electronic devices that harvest energy from moisture (Xu et al., 2019).
In addition to the other generators, our group reported the first versatile moist-electric film generator (MEFG) integrated with transparent, self-healing, flexible, and arbitrary tailorable characters. The electrodes in the MEFG are conductive silver nanowire (Ag NW) networks, and the electricity-generating active material is the hydroscopic poly (4-styrensulfonic acid) and poly (vinyl alcohol) composite (PSS-PVA) film. A small 2 mm2 piece of this MEFG can produce a considerable voltage of about 0.6 V and a current of 2.0 μA, even if it is bent repeatedly. Furthermore, if the MEFG is broken, it undergoes a healing process upon exposure to moisture, such that it maintains its flexibility, transparency, and electric power efficiency (Wang et al., 2020).
4.3 3D-Foam for MEG
3D-GO structures with a gradient distribution of oxygen-containing functional groups are obtained by freeze-drying, tableting, and polarization. Previously, Zhao had fabricated a high-performance power generator based on super-hydrophilic 3D-GO. The non-uniform distribution of oxygen-containing groups in this material results in an ionic gradient upon the adsorption of moisture, which induces a periodic electric output under conditions wherein the RH is varied. Under tidal moisture, the generated output power can be as high as ca. 1 mW cm−2, and the energy conversion efficiency is ca. 52% (Zhao et al., 2016b).
The first graphene oxide foam (GOF) was synthesized in 2018, using the freeze-drying method. By applying the directional thermal reduction strategy, the asymmetric, porous GOF was obtained. This material consists of two layers: 1) the partially thermally reduced GO layer characterized by an uneven distribution of oxygen-containing groups, and 2) the unprocessed GO layer with homogeneous structure. Despite its small size (4 mm2), the as-prepared GOF can generate a sustained electrical voltage of up to 450 mV in air, with no need for any subsidiary conditions. By stacking many GOF units in series, voltages as high as 10 V may be achieved. Compared to other materials prepared previously, the performance of this device is much better (Cheng et al., 2018b).
Another efficient MEG device was constructed by skillfully incorporating a Schottky junction in a 3D GO aerogel (Figure 5A). First, the porous aerogel was prepared by direct lyophilization of the GO solution; then, the inner oxygen-containing functional groups were redistributed by controlled laser irradiation. The gradient distribution of these groups in the aerogel interior results in the formation of a Schottky junction at the interface. The output performance of the constructed material can reach ∼1.5 V, and 18 V may be achieved simply by connecting 15 units in series (Figures 5B,C). Such high voltage can easily power commercial electronic devices (Huang et al., 2018).
[image: Figure 5]FIGURE 5 | (A) Schematic illustration of the process of heterogeneous GO-based hygroelectric generator preparation. First, the porous GO foam was prepared by freeze-drying method; then, the material was reduced using a unidirectional laser. The resulting 3D-GO consists of a GO layer and a layer of reduced graphene oxide with a gradient distribution of functional groups and compact interlayer spacing. (B) Current and (C) voltage output cycle performances of the hygroelectric generator (Figures reprinted from ref. 91 with permission. Copyright 2018; Nature Publishing Group).
Recently, we reported an all-region-applicable and continuous power supply MEG that is composed of porous GO and sodium polyacrylate (PAAS) composite. This composite was synthesized by adding PAAS to a GO solution, then reducing the mixture using a directionally controlled laser. The resulting device works well under a wide range of conditions (e.g., temperature between 25°C and 50°C, and RH between 5 and 95%). Moreover, despite its small size (0.1 cm2), the MEG device can continuously deliver a comparatively high open-circuit voltage of 0.6 V for more than 120 h under ambient conditions. Therefore, it has great potential for use in practical applications (Huang et al., 2019).
Qi et al. (Qi et al., 2020) prepared a sponge-based moist-electric generator with a supramolecular assembly of poly (3,4-ethylenedioxythiophene), poly (styrene sulfonate), and graphene oxide by lyophilization. Under extreme thermal fluctuation, this PPGO device can efficiently harvest electric power from thermal evaporation. For example, in the presence of a 110 K temperature difference, the self-powered PPGO generator can supply an open-circuit voltage of up to 2.13 V in moist air (RH = 73 ± 10%), without any mechanical energy input. Overall, the work of Qi et al. provides a means for producing green electric power from moist-electrics and pyroelectrics, and it demonstrates that organic conductive polymer supramolecular assemblies can be used to construct carbon-based sheet composites.
5 FRONTIER APPLICATIONS
The most basic function of power generation equipment is to provide electric energy. At present, most MEG devices are used to light LED bulbs (Yang et al., 2019) (Figures 6A,B) and to monitor the relationship between respiratory rate and heart rate after exercise (Zhao et al., 2015) (Figures 6C,D). Han et al. (Han et al., 2020) fabricated a hygroelectric power generator with energy self-storage ability by hybridizing a moist-electric energy harvester with a supercapacitora. In this section, we focus on some unconventional applications of MEG devices.
[image: Figure 6]FIGURE 6 | (A) Schematic illustration of the process of MEG preparation. The rGO inter digital electrodes and circuits were reduced by direct laser writing, and the freestanding MEG device was fabricated by programmable laser. (B) Scheme and optical images of rolled GO film with multiple GHEG devices powering an LED bulb once a man exhales moisture through the small tube. Scale bar: 20 mm (images reprinted from ref. 83 with permission. Copyright 2019; Wiley Online Library). (C) MEG device that is responsive to RH changes induced by human breathing. To construct the MEG device, the g-GOF is sandwiched between two gold electrodes with vents. (D) Voltage and current outputs generated by a respiratory moisture-tide with ΔRH ≈21% (Figure reprinted from ref. 79 with permission. Copyright 2015; Wiley Online Library).
In natural organisms, ion migration across bio-membranes can induce a bioelectric potential that regulates biochemical processes in organisms. For example, the memory function in humans is achieved by converting the biochemical energy to bioelectric potential in brain neurons (Doyle et al., 1998; Barnett et al., 2001). In recent years, specially designed electronic systems have been successfully used to store information in nonbiological media. Inspired by this knowledge, we developed a novel micro-membrane for self-powered potential switching memory by stacking graphene oxide nanoribbon (GOR) networks (GOR-Ns) (Figures 7A,B). The fabricated prototype of the WORM-type memory exhibits stable and reversible hydration/dehydration cycles and has a remarkably high ON/OFF potential switching ratio. Based on these characteristics, the material can maintain a stable ON/OFF voltage ratio of 106, regardless of whether it is subjected to bending or rolled up into various radii of curvature over 500 cycles. To demonstrate the potential of the prepared micro-membrane in self-powered information reading, a 24-bit GOR-NM-based WORM-chip was constructed. When a person blows the WORM-chip with his/her mouth (Figure 7C,D), the word ‘BIT’ may appear at any time, even 30 days after the writing (Liu et al., 2013).
[image: Figure 7]FIGURE 7 | (A) Schematic illustration and (B) photograph of the GOR-NM-based memory cell array. (C) Schematic illustration of a WORM-chip prototype with 24 pixels (three lines and eight columns) that can be read by human breathing. Moisture-powered reading of binary codes and corresponding demodulated display for the word ‘BIT’ according to the ASCII. The data can be reliably stored beyond 30 days (Figure reprinted from ref. 21 with permission. Copyright 2016; Wiley Online Library). (D) Image of the device containing 136 GF power generator units attached on a mask. Expression of the electronic label: voltage outputs of all GF power generator units. The voltage outputs are tested after a deep breath (ΔRH = 35%) (image reprinted from ref. 78 with permission. Copyright 2017; Elsevier).
By drawing the graphene fiber power generator into flexible textiles, Liang et al. (Hu et al., 2013) were able to achieve information expression. In total, 136 information units were woven into a piece of 3 cm × 7 cm fabric (Figure 7D). Considering that each unit can have the value of “0” or “1” the fabric can convey 2136 kinds of different information. Moreover, due to its high mechanical flexibility, the fabric can serve as a novel wearable electronic label that can be attached onto a mask. The constant moisture tide provided by human breathing contributes to information expression. The output voltage of the device varies depending on the area where people take a deep breath, and as shown in Figure 7E, the three letters of ‘BIT’ are successfully displayed.
6 CONCLUSION AND PERSPECTIVES
In conclusion, this review summarizes the different techniques used to prepare graphene assemblies and discusses recent developments in the field of MEG. Overall, it is shown that the design of assemblies from graphene sheets rationally constitutes a promising strategy for the development of MEG devices. Continuous research efforts have succeeded in increasing the output voltage of these devices from 35 mV in 2015 to more than 2 V at present (Table 1).
TABLE 1 | Summary of materials used to construct MEG devices.
[image: Table 1]Although the field of MEG has progressed rapidly in the past few years, the large-scale application of MEG devices is limited by many challenges. First, the current output voltage and power density of these devices are too small to meet the needs of practical production, moreover, the time for stable continuous output is not long enough. Second, the generation of power by interaction between water molecules and graphene is a complex process whose mechanism is not completely clear. Third, the research results obtained in the laboratory cannot be easily reproduced in application due to the changeability of the natural environment. Therefore, the service life of the MEG device cannot be predicted. Finally, to meet the needs of practical application, the designed device must perform well under different conditions and scenarios. Despite these challenges, graphene has shown great potential for use in MEG. We believe that with the joint efforts of researchers from different professional disciplines, graphene-based MEG can be rapidly developed and applied in real life.
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