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Abstract 

 
Green energy conversion is the first choice in solving contemporary 

energy pollution and shortages. Harvesting energy from clean and 

inexhaustible widespread small-scale water in nature environment, is 

promising choice to alleviate the energy crisis. Graphene oxide (GO) is 

rich in oxygen-related functional groups such as hydroxyl and carboxyl 

groups and has good application prospects. Interested in potential 

applications in electronics, energy-related devices, and smart systems that 

are highly dependent on flexible regulation of oxygen content. Ultraviolet 

(UV) irradiation treatment, as a clean and effective method can remove 

oxygen-containing groups (OCGs) of GO. OCGs in GO is beneficial to 

hydrophilic, so GO-based films with regionally hydrophilic difference can 

be obtained by UV treatment. 

Firstly, GO film (GOF) was reduced by UV irradiation for different 

times, and based on the reduction degree and surface hydrophilicity, 3 h 

was considered as a good option. The RGO/GO film (RGF) has 

considerable hydrophilicity and conductivity differences in its two surfaces, 

which endow it the application potential in moisture-induced power 

generation. RGF could generated electricity in humid environment. The 

RGF-based generator showed good output performance in high humidity 
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which can generated electricity of 424 mV, 9.2 uA, and the generator with 

expandation could power a timer. Therefore, the UV reduced GO-based 

film with the hydrophilic difference is very promising in moisture induced 

electricity, and further use can be done to employ UV treated GO-based 

films for more applications. 

However, the RGF-based generator has a short power supply time. 

Hence, developing a sustainably powered electricity generator based on 

UV-treated GO-based film should be conducted. Afterwards, a sustainably 

moisture-induced electricity generator which can supply considerable 

electrical power even when transferred to a dry condition was developed. 

GO film was simply region-treated by bilateral ultraviolet irradiation to 

obtain two special structural films—RGO/GO/RGO sandwich-like 

structural film (RGRSF) and RGRSF–GO composite films. The special 

sandwich-like structure endows films with the capability to easily transport 

water molecules and difficultly release moisture that improve the 

adaptability of generator to environmental change. A single moisture 

induce electricity generation (MIEG) could supply an open circuit voltage 

of 215.7 mV for more than 3 h. 9MIEGs successfully powered a LED in 1 

h under moisture, and its total discharging process took about 5.5 h in a 

normal room condition, in which the LED kept lit for 1 h. Additionally, 

with outstanding flexibility, high stability, and reproducibility, the 

generator shows the potential in application of wearable electronics, and it 
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can generate sustainable electricity in the face of suddenly changes in 

humidity. 

Moisture from the breath is one of ubiquitous water energy sources. The 

inability to continuously provide water molecules limits its application in 

moisture-induced electricity generation. Developing a sustainable breath 

moisture-induced power generator is a challenge. MIEG presented above 

can only generate about 50 mV under 45%, and the charging time is too 

long which nearly took 50 mins. So, the sensitivity to low moisture of the 

generator should be improved to conduct high performance and fast 

response. Therefore, based on the sandwich structure that can help to slow 

down the discharging behavior, we first develop an electricity-sustainable 

breath-moisture-induced electricity generator (BMIEG) during 

intermittent exhalations. The generator is fabricated by the end-to-end 

connection of two equal asymmetric regional sandwich structural graphene 

oxide/carbon nanotube based composite films, making it continuously 

expandable without limit. The appropriate addition of CNT facilitates the 

establishment of a continuous CNT network channel and induces voltage 

when water flows through the surface of the CNTs to enhance the output 

performance. The BMIEG presents a slow discharging behavior when 

exhalation is stopped, and it continually lights up a light-emitting diode in 

the intermittent exhalation process with a simple size expansion of a series 

of array arrangements. Additionally, the BMIEG is freely assembled using 
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a capacitor to achieve variable voltage and/or stabilized voltage electricity 

supply. The flexibility and reusability of the generator show its 

considerable application prospects in wearable electronic products.  

In conclusion, UV treatment can be used to obtain various the GO-based 

films with reginal difference in hydrophilicity which is promising in the 

field of moisture-induce electricity generation. Based on the regionally 

hydrophilic difference of GO-based films, environmental and breath 

moisture-induced power generators which could continuable power were 

developed. Besides, UV treated GO-based films show many advantages 

such as well controllable, flexible, and wearable. In the further research, 

sunlight can be considered to replace UV irradiation as a source to obtain 

similar good effect and other different regional treatments can be 

discussion for more applications. 
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Chapter 1：Introduction 

 

In 2004, a new type of nano-carbonaceous material, graphene, was 

reported by researchers. Like fullerenes and carbon nanotubes, due to its 

excellent electrical properties and high specific surface area, graphene 

shows application potential in the field of gas and humidity sensors. At the 

same time, due to its two-dimensional structural properties, graphene is 

suitable for the existing processing technology of planar electronic devices. 

Therefore, a lot of research work on graphene chemical gas sensors has 

appeared in recent years. Meanwhile, a series of derivatives of graphene, 

such as graphene oxide (GO) and reduced graphene oxide (rGO), have also 

been widely reported for chemical gas sensors. Below we briefly introduce 

the preparation methods of graphene materials and GO. 

 

1.1 The structure and properties of graphene 

Graphene is a two-dimensional crystal composed of carbon six-

membered rings in a periodic honeycomb lattice structure[1]. It can be seen 

as the basic unit that constitutes the allotropes of other carbons, as shown 

in Figure 1-1. Graphene can be deformed into zero-dimensional fullerenes, 

rolled to form one-dimensional carbon nanotubes, and stacked to form 

three-dimensional graphite. The ideal graphene structure is a planar 
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hexagonal lattice with a C—C bond length of about 0.142 nm [1], which 

can be regarded as a layer of exfoliated graphite atoms, with a theoretical 

thickness of 0.335 nm[1]. Each carbon atom in the atomic layer of graphite 

is in sp2 hybrid state and contributes an electron on the remaining p orbital 

to form a π bond. The π electron can move freely and unhindered in the 

plane structure, so graphene has excellent electrical conductivity. Its 

electron mobility reaches 15000 cm2/vs, which is significantly better than 

that of the traditional transistor material (1400 cm2/vs) and is less affected 

by temperature and doping effect[2]s. In addition to the excellent electrical 

properties of graphene, its non-electrical properties have also attracted the 

attention of scientists. The mechanical modulus and ultimate strength of 

graphene reach 1100 GPa and 130 GPa, respectively[3], which are 

comparable to the mechanical properties of one-dimensional carbon 

nanotubes. Graphene also has a low density (~2 g/cm3)[4], an excellent 

thermal conductivity of 3000 W/(M·K)[4] and a large specific surface area 

(2630 m2/g)[5].  

 



 

7 
 

 

Figure 1-1  The structure of graphene, graphite, carbon nanotube (CNT) and Fullerenes 

(C60)[6] 

 

Due to the excellent mechanical and optical properties of graphene at the 

same time, combined with its special single-layer planar two-dimensional 

structure and its high specific surface area, graphene-based flexible 

electrical and sensor devices can be fabricated. Based on the above 

advantages, it is generally predicted that graphene materials have great 

application prospects in the fields of nanoelectronics, gas sensors, solar 

cells, capacitors, etc., and are expected to set off a new technological 

revolution in the century. 
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1.2 The preparation methods of graphene film 

Whether graphene can be prepared on a large scale directly determines 

its application prospects, so the preparation method of graphene is 

currently a research hotspot in the industry. At present, the graphene 

preparation methods reported in the literature mainly include the following. 

1.2.1 Micromechanical peeling method 

In 2004, Heim's research group pretreated pyrolytic graphite with a high 

degree of orientation, and then used tape to repeatedly paste the graphite 

on the silica substrate, and finally obtained a stable single-layer graphene. 

Since the yield of this method is very low and difficult to control, it is not 

suitable for the application of large-scale and high-yield preparation of 

graphene and is currently mostly used in laboratory research fields. Figure 

1-2 is the characterization diagram of the mechanically exfoliated graphene 

carried out by Heim's research group. 

 

 
Figure 1-2 The optical micrograph of graphene prepared by mechanical exfoliation method (a) 

The substrate is silicon dioxide; (b) AFM image [7]  

a          b                   
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1.2.2 Chemical vapor deposition 

In 2009, Ruoff's group reported a method for preparing graphite sintered 

sheets by chemical vapor deposition[8]. Using methane and oxygen as the 

basic raw materials, graphene sheets were obtained by chemical deposition 

on copper foil at high temperature (1000 ℃), as shown in Figure 1-3. The 

test results show that the electron mobility of graphene prepared by CVD 

method reaches 4050 cm2/vs[8]. The graphene prepared by this method 

has good quality and can be prepared on a large scale, but the preparation 

of graphene by CVD has higher requirements on the required equipment 

and processes. 

 
Figure 1-3 SEM image of graphene prepared on copper foil by CVD method[8]  

1.2.3 Redox method 

In 2007, Stankovich reported a method for chemically preparing 

graphene[9]. Graphite oxide is obtained by oxidizing intrinsic graphite, 

then exfoliating graphite oxide in solution to obtain a single layer GO 

structure, and finally reducing GO by adding a reducing agent to obtain the 

final graphene. In this method, since the reduction process usually cannot 
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make complete deoxidation, the obtained graphene usually still contains a 

small amount of oxygen functional groups, so the graphene obtained by 

this method is also called rGO. Figure 1-4 shows the SEM characterization 

of rGO prepared by Stankovich using the solution redox method. Different 

from the graphene prepared by the micromechanical exfoliation method 

and the chemical vapor deposition method, the morphology of the graphene 

prepared by the solution redox method is different. Flat, there will be a skirt 

wrinkle at the layer boundary. It is worth noting that the steps used in this 

method are all carried out in solution. Compared with methods such as 

micromechanical exfoliation and chemical vapor deposition, this method 

is simple and controllable, and has large scale and high yield (monolayer 

rate and high yield). The characteristics of low-cost preparation of 

graphene; at the same time, the entire system of this method is in the liquid 

phase, which can be very convenient to achieve thin film deposition. In 

summary, the solution redox method is currently the most mainstream 

method for preparing graphene. It is worth noting that, In the process of 

preparing graphene by solution redox method, GO, as an intermediate 

material for preparing graphene, can be regarded as functionalized 

graphene. In recent years, the electrical, mechanical, and thermal properties 

of GO have also attracted great interest of scientists, the research and 

application of various characteristics of GO have been emerging. 
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Figure 1-4 (a) SEM image of rGO; (b) local enlarged part [9] 

1.3 The electrical and mechanical properties of GO 

1.3.1 Electrochemical properties of GO 

Due to the introduction of oxygen-containing functional groups, it has 

some new properties different from graphene. First, the introduction of 

oxygen-containing functional groups greatly changes the electrical 

properties of graphene compared with graphene, and part of the sp2 hybrid 

carbon atoms in the carbon six-membered ring is converted into sp3 hybrid 

carbon atoms, which directly abstracts the carbon six-membered ring. π 

electrons, which break the π bond originally formed in the C8 ring, thus 

greatly weakening its ability to conduct electrons. In a dry atmosphere, the 

electrical conductivity of GO is extremely weak, showing a high resistance 

state (the sheet resistance value reaches 1012Ω·sq-1) [10]. Venugopal 

experimentally studied the electrical transport properties of the films 

prepared by Hummer’s method and found that the resistance of GO films 

is related to the ambient temperature, as shown in Figure 1-5, it can be 

a                    b                   
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found that when the temperature is decreased from order of magnitude. 

Through the test and study of the field effect transistor (GO-FET) 

constructed by the film, the relationship between the channel current and 

the voltage between the gate and the source of the GO-FET is shown in the 

figure. It can be found that the film exhibits the characteristics of P-type 

semiconductor, its majority carriers are holes. Venugopal further pointed 

out that the exhibited p-type semiconductor characteristics originate from 

the introduction of many oxygen-containing functional groups. 

 

  

Figure 1-5 (a) I-V characteristics of GO films at different temperatures; (b) relationship between 

channel current and gate voltage of GO-FET [11] 

 

The electrical conductivity of GO at room temperature is extremely weak, 

which greatly limits the application of GO materials in the field of 

electronic devices. In recent years, many research reports have shown that 

the electrical conductivity of GO can be restored by reductive 

deoxygenation, that is, GO to rGO. In addition, GO films have good 

(a)                   (b)                   
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mechanical properties [12, 13]]. The mechanical modulus of GO films 

prepared by solution method is 6–42 GPa [13], and the extreme strength is 

100–132 GPa[13], which is lower than that of mechanical exfoliation. The 

mechanical modulus of the obtained graphene is still higher than that of 

many traditional polymer materials (eg, rubber has a mechanical modulus 

of 7.8 GPa, polyethylene has a mechanical modulus of 0.2–0.8 GPa, and 

plexiglass PMMA has a mechanical modulus of 7.8 GPa. about 3 GPa), so 

it is very suitable for the preparation of flexible devices. 

1.3.2 Dispersibility of GO 

Unlike graphene, which is difficult to disperse in solvents, GO has good 

dispersibility. The most used medium for dispersing GO is water. Through 

mechanical stirring or ultrasound, GO can be easily dispersed in water to 

form a stable GO aqueous dispersion. The concentration of the obtained 

GO aqueous dispersion is usually 1-4 mg/ml[14-16]. At the same time, it 

can be seen from the GO structure model shown in the figure that GO is 

amphiphilic, specifically: the skeleton structure composed of a six-

membered carbon ring is hydrophobic, while the oxygen-containing 

functional group connected to the six-membered carbon ring is 

hydrophobic. It is hydrophilic, so it has the characteristics of surfactants, 

and can be dispersed in water and most organic solvents, such as DMF, 

NMP, THF, EG, etc. [13] to form a stable GO dispersion, as shown in 

Figure 1-6. Pictures of GO solutions after ultrasonic dispersion in various 
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solvents and after standing for 3 weeks. At the same time, the stable GO 

dispersion can prepare uniform and continuous GO thin films by drop 

coating, spin coating, self-assembly and other film-forming methods, 

which provides convenient conditions for the application in the field of 

micro-nano electronic devices[12]. 

 
Figure 1-6 Dispersion photos of GO in water solvent and 13 medium organic solvents (a) after 

ultrasonication; (b) after 3 weeks of rest[17] 

 

1.3.3 Hydrophilicity of GO 

The introduction of oxygen-containing functional groups also makes GO 

have strong hydrophilic properties[13, 18]. GO can easily adsorb water 

molecules from the environment, and the water content inside GO 

completely depends on the external humidity level. Medhekar [13] 

discussed the interaction mechanism between water molecules and GO 

films in detail. For films formed by random stacking of GO, water 

molecules adsorbed into the interlayer voids of GO and formed an oxygen 
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bond network with the oxygen-containing functional groups of the GO 

layer. Figures 1-7a and 1-7b show the atomic structure models of G with 

water contents of 0.9% and 25.8%, respectively. Under the condition of 

relatively low external humidity, the GO film adsorbs less water molecules 

and its water content are low, and hydrogen bonds are mainly formed 

between the hydroxyl groups and hydroxyl groups, and between hydroxyl 

groups and epoxy groups between the GO layers. (Figure 1-8a); under the 

condition of relatively high external humidity, due to the large amount of 

water molecules adsorbed by GO, the water content of the GO film is 

correspondingly high, and many adsorbed water molecules enter the 

interlayer of the GO layer, and the surface of the GO layer interacts with 

the surface of the GO layer. Hydroxyl groups and epoxy groups form a 

hydrogen bond network through hydrogen bonding, as shown in Figure 1-

8b. At this moment, due to the entry of water molecules into the interlayers 

of GO, the interlayer spacing of GO increases, causing the volume of the 

film to expand. At the same time, it is predicted by simulation that when 

the water content increases from the initial 0wt% to 26wt%, the spacing 

between the individual GO layers increases from 5.1 Å to 9.0 Å, and the 

volume expansion reaches 76%[13]. 
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Figure 1-7 (a) Atomic structure of GO with water content of 0.9%; (b) Atomic structure of GO 

with water content of 25.8% [13]  

 

 

Figure 1-8 Schematic diagram of hydrogen bond formation of GO under different humidity 

conditions: (a) low humidity condition; (b) high humidity condition [13]  

 

In 2013, Lee et al.[19] studied the water molecule adsorption mechanism 

of GO. Through first-principles calculations, they discussed the effect of a 

single GO hydrophilic functional group (such as hydroxyl) on one, two and 

three water molecules. adsorption, as shown in Figure 1-9. It can be found 

that the first adsorbed water molecule is combined with the hydrophilic 

functional group of GO through hydrogen bond adsorption, the second 

adsorbed water molecule is combined with the first adsorbed water 

 (a)                 
b                   

(b)                   

(b)                    (a)                 
b                   
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molecule through hydrogen bond adsorption, and the third adsorbed water 

molecule Then it combines with the second adsorbed water molecule 

through oxygen bond adsorption, thereby forming a stacked layer of multi-

layer water molecules, and the entire adsorption process is physical 

adsorption. Lee further studied the change trend of the work function of 

GO under different ambient humidity conditions, and the results are shown 

in Figure 1-10. With the increase of humidity, the work function of GO 

decreases slightly, and its range is 4.3~4.4 eV[19] 

 

 
Figure 1-9 Water molecule adsorption model of a single hydrophilic functional group (such as 

hydroxyl) of GO: (a) one adsorbed water molecule; (b) two adsorbed water molecules; (c) three 

adsorbed water molecules [19] 
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Figure 1-10 Variation curve of work function of GO under different humidity conditions [19] 

 

In 2009, Park et al. [20] reported the bulk deformation behavior of the 

GO-CNT bilayer structure under humidity changes. The GO-CNT bilayer 

structure was obtained by suction filtration of the GO dispersion and the 

CNT dispersion in sequence, and the preparation process is shown in 

Figure 1-11. In this bilayer structure, the material is strongly hydrophilic, 

and the material is hydrophobic. The layer will undergo swelling and 

shrinking deformation during the rise and fall of humidity, while the GO 

layer hardly deforms during the humidity change. The volume deformation 

behavior of the bilayer structure under different ambient humidity 

conditions was investigated experimentally by Park, and the results are 

shown in Figure 1-12. Under low humidity conditions (RH = 12%), GO 

undergoes a curling behavior due to the desorption of water molecules, and 

this deformation causes the entire bilayer structure to curl. However, under 

high humidity conditions (RH>60%), swelling occurs due to the adsorption 

of water molecules, so that the entire bilayer structure bends in the opposite 
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direction to that under low humidity conditions. This experimental 

phenomenon shows that the adsorption and desorption of water molecules 

by GO can produce reversible mechanical deformation, which is expected 

to realize the MEMS humidity sensor based on GO material. 

 

 

Figure 1-11 Graphene oxide carbon nanotube double-layer film prepared by suction filtration 

 

 

 

 

Figure 1-12 Deformation behavior of GO-CNT bilayer films under different humidity 

conditions[20]  
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1.4 The preparation methods of GO film  

This chapter outlines the main preparation methods of GO membranes, 

and categorizes, analyzes, and summarizes the preparation methods of GO. 

The main preparation methods of GO membranes prepared from GO 

solutions include vacuum filtration, spin coating, Dip coating method, 

electrostatic self-assembly method, etc[21]. 

The preparation methods of graphite oxide mainly include physical 

methods and chemical methods. The physical method usually takes cheap 

flake graphite or expanded graphite as raw material, and directly prepares 

single-layer or multi-layer graphene by substrate-free gas phase synthesis 

method, thermal expansion exfoliation method, mechanical exfoliation 

method, liquid phase, or gas phase direct exfoliation method, etc.[22] After 

a series of oxidation, GO is obtained. The advantage of the physical method 

is that the raw materials are easy to obtain, the operation is relatively simple, 

and the synthetic graphene has high purity and fewer defects, but the 

shortcomings such as time-consuming and low yield make it unsuitable for 

large-scale production[23].  

Chemical methods are generally prepared from natural flake graphite or 

natural graphite powder by oxidation and exfoliation. More oxidation 

methods are used, such as Brodie method, Staudenmaier method, 

Hummer’s method, Brodie method and Staudenmaier method. The degree 

of oxidation is easy to control, but the reaction process Harmful gas will be 
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generated in the reaction time, and the reaction time is very long. The 

Staudenmaier method uses a mixed acid of concentrated sulfuric acid and 

fuming nitric acid to treat graphite, which seriously damages the layered 

structure of graphite. The Hummers method has a short reaction time, no 

toxic gas generation, and high safety, so it has become a commonly used 

method for preparing GO. At present, the most used method for preparing 

graphite oxide is the modified Hummers method. The specific process is 

as follows: assemble a beaker in an ice-water bath, add 23 parts of 

concentrated sulfuric acid, and add a solid mixture of 1 part of natural flake 

graphite and 0.5 part of sodium nitrate under stirring , and then slowly add 

3 parts of potassium permanganate, add potassium permanganate, pay 

attention to control the reaction temperature not to exceed 20 °C, stir the 

reaction for a period of time, then heat up to about 35 °C, continue stirring 

for 1 h, many small bubbles will appear during this process[24]. Then 

slowly add a certain amount of deionized water, continue stirring for 40 

min, and add an appropriate amount of hydrogen peroxide to reduce the 

residual oxidant, and the solution turns bright yellow. Filter while hot and 

wash with 3% HCl solution and deionized water until no sulfate is detected 

in the filtrate. Finally, the filter cake was fully dried in a vacuum drying 

oven at 60 °C. 

According to many literature reports, to sum up, the preparation methods 

of GO films mainly include vacuum filtration method, spin coating method, 
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dip coating method, drop coating method, solvent casting method, 

electrostatic self-assembly method, and layer-by-layer self-assembly 

method[24]. Wait. Among them, the vacuum filtration method and the 

solvent casting method are the most used methods. They both use the 

pressure difference to obtain a uniform and relatively thick film, so they 

are discussed together; dip coating, spin coating, drop coating The methods 

are classified into one category for discussion, because they are all coated 

with several layers of GO nanosheets on the surface of the substrate to 

obtain relatively thin films; the electrostatic self-assembly method uses the 

hydrophilic edge and hydrophobic middle of the GO sheet. The interaction 

between the surfaces and the strong hydrogen bonds gathers the individual 

membranes in the GO film [25]; the layer-by-layer self-assembly method 

is to use the negative charge of GO to make it connect with the positively 

charged polymer or The GO film with controllable number of layers is 

prepared by the mutual attraction between the substrates, because the 

method is similar, and the electrostatic self-assembly method is discussed 

together. 

1.4.1 Vacuum filtration method 

The vacuum filtration method is to remove the solvent in the GO colloid 

through a pressure difference and obtain a GO film on the substrate. It is 

also possible to separate the film and the substrate by some methods to 

obtain an unsupported GO film. Commonly used substrates include Anodic 
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membranes, various organic polymer membranes and other membranes 

with larger pore sizes. These materials have little effect on the flux of the 

membrane while enhancing the strength of the GO membrane [26]. The 

pressure differential can be obtained by maintaining a vacuum environment 

on the permeate side, or by providing pressure on the dope side. The 

substrate can be either flat sheet membranes or hollow fiber membranes. 

To increase the flux of the membrane, suitable nanoparticles or organic 

substances can be added to the GO solution to obtain a mixed solution, and 

then the desired membrane can be obtained by filtration. The thickness of 

the membrane is controlled by adjusting the concentration of the colloidal 

suspension or the filtration volume. Compared with the spin coating 

method and the dip coating method, the membrane obtained by the vacuum 

filtration method is thicker, usually in the order of microns. In theory, only 

a certain pressure is needed to obtain uniform membranes of different 

thicknesses according to the set gel volume. The operation is very simple, 

but in the actual operation process, under a certain pressure, the GO layer 

spacing is small, and suction filtration becomes the time required for the 

membrane is longer. The principle of the solvent casting method [24] is the 

same as that of the vacuum filtration method, and the water in the GO 

solution is removed by pressure difference filtration, and the desired 

membrane is obtained after drying. 
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1.4.2 Dip coating method 

The dip coating method is to immerse the substrate in the GO solution 

for a certain period of time, keep the substrate level as much as possible, 

take it out and attach it to a flat plate and dry it naturally or put it on a spin 

coater to spin dry to maintain the uniformity of the film, thereby making 

the graphite oxide The graphene sheets are integrated to obtain a thin GO 

film composed of several layers of GO nanosheets. Repeat the above steps 

to obtain a multi-layered GO film. The spin coating method is to attach the 

substrate to the flat plate on the spin coater. While the spin coater rotates at 

a certain number of revolutions, a certain concentration of GO solution is 

dropped at a certain rate above the center of the spin coater. The more 

graphene, the thicker the obtained GO film[27]. The major differences 

between the two methods are centrifugal force and immersion capillary 

force. The dip coating method is more complicated, and the centrifugal 

force and the immersion capillary force during the film formation will 

affect the GO sheet, resulting in less neatly arranged coating compared to 

the spin coating method. For spin coating, the movement of GO sheets 

caused by the immersion capillary force and the repulsion of the same 

charge between the edges is limited due to the rapid evaporation of the 

solution and the large centrifugal force, resulting in a uniform and highly 

interlocking stack structure. The membranes prepared by these two 

methods are relatively thin and uniform, and the number of coating layers 
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can be controlled by controlling the number of dip-coating times or the 

amount of dripped GO solution. The process control is more troublesome 

than the filtration method. The drop-coating method can prepare 

unsupported GO films. The main preparation process is as follows: drop a 

certain amount of GO colloidal suspension on a smooth substrate, dry at 

room temperature, and then remove from the substrate. An unsupported 

GO film was peeled off. The film prepared by this method has the 

advantages of large area, uniformity, and excellent mechanical strength, 

but it cannot obtain a thinner film and is not suitable for large-scale 

production [21]. 

1.4.3 Electrostatic self-assembly method 

The electrostatic self-assembly method is to use the effect of the charge 

between GO to obtain a GO film with a controllable number of layers. The 

most used method is the layer-by-layer self-assembly method. The layer-

by-layer self-assembly method makes the molecules and GO sheets 

alternately deposited on the substrate to form nanometer-thick films 

through electrostatic attraction or hydrogen bonding [28]. The specific 

operation method is to immerse the positively charged substrate in GO 

solution. For a certain period, drying, repeating several times; or alternately 

coating positively charged polymer and negatively charged GO solution on 

the substrate, and repeating several times after drying. The layer-by-layer 

self-assembly method is divided into two different bonding methods. The 
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first method is to use a suitable cross-linking agent to establish a covalent 

bond between the cross-linking agent and the GO layer through chemical 

reaction[29]. Another method is to use electrostatic adsorption to bond 

stacked GO sheets. The feasibility stems from the hydrolysis of carboxyl 

groups on GO sheets to make them negatively charged [30, 31], so that 

they can be adsorbed on positively charged substrates or by Positively 

charged polyelectrolytes such as polyacrylamide hydrochloride are 

attracted to obtain stable GO films. Compared with covalent bonding, the 

advantages of electrostatic adsorption bonding are the simple reaction of 

GO films, flexible control of chemical reactions, less use of organic 

solvents, and reduction of by-products during the manufacturing process. 

For GO film to be practically applied to water and solute separation, the 

integrity of the membrane must be ensured. GO membrane is easy to 

disperse in aqueous solution because of its good hydrophilicity and is 

especially not suitable for membrane operation. Commonly used crossflow 

filtration [32]. Both covalent cross-linking and electrostatic adsorption can 

lead to tight bonding between adjacent GO layers and between the 

outermost layer and the supporting matrix, thereby solving the integrity 

problem. 

1.5 The application of GO-based films in moisture-induction  

Harvesting mild and controllable energy from nature and converting it 
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into electrical energy for easy storage and utilization is an important 

research topic in the field of energy materials. When the ambient humidity 

changes, the energy contained in the diffusion process of gaseous water 

molecules from a high-concentration environment to a low-concentration 

environment is one of them. A GO assembly structure with functional 

group distribution gradient can be built, which can convert the energy in 

the process of environmental humidity changes into electrical energy. 

Novel graphene wet gas power generation materials and devices with 

practical application value. Using the excellent hydrophilic properties of 

GO materials, the ambient atmosphere can be the water molecules in the 

GO are effectively adsorbed on the surface of the GO assembly, forming a 

good ion transport channel. The ionizable functional groups in GO the 

ionization effect of the cluster can promote the release of ionic carriers in 

the GO material under the action of moisture. Gradient distribution of 

functional groups can drive specific directional migration of electrical 

carriers realizes the process of generating electricity by the interaction of 

GO and water molecules. by assembling GO in vivo, The optimization of 

chemical composition, fine structure and surface state can prepare high-

performance flexible power generators based on GO wet gas power 

generation assemblies.  
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Figure 1-13 Schematic illustration of moisture enabled power generation[33] 

 

1.5.1 GO-based films for power generators 

Classical electrokinetic theory states that the flow of liquid over a thin-

film electrode can generate an electrical potential [34, 35]. It was found 

that a voltage of 0.15 mV can be generated by the movement of water 

droplets of 0.6 m NaCl solution along the graphene ribbons at a constant 

velocity of 2.25 cm s (Figure 1-14a) [36]. The droplet stops when the 

induced voltage drops to zero, while it shows the same opposite sign as 

when the droplet moves backwards at the same speed. As shown in Figure 

1-5b, Na+ ions would adsorb on the graphene electrode and attract electrons 

from graphene at the droplet/graphene interface. As the droplet moves, the 

pseudo capacitance formed on the front side attracts electrons, while the 

Na+ ions at the rear of the droplet desorb and release the pseudo capacitance. 

The dynamic charge-discharge process achieves that the frontal potential 

is higher than that of the rear. Based on this concept, a power device that 
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supports handwriting is reasonably designed (Figure 1-14c, 1-14d), which 

can be used for stroke recognition.  

 
Figure 1-14 (a) The scheme of a droplet containing 0.6 M NaCl sandwiched between 

SiO2/Si wafer and monolayer graphene. The droplet could be drawn by the moving of the wafer. 

The inset shows the contact angle of the droplet with advancing and receding contact angles of 

91.98° and 60.28°. (b) The DFT calculation of the charge distribution of a static (left) and 

moving (right) droplet loaded on the graphene. (c, d) A photograph of the handwriting-

recognition system and the testing results.[36]   

 

Guo's group further reported that a wave potential could be induced 

in/out of NaCl aqueous solution by inserting/pulling out monolayer 

graphene sheets (Figure 1-15a)[37]. The voltages at the insertion and 

output can reach 3.3 and -3.3 mV respectively at a certain speed during the 

pulling process (Figure 1-15b). At a velocity of 65 cm·s−1, the voltage can 

be increased to more than 20 mV. Electric double layer (EDL) theory sheds 

light on the underlying mechanism. Since the adsorption energy is positive 

for Na+, positive for Cl-, and negative for graphene, the EDL formed at the 
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interface of graphene and solution (Figure 1-15c) is accompanied by hole 

doping of graphene. During the fast insertion and extraction cycles (Figure 

1-15d), the non-equilibrium at the liquid-gas interface leads to electrons at 

the EDL boundary and the graphene part, respectively. 

 

 

Figure 1-15 (a) (b) The typical voltage output signal of the waving potential. (c) The charge 

distribution of graphene when Na+ ions were attached to the graphene.(d) Scheme of the charge 

distribution rearranged when the device was inserted and pulled out of the solution. [37]  

 

Tang et al. exploited the phenomenon of electricity generation caused by 

π-electronation double-layer pseudo capacitance. Combining graphene 

electrodes with solar cells forms an all-weather sun and rain energy 

harvester (Figure 1-16a)[38]. All-weather solar cells can generate 

electricity on rainy days because the rain is full of positively and negatively 

charged ions. The cations (such as Na+, NH4
+, Ca2+) in raindrops can be 

adsorbed on the graphene surface to drive electron migration, thereby 

forming π-electronation double-layer pseudo capacitors for potential and 

current output. As a result, the device produced a current of 0.49 μA and a 

voltage of 109.26 μV (Figure 1-16b,1-16c). 

(a) (b) (c) (d) 
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Figure 1-16 (a) Scheme showing the working principle of the all-weather solar cell. (b) Output 

current and (c) voltage signals produced by dropping 0.6 M NaCl solution droplets onto the 

device's film at different injection speeds. Reproduced with permission.[38] 

 

In addition to this, the pristine GOF without any pretreatment or 

additives can directly generate voltage outputs as high as 0.4-0.7 V (Figure 

1-17a). [39] Figure 1-8b shows the mechanism of the original GOF 

generator. When the pristine GOF is exposed to moisture, the local oxygen 

functional groups on the GO are ionized (Figure 1-17b–i), thereby 

releasing a large amount of free H+ as a charge carrier. Then, as the water 

molecules gradually penetrated deep into the pristine GOF, due to the 

difference in proton concentration, the free H+ ions move with the water 

molecules according to the Grotius’s mechanism, resulting in charge 
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separation and ion-directed movement (Figure 1-17b-ii). Therefore, when 

the water molecules ionize enough H+ ions in the original GOF, the induced 

potential and current are stable. In contrast, the expulsion of moisture 

reduces the number of mobile ions and accelerates the recombination of H+ 

and negative functional groups in GO (Figure 1-17b-iii), resulting in 

reverse voltage. After the complete release of water, the original GOF will 

return to its original state. 

 

Figure 1-17 (a) Scheme showing the working principle of the all-weather solar cell. (b) Output 

current and (c) voltage signals produced by dropping 0.6 M NaCl solution droplets onto the 

device's film at different injection speeds. Reproduced with permission.[38] 

 
Generators based on layered graphene hydrogel membranes (GHM) 

have also been fabricated[40]. As shown in Figure 1-18a, when an aqueous 
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NaCl solution (0.1 m) flows through a GHM at an air pressure of 5 kPa, 

the oxygen-containing groups on the surface of the GHM allow cations 

(Na+) pass and block the anion (Cl-). Therefore, ionic currents as high as 

2.23 ± 0.26 nA can be monitored (Figure 1-18b). By converting hydraulic 

motion into flowing ionic current, GHM-based generators can directly 

output electricity (Figure 1-18c). 

 

 
Figure 1-18 (a) The experimental setup for hydraulic-electric conversion with GHM. (b) Ionic 

current was caused when a 0.1 M NaCl solution flowed across the GHM. (c) Proposed 

mechanism for the streaming current generation. Reproduced with permission.[40]  

1.5.2 GO-based films for respiratory sensors 

In the past two decades, carbon nanomaterials have been widely used in 

the field of gas and humidity sensors, such as fullerenes and carbon 
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nanotubes. Sensors prepared from carbon nanomaterials as a gas-humidity 

active layer usually have the following advantages: (1) large specific 

surface area: Usually, carbonaceous nanomaterials have a larger specific 

surface area than homogeneous carbon materials, which increases gas 

molecules and activity. The contact area of the layer improves the ability 

to adsorb gas molecules, so the sensor constructed from it has higher 

sensitivity; (2) room temperature working ability: traditional 

semiconductor metal oxide gas humidity sensors usually require a certain 

working temperature, while nano carbon The gas sensor made of the 

material can work normally at room temperature, reducing the power 

consumption of the device; (3) miniaturization: the size of the nano-carbon 

material itself is small, and the sensor prepared from it can easily achieve 

miniaturization characteristics; (4) stability : Since the chemical properties 

of carbon nanomaterials are relatively stable at room temperature, the 

prepared sensor also has good stability. Wearable electronics with the 

ability to bend and twist with uniform stretchability [41] can be integrated 

with clothing[42], sensors[43], and high-tech products [44], It has 

important value in health monitoring [45]. Among these devices, 

respiration tracking devices have been widely used in the clinical diagnosis 

of cardiovascular and pulmonary diseases[46], since respiration is 

undoubtedly one of the most important vital signs. 

Power generation can be enhanced by assembling graphene sheets into 
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macroscopic 2D films. Qu’ group demonstrate for the first time that GO is 

an important material for power generation[47]. For example, based on a 

single GO thin film (GOF) with a gradient of oxygen groups (g-GOF), 

electricity was directly generated by harvesting energy from moisture 

diffusion (Figure 1-19a). The g-GOF was prepared by wet electric 

annealing method, and the oxygen content gradually increased from top to 

bottom (Figure 1-19b, 1-19c). Driven by the concentration gradient, 

protons spontaneously diffuse from the higher concentration region to the 

lower part, resulting in the potential energy of free electrons moving in the 

external circuit until the diffusion reaches dynamic equilibrium. 

Conversely, the desorption of water can promote the recombination of H+ 

ions and negatively charged groups, leading to a negative potential for the 

reverse movement of electrons until the GO releases the remaining water 

molecules. As a result, the g-GOF produced a maximum moisture-

triggered power density of 4.2 mW·m-2 at an output voltage of 30 mV, 

surpassing some piezoelectric and fluidic generators. Based on the basic 

principle of gradient ion distribution, a g-GOF hydroelectric device (Figure 

1-19d) was used to detect body conditions. In this case, the respiratory rate 

can be easily monitored by counting the number of output signals. 
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Figure 1-19 (a) Scheme showing the working principle of the all-weather solar cell. (b) Output 

current and (c) voltage signals produced by dropping 0.6 M NaCl solution droplets onto the 

device's film at different injection speeds. Reproduced with permission[38]. 

1.6 The purpose and significance of this work 

The works above provide more application potentials in energy 

harvesting from moisture. However, some aspects remain unresolved. 

Drawbacks, such as complex manufacturing methods, expensive chemical 

addition demands, insufficient flexibility, and especially the rapid 

discharging speed, prevent the wide use of carbon materials in the green 

energy conversion field. And they both share a disadvantage that cannot be 

ignored: their generators conducted a good charging performance under 

high humidity but exhibited a rapid discharging behavior in low humidity. 

Hence, I aim to develop a new graphene oxide-based material which can 
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supply considerable electrical power even when transferred to a dry 

condition for moisture-induced electricity generator. This material also has 

the advantages of low cost, excellent flexibility, and ease of manufacturing. 

The generator based on this material can not only obtain energy from 

various types of moisture, such as moisture in the air, moisture in the breath, 

water droplets and sweat, etc., but also can be freely assembled to meet the 

instantaneous power supply, stable power supply, various requirements 

such as regulated power supply or transformer power supply. 

 1.7 The outline of this dissertation 

The dissertation is organized to summery moisture-induced electricity 

generation of graphene oxide-based film by 5 chapters. And the main 

research is divided into three parts on the development of graphene oxide-

based films and the developments of moisture-induced power generators 

for different kinds of moisture.  

In Chapter 1, the basic properties of GO, graphene, and some common 

reduction methods of GO are summarized for material preparation. And the 

recently researched on the application of GO-based film in humidity power 

generation and sensors are summarized.  

In Chapter 2, to develop a graphene oxide-based material with 

asymmetric hydrophilicity, RGF with different oxygen-containing were 

prepared by UV treating on the surface of GOF. And the good output 
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performance of RGF-based generator suggested that UV treatment is 

effective in making GO-based film for power generator. The generator with 

expandation powered a timer under wet environmental for seconds. 

 In Chapter 3, in order to gain a generator which can provide sustainable 

electricity even when moving from high humid environment to dry 

condition, the double-sided reduction treatment of GOF with UV is used to 

obtain the RGO/GO/RGO sandwich structure, which is beneficial to slow 

down the dehumidification of water molecules, thereby obtaining the 

performance of slow discharge.  

In Chapter 4, based on the RGO/GO/RGO sandwich structure, CNTs are 

added to improve induced electricity under breath moisture. The domain 

design of asymmetric hydrophilicity is optimized for a breath-moisture 

induced power generator. This generator based on CNT added film can 

successfully provide sustainable electricity under intermittent exhalations. 

  In Chapter 5, the whole summary and conclusions of this dissertation 

are presented. 
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Chapter 2: An asymmetric hydrophilic GO film for 

electricity generator based on UV treatment 

2.1 Introduction 

Harvesting energy from the environment is promising, and important 

choice to alleviate the energy crisis[1]. The widespread small-scale water 

in nature environment, which is a clean and inexhaustible new energy, has 

long attracted the attention of researchers[2, 3]. Based on the different 

forms of water, various mechanisms have been proposed to explain the 

origin of the power generation process[4] including flowing current[5], 

interfacial charge-discharge process[6], electronic resistance[7], charged 

ion drift [8, 9] and ion gradient induced power generation[10]. Graphene-

based materials with tunable properties offer considerable opportunities for 

developing next-generation energy conversion devices[3, 4]. Among them, 

graphene oxide (GO) is rich in oxygen-related functional groups such as 

hydroxyl and carboxyl groups and has good application prospects[10]. 

Thus, GO was adopted in this study as its sufficient hydrophilicity and the 

ability to easily form a uniform film on the substrate[11]. Ultraviolet (UV) 

photoreduction of rGO, as green chemical-free and highly efficient 

reduction strategy, is considered feasible for the removal of OCGs on GO 

sheets[12-16] as Figure 2-1 shown, can easily control the reduction degree 

of GO, the reduction region is controllable, and it can be flexibly changed 
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to form a variety of oxygen gradients. Besides, GO reduction can only be 

triggered by photon energies larger than 3.2 eV (λ < 390 nm) in a 

photochemical process [17]. The reduction treatment of UV on GOF could 

obtain character of oxygen-containing difference, which can be used to 

develop a moisture-induced power generator. Interested in potential 

applications in electronics, energy-related devices, and smart systems, the 

GO based-humidity power generator is highly dependent on flexible 

regulation of oxygen content[18, 19]. 

 
Figure 2-1 The principle of UV photoreduction on graphene oxide [13] 

 

In this chapter, RGO/GO film (RGF) with different oxygen-containing 

were prepared by UV treating on the surface of GOF. The elemental 

composition, hydrophilicity and conductivity of the membrane surface 

were studied to verify the proper treatment time. To use the two-sided 

hydrophilic difference of RGF, the induced electricity of RGF in different 
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humid conditions was discussed. Besides, this character was used to 

develop a sandwich structural generator based on GOF and RGF, the output 

performance of GOF-based generator under different humid conditions 

suggested that UV treatment was effective to produce a GO-based film 

with different oxygen-containing for power generator. 

2.2 Materials and methods 

2.2.1 Material preparation 

GO was prepared using the modified Hummers method [20]. Graphite 

flakes (3 g, Alfa Aesar, 7–10 μm) and KMnO4 powder (18 g) were slowly 

added to the mixed solution of H2SO4 (360 mL, 98%) and H3PO4 (40 mL, 

84%) in a 40℃-water bath. After stirring for 24h at 300rpm, H2O2 solution 

(400 mL, 0.3%) was poured into the acid liquid mixture. The hydrochloric 

acid solution (HCl, 200 mL, 5%) was added to the golden yellow 

precipitate 24 hours later. As figure 2-1 showed, the neutral GO solution 

was produced by centrifugation (3500 rpm, 10 min) for several times. The 

GO powder was obtained by a freeze-drying machine. And GO aqueous 

dispersion (4 mg/ml, 30 ml, ultrasound for 30 min) was placed in a glass 

dish (d=7cm) for vacuum drying (60°C, 3 h) to produce a piece of GO film. 

GO film was treaded by unilateral UV irradiation (Portable Cure 100, 100 

W, 365 nm, 170 mWcm−2) by 1~10 h to obtain an RGO/GO film (RGF). 
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Figure 2-2 The preparation process of GO film  

 

1 g H3PO4 (87%) was slowly added into the PVA solution (0.1 g/mL, 10 

mL, 90°C for 2 h, 300 rmp). The H3PO4/PVA gel used for bridging two 

electrode films was dried at room temperature for 3 h. The bridge distance 

was 2 mm, and the bridge size was 1cm2. To facilitate the test, two ends of 

the films were fixed on a transparent plastic film by conductive tape 

(TERAOKA808, JAPAN). 

2.2.2 Characterizations and evaluations 

The micromorphology of RGFs were characterized by scanning electron 

microscope (SEM, SU1510, Hitachi High Technologies, Japan). And the 

change of element composition was identified by X-Ray Diffraction 

Spectroscopy (XRD, scan rate 5°min−1, MiniFlex300, Rigaku Co. Ltd, 

JPN), and Raman spectroscopy (Raman, 532 nm, JASCO NRS-3100, JPN). 
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The surface hydrophilic property of the film was measured by contact angle 

measurements (CA, Digidrop, GBX, Whitestone Way, France). A digital 

multimeter (GDM-8342) was used to record the voltage and current in 

different moisture environments to evaluate the output performance of 

power generation. To control the humidity, a homemade humidity cabinet 

was employed as Figure 2-3 shown. The room temperature was 15°C ± 2°C 

and the ambient humidity was 25% ± 3%. In the humidity cabinet, a 

humidifier was used to produce wet air and control different humidity (45% 

± 2%, 65% ± 2%, and 85% ± 2%). In addition, a humidity of 5% ± 2% was 

obtained by passing dry Argon into another dehumidification box with 

desiccant inside. The temperature of moisture could be controlled by water 

in a humidifier. As shown in Figure 2-3, the samples were placed 

horizontally and vertically in the humidification chamber, respectively. The 

substrate is hollow with same area of the test sample. Therefore, when 

tested vertically, both sides of the sample were under same humidity; while 

tested horizontally, only the upper side was exposed to humid air. All tests 

were conducted on at least three specimens to represent each sample in this 

study. 
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Figure 2-3 The humidity cabinet for moisture test and test methods for different samples.  

2.3 Results and discussion 

2.3.1 The morphology of RGF    

As Figure 2-4a showed, RGF was obtained by UV treatment on one side 

of GOF. After the treatment, it presented metallic luster comparing to GOF 

in GCF in macroscopic morphology (Figure 2-4b). In microscopic 

morphology, all layers in GOF were tightly arranged in the cross-section 

(Figure 2-4c), in RGF only the untreated side showed like GOF, while the 

layers nearby UV-treated side had larger interlayer gaps due to the release 

of gas through the interlayer during the reduction process. In addition, 

compared with the surface micromorphology of GOF, the wrinkle on the 

treated side of RGF was significantly increased. This was caused by the 

expansion and subsequent retraction of the interlayer after carbon emission 

in reduction process by UV irradiation. 
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Figure 2-4 (a) The design principle schematic illustration and digital photograph of RGF. (b) 

The digital photo of RCF. The surface and section micromorphology of GOF (c, d) and RGF 

(e, f). 

 

2.3.2 The effect of UV treatment on the structure and properties of 

RGF 

Figure 2-5a~d shows the difference in chemical composition, surface 

hydrophilicity and surface conductivity between the RGF treated surface 

(RGF-RGOS) and the untreated surface (RGF-GOS) caused by UV 
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treatment. Both D-band and G-band of RGF-RGOS obviously decreased 

(Figure 2-5a), and the characteristic peak in 2θ = 11.7° of RGF-RGOS 

(Figure 2-5b) also large decreased comparing with peaks of RGF-GOS 

because of the reduction. This made significant differences presented in the 

surface hydrophilicity and resistance of the two sides of RGF. In Figure 2-

5c, RGF-GOS has a relatively better hydrophilicity with a CA of 54° than 

RGF-RGOS with a CA of 82°. In Figure 2-5d, the surface conductivity of 

RGF-RGOS (3.61 MΩ) was much higher than RGF-GOS (22.24 MΩ). 

Above all, UV treatment endowed different properties to two sides of RGF 

and the hydrophilic differences would bring an application potential in 

moisture-induced power generation. 
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Figure 2-5 (a) XRD, (b) Raman spectra, (c) the surface hydrophilicity, and (d) sheet resistance 

of two sides of RGF.  

 

2.3.4 The power performance of RGF under different humidity 

To verify the hydrophilicity difference between the two sides of the RGF, 

induction power can be generated. As shown in Figure 2-6a, the RGF was 

placed in different humidity environments, and the VOC and ISC on both 

sides were measured. When RGF is placed in a humid environment, due to 

the difference in hydrophilicity between the two sides, the ability to absorb 

moisture is different. RGF-GOS absorbs more water molecules than RGF-

RGOS. Freer H+ ions are ionized from the combination of GO and water 
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molecules. Therefore, the formation of a difference in the concentration of 

H+ ions on both sides of the RGF generates a potential difference, and the 

difference in the concentration of H+ ions will cause the diffusion of H+ 

ions to produce current.  

In Figure 2-6b~d, RGF could generate electricity in a humid 

environment, and the maximum values of VOC and ISC obtained under high 

humidity are larger. Under wet air, both the voltage and current show a 

trend of first increasing and then decreasing. This is because in the initial 

stage, the humidity difference between the two sides of the RGF increases 

with time, and then due to the free diffusion of water molecules inside the 

RGF, or the RGF-GOS surface is saturated with moisture, or gradually 

reaches equilibrium with the ambient humidity, the humidity difference 

decreases, so the voltage will decrease. When current is the largest in the 

concentration difference of H+ ions, the moving speed and number of H+ 

ions are the largest. When the humidity difference decreases, the ion 

concentration difference will also decrease, resulting in a decrease in the 

current. As Figure 2-6a showed, VOC under 85% rapidly increased to about 

86 mV, and then VOC decreased, and the decreasing speed became smaller 

as time increased; ISC rapidly increased to about 2.3 uA in a few seconds, 

and then quickly decrease, the ISC kept a lower decrease rate after 400 s and 

decreased slowly. RGF at 65% and 45% humidity, the VOC and ISC change 

curves are similar, and the maximum values are 43 mV and 1.4 uA (65%), 
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22 mV and 0.14 uA (45%), respectively. Additionally, RGF generates 

electricity longer under high humidity. It might be due to that the power 

generation mainly depends on the hydrophilic difference between GOS and 

RGOS of RGF. Thus, the longer the RGF generates electricity under high 

humidity. 

 
Figure 2-6 (a) The power generation mechanism and test model of RGF (vertical test). (b) The 

VOC–t and ISC–t of RGF under different humidity of 45% (b), 65% (c) and 85%(d). 

 

2.3.5 The application of RGF in electricity generator  

As shown in Figure 2-7a, a humidity electricity generator (HEG) is 

prepared by bridging two pieces of RGF in front and back with an 

electrolyte gel, where RGF is the positive electrode and GOS is the 
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negative electrode. In the generator, GOS can absorb more moisture than 

RGOS, and the diffusion path of water molecules in the HEG is from left 

to right（Figure 2-7）The difference in the concentration of H+ ions due 

to the difference in the content of water molecules in the GOF and GCF 

will drive the H+ ions in the electrolyte to form a directional movement. 

 
Figure 2-7 (a) The power generation mechanism and test model of HEG (horizontal test). (b) 

The VOC–t and ISC–t of HEG under different humidity of 45% (b), 65% (c) and 85%(d). 

 

As Figure 2-7b~d showed, the maximum VOC and ISC values obtained at 

different humidity increased with increasing humidity, respectively 424 mv, 

9.1 uA (85%), 215 mv, 4.5 uA (65%), and 76 mv, 2.2 uA (45%). However, 

the power generation time decreased with the increase of humidity, which 
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was different to RGF (Figure 2-7). This might be cause by that HEG mainly 

relied on the surface GOF to absorb water, and the ability of GOF to absorb 

water was limited. Under high humidity, GOF was easier to reach moisture 

saturation, so the power generation time was shorter. 

The six pieces of HEGs (6-HEGs) was connected as Figure 2-8 showed. 

According to the principle of series-parallel power supply, the series 

voltage of is 6-HEGs about four times that of a single HEG, about 1.6 V; 

and the parallel current is improved to three times which is about 27 uA. 

Since the power required to light a timer is about 1.5V and 25 uA, as Figure 

2-8d presented, 6-HEGs did power the timer for seconds. In addition, HEG 

is soft and has good flexibility in both X and Y directions (Fig. 2-8b). This 

shows the application potential of HEG to power small wearable electronic 

devices. However, the power supply time in a humid environment is short, 

so HEG needs to be further improved to achieve sustainable power supply. 

 

 

Figure 2-8 (a)The schematic of 6-HEGs in expansion, (b) the digital photo of 6-HEGs 

under bending, (c-d) the digital photos of 6-HEGs to power a timer (V＞1.5 V, I＞25 

um) under 85% 
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2.4 Conclusions 

In this chapter, GOF was reduced by UV irradiation for 3 h. The RGF 

has considerable hydrophilicity and conductivity differences in its two 

surfaces, which endow it the application potential in moisture-induced 

power generation that RGF could generated electricity in humid 

environment. A single RGF-based HEG can generated electricity of 424 

mV, 9.2 uA. And the expansion can help to HEG to power a timer for a 

short time, showing the potential in the field of small electronics. The UV 

reduced GO-based film with the hydrophilic difference is very promising 

in moisture induced electricity, and further use can be done to employ UV 

treated GO-based films for more applications. 
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Chapter 3：A sustainable environmental moisture-induced 

electricity generator based on sandwich structural GO film  

  3.1 Introduction 

Access to energy from the environment is conducive to solving global 

energy shortage [1-3]. Water vapor or moisture widespread in nature is a 

renewable environmentally friendly green energy [4]. In 2001, Petr Kral 

propounded that voltage could be induced when liquid flows through 

carbon nanotubes in theory [5]. This theory was confirmed by Shankar 

Ghosh in 2003 [6], and he also clarified the exponential relationship 

between the voltage and flow rate of the solution. Afterward, further 

studies, such as B. N. J. Persson [7], S. H. Lee [8], L.F. Sun [9], and Jeff 

W. Baur [10], have been conducted. In 2011, Dhiman et al. [11] found that 

the immersion of graphene in a flowing dilute hydrochloric acid solution 

could produce a higher voltage signal. Han [12] suggested that the polarity 

of the solvent was highly correlated with voltage. In 2014, Yin et al. found 

that dropping ions onto bands of single-layer graphene could generate tens 

of millivolts of voltage, which was called “attraction potential” [13]. 

Subsequently, research on the interaction of different graphene materials 

with flowing liquids for power generation, such as reduced graphene oxide 

(GO) films [14], porous graphene [10, 15, 16], and banded graphene [17], 

was popularly conducted. Afterward, asymmetric moisturizing [18–20], 
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moisture-driven electrolyte diffusion, or microfluidic of carbon materials 

was used in harvesting energy from moisture. For example, Luo et al. [21] 

added CaCl2 into the carbon nanotube electrodes on one side as moisture-

absorbing chemicals. The device cannot be reused as ions in additives only 

move unidirectionally. Zhao [22] reported a GO-based three-dimensional 

power generator with GO with asymmetrical oxygen-containing groups 

(OCGs) enabled. The generator could produce an instantaneous voltage of 

about 200 mV, which disappears in 10 s if no moisture is supplied. Liu [23] 

treated porous carbon film by regional plasma treatment to endow the 

device with different functional group contents on two sides. It produced a 

voltage of hundreds of millivolts that decreased to zero within few minutes 

under a dry condition. Xu et al. [24] used a pristine GO film to generate 

electricity from moisture for the first time. The device generated a high 

open-circuit voltage but also exhibited a rapid discharging behavior. Their 

works provide more application potentials in energy harvesting from 

moisture. However, some aspects remain unresolved. Drawbacks, such as 

complex manufacturing methods, expensive chemical addition demands, 

insufficient flexibility, and especially the rapid discharging speed, prevent 

the wide use of carbon materials in the green energy conversion field. 

In the previous chapter, UV treatment was effective to produce RGF for 

the use of the power generator. But the RGF-based generator presented 

similar weak point that it cannot provide sustainable electricity. Here, I try 
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to use UV treatment to gain a sandwich structural GO-based film which 

can store moisture inside in the dehumidification by treating two sides of a 

GO film. It was region functionalized by UV irradiation treatment to gain 

two special films—reduced graphene oxide/ graphene oxide /reduced 

graphene oxide (RGO/GO/RGO) sandwich-like structural film (RGRSF) 

and RGRSF–GO composite films. The generator was simply fabricated by 

bridging two films with H3PO4/polyvinyl alcohol (PVA) gels. The 

generator could quickly self-charge under humidity and discharge slowly 

under dry conditions. A simple expansion could make MIEGs successfully 

power a LED under moisture, and kept it lit for 1 h even when transferred 

to a dry condition. In addition, MIEG had remarkable endurance, 

considerable flexibility, and good reusability.    

3.2 Materials and methods 

3.2.1 Preparations of films and MIEG 

  GO was prepared using the modified Hummers method [25] from 

natural graphite flake (Alfa Aesar, 7–10 μm). Figure 3-1 shows the 

preparation process of GO film. 0.24 g GO was dissolved in 30 ml distilled 

water by ultrasound treatment for 30 min. The solution was placed in a 

glass dish with a diameter of 7cm under vacuum drying at 60°C for 3 h to 

obtain GO film (20 um). Portable Cure 100 (HLR100T-2, Sen Lights Corp., 

Japan) with a high-pressure UV lamp (100 W, 365 nm, 170 mWcm−2) was 
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used as a UV light source. Two sides of the GO film (30 mm × 10 mm) 

were treated by UV irradiation at room temperature to obtain RGRSF. The 

samples treated for 1, 3, 5, and 10 h were labeled as UV-1, UV-3, UV-5, 

and UV-10, respectively. The GO film was region shielded by an opaque 

plate in the bilateral UV irradiation treatment. The shielded and treated 

parts are GO and RGRSF, respectively. The treated film is called RGRSF–

GO composite film. Different shield sizes mean the proportions of GO in 

a total RGRSF–GO composite film (30 mm × 10 mm), recorded as 1/1, 1/2, 

1/3, and 1/5. 

1 g PVA was dissolved in 10-mL distilled water under 90°C for 2 h, 300 

rpm. In addition, 1 g H3PO4 was slowly added to the solution at room 

temperature to obtain H3PO4/PVA gel. For further use, the gel was dried at 

room temperature for 3 h. H3PO4/PVA gel (10 mm × 10 mm) was used to 

bridge RGRSF and RGRSF–GO composite films, and the bridge distance 

was 2 mm. To facilitate the test, two ends of the films were fixed on a 

transparent plastic film by conductive tape 808 (TERAOKA, JAPAN). 

3.2.2 Characterizations and evaluations 

The RGRSFs were characterized by scanning electron microscope (SEM, 

SU1510, Hitachi High Technologies, Japan), X-Ray Diffraction 

Spectroscopy (XRD, scan rate 5°min−1, MiniFlex300, Rigaku Co. Ltd, 

JPN), and Raman spectroscopy (Raman, 532 nm, JASCO NRS-3100, JPN). 

X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD, KRATOS, 
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JPN) was performed to identify the change of element composition. The 

hydrophilic property of RGRSFs was measured by contact angle (CA) 

measurements (CA, Digidrop, GBX, Whitestone Way, France). The 

resistivity measurement (UPMCP−450, Mitsubishi Chemical Analytech 

Co., JPN) was adopted to test resistivities of RGRSFs treated for different 

times. A multimeter (GDM-8342) was used to record the voltage and 

current in different moisture environments to evaluate the output 

performance of MIEGs. To control the humidity, a homemade humidity 

cabinet was employed as Figure 3-2 shown. The room temperature was 

15°C ± 2°C and the ambient humidity was 30% ± 3%. In the humidity 

cabinet, a humidifier was used to produce wet air and control different 

humidity (45% ± 2%, 65% ± 2%, and 85% ± 2%) in 15 °C. In addition, a 

humidity of 5% ± 2% was obtained by passing dry N2 gas into another 

dehumidification box with desiccant inside. The temperature of moisture 

could be controlled by water in a humidifier. All tests were conducted on 

at least three specimens to represent each sample in this study. 

 
Figure 3-1 The humidity cabinet for moisture test 
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3.3 Results and discussion 

  3.3.1 The effect of bilateral UV treatment on the morphology of films 

The OCGs in GO film can be reduced under the action of UV radiation 

(Figure 3-2a). Based on Sun’s research [26], the reduction reaction of UV 

radiation is limited by light transmittance and thermal relaxation. 

Consequently, if GO film is treated by UV irradiation for a suitable time, 

the organic carbon (OCG) in the intermediate layer can survive to form an 

RGRSF [27-32]. Further, an RGRSF–GO composite film can be obtained 

by region bilateral shielding of GO film in the process of treatment, where 

the shielded and exposed parts are GO and RGRSF, respectively. From the 

digital photo of RGRSF–GO composite film in Figure 3-2a, two colors 

were observed—RGRSF part had metallic luster color and GO part was 

black. The surface and cross-sectional micromorphology images of GO 

film and RGRSF are shown in Figure 3-2b. In the top-view SEM images, 

GO film had only a few wrinkles but became rough after UV irradiation. 

In the cross-sectional SEM images, two films both showed clear layered 

stack structure. The layers in GO film were still tightly packed. However, 

RGRSF exhibited a sandwich-like layer structure, which an obvious layer 

spacing appeared in the outer layers on both sides. Besides, the thickness 

of RGRSF increased after UV irradiation. The expansion of the layers 

resulted from the photoreduction-induced carbon emission [26, 33]. 
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Figure 3-2 (a) The design principle schematic illustration and digital photograph of RGRSF–

GO composite films. (b) The surface and section micromorphology of GO and RGRSF. 

 

3.3.2 The effect of treatment time on the structure and properties of 

film 

To evaluate the influence of treatment time on the reduction degree, 

elemental composition analysis of RGRSFs with different treatment times 

was measured (Figures 3-5a and 4b). In Figure 3-4a, the C1s spectrum 
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could be divided into three characteristic peaks: C–C (284.3 eV), C–O 

(266.2 eV), and C=O (288.2 eV). The weakening of C–O and C=O peaks 

and the strengthening of C–C peak represented the removal of OCG due to 

photoreduction. In Figure 3-3b, as the UV irradiation time increased, the 

intensity of O1s peak at 525–545 eV decreased, and the C1s peak at 280–

300 eV strengthened. Notably, the atomic ratio of oxygen atoms to carbon 

atoms has gradually decreased from 0.48 (GO) to 0.16 (UV-10), indicating 

an increase in the reduction degree. Figures 3-4c and 4d present the XRD 

and Raman spectroscopy used to study the structural change. In Figure 3-

3c, all films have a typical peak at 2θ = 11.5°, which is the crystal face (001) 

of the characteristic peak for exfoliated GO [30, 33]. The peak became 

weaker with the increase of treatment time owing to the interlayer peeling 

and increase of disorder [34, 35]. GO and RGRSFs (UV-1–UV-10) have 

two characteristic peaks D-band at 1321 cm−1 and G-band at 1572 cm−1 

(Figure 3-3d). The D and G bands represent the breathing modes of rings 

with activation by defects and the in-plane bond stretching motion of sp2 

C–C bond [36]. The D-band became stronger and the peak intensity ratio 

of the D-band to G-band (ID/IG) gradually increased from 0.90 (GO) to 1.25 

(UV-10). These changes express the increase of smaller size graphene-like 

domains and the existence of more abundant structures [37, 38]. 
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Figure 3-3 (a) C1s spectra, (b) survey XPS spectra, (c) XRD, (d) Raman spectra, (e) the surface 

hydrophilicity, and (f) volume resistivity of RGRSFs with different UV irradiation treatment 

times.  

 

The surface hydrophilicity makes sense for MIEG. The hydrophilicity 
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of RGRSF can be modulated by UV treatment time. In Figure 3-3e, GO 

film has a relatively good hydrophilicity with a CA of 48°. After treatment, 

the CAs become larger, which was caused by the removal of the 

hydrophilic OCG and the membrane decrease of surface energy [39, 40]. 

For UV-3 with a CA of 82°, the hydrophobicity was significantly improved 

compared with GO film. The reduction of resistance would help reduce the 

internal energy consumption of MIEG during power generation. In Figure 

3-3f, the conductivity increased after treatment that the resistivity of UV-3 

film was about 4.3 KΩ·mm, reducing by 96.8% compared with GO film.  

3.3.3 The Innovation of MIEG 

As Figure 3-4 shown, only UV-1 and UV-3 presented sandwich-like 

structures in which GO layers were tightly packed in the middle and rGO 

layers exhibited obvious interlayer gaps in the outer layers on both sides. 

When the treatment time was longer than 3 h, the GO sheets located in the 

inner layer of the GO film were also reduced, resulting in the inability to 

form the RGO/GO/RGO sandwich structure. 
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Figure 3-4 The section morphologies of RGRSFs with different UV irradiation treatment 

times. 

 

As Figure 3-5a shown, MIEG in which was fabricated, in which the 

positive and negative electrode materials are the RGRSF–GO and RGRSF 

composite films, respectively. Since the hydrophilicity of GO and 

RGO/GO/RGO sandwich structure make sense on the output of MIEG, the 

size ratio of untreated part in RGRSF–GO composite films (SGO/Stotal), the 

region size of GO and the total size of MIEG were evaluated to optimize 

preparation parameters. Their open-circuit voltage (VOC) under a humidity 

of 85% for 1 h were recorded in Figure 3-5b, 6c and 6d. The dGO/dtotal of 

UV-1 (0.326), UV-3 (0.273), UV-5 (0.122) and UV-10 (0.0452), gradually 

decreased with the treatment time (Figure 3-5b). The VOC of UV-3 is largest 

resulted from the large content of GO that could release much more free 
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H+ ions when combined with water molecules, and its sandwich structure 

facilitates the directional water diffusion to promote the movement of free 

ions. When SGO/Stotal is 1/4, the VOC with a value of 215.7 mV, was the 

largest (Figure 3-5c). The decrease in the VOC of 1/6 resulted from its poor 

water potential energy which could not drive the movements of many ions. 

However, for VOC of 1/3 and 1/4, water molecules might prefer to diffusing 

along the thickness direction in GO region as their large content of GO. 

Further, the size expansion of MIEG was conducive to providing larger 

voltage (Figure 3-5d). For comprehensive considerations of the section 

structure, performances, and energy, the UV treatment time, SGO/Stotal and 

the size of is recommended as 3 h, 1/4 and 6 cm2 to prepare MIEGs in the 

following tests. 
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Figure 3-5 (a) Digital photograph, design schematic diagram and test method of VOC. (b) The 

VOC of MIEGs (85%, 1 h) and dGO/dtotal in different UV treatment times (c) The VOC of MIEGs 

with different SGO/Stotal. (d) The VOC of MIEGs (85%, 1 h) with different size. 

 

  3.3.4 The electricity generation mechanism of MIEG 

  To simulate the changes in potential of the RGRSF and the RGRSF–GO 

composite films in MIEG under moisture, wet air was approached on 

MIEG in a flow velocity of 10 mL/s (Figure 3-6a), and the VOC versus time 

curves of RGRSF (V1), RGRSF–GO composite films (V2) and MIEG (V3) 

were recorded in Figure 3-6b. V1, V2, and V3 under wet air for 5 s, rapidly 

increased to 24 mV, 60 mV and 159 mV, respectively. The RGRSF–GO 

composite film generated larger voltage than RGRSF because much more 
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water molecules enter RGRSF–GO composite film and combined with GO 

to release more H+ ions. Without the supply of wet air, V1 slowly dropped 

in the following 23 s, While V2 and V3 rapidly decreased at the beginning 

then their decrease speeds became slow. The comparison of VOC of RGRSF, 

RGRSF–GO composite films and MIEG suggests that a rapid discharging 

behavior might happen at the untreated GO part in the RGRSF–GO 

composite film and electrolyte gel.   

 Figure 3-6c–i show the charging and discharging mechanism of MIEG. 

Because of the significant difference in surface hydrophilicity between 

RGRSF and GO, moisture is more easily absorbed by untreated GO part in 

the RGRSF–GO composite film. GO will ionize and release lots of free H+ 

ions after combining with water molecules (Figure 3-7c). The free H+ ions 

will be driven by the concentration differences, [35] and they move with 

water molecules in the RGRSF–GO composite film (Figure 3-6c). The 

aggregation of free ions in the RGRSF–GO composite film and the water 

potential difference between the two films can increase the directional 

diffusion of H+ ions in the electrolyte gel (Figure 3-6d). The potential 

difference in the gel can boost the movement of ions in RGRSF to realize 

the potential difference between the two electrodes (Figure 3-6e). 
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Figure 3-6 (a-f) The method to test the VOC of RGRSF, RGRSF–GO composite films and MIEG 

under wet air ON and OFF. ON and OFF represent the start and stop of wet air supply, 

respectively. (b) The V1 V2 and V3 variation curves under wet air ON and OFF. (c–i) The 

charging and discharging mechanism of MIEG. 
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Without moisture supply, dehumidification will happen in RGRSF and 

RGRSF–GO composite films. The H+ ions in RGRSF move up the surface 

with the diffusion direction of water. While in RGRSF–GO composite film, 

part of ions moved up to the surface and others moved to untreated GO part 

with water molecules (Figure 3-6f). And in this process, the potential 

difference between electrolyte still exists. Afterwards, with the decrease of 

moisture in films, free H+ ions decreased and recombined with the negative 

functional groups immobilized on GO (such as COO–) [24]. Since the 

tortuous path produced by the layered stacked structure of GO makes the 

penetration of water molecules in the layer spacing direction [42,43] more 

difficult than the transport between layers, dehumidification becomes 

difficult and free ions cannot quickly combine with the negative functional 

groups. In this process, the potential difference between two sides of 

electrolyte gel still exists to promote the directional movement of ions in 

electrolyte (Figure 3-6h). This is consistent with the result that the decrease 

of V3 was delayed in Figure 3-6b. The discharge behavior stops with the 

completion of dehumidification (Figure 3-6i).   

Combined with the movement of water and ions inside MIEG in the 

charging and discharging processes, from a comparation of the charge and 

discharge curves of V1 and V2 (Figure 3-6b), it can be indicated that 

untreated GO part in the RGRSF–GO composite film made it able to easily 

absorb moisture from outside，and thanks to the special sandwich structure 
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of RGO/GO/RGO, water molecules were difficultly exhausted from inside, 

which might endow MIEG a capacity to continuously supply power in a 

dry environment. Additionally, the short circuit current (Isc) density of 

MIEG showed similar change trend as its Voc. Isc density increased to 23.95 

uA/cm2 at the first 5 seconds (Figure 3-7). 

 
Figure 3-7. The current versus time curve when wet air is ON and OFF. 

 

3.3.5 The output performance of MIEG under moisture 

  In Figure 3-8a, the change of VOC under a humidity of 85% had three 

stages. In the first stage, the VOC increased fast to 215.7 mV in 1 h, where 

the large water potential difference between GO and RGRSF in RGRSF-

GO composite film promoted ions to move fast. In stage Ⅱ, the difference 

became weak and their hygroscopicity began to reduce that the VOC slowly 

increased from 1 h to 4 h. Afterwards, the VOC decreased near to 1 mV in 

10500 s in stage Ⅲ. In this stage, the moisture absorption gradually came 
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to saturate, and H+ ions diffused by concentration difference, which made 

the VOC drop and even changed the direction of current at the last. 

 
 

Figure 3-8 (a) VOC–t of MIEG in a humidity of 85%. (b) VOC–t curves of MIEG in different 

humidity. (c) 100 cycles of VOC change of MIEG in a humidity of ∆𝐻 = 80%. (d) VOC variation 

of MIEG in humidity of 85% for 1 h under 170 times bending, and the bending behavior is 

conducted like digital photo that the bending angle was about 150°. 

 

In Figure 3-8b, the VOC of MIEG under difference humidity differences 

(ΔH = 15%, 35%, and 55%) were recorded. MIEGs in humidity of 45%, 

65%, and 85% could achieve 51.2, 74.6, 215.3 mV in 1 h. Their discharge 

processes kept 2100, 4200, and 6700 s under ΔH of 15%, 35%, and 55%, 
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respectively. In the dehumidification process, after the initial slow speed, 

the discharge speed increases, and then decreases. In addition, a small 

humidity difference led to a slow initial discharge speed. Notably, VOC under 

ΔH of 55% decreased from 215 to 100 mV for 1600 s. This means that the 

induced electricity can be well stored in MIEG even under a great humidity 

difference and continue to provide considerable power in a dry 

environment. This is completely different from the electricity induced by 

moisture in GO [22, 23, 24] in which the VOC disappears within a few 

seconds without moisture supply. To shorten the experiment time, the 

charging and discharging cycle of MIEG was conducted under ΔH of 80%. 

From Figure 3-8c, the output signal presented insignificant performance 

attenuation after 170 repetitions, suggesting high stability and 

reproducibility. Further, MIEG also presented outstanding flexibility that it 

kept working efficiently and stably after the generator being bent 100 times 

with bending angle of about 150° (Figure 3-8d). 

 

Figure 3-9 (a) The Isc density–t curve of MIEG under a humidity of 85%, (b) the resistance–t 

curve of MIEG under a humidity of 85%. 

(a)                            (b) 
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Besides, the short-circuit current（Isc）density quickly increased to 13.78 

uA/cm2 in seconds (Figure 3-9 a). The directional motion of free H+ ions 

were driven by the concentration difference of H+ ions between 

RGO/GO/RGO part and GO part in RGRSF. And the difference increased 

in seconds under moisture, which resulting in that the speed or number of 

directionally moved H+ ions increased or both. So, the current increased 

fast in initially. Afterwards, the current slowly decreased, which was 

related to the diffusion of water molecular and the movement of H+ ions, 

both mainly depended on their concentration differences. And the 

resistance of MIEG decreased to 77.4% fast in 1 h (Figure 3-9b) because 

of the increasing absorbed moisture. And after the first 1h, the moisture 

absorption ability decreased and gradually reached saturation, so the 

resistance changed little.  

As it shown in Figure 3-10, changes in ambient temperature and 

humidity had a great impact on the power generation capacity of MIEG. A 

higher humidity helped to the increase speed of VOC (Figure 3-10a). The 

great humidity led to the increase of moisture absorption rate, and 

meanwhile the movement of H+ ions became faster, so that the faster the 

voltage increase. The temperature of moisture also improved the max value 

of VOC because of the increase of the kinetic energy of water molecules.  
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Figure 3-10 (a)The VOC–t curve of MIEG when humidity is changed from 30% ~ 85% (b) the 

VOC of MIEG under 85% for 1h when moisture temperature is changed. 

  3.3.6 The extension and application of MIEGs 

  Since a single MIEG could not meet the power requirements for 

electronic devices, MIEGs should be connected in series and parallel to 

obtain higher voltage and current. From Figure 3-11a and 3-12b, five 

MIEGs connected in series and parallel could gain considerable VOC of 1.13 

V and ISC density of 62.72 uA/cm2, respectively, in 1 h. According to the 

formula, P =
VocIsc

4
 , the power density was calculated that a MIEG could 

gain power density of 0.73 uW/cm2. And the extension of MIEG benefited 

to increasing of power density that 5MIEGs obtained 3.36 uW/cm2. The 

Nine MIEGs (9MIEDs) were connected as the illustration shown in Figure 

3-11c, and its VOC and ISC density versus time curves were recorded under 

ΔH of 55%. Nine MIEGs generated electricity of 1.1 V, 13.28 uA/cm2 after 

being placed under humidity of 85% for 1 h to successfully power a 

commercial LED (Figure 3-11c). When transferred to the room 

environment with a humidity of 30%, the discharge behavior of 9MIEGs 

(a)                                       (b) 
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took more than 5 h, in which the VOC of 1.13–1.0 V kept about 4040 s and 

ISC density decreasing from 13.28 to 10 uA/cm2 approximately took 2580 

s, suggesting excellent electricity supply endurance of MIEG in a dry 

condition.  

 

 
Figure 3-11 (a) VOC, ISC density and power density of MIEGs with series expansions. (b) VOC, 

ISC density and power density of MIEGs with parallel expansions. (c) VOC–t and ISC density–t 

of 9MIEGs under ΔH=55%. (d) The time that 9MIEGs (85%, 1 h) continues to light up the 

SMD LED under a room humidity of 30%.  

 

As Figure 3-12 showed, the 9MIEDs kept powering a SMD LED for 

about 1 h under room humidity of 30%, which demonstrates that MIEG 

has good adaptability to humidity changes in application of sustainable 
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power supply for wearable electronics. 

 

 
Figure 3-12. The images of that 9MIEGs (85%, 1 h) continues to light up the SMD LED under 

a room humidity of 30%.  

 

 3.4 Conclusions 

In this chapter, RGRSF and RGRSF–GO composite films were 

developed by a simple bilateral UV treatment on GO films. Without any 

additives, power generation from the moisture mechanism of MIEG mainly 

depends on the hydrophilicity difference between the two films. The 

special sandwich structure endows MIEG with the capability to generate 

sustained electricity under moisture for more than 5.5 h and slow discharge 

in a dry condition. The high stability and reproducibility of MIEG were 

demonstrated by 100 cycles repetition of charge and discharge experiments. 
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Besides, the generator could be easily scaled up for higher output. 9MIEGs 

successfully powered a LED under moisture and kept it lit for 1 h in a 

normal room condition, thereby showing excellent adaptability to humidity 

changes in the application for wearable electronic products. Besides, the 

MIEG has many benefits of flexibility, high stability, reusability, 

lightweight, low price of medicines, and ease of production. The further 

research will focus on reducing energy consumption due to inner resistance 

and increasing its response sensitivity to low humidity. 
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Chapter 4：A sustainable breath moisture-induced 

electricity generator based on sandwich structural CNT/GO 

composite film 

4.1 Introduction 

Water as a renewable and environmentally friendly energy source has 

been attracting considerable attention [1]. The traditional power generation 

mechanism is based on macroscopic water source activities (such as ocean 

tide, river, and rain) [2-5], heavily relying on the geographical environment 

and seasonal weather. The rapid development of nanotechnology has 

facilitated the application of the movements of water molecules in the 

environment and organisms to generate electricity. Various water forms, 

such as water droplets [4, 6-8], steam [9-11], and water molecules diffusion 

[12, 13], have been booming in clean energy harvest, showing a good 

promise in power supply for small electronics [14, 15]. However, the 

moisture from breath, an inexhaustible bioenergy source, has not been 

focused on as an energy source. Most researchers have mainly focused on 

the electricity generated from environmental moisture for power supply, 

and only a few of them have slightly mentioned that their generators could 

get energy from breathing moisture [14-23]. For example, Qu et al. have 

been working on the development of environmental moisture-induced 

generators [17, 24-30] and have made good contributions to this field. Only 
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one of their studies casually mentioned that a type of polymer moist-

electric generator could achieve an open-circuit voltage (VOC) of 70 mV 

under breath [16]. Zhou et al. have developed a titanium dioxide nanowire 

network humidity generator with a voltage pulse of 0.25 V under moisture 

from the mouth, and six cells in a series are used to power a light-emitting 

diode (LED) [31]. While the moisture supply from the breath is limited, 

the generator discharges fast after exhalation and cannot be applied for a 

sustainable-power supply. Hence, the development of a new sustainable 

breath-moisture-induced electricity generator (BMIEG) is urgently 

required. 

In chapter 3, we have developed a sustainable environmental moisture-

induced power generator. However, it can only generate about 50 mV under 

45%. And the charging time took about 50 mins which is too slow. So, the 

sensitivity to low moisture of the generator should be improved if I want 

to use RGRSF into develop a breath-moisture induced power generator. In 

this chapter, I first develop a sustainable BMIEG during discontinuous 

exhalation to supply power to wearable electronics. This generator is 

fabricated using two graphene oxide (GO)/carbon nanotube (CNT)-based 

asymmetric composite films with a regional GO/reduced GO/GO 

(GO/RGO/GO) sandwich structure. The ability of the GO/RGO/GO 

sandwich structure film (RGRSF) to quickly absorb moisture and slowly 

dehumidify has been verified in our previous research [32]. The 
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appropriate addition of CNT facilitates the establishment of a continuous 

CNT network channel and induces voltage when water flows through the 

surface of the CNTs [33, 34] to enhance the output performance. The 

BMIEG innovated in this work is soft, reusable, stable, and continuous 

power generatable under discontinuous exhalation, presenting certain 

application prospects in the power supply of wearable electronics. By size 

expansion and parallel capacitor connection, the power supply affords an 

intermittent and continuously lit LED for different power supply 

requirements. 

4.2 Materials and methods 

4.2.1 Material preparations 

GO was prepared using natural graphite flakes (Alfa Aesar, 7–10 μm) 

based on the Improved Hummer Method [35]. First, 0.24 g of GO and CNT 

(40–70 nm, Wako, Japan) were dispersed into 30 mL of distilled water by 

ultrasonic treatment for 1 h. The liquid mixture was dried under vacuum at 

60°C for 3 h in a glass dish with a diameter of 9 cm to obtain a GO/CNT 

composite film (GCCF). The weight ratio of the CNT to GO was 1/10, 1/5, 

and 1/3. A high-pressure UV lamp with a power of 100 W and wavelength 

of 365 nm (Portable Cure 100, HLR100T-2, Sen Lights Corp., JAP., 170 

mW·cm−2) was used for GO surface reduction. As shown in Figure 4-1, an 

RGO/GO/RGO–CNT (RGRC) sandwich film (RGRCSF, 30 mm × 10 
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mm×60 um) was achieved by regional UV radiation treatment on the two 

sides of the GO film for 1 h, and the light barrier were used as the shield. 

The treatment part was the RGRC part, and the shielding part was the GC 

part, as shown in Figure 4-1. The proportion of the GO part in the total 

RGRC-GCCF was 1/2. Further, RGRCSFs with different CNT contents 

were labeled RGRC-GCCF-1/10, RGRC-GCCF-1/5, and RGRC-GCCF-

1/3. 

Polyvinyl alcohol (PVA, 1 g, polymerization degree: 900–1100, 96.0 

mol%, Wako, Japan) was dissolved in 10 mL of distilled water at 90°C for 

2 h at a stirring speed of 300 rpm. H3PO4 (1 g, 85%, Wako, Japan) was 

slowly added into the PVA solution at room temperature. 

4.2.2 Fabrication of the BMIEG 

The BMIEG was fabricated by bridging two pieces of RGRCSF end to 

end using the H3PO4/PVA gel (10 × 10 mm) in a bridging distance of 1 mm 

(Figure 4-1). Afterward, the BMIEG was dried at 30°C for 3 h, and the 

BMIEG was fixed on a transparent flexible plastic film with conductive 

tape 808 (TERAOKA, Japan). 
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Figure 4-1 The schematic diagram of the BMIEG production process 

 

4.2.3 Characters and evaluations 

A scanning electron microscope (SU1510, Hitachi High Technologies, 

Japan) was used to characterize the surface and cross-section 

micromorphology of the films. Further, the element composition was 

evaluated by X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD, 

KRATOS, Japan). The surface hydrophilicity was measured by contact 

angle (CA) measurements (Digidrop, GBX, Whitestone Way, France, 65%, 
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25°C). The VOC, ISC, and resistance of the BMIEG were recorded using a 

digital multimeter (GDM-8342) at a temperature of 20°C ± 2°C and 

humidity of 50% ± 2%. All tests in this work were conducted in at least 

three places to represent each sample. 

4.3 Results and Discussions 

4.3.1 The Innovation of BMIEG 

Since the moisture cannot be continuously supplied during breathing, it 

is difficult to continually harvest energy from breathing moisture. In our 

previous research, we developed a moisture-induced generator that could 

continuously discharge slowly for approximately 3 h even when transferred 

from a humid condition to a dry environment [32]. This kind of slow 

discharge mainly relies on the special RGO/GO/RGO sandwich structure 

composite GO film that can prevent moisture from escaping rapidly from 

the film in a dehumidification process. Applying this special structure in 

the breathing moisture-induced generator may be a good method to handle 

the problem of the intermittent supply of moisture in breathing. Therefore, 

the generator in our previous research was considered as a design choice 

(Figure 4-2a). Because of the limited moisture content in a single breath 

and the short breathing interval, the area of the GO part in the film should 

be enlarged; thus, a second-generation BMIEG was designed (Figure 4-2b), 

and 1/2 was the appropriate size of the GO part in the total film (Figure 4-
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3). Due to that an electrical single can be induced by the moisture flowing 

over and inside CNTs[34, 36], coupled with the advantages of its hollow 

tubular structure benefiting to water molecule transport[37] and its 

chemical stability, CNTs could be added to enhance the electricity of the 

generator. Since the electricity induced by moisture moved on CNT was 

along the direction of the flow, the directions of the movement of water 

molecules and H+ ions in the generator should also be consistent (Figure 4-

3). So, the third generation of breathable moisture power generator was 

formed by bridging two identical RGRC-GCCF heads and tails (Figure 4-

1). This bridging method not only simplified the preparation process but 

also allowed the generator to be continuously and infinitely expanded 

(Figure 4-2d). 

 

 

Figure 4-2 The BMIEG's design process (a) the first-generation generator: RGRSF/Electrolyte 

gel/RGR-GOCF (b) the second-generation generator: RGR-GOCF /Electrolyte gel/RGR-

GOCF (c) the third-generation generator (BMIEG): RGRC-GCCF /Electrolyte gel/RGRC-

GCCF (d) the continuous and infinite expansion of BMIEG 
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Figure 4-3 The effect of Streat/Stotal on the VOC of BMIEG under an exhalation 

 

4.3.1.1 The Characters of the regional UV-treated RGRC-GCCF 

It has been verified in our previous study that the RGO/GO/RGO 

sandwich structural film can be obtained by regional UV treatment [32]. 

The treated part in the RGRC-GCCF was the RGRCSF. Figure 4-4a shows 

the surface and cross-sectional electron micrographs of the film before and 

after the UV irradiation treatment. After the treatment, some RGO sheets 

on the surface of the RGRCSF part were discontinuously stacked, and the 

CNTs wrapped in the GO layers were exposed on the surface. This was 

because of the carbon emission during the UV treatment; the CNTs on the 

surface were pushed outward, and the compact surface structure was 

destroyed. In the cross-sectional morphologies shown in Figure 4-4a, the 

GO sheets in the GCCF part were tightly stacked, and the CNTs were 

uniformly distributed in the thickness direction. Because of the limit of the 

UV penetration and carbon emission in the surface layers [38, 39], the 

interlayer spacing on the two sides of the RGRCSF increased and presented 
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a sandwich cross-section structure. Figure 4-4b shows the CA of the film 

before and after UV irradiation treatment. The GO film exhibited good 

hydrophilicity with a small CA of 38.24°. The CA of the GCCF increased 

to 52.3° because of the addition of little CNT, while its surface 

hydrophilicity was not bad. The significant decrease in the surface 

hydrophilicity of the RGRCSF was due to the reduction in the UV 

treatment and the exposure of the CNT on the surface. These can be 

verified by the chemical composition analysis of the film surface. 

 

 
Figure 4-4(a) The surface and cross-section microscopic morphologies, (b) surface 

hydrophilicity and (c, d) surface chemical composition of the GCCF part and the GRGCSF part 

in the RGRC-GCCF. 
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The C1s spectra and survey XPS spectra of the GO film, GCCF, and 

RGRCSF were obtained and are shown in Figures 4-4c and 4-4d. As shown 

in Figure 4-4c, the C1s spectrum obtained three characteristic peaks: C–C 

at 284.2 eV, C–O at 266.3 eV, and C=O at 288 eV [40]. Compared with 

that of the GO film, the C–C bond of the GCCF significantly increased 

because of the addition of CNTs. Since the organic carbon was removed by 

photoreduction during the UV irradiation treatment, the C–O and C=O 

peaks of the RGRCSF became weak, while the intensity of the C–C peak 

increased [32, 38, 40, 41]. Further, the exposure of the CNT on the surface 

might enhance the intensity of the C–C peak. As shown in Figure 4-4d, the 

intensity of the O1s peak (525–545 eV) of the RGRCSF decreased, and the 

C1s peak (280–300 eV) became stronger. In summary, the GCF and 

RGRCSF had significant hydrophilicity differences that would be 

beneficial to achieve the asymmetric hydrophilicity of the RGRC-GCCF. 

Further, the sandwich structure would facilitate the transportation of water 

molecules in the RGRCSF. 
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Figure 4-5 The XRD (a) and Raman (b) of the GCCF part and the GRGCSF part in the RGRC-

GCCF 

 

The XRD and Raman of the Regional UV-Treated RGRC-GCCF were 

studied in Figure 4-5. In Figure 4-5a, GO, GCCF and RGRCSF films, all 

have a typical peak at 2θ = 11.5°, which is the crystal face (001) of the 

characteristic peak for exfoliated GO[32, 42], Comparing with GCCF and 

RGRCSF films, the peak became weaker after treatment owing to the 

interlayer peeling and increase of disorder[38, 40]. Besides, GCCF and 

RGRCSF films also has a peak of CNT at 2θ = 26° which is attributed to 

the crystal face (002) reflection of the hexagonal graphite structure [43, 44]. 

In Figure 4-5b, GO, GCCF and RGRCSF films have two characteristic 

peaks D-band at 1340 cm-1 and G-band at 1580 cm-1. The D and G bands 

represent the breathing modes of rings with activation by defects and the 

in-plane bond stretching motion of sp2 C–C bond [45]. The D-band of 

GCCF is stronger than that of RGRCSF films because of reduction effect 

of UV irradiation. GCCF and RGRCSF films also have an obvious peak at 

D   G          
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2700 cm-1 which was 2D-band, one typical peak of CNT. 

4. 3.1.2 The electricity-enhanced RGRC-GCCF 

The asymmetrically hydrophilic RGRC-GCCF was obtained by regional 

UV treatment, and one part was RGRCSF and the other was GCCF (Figure 

4-6a). The VOC of the RGRC-GCCF was tested under exhalations from the 

mouth of the tester. The surface micromorphology of the RGRCSF with 

different CNT contents is presented in Figure 4-6b. The increased surface 

wrinkles (Figure 4-6b) were due to the addition of CNT. Among the three 

films containing CNT (RGRCSF-1/10, RGRCSF-1/5, and RGRCSF-1/3), 

the RGRCSF-1/3 showed obvious agglomeration. Considering the 

disbenefit of the CNT on the surface hydrophilicity, the content of the CNT 

in the RGRCSF was controlled to be less than 1/3. Theoretically, the 

appropriate addition of CNT to form 3D CNT nano webwork in the film 

can increase electricity because a voltage/current can be induced when 

water flows through the CNTs (Figure 4-6h). However, the addition of 

CNT brings a negative influence on the surface hydrophilicity of the film. 

Thus, the appropriate content of CNT needs to be discussed further. As 

shown in Figures 6d–f, the RGRSF without CNT could generate 7.46 mV 

(Figure 4-6c), and the voltages of the RGRC-GCCF with CNT of 1/10, 1/5, 

and 1/3 were 11.23 mV (Figure 4-6d), 7.13 mV (Figure 4-6e), and 5.86 mV 

(Figure 4-6f), respectively.  

Figures 4-6g and 4-6h show the power generation principle of the 
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RGRC-GCCF. The surface hydrophilicity difference afforded a regional 

difference in the ability of the RGRC and GC parts to absorb moisture. 

Since GO combined with water molecules can release free H+ ions [17, 43], 

the difference in the water molecule concentration resulted in the difference 

in H+ ions concentration, causing the H+ ions to move directionally with 

the water molecules [15, 32, 46] (Figure 4-6g). Furthermore, it has been 

verified that the local electricity can be induced when water molecules 

move on the CNT (Figure 4-6h) [33, 34, 36, 37]. The network connection 

of CNTs (Figure 4-6b and 4-6g) could help to connect the local induced 

electricity to enhance the whole, as inferred from the comparison of 

Figures 4-6c and 4-6d.  

To prove that the electrical signal comes from the device itself rather 

than the interference in the environment (such as vibration, breathing, etc.), 

three comparative experiments as Figure 4-7a~c shown. The voltage was 

tested without any sample by the digital multimeter in Figure 4-7a. And 

Figure 4-7b shows the voltage curve when the substrate (PET film) 

connected to the digital multimeter. In Figure 4-7c, the voltage change on 

the substrate was recorded under 10 exhalations. In Figure 4-7a and 7b, the 

voltage remained about 0 mV. And in Figure 4-7c, exhalation did bring 

irregular and small electrical signal changes. But comparing with the 

Figure 4-7d (same with Figure 4-6d), the influence is so small and can be 

ignored. 
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Figure 4-6(a) The VOC measure method of the RGRC-GCCF under exhalations at 20°C and 

humidity of 50%; (b) the surface micromorphology of the RGRCSFs with different CNT 

contents of 0, 1/10, 1/5, and 1/3; (c–f) the VOC change curves of the RGRC-GCCFs with 

different CNT contents under exhalations. The expiration frequency was 10 s, and each 

exhalation was maintained for 3 s. The Streat/Stotal of the RGRC-GCCFs was 1/2. (g, h) The 

electricity generation principle of the RGRC-GCCF under exhalation. The length of films above 

are 2 cm. 
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The VOC of the RGRC-GCCF-1/10 was the largest because the surface 

hydrophilicity did not significantly increase as it shown in Figure 8a. This 

was because of the dominant station of the positive effect of the CNT on 

power generation. And the volume resistance of 1/5 reduced about 99% as 

Figure 8b showed. Consequently, the CNT content of 1/10 was considered 

as a proper choice. 

 

 

Figure 4-7 The VOC change curves in RT of 20℃ and RH of 50%, (a) without sample (b) 

substrate (c) substrate under interval exhalations and (d) RGRC-GCCF-1/10 under interval 

exhalations. 
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Figure 4-8 The surface hydrophilicity (a), the volume resistance (b) and the digital photos (c) 

of RGRCSFs with different CNT contents of 0, 1/10, 1/5, 1/3in RT of 20℃ and RH of 50%.  

 

4.3.2 The electricity generation mechanism of BMIEG 

It was proved in Figure 4-6 that RGRC-GCCF could induce voltage 

under exhalation moisture, the electricity generation performance and 

mechanism of BMIEG need to be further studied. Figure 4-9 presents the 

electricity generation mechanism of the BMIEG and the VOC change curves 

of difference parts of the BMIEG under exhalation.  
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Figure 4-9 (a) The electricity generation mechanism of the BMIEG, (b) the VOC change curves 

of difference parts of the BMIEG under exhalation of 3 s. 

 

The BMIEG was fabricated by two pieces of RGRC-GCCFs and 

electrolyte gel. GO combined with water molecules can ionize free H+ ions 

and anions fixed on functional groups[47, 48]. During an exhalation, a 

significant amount of water molecule was absorbed under exhalation. In 

this process, a humidity difference was formed because of the 

hydrophilicity difference in the RGRC-GCCFs. The directional 

movements of moisture and free H+ ions happen simultaneously in the 

RGRC-GCCFs at the two ends of the electrolyte (①, ②). The A side 

nearby electrolyte is negatively, and the B side is positively because of the 

diffusion of H+ ions. The potential difference between the A and B sides 

can drive ions in the electrolyte to move directionally (③). Consequently, 

a complete current path can be formed by ions' movement in the ② and 

③ processes.   

To prove the mechanism above, the VOC changes of each part in BMIEG 
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under an exhalation were recorded in Figure 4-9b. The measure method is 

shown in Figure 4-10a. The V, V1, V2 and V3 present the VOC of the BMIEG, 

the RGRC-GCCFs in the two poles and the electrolyte, and they changed 

in similar trend. It is worth noting that V1 and V2 curves were almost 

overlap and their voltages values were about half of that of V3, in which 

V1, V2 and V3 showed peak values of 12.29 mV, 13.11 mV, and 25.11 mV 

respectively. This is consistent with the description of H+ ions movements 

in RGRC-GCCFs (②) and electrolyte (③) in Figure 4-4a. After stopping 

exhalation, their discharge process lasted about 13 s, about 4 times of 

exhalation time (3 s). The slow discharge performance of BMIEG was 

mainly relied to the special sandwich structure [32] in RGRC-GCCF that 

water molecule in the RGRC part escape difficultly resulting from its poor 

surface hydrophily. So, its complete discharging behavior took much time. 

4.3.3 The output performance of the BMIEG under controllable 

exhalation frequencies 

As shown in Figure 4-10b, the VOC of the BMIEG changed with 

breathing time. A sustainable exhalation time test was conducted on 15 

adults and 5 children, and the shortest breath time was 3.27 s; therefore, 

the breath duration was selected as 3 s. 
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Figure 4-10 (a) The VOC measure method of BMIEG under exhalations in RT of 20℃ and RH of 

50% , (b) the VOC change curves under different exhalation times. 

 

 Figure 4-11a~d present the VOC changes of the BMIEG under different 

exhalation frequencies. As shown in Figure 4-11a, the max VOC of 50.56 

mV was obtained in the first exhalation of breath and decreased to zero 

within 15 s; this was due to the sufficient dehumidification in the RGRC-

GCCF, which led to a completive discharging behavior. The VOC changed 

similarly in the subsequent exhalations. The VOC curve that changed with 

a similar amplitude value was named the steady-state VOC. As shown in 

Figure 4-5b, the VOC of 52.37 mV obtained in the first exhalation dropped 

to 7.97 mV in 10 s. In the second exhalation, it generated a relatively high 

value of 64.71 mV because of the previous incomplete discharge. 

Additionally, the amplitude of the steady-state VOC gradually increased to 

19.83–81.59 mV in the initial five cycles (Figure 4-11b). After that, the VOC 

varied similarly in the next seven cycles, while the max VOC deceased to 

70.31 mV at the 13th exhalation and then rapidly dropped to zero within 5 
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s. As shown in Figure 4-11c, under an exhalation interval of 3 s, the steady-

state VOC was maintained for approximately four cycles: from the third to 

the seventh. Under a considerably reduced exhalation interval, it only 

appeared in one or two cycles (Figure 4-11d). In summary, the steady-state 

VOC under a fast exhalation frequency was retained for less time, and the 

electricity generated by the BMIEG decreased, as shown in Figure 4-11f. 

This was caused by the limitation of the moisture absorption capacity of 

the GO. The water molecules in the RGRC-GCCF accumulated during 

each circle until moisture saturation; afterward, it was disabled to ionize 

new H+ ions, and it quickly discharged. 
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Figure 4- 11 (a–d) the VOC versus time curves of the BMIEG under interval exhalations; the 

intervals were (a) 15 s, (b) 10 s, (c) 3 s, and (d) 1 s, and each exhalation was maintained for 3 

s. The VOC test method of the BMIEG under exhalation was the same as shown in Figure 4-3a. 

(e) The exhalation number of the steady-state VOC under different interval time. (f) The 

maximum VOC change curve under each exhalation number, the interval was 3 s. 

 

As it shown in Figure 4-11f, the VOC curves presented three stages 
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overall: in the beginning, the VOC increased with the accumulation of 

exhalations (Stage I), and afterward, little change was observed in Stage II; 

finally, it decreased with the increase of exhalation cycle (Stage III). The 

initial state of BMIEG is shown in Figure 4-12a. The BMIEG initially had 

little water and free H+ ion molecules inside. The directional motion of ions 

happened in the first exhalation (Figure 4-11b), there by the voltage (Figure 

4-11f) increased. After stopping exhalation, water molecular escaped from 

RGRC-GCCFs (Figure 4-12b) and free H+ ions recombined with the 

functional groups on GO. The decrease of free H+ ions caused the potential 

difference to drop (Figure 4-12c). However, the short exhalation interval 

could not allow to completely discharge so that a few water molecules and 

potential difference remained in the BMIEG (Figure 4-12c). It should be 

reminded that spontaneous dehumidification always existed because of the 

humidity difference between the material and environment. 

 In the exhalations of Stage I, hygroscopicity predominated. So, the 

peak value of VOC in each cycle increased due to the accumulation potential 

difference in previous cycle. Due to the accumulation of moisture in each 

cycle and the limitation of the hygroscopicability of RGRC-GCCF, the 

moisture concentration difference gradually decreased. Thus, the growth 

rate of the VOC peak values became small with the increase of exhalation 

cycle in Stage I (Figure 4-11f). A dynamic balance of moisture absorption 

and dehumidification could be reached in the exhalations of Stage II that 
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the peak values changed little (Figure 4-11f), in which the increase and 

decrease of H+ ions in hygroscopic process might be equal in a cycle 

(Figures 4-12d~f). However, the balance could not last long resulted from 

the uncontrollability of the moisture from each exhalation (content, flow 

rate, etc.) and other factors. When the balance was broken, it came to the 

Stage III, in which the peak value of VOC in this stage decreased (Figure 4-

11d). The accumulation of water molecular in previous cycles led to the 

reduce of humidity differences in RGRC-GCCF (Figures 4-12g~h), and 

dehumidification dominated. Then a fast discharge was conducted since 

the humidity difference was too small to drive H+ ions (Figure 4-12i).  
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Figure 4-12 The Schematic diagram of the motion water molecules and free H+ ions in 

BMIEG under exhalations at intervals. State Ι: (a) the initial state (b)under exhalation (c) 

stopping exhalation; State II after multiple interval breaths: (d) under exhalation (E) stopping 

exhalation (f) under exhalation; State ΙΙΙ after multiple interval breaths: (g) exhalation (h) 

stopping exhalation (i) reaching to the saturation. ΔH>0 means humidification and ΔH<0 means 

dehumidification. 

 

  As shown in Figure 4-13a, BMIEG conducted slow discharging 

behavior under exhalations of 1~5 s, in which the peak value of ISC density 
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under an exhalation of 5 s did not so increase compared with it under 3 s. 

It might be difficult for the tester to exhale continuously and steadily for 5 

seconds. Additionally, the limitation of the hygroscopicity could not allow 

the film to absorb so much moisture in short time. The slow discharging 

behavior relied on the sandwich structure in RGRC-GCCF, which has been 

verified in our previous work[32]. As shown in Figure 4-13b, after stopping 

exhalation, the release of water molecular in the RGRC was slower than 

that in GC parts. It might be due to that the layers on the surface of RGRC 

had poor hydrophilic. Free H+ ions reduced in the dehumidification process, 

and so did the concentration difference. Thus, the current went down  

slowly with the dehumidification time. 

From Figure 4-13c~f, the ISC peak values under the first exhalation were 

the similar, about 12.43 uA/mm, and the shorter the interval time, the faster 

the peak value of ISC decreased. The decrease in current might be related 

to the diffusion of water molecular and the movement of H+ ions, which 

both mainly depended on their concentration differences. The moisture in 

Stage I could be accumulated from previous cycle that in RGRC-GCCF 

increased because of the incomplete dehumidification. However, the 

moisture content difference reduced between RGRC part and GC part since 

it is more difficult for water molecular escape from the RGRC layers with 

poor hydrophilicity on the surface. Therefore, the number of directional 

movements of water molecular or the speed of movement decreased or both. 
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While a fast movement of moisture can drive H+ ions to move faster. So, 

the declined synergistical effect from the movement of water molecule，

might lead to the decline of ISC peak value. More importantly, the 

accumulation of H+ ions in the RCRC part resulted in that the H+ ions in 

GC part had to overcome a larger repulsion force to move toward RGRC 

part with high potential. Then, when the moisture absorption and 

desorption reach a dynamic equilibrium, the H+ ions might do reciprocating 

directional motion in an exhalation cycle. Hence, the peak value varied 

little in Stage II. When the balance was broken, the current peak value 

dropped in Stage III. 
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Figure 4-13 (a) The ISC density change curves under different exhalation times; (b–e) the ISC 

density versus time curves of the BMIEG under interval exhalations; the intervals were (b) 15 

s, (c) 10 s, (d) 3 s, and (e) 1 s, and each exhalation was maintained for 3 s. The ISC test method 

of the BMIEG under exhalation was the same as shown in Figure 4-3a. 
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4.3.4 The output performance of BMIEGs  

To explore the stability of the BMIEG, the generator was placed in 

different humidity (H = 30%, 50%, and 80%, T = 25°C) and various 

temperatures (H = 50%, T = 5°C, 20°C, and 35°C) conditions for 30 min 

to measure the max VOC under an exhalation. As shown in Figure 4-14a, 

the humidity in the environment had significant influence on its output 

performance. The decrease of the VOC at a humidity of 80% was due to the 

weak humidity difference in the RGRC-GCCF in a highly humid 

environment. The temperature change afforded little difference in the VOC 

(Figure 4-14a). Considering the suitable size for a wristband or mask, the 

generator connected using three pieces of the RGRC-GCCFs was 

employed as a unit (BMIEGs-9, 1 × 9 cm). And generators 3BMIEGs-9 (3 

× 9 cm) and 5BMIEGs-9 (5 × 9 cm) were produced to study the influence 

of the size expandation. As shown in Figure 4-14b, the VOC increased 

because of the expansion of the hygroscopic area which could endow the 

generator to release much more free ions. The exhalation cycles to reach 

the maximum voltage for each sample increased as Table 1 showed, as the 

generator with larger size can absorbed more moisture. 
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Table 1 The exhalation cycles to reach stable VOC 

Sample BMIEGs-6 BMIEGs-9 2BMIEGs-9 3BMIEGs-9 5BMIEGs-9 

Size (cm2) 6 9 18 27 75 

Exhalation cycles 3.5±0.58 5.7±0.96 9±0.82 11.75±0.95 22.5±1.29 

 

The VOC and ISC change curves of the 5BMIEGs-9 under interval 

exhalations also presented three stages, as shown in Figures 4-14c and 4-

14d. In Stage I, the VOC value exhibited a changed peak-like increase, and 

the peak voltage value increased with the exhalation cycle in the initial 90 

s (approximately 15 exhalations). Thereafter, the VOC attained a stable 

change with an amplitude value of 0.83–1.44 V in approximately 32 

exhalation cycle (about 194 s, Stage II). In stage III, both the VOC and ISC 

peak values decreased. The change of the ISC density in Stage II were 

different that ISC density sharply increased to 13.43 μA/mm2 and then 

conducted a changed peak-like decrease (Figure 4-14d). This is similar to 

the result of Figure 4-13c, the current peak value of the 5BMIEGS-9 

decreased more slowly due to the size expansion. The change range of the 

ISC density was 5.42–10.17 μA/mm2 in Stage ΙΙ. The Stage II could last 

about approximately 200 s, which endowed the possibility for the 

5BMIEGs-9 to supply a sustainable electricity. To verify this conjecture, 

5BMIEGs-9 and LED were connected in series (Figure 4-14e, OFF state). 

A commercial LED was lit up and out for approximately 24 exhalations 
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(144 s) at State ΙΙ (the minimum VOC and ISC were 0.83 V and 32.52 μA, 

respectively). This changeable electricity can be applied in signal emission 

and instantaneous or intermittent power supply. Connecting a capacitor 

was beneficial to maintain VOC stable. When a capacitor was connected in 

series (Figure 4-14e, ON state), the LED remained lit for more than 39 

exhalations (approximately 234 s), showing the potential application for a 

short-time power supply. Furthermore, it obtained good flexibility and 

stability (Figure 4-15) and could be worn on the wrist (Figure 4-14g). 
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(b) the effect of the expansion of the BMIEG on the initial VOC and stable VOC; (c, d) the VOC 

and ISC density change curves under the action of the exhalation of the expanded BMIEGs with 

a size of 45 cm2 (5BMIEGs-9) and the voltage change curve under the action of exhalation; (e) 

the connection circuit diagram and photo of the 5BMIEGs-9, an LED (a red bulb can be lighted 

when the power supply >1.2 V, 30 uA), and a capacitor (100 μF). The ON and OFF switch 

shows if the capacitor is connected or not. (f) The exhalation number shows that the LED lit up 

in states ON and OFF in a dim room. The pictures of the different lit states of the LED under 

OFF and ON are included; (g) the digital photo of the 5BMIEGs-9 worn on the wrist. (h) The 

VOC change curve of the 5BMIEG-9 under different breath frequencies of 30 min−1 (short 

breath), 10 min−1 (normal breath), and 6 min−1 (deep breath); the digital photos of the LED 

powered by the 5BMIEGs-9 under normal breath in a dim room. 

 

Considering that the 5BMIEG-9 produced a significant voltage signal 

under exhalations from oral, the generator was placed in a mask to record 

the Voc change under different breath frequencies, aiming to explore its 

possibility in breath monitoring. As Figure 4-14h shown, three breathing 

frequencies of 30 min−1 (short breath), 10 min−1 (normal breath), and 6 

min−1 (deep breath) were conducted, in which the exhalation and inhalation 

time is same. Under three breathing frequencies, the generator did show a 

slow discharging performance that the Voc increased with exhalation and 

droped to 0 in inhalation. This might be due to that inhalation behavior 

enhanced dehumidification effect. Besides, the direction of wet airflow 
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approach to the generator was changed in the mask, and much moisture 

was absorbed by mask. The peak VOC under the three breath frequencies 

(short, normal, and deep) were approximately 0.72, 1.12, and 1.69 mV, 

respectively. The significant difference of the VOC suggested an application 

potential in breath monitoring. The VOC under a deep breath was the highest 

because of the increased moisture supply. Additionally, that the Voc change 

under normal breath could remain for more than 2 h (Figure 4-16), 

suggested a good stability. As the photo in Figure 4-14h shown, a LED 

could be lit up with exhalation and went out with inhalation by the 

generator. So, it can also be used as a signal generator for breath monitoring. 

To sum up, the BMIEG has an application potential of breath monitoring 

and a signal generator for it. 

 

 

Figure 4-15 The max VOC of BMIEG under an exhalation for bending 100 times 
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Figure 4-16 The VOC curve of 5BMIEG-9 under normal breath for 2 h 

 

 

Figure 4-17 The resistance curve of 5BMIEG-9 under 53 normal breaths 

 

The VOC and ISC of 5BMIEG-9 showed peak-like changes under 

intermittent exhalations. In order to facilitate the calculation, we simplified 

the three stages of the VOC and ISC density curves into linear change curves, 

as shown in Figure 4-18. Hence, the average VOC of 0.57 V (Figure 4-18a) 

and ISC density mean of 10.97 uA/mm2 (Figure 4-18b) in Stage I were 

considered to calculate the power density. According to the formula 𝑃 =
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𝑉𝑂𝐶 𝐼𝑆𝐶

 4
, 5BMIEG-9 could gain power density of 1.55 uW/mm2. In Stage II, 

based on the average VOC of 1.97 V (Figure 4-18a) and the mean value of 

ISC density of 7.80 u/mm2 (Figure 4-18b), the power density was 1.94 

uA/mm2. The power density of the stage III was 0.97 uW/mm2. 

 

 

Figure 4-18 The VOC (a) and ISC density (b) curves of 5BMIEG-9 under interval 

exhalations. (c) The VOC versus time curves of BMIEG connected with a capacitor under 

interval exhalations. (d) The moisture area formed by the exhaled water vapor on the glass plate 

3 cm away. 

 

In Figure 4-18b, ISC of 5BMIEG-9 is larger than 33uA (with an area of 

6mm2) during Stage I and II, and the LED with a red bulb can be lighted 

up under power supply >30 uA, 1.2 V, so the ISC is sufficient. As shown in 
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Figure 4-10a, without a capacitor connected, when t >90s, the maximum 

VOC can reach 1.2V, and the maximum VOC >1.2 V time is about 200 s 

(Figure 4-14f-OFF). While the minimum voltage in Stage II cannot meet 

the need. So, the LED cannot be continuously lighted up (Figure 4-14f-

OFF). A capacitor (100 uF) connected in parallel is used. The VOC change 

curve of 5BMIEG-9 connected with the capacitor is shown in Figure 18c. 

The VOC grows up quickly and reaches to 1.2 V at 61 s, and the duration of 

VOC >1.2 V is about 570 s, which is much greater than the duration time 

(about 300 s) of ISC＞30 uA. Thus, it can satisfy to continuously light up 

the LED for 240 s (about 39 breaths, Figure 4-14f-ON). As shown in Figure 

4-18d, each time the moisture exhaled from the oral cavity forms an area 

of about 10 cm × 10 cm on the glass plate, which is limited by the material 

area limitation of the material preparation method, the current 5BMIEG-9 

area assembly area is about 9 cm × 9 cm, so it makes little sense to gain 

larger size to obtain higher energy. Therefore, improving the material 

preparation method and adding water-absorbing particles are considered in 

our future work to achieve much higher electricity that LED can be lighted 

up by the first exhalation and prolong the lighting time. 

BMIEG also can not only generate electricity based on breathing 

moisture, but also harvest energy from moist air or from direct contacted 

water droplets. As shown in Figure 4-19a, the VOC almost changes after 

reaching 121 mV within 10 minutes in an environment with a humidity of 
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75%. Afterwards the VOC changed little for about 25 minutes and then 

dropped to 0 in the last 17 minutes. It might be due to the moisture 

absorption saturation in BMIEG that there was no water molecular 

concentration difference in RGRC-GCCF to drive directional motion or 

there was no new H+ ions released by GO combined with water molecular. 

The corresponding ISC rapidly increased to 14.3 uA within ten seconds, and 

then slowly decreased to 0 (Figure 4-19b). According to the formula, 𝑃 =

𝑉𝑂𝐶 𝐼𝑆𝐶

 4
 , the power was calculated that a BMIEG could gain power of 0.11 

uW. Its slow discharge behavior endowed BMIEG the ability to 

substantially generate electricity in a humid environment, which was 

consistent with the power generation behavior of BMIEG under breathing 

moisture in the article. As shown in Figure 4-19c, when 3 uL of distilled 

water is directly added to the unreduced part of the two electrode films in 

the BMIEG, the VOC quickly reaches about 345 mV within a few seconds, 

and then the VOC decreases to 0 in 5 minutes due to the dehumidification. 

The corresponding ISC presented a similar change, and the maximum value 

was about 35 uA. The VOC and ISC in Figure 4-19c and 4-19d were much 

larger, since the liquid water only entered the GCC part and formed a 

significant humidity difference to drive a surge and rapid movement of H+ 

ions. While the VOC could not be sustained as Figure 4-19a.The max power 

was 3 uW, because of the limited amount of water molecules in water drops 

and the continuous dehumidification behavior.  
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Figure 19 The VOC (a) and ISC (b) change curves of BMIEG under an environment with a 

humidity of 75%, the VOC (c) and ISC (d) change curves of BMIEG added two drops of 

distilled water on the GCC part and a drop was 30 uL. 

 

4.4 Conclusions 

In this chapter, a sustainable, continuously expandable, and wearable 

breath moisture-induced electricity generator was successfully innovated. 

The BMIEG mainly relied on the hydrophilicity difference caused by a 

regional UV treatment on the RGRC-GCCF, which achieved concentration 

differences and directional movement of water molecules and H+ ions. The 

appropriate addition of CNT could enhance the induced electricity. The 
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BMIEG was arbitrarily assembled by the end-to-end connection of two 

RGRC-GCCFs and enlarged to meet various requirements of power supply. 

The 5BMIEGs-9 discontinuously lit an LED under intermittent breaths 

with a peak VOC of 1.44 V. Further, a capacitor was employed to sustain the 

generator to light the LED up for approximately 4 min. The BMIEG 

presented excellent adaptability for the requirements of instantaneous, 

variable, and stable voltage power generation, and it controllably generated 

diverse electrical signals based on exhalation ways and electronic 

component assembly. Additionally, the generator obtained application 

prospects in respiration sensors because the VOC signal changed stably in 

obvious differences under different respiratory frequencies. Because of the 

excellent flexibility and reusability of the BMIEG, it can be employed as a 

power supply for wearable electronics and mask built-in breathing 

monitors. Further research will be conducted to improve the production 

method of the RGRC-GCCF to enlarge the size and try different assembly 

methods to gain a relatively high output performance. 
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Chapter 5：General conclusions 

 

In this study, a variety of regional asymmetric oxygen-containing GO 

base films were obtained based on UV reduction of GOF, and the 

asymmetric hydrophilicity was used to form a concentration difference of 

water molecules, thereby forming H+ ions to perform directional 

movement due to the concentration difference to obtain induced voltage 

and current. And the applications of their induced electrical signals in 

moisture power generation, humidity monitoring, respiration monitoring 

and so on are discussed. 

In Chapter 1, the basic properties of GO and some common reduction 

methods are summarized, and the applications of GO and RGO in humidity 

power generation and sensors are summarized.  

In Chapter 2, RGFs with different oxygen-containing were developed by 

UV treating on the surface of GOF for 3 h. And the treatment time can 

control reduce the oxygen-contain, surface hydrophilicity and improve 

conductivity. Based on the difference in hydrophilicity of two surfaces, 

RGF can generate an electricity of 86 mV and 2.3 uA under 85%. The RGF-

based HEG can generate peak values of 424 mV, 9.1 uA under 85%. And 

HESs with expandation powered a timer successfully. It suggested that the 

UV reduced GO-based film with the is very promising in moisture induced 

electricity, so in the further research we try to replace the use of sunlight 
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instead of UV irradiation for the reduction of GO. 

In Chapter 3, the double-sided reduction treatment of GOF with UV is 

used to obtain the RGO/GO/RGO sandwich structure, RGRSF and 

RGRSF–GO composite films were developed by a simple bilateral UV 

treatment on GO films. Without any additives, power generation from the 

moisture mechanism of MIEG mainly depends on the hydrophilicity 

difference between the two films. The special sandwich structure endows 

MIEG with the capability to generate sustained electricity under moisture 

for more than 5.5 h and slow discharge in a dry condition. The high stability 

and reproducibility of MIEG were demonstrated by 100 cycles repetition 

of charge and discharge experiments. Besides, the generator could be easily 

scaled up for higher output. 9MIEGs successfully powered a LED under 

moisture and kept it lit for 1 h in a normal room condition, thereby showing 

excellent adaptability to humidity changes in the application for wearable 

electronic products. Besides, the MIEG has many benefits of flexibility, 

high stability, reusability, lightweight, low price of medicines, and ease of 

production.  

In Chapter 4, based on the RGO/GO/RGO sandwich structure, I add 

CNTs into the GO base film and optimize the domain design of asymmetric 

hydrophilicity to develop a BMIEG that can provide sustainable electricity 

under intermittent exhalations. a sustainable, continuously expandable, and 

wearable breath moisture-induced electricity generator was successfully 
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innovated. The BMIEG was arbitrarily assembled by the end-to-end 

connection of two RGRC-GCCFs and enlarged to meet various 

requirements of power supply. The 5BMIEGs-9 discontinuously lit an LED 

under intermittent breaths with a peak VOC of 1.44 V. Further, a capacitor 

was employed to sustain the generator to light the LED up for 

approximately 4 min. The BMIEG presented excellent adaptability for the 

requirements of instantaneous, variable, and stable voltage power 

generation, and it controllably generated diverse electrical signals based on 

exhalation ways and electronic component assembly. Additionally, the 

generator obtained application prospects in respiration sensors because the 

VOC signal changed stably in obvious differences under different 

respiratory frequencies.  

In conclusion, I utilize UV reduction to obtain various the GO-based 

films with reginal difference in hydrophilicity. And based on their 

performance of moisture-induced power generation to develop generators 

and sensors with different application potentials, and the research 

progresses layer by layer. Otherwise, it is verified that UV treatment on 

GOF shows many advantages such as high controllability and flexibility. I 

look forward that in the further research UV irradiation can be replaced by 

sunlight as a source to reduce GOF and obtain similar good effect. 

In conclusion, UV treatment can be used to obtain various the GO-based 

films with reginal difference in hydrophilicity which is promising in the 
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field of moisture-induce electricity generation. Based on the regionally 

hydrophilic difference of GO-based films, sustainable environmental and 

breath moisture-induced power generators were developed.  Besides, UV 

treated GO-based films show many advantages such as well controllable, 

flexible and wearable. In the further research, sunlight can be considered 

to replace UV irradiation as a source to obtain similar good effect and other 

different regional treatments can be discussion for more applications. 
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