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Abstract: 

The problems of traditional concrete such as brittleness, poor toughness and short service life of concrete engineering under acid rain 

or marine environment need to be solved urgently. Hydrated calcium silicate (C-S-H) is a key component to improve the mechanical 

properties and durability of concrete. However, the traditional method of concrete material design based on empirical models or 

comparative tests has become a bottleneck restricting the sustainable development of concrete. The synthesis method, molecular 

structure and properties of C-S-H were systematically described in this paper; The interface structure and interaction of graphene oxide 

/ calcium silicate hydrate (C-S-H / GO) were discussed. On this basis, the saturated and unsaturated transport characteristics of ions 

and water molecules in C-S-H / GO nanochannels under the environment of ocean and acid rain were introduced. The contents of this 

review provide the basis for improving the multi-scale transmission theory and microstructure design of concrete. It has important 

guiding significance for analyzing and improving the service life of concrete in complex environment. 
Keywords: acid rain environment ; marine environment ; Service life of concrete ; Graphene oxide / calcium silicate hydrate ; 

molecular dynamics ; Unsaturated transport of ions and water molecules. 

 
Abbreviations: C-S-H , Hydrated calcium silicate; 

GO, Graphene oxide ; C-S-H / GO, Hydrated calcium 

silicate / Graphene oxide ; MD, molecular dynamics; 

SFCB, Steel continuous fiber composite reinforcement; 

SEM, scanning electron microscope; LK , 

Lerf-Klinowski ; DSM , Dynamic structural model. 

1 Introduction 

With the continuous development of science and 

technology, concrete materials are extensive used in 

various buildings. It is a kind of composite heterogeneous 

material, which has the distinguishing features of high 

compressive strength and good compatibility with the 

surrounding environment. At the same time, it has low 

production cost and easy access to raw materials. 

Therefore, its strength and durability have been studied 

by many researchers 
[1-6]

. The effect of surroundings on 

the durability of concrete is one of the most common 

factors. Among them, acid rain and ocean are the two 

most common environments that influence the endurance 

of concrete. 

With the development of industrialization, the 

impact of acid rain on all parts of the world has become 

more and more serious in the past ten years. And the 

erosion of acid rain causes huge economic losses every 

year. It is estimated that China's annual economic loss in 

building materials due to acid rain exceeds 2.5 billion 

dollars 
[7-8]

. At the same time, due to the superposition of 

multiple and complex factors (such as salinity, climate 

and biology), the corrosion of marine engineering 

structures has also become a worldwide problem. The 

corrosion of marine buildings in the world has caused 

serious economic losses. According to statistics, the cost 

of highway bridges in the United States due to concrete 

corrosion reached 27.6 billion dollars in 1998; 75% of 

concrete bridges in England and Wales are corroded by 

seawater, and the maintenance cost is twice as high as the 

construction cost; The corrosion of marine engineering in 

China is also serious, and the loss of marine corrosion 

accounts for about 1 / 3 of the total corrosion loss, as high 

as 700 billion RMB. Therefore, strengthening the 

durability and strength of concrete structures in these 

environments and extending the service life are essential 

research directions. 

In view of these factors, adding admixture to 

cement-based materials is a major means to prepare 

high-performance concrete materials. Admixture is an 
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indispensable part of concrete, which is the consensus of 

all civil workers now. High performance concrete mainly 

improves the workability and durability of concrete by 

adding additives. In particular, high-efficient water 

reducing agent can fully disperse cement particles and 

improve the pore structure and interface microstructure 

on the basis of reducing water consumption. Therefore, 

the concrete is more dense and the mechanical properties 

are greatly improved. Whether impermeability or chloride 

ion diffusion, sulfate corrosion resistance and wear 

resistance are better than concrete without admixture. It 

not only improves the workability of concrete, but also 

improves its durability and strength. So, it is possible to 

prepare high performance concrete with high strength and 

high durability only by mixing high efficiency water 

reducing agent. 

And admixtures can be divided into inorganic 

admixtures, organic admixtures and composite 

admixtures according to chemical composition. Among 

them, organic admixtures account for the vast majority of 

concrete admixtures, such as high-performance water 

reducer, retarder and so on
[9]

. 

Z.C. Lu 
[10]

studied the role of organic admixtures 

with different functional groups in cement hydration. He 

summarized that the addition of organic admixtures can 

improve the plasticity of concrete materials and prevent 

the occurrence or increase of cracks. Besides, it can also 

effectively improve the service strength and service life of 

concrete. On the other hand, he found the difference 

between the functional groups and molecular structures 

contained in the small organic molecules in the organic 

admixtures will affect the cement hydration. The carboxyl 

groups on the polymer surface can prolong the cement 

hydration time, which is conducive to ensuring the 

workability of concrete. 

C-S-H is the main cementation phase of concrete 

materials, accounting for over half of cement hydration 

products. Therefore, research on materials based on hydrated 

calcium silicate has been paid more and more attention. In 

addition, graphene oxide as a derivative of graphene has 

excellent mechanical properties and has gradually become a 

popular cement-based modified material. 

Meanwhile, in order to simulate and analyze more 

intuitively, molecular simulation of materials was led into the 

research field of new concrete materials at the beginning of 

the 21st century, especially in the study of microstructure 

and performance of hydration products of cement. 

The environment such as acid rain and ocean has a 

great impact on the service life of concrete. They circulate 

dry and wet in the concrete. So, the water and ions in 

concrete belong to unsaturated transport. At the same time, 

M. Devasena et al.
[11]

 employed GO to study its influence 

on the mechanical properties and durability of concrete. 

Their results showed that when the addition amount of 

GO was 0.1%, the strength of concrete increased by the 

highest extent. The compressive strength of concrete with 

0.1% GO was 11% higher than that without GO when the 

flexural strength was 4% higher. Therefore, the demand 

for unsaturated transport of water and ions in C-S-H / GO 

is increasing every year. However, due to the relatively 

complex structure of C-S-H and other reasons, the 

research on micro mechanism is limited. 

Therefore, this paper summarizes the construction of 

multi-scale C-S-H/GO variable model using molecular 

dynamics method to study the unsaturated transport of 

water molecules and ions. It can provide a basis for 

improving the multi-scale transport theory and 

microstructure design of concrete, which can also have 

important guiding significance for analyzing and 

improving the service life of concrete in complex 

environments 

2 Environment and concrete structure 

2.1 Influence of environment on durability of concrete 

structure 

Environment is an important factor influencing the 

ruggedness of concrete. Freezing thawing, sulfate and other 

different environments will have various adverse effects on 

the mechanical properties and ruggedness of concrete 

materials. Acid rain and ocean are the two most common 

environments that affect the durability of concrete. 

When the concrete construction is eroded by acid rain, 

cement hydration products will react with acid rain to form 

ettringite or gypsum, which will dilate its volume by 

1.5-2.2 times and generate tensile stress inside, resulting in 

cracks and spalling in the concrete. Its mechanical 

properties, interface bonding and composition will change 

accordingly 
[12-19]

, and finally the strength and durability of 

the concrete structure will gradually decrease 
[20-21]

. 

 

Figure 1  SEM of concrete before (a) and after (b) acid 

rain erosion 
[22]

 

In the marine environment, concrete structures bear 

static and hydrodynamic loads due to water pressure and 

have complex stress states 
[23-24]

. In addition, water is easy 

to penetrate into concrete under high pressure, which will 

result in the decline of its internal mechanical 

performance. Although some scholars have fully 

considered the quiescent condition and fatigue behavior 

of concrete structures in epeiric sea 
[25-30]

, it is still 

difficult to analyze the impact of high water pressure in 

deep sea 
[31-32]

. At the same time, the concrete 

construction in the district where the water level drops is 

most vulnerable to corrosion. In this district, the concrete 

is repeated to dry and wet cycles, which leads to complex 

chemical reactions of chloride ions, sulfate ions and 
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magnesium ions in seawater to cement concrete 
[33-36]

. 

There is also physical erosion caused by crystallization 

pressure of sea salt and wave action in this area 
[37]

. When 

the concentration of chloride ion in reinforced concrete 

attains a certain range, the chloride ion will be adsorbed 

on the superficial layer of reinforcement, thus 

accelerating the corrosion rate. Under the condition of 

sufficient chloride ion and water, the corrosion rate of 

reinforcement will be accelerated with the large amount 

of chloride ion 
[38]

. With the increase of corrosion, the 

volume will gradually increase to 2-6 times of the original 

reinforcement volume, thus generating expansion 

pressure on the boundary between cement and 

reinforcement. After that, the tensile stress loss will lead 

to concrete cracking and delamination. It also will reduce 

the cross-sectional area of reinforcement, and finally 

damage the durability of concrete structure 
[39-40]

. 

 

Figure 2  marne corrosion surface
[41]

 

 

Figure 3  characteristics of marine corrosion zoning
[42]

 

Because these environments have an important 

influence on the durability and strength of concrete, it is 

particularly important to research these factors. 

2.2 Research status in various countries 

According to the environment of acid rain, H.F. Yuan 

et al. 
[43]

 examined the degradation model of concrete 

corroded by sulphuric acid and built a simplified damage 

model to describe the deterioration of concrete induced by 

gypsum expansion in accordance with the acid rain 

environment. The resistance of glass powder content in 

cement materials to sulfuric acid was researched by H. 

Siad et al. 
[44]

. They discovered that adding more glass 

powder to mortar will boost its resistance to sulfuric acid. 

F. Girardi and R.D. Maggio 
[45]

 studied the resistance of 

concrete mixtures to periodic sulfuric acid and sulfate 

solutions, and the results showed that the deterioration of 

concrete mixtures was particularly serious when the 

samples contained ordinary aggregates and were regularly 

exposed to sulfuric acid and mixed sulfate solutions. M. 

Mahdikhani et al. 
[46]

 found when exposed to sulfuric acid 

rain, silica-containing concrete samples' mechanical 

properties and durability were examined. They discovered 

that as the acidity of the solution increases, the concrete's 

quality degrades, its resistance and adsorption coefficient 

rise, but its compressive strength falls. In their study of 

the dry-to-wet cycle test for concrete under 

sulfate-accelerated corrosion, J.J. Guo et al. 
[47]

 

investigated the effect of dry-to-wet duration ratio on 

sulfate corrosion of concrete. According to the test results, 

there are three stages to the sulfate change during dry-wet 

cycle erosion: the increasing period, the fluctuating period, 

and the quick decreasing period.H. Siad et al. 
[48]

 also 

recommended a new treatment procedure to accelerate the 

degradation process of concrete sulfate erosion, and found 

that the use of supplementary pretreatment in the dryer is 

an important acceleration of the degradation process. 

After studying the damage process of concrete subjected 

to sulfate attack under bending force and dry wet cycle, 

J.M. Gao 
[49]

 found that both bending load and dry wet 

cycle can hasten concrete degradation. 

For the marine environment, H. Fazli et al. 
[50]

 

investigated the effects of the marine environment on the 

bonding and exposed surface of concrete slabs. They 

discovered that a 12-month marine exposure had little 

effect on the performance of the epoxy resin between the 

carbon fiber reinforced polymer composite and concrete. 

W.H. Hu et al. 
[51]

 conducted an experimental study on the 

uniaxial compressive strength of concrete under natural 

and saturated conditions, and found that the concrete 

sample showed greater strength under water saturated 

conditions. C. Poinard et al. 
[52]

 reported that in the cyclic 

hydrostatic test, the most serious damage of cement 

matrix was observed between 60 and 150 MPa, and the 

linear elastic behavior was observed when the confining 

pressure was less than 60 MPa. 

In recent years, scholars from various countries have 

done lots of research in this district, which provides a 

variety of new ideas for enhancing the ruggedness of 

concrete. However, due to the relatively complex 

construction of C-S-H in concrete, the liquid-solid 

interface interaction, the saturation model established by 

the experiment is not applicable to the unsaturated state 

and so on, which limits the research on the micro 

mechanism, especially the research on the molecular scale. 

Therefore, it is particularly important to build a 

multi-scale model by MD to research the unsaturated 
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transport of water molecules and ions in C-S-H, which 

provides a theoretical basis for the microstructure design 

of concrete. 

3 MD theory and Application 

The main characteristic spatial scales of concrete 

cementitious materials are divided into macro scale, meso 

scale, micro scale and nano scale. In the first three scales, 

scholars in various countries have many relevant test 

methods and theories, and a set of mature research 

systems. A example multi-scale complicated material is 

cement, especially the complex structure of C-S-H in the 

nano scale limits the study of its micro and nano 

mechanism. Therefore, using molecular simulation as an 

auxiliary means of experiments can model multi-scale 

and effectively solve the limitations of experiments. 

 

Figure 4  multi-scale representation of cement materials 
[53]

 

Molecular simulation is a method to simulate the 

structure and movement of molecules by using a 

computer molecular model in the unit of atoms, so as to 

simulate various chemical and physical attributes of 

molecular systems. It is based on experiment, through the 

basic principle to build the corresponding model and 

algorithm, so as to deduce the reasonable molecular 

structure and molecular motion. It can simulate static 

molecular structure and dynamic molecular motion. There 

are two main simulation methods: molecular Monte Carlo 

method and MD method. 

In the molecular simulation of new concrete 

materials, the molecular kinematics method is generally 

used. This method primarily uses Newtonian mechanics 

to simulate the motion of the molecular system. Samples 

are taken from systems made up of various molecular 

states in order to calculate the configuration integral of 

the molecular system, which is then used to determine the 

molecular system's thermodynamic behavior and other 

pertinent information. 

Its advantage is that the force between atoms is 

equivalent to the motion between particle coordinates by 

using appropriate simplified conditions, thus avoiding 

complex quantum calculation equations. While ensuring the 

accuracy, it greatly improves the applicable scope of atomic 

simulation, and can reach the operation of millions of atoms. 

Because of the ocean, the environment such as acid 

rain is in an unsaturated state. However, most of the 

experimental studies of various researchers are based on 

the saturation model. However, the saturated model is not 

suitable for the unsaturated state, so there is a certain 

error between the experimental results and the reality. 

Therefore, studying the unsaturated transport of C-S-H / 

GO by MD can not only solve the limitations of 

experiments, but also solve the difficulties of finite element 

method or linear elastic fracture mechanics in continuum 

theory. It can observe and model multi-scale and simulate 

complex chemical reactions, so as to increase the longevity 

of cement-based materials even more. 

4 Molecular structure and properties of 

multi-scale cement-based materials 

4.1 Molecular structure and properties of C-S-H 

C-S-H has the characteristics of strong surface 

activity, light weight, hydrophilicity and poor 

compatibility with organic aggregates. It is the primary 

product of hydration of cement-based cementitious 

materials. It can absorb some alkali metal ions and inhibit 

alkali aggregate reaction to some extent, so as to enhance 

the compressive strength of concrete in all aspects, 

effectively improve the cracking resistance and 

impermeability of concrete. At the same time, it is a 

mesoporous medium with pores that range in size from 

0.5 nm to 10 nm 
[54-57]

, which can be used as a crucial 

conduit for ion transport. 

In addition, C-S-H is a layered and arranged 

construction with complex chemical bonds. At the same 

time, other added polymers further increase the 

complexity of its structure. So far, it is generally believed 

that C-S-H and Tobermorite crystals have similar crystal 

structures, with short layer ordered and long layer 

disordered gel properties. The morphology of C-S-H is in 

an amorphous state, and the accumulated particles form 

relatively loose flakes. Defective silicon chains grow on 

the calcium layer of its crystal structure, which form a 

silicon calcium framework. Water molecules, calcium 

hydroxyl groups and silicon hydroxyl groups are 

distributed in the adjacent interlayer regions, which are 

characterized by high silicon calcium ratio, low silicon 

chain polymerization degree and low crystallinity. 

P.A. Bonnaud et al. 
[58]

 researched the properties of 

confined water in C-S-H under different relative humidity 

through giant regular Monte Carlo simulation, and found 

that the influence of confined water on C-S-H 

condensation depends on the inter particle spacing 

between C-S-H particles. N. Giovambattista et al. 
[59]

 

investigated the impact of surface polarity on the 

composition, dynamics, and mechanical characteristics of 

silicate interlayer water. The findings demonstrate that the 

hydrophilicity and hydrophobicity of silicate chains 

influence the structure of water molecules on the surface, 

and that the ice-like water layer of silicate crystals is 

responsible for the low rate of water molecule diffusion 
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near the hydrophobic surface. M.J.A. Qomi et al. 
[60]

 ran 

MD simulations on 150 models with various Ca/Si ratios,. 

It was discovered that the matrix's composition affects the 

physical and chemical characteristics of water. According 

to M. Youssef et al. 
[61]

, the radial interaction between 

non-bridged oxygen atoms (O-NB) and hydrogen atoms 

in the interfacial water molecules is what gives C-S-H 

nanopore surfaces their hydrophilicity. D.S. Hou et al. 
[62]

 

improved the solid-liquid interface model of calcium 

hydroxysilicate and discovered that the silicate chain 

deflects chloride ions under extensive simulation over a 

long period of time. In addition, they also showed that 

calcium ions adsorbed on the solid-liquid interface can 

enhance the adsorption of chloride on the surface. 

The transport of water and molecules in C-S-H nano 

channels is a major factor affecting the durability of 

concrete. Therefore, it is essential to study the C-S-H 

through MD, so as to regulate the ion transport in the 

C-S-H microstructure in order to obtain good durability. 

4.2 Molecular structure of GO and its application in 

concrete  

Graphene oxide, a graphene derivative, has gained 

popularity as a cement-based modified material because 

of its excellent mechanical properties. Graphene is the 

material with the highest strength known to human beings. 

However, because of its hydrophobic surface, it is 

difficult to dissolve and diffuse in water. Therefore, 

graphene oxide with high hydrophilicity is used as a new 

material for concrete research. Although the strength of 

GO is marginally inferior to that of graphene, it still 

retains the advantages of graphene's superior mechanical 

properties and super high specific surface area. It also has 

hydroxyl, carboxyl, epoxy and other active functional 

groups. These functional groups make it have excellent 

reaction activity, reduce the van der Waals force between 

graphene layers to avoid the two layers from converging, 

and can easily composite with other materials.  

After oxidation treatment, GO still has the layered 

structure of graphite, but each layer's graphene monolayer 

has had several oxygen functional groups added to it, 

making the single graphene structure exceedingly 

complicated. Although computer simulation, nuclear 

magnetic resonance and other methods have been used for 

analysis, the precise structure of GO cannot be 

determined. At present, several structural models have 

been put out regarding the structure of GO , including LK 

model, dynamic structural model (DSM), two-component 

structural model and so on. The most widely accepted 

crystal structure model is the LK model, which randomly 

distributes hydroxyl and epoxy groups on the GO 

monolith and introduces carboxyl and carbonyl groups 

near the monolith's edge. 

Compared with other carbon based nanomaterials 

(such as carbon nanotubes, carbon nanofibers, etc.), the 

attached oxygen-containing function makes GO a highly 

dispersed reinforcing agent in cement matrix, and these 

materials are easy to agglomerate in cement-based 

composites 
[66-67]

. According to A. Mohammed et al. 
[68]

, 

GO inclusions increase the porosity of GO reinforced 

cement-based composites. Therefore, with the increase of 

GO percentage, the chloride ion permeability increases 

and the adsorption value decreases.  

 

Figure 5  (a) LK model 
[63]

 , (b) DSM 
[64]

 and(c) two 

component structure model 
[65]

 

C.D. Sanglakpam 
[69]

 and others found that adding 

GO to concrete improved the ability of resisting sulfate 

attack, and with the increase of the percentage 

concentration of GO and gobm, the carbonation depth 

decreased. R.R. Bellum 
[70]

 and others found that the 

dense microstructure of the geopolymerized concrete 

sample made with graphene is beneficial for enhancing 

the geopolymer reaction. The GO with high specific 

surface area has the advantage of filling the gap and 

improving the strength performance of geopolymer 

concrete. S. Lv et al. 
[71]

 found that the oxygen-containing 

functional groups on the GO surface can offer adsorption 

sites for cement and promote the crystallization of cement 

hydration products through testing methods. 

Although there is no unified theory about the 

chemical structure of GO at present, its tensile strength 

and compressive strength are enhanced by 53% and 91% 

respectively contrasted with those of the composites 

without graphene oxide, and the amount of 0.5% - 1% of 

other nano admixtures is reduced by nearly 20 times, 

which effectively reduces the carbon footprint in the 

cement production process, Therefore, it is necessary to 

study the unsaturated transport of GO in C-S-H by MD. 

4.3 Synthesis and properties of C-S-H/GO 

4.3.1 Synthesis of C-S-H / GO 

C-S-H can be synthesized by hydrothermal synthesis, 

single ore hydration, solution synthesis and so on. Among 

them, the solution synthesis method is to dissolve calcium 

salt and silicon salt with deionized water, add 1-2ml 

sodium hydroxide solution to the mixed solution to keep 

the solution under alkaline conditions, and then add the 

two to the dispersant separately to obtain a mixed solution 

of C-S-H, which is relatively stable. Then, wash the 

sample with deionized water and absolute ethanol 
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repeatedly, filter and wash at least three times, and then 

place the filtered C-S-H in the vacuum drying oven for 

drying for 1-2 days to obtain C-S-H. 

The synthetic methods of GO mainly include Brodie 

method, staudmaier method and Hummers method. They 

all use strong protonic acid to deal with the original 

graphite to form a first-order graphite interlayer 

compound, and then add strong oxidant to oxidize it. 

Among them, Hummers method is the most widely used 

method with the best effect and the highest safety. It is to 

add natural graphite powder to sulfuric acid placed in the 

ice bath, add potassium permanganate and sodium nitrate 

under strong stirring, reduce excess manganese dioxide 

and potassium permanganate with 30% hydrogen 

peroxide and 1mol / L hydrochloric acid after three 

reaction stages, and after the black suspension turns 

bright yellow under the treatment of hydrogen peroxide, 

centrifuge the suspension until neutral, and dry at 60 ℃ 

to obtain graphite oxide. Finally, put the graphite oxide 

sheet into a beaker, add ultrapure water, and sonicate it to 

completely disperse it, so as to obtain GO solution. 

4.3.2 Microstructure and property evolution of C-S-H/GO 

under complex environment 

Under the erosion of acid rain environment, ions will 

invade along the C-S-H pore channel, and then react with 

it to form ettringite or gypsum, which will expand the 

original volume by 1.5-2.2 times, thus reducing the 

durability and strength of concrete. When GO with high 

surface area and good dispersion is added, the defect 

region of C-S-H can be repaired by forming an 

interlocking layered structure, improving its pore size 

distribution, reducing the total porosity and blocking its 

nanochannel connectivity, thus effectively preventing ion 

erosion and effectively alleviating the influence of acid rain 

environment on the strength and ruggedness of C-S-H. 

In the case of freezing and thawing, the water in the 

channel of C-S-H will be frozen by cold, and the volume 

will start to increase, thus expanding the pores and 

forming water pressure, which will lead to concrete 

cracking and damage. When GO is added, due to the 

benefits of its large specific surface area, it can condense 

each phase, make it closely arranged, reduce the interface 

effect, improve the mechanical properties and reduce the 

influence of freezing and thawing environment on the 

physical properties of C-S-H. 

Scholars from various countries have also conducted 

corresponding research on relevant aspects. W.L. Yang 
[72]

 

et al. Studied that when the content of GO is 0.08%, the 

compressive strength of slag cement at 28d is increased 

by 10%, and the compressive strength of concrete at 28d 

is raised by 5.8%, and the fluidity of concrete, the 

corrosion coefficient of hydrogen and sulfate resistance 

are significantly improved. A. Mohammed et al. 
[68]

 

studied the effect of GO on the transport performance of 

cement-based materials. The outcomes demonstrated that 

after adding GO, the anti chloride ion corrosion 

performance and water permeability of the test pieces 

were improved. GO crosslinked the hydrated crystals to 

form a relatively dense structure, decreased the invasion 

of chloride ions, and helped the concrete materials to be 

used in the marine environment for a longer time. 

5 Study on structure and properties of C-S-H 

/ GO based on MD theory 

According to the structural similarity performance, 

the C-S-H model is usually replaced by Tobermorite 11 Å 

model for relevant simulation analysis. Its cell size is the 

a = 22.32 Å, b= 22.17 Å, c= 22.77 Å (α= 90°, β= 90°,γ= 

90°)。 After that, the silicon tetrahedron partially bridged 

in the silicon chain was deleted, and the calcium silicon 

ratio of the model was adjusted to 1:4. Finally, a micro 

crack was generated in the z-axis direction along the 

middle of the cutting model. 

The GO model uses graphite crystal instead of 

simulation analysis. Its cell size is the a = 2.46 Å, b= 4.26 

Å, c= 3.4 Å (α= 90°,β= 90°,γ= 90°)。 Then, each unit cell 

was copied 15 times, 7 times and 1 times along the X, Y 

and Z directions, respectively. Then, on the basis of this 

graphene model, three functional groups of hydroxyl, 

epoxy and carboxyl were added to obtain the final GO 

structure. The number of three functional groups was 24, 

24 and 12 respectively. 

After the two models are constructed respectively, 

the GO model can be inserted into the nano-cracks of the 

C-S-H model for corresponding analysis. 
[70]

 

 

Figure 6  (a) Tobermorite 11Å model and (b) GO model 
[73]

 

5.1 Structural analysis of C-S-H / GO 

The local structure of calcium ion in C-S-H 

determines the interface strength between it and GO. It 

acts as a bridge connecting adjacent silicon layers and can 

enhance the mechanical strength of multilayer graphene 

oxide sheets. However, calcium ions are present close to 

silicates, and silicate tetrahedron provides more oxygen 

sites for them, making calcium ions preferentially 

connected to them, which further results in the 

non-connection of more than half of the interlayer 

calcium ions to GO. Meanwhile, in water molecules, the 

hydrogen network formed between hydroxyl groups and 

functional groups also plays a key part in bridging 

calcium silicate sheets and GO. But due to the fracture of 

C-S bond, there are very few hydrogen bonds directly 

connected between C-S-H and GO. In addition, because 
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of the weak interaction between the epoxy and oxygen 

atoms in the silicate chain, the hydrogen bond between 

the epoxy group in GO and the calcium silicate sheet is 

the weakest. 

S. Sharma et al. 
[74]

 prepared two kinds of GO with 

thickness of 14nm, sheet diameter of 900nm, and 

thickness of 3nm, sheet diameter of 100nm by different 

methods, and studied the influence of the two GO on 

cement hydration crystals. The results showed that the 

large-size GO had more obvious regulating effect on 

hydration crystals, and the growth of hydration crystals 

was more dispersed; While the small diameter GO is 

more favorable to reduce the porosity and pore volume. 

The addition of GO can refine the microstructure of 

hydration products and efficiently enhance the macro 

bending strength and compressive strength. Q. Wan et al. 
[75]

 also studied the influence of different mixing amounts 

of GO on the microstructure, and found that the formation 

speed of hydrated crystals was accelerated, the 

arrangement tended to be regular, the acicular crystal 

clusters were significantly increased in the early stage, the 

number and volume of pores in the microstructure were 

significantly decreased, and the strength and toughness of 

the specimen were improved.  

5.2 Mechanical properties of C-S-H / GO nanostructures 

The GO reinforced C-S-H has superior mechanical 

characteristics when receiving tensile load because of the 

robust Ca-O bond and hydrogen bond. The interface 

region between two dissimilar materials often has weak 

load resistance, and fracture always happens there. 

However, the GO-reinforced C-S-H composite initially 

fails in the base material's matrix before breaking at the 

interface. This failure mechanism is very favorable for the 

devise of cement composite materials. It can 

simultaneously deform the C-S-H and GO composite 

materials to resist the load. 

The chemical bonding between the functional groups 

of C-S-H and GO can effectively enhance the brittleness 

of materials. In addition, the carboxyl and hydroxyl 

groups in GO can maintain good stability and high 

interfacial strength in C-S-H, thus ensuring and 

improving the stability and durability of materials. 

B. Fakhim et al. 
[76]

 researched the mechanical 

properties of GO cement-based composite. GO sol was 

prepared by oxidation-reduction and ultrasonic method 

and added to cement mortar to prepare GO cement-based 

composite. The results reflected that the best content of 

GO was 1.5wt%, which could improve the tensile 

strength of the material by 48%. Through FE-SEM, XRD 

and other tests, it is found that GO can slow down the 

development of cracks and promote, nucleate and 

template the formation of C-S-H gel. S. Lv et al. 
[77]

 

Studied the influence of GO on the microstructure and 

performance of cement paste and its mechanism by 

preparing naphthalene water reducer / GO composite 

solution and adding it into cement mortar. Through 

comparison, the compressive strength and flexural 

strength of the sample can reach 65.4 MPa and 10.6 MPa 

when 0.06 g GO is added into 100 g of cement, 

respectively, increasing by 29.3% and 41.4%. SEM 

observation shows that GO can promote cement hydration 

reaction to form dense lamellar structure. 

5.3 Analysis of interfacial atomic dynamics of C-S-H / GO 

The hydrogen bonding of C-S-H and the 

coordination between Ca-O make the graphene oxide 

sheet stably confined in the nano gap of C-S-H, and the 

connection between the two is very stable. At the same 

time, the carboxylate functional group on GO has strong 

polarity and hydrophilicity, which can limit the adjacent 

water molecules through hydrogen bonding and play a 

role in stabilizing the interlayer water. Because the 

interlayer water can travel quickly and create a strong 

separation pressure, which decreases the stability of the 

chemical bonds in C-S-H and lowers the silicate 

materials' characteristics. Hydrophilic functional groups 

can efficiently stop water from moving, increasing the 

tensile strength of materials. 

As mentioned above, the chemical bond between 

calcium ion and oxygen in functional groups and the 

hydrogen bond at the interface play a key role in bridging 

GO and C-S-H. The high strength Ca-Oc bond ensures 

the stability of GO and C-S-H binding. Calcium ions 

combine with adjacent water and hydroxyl groups to form 

a stable hydrated structure, while it is strongly restricted 

in the cage constructed by Si-O-Ca bonds. The bond 

strength of calcium ions between different functional 

groups should be GO-COOH > GO-OH > GO-Oo. 

Because carboxylate groups have high binding energy to 

calcium ions on the surface, GO-COOH can remain on 

the surface of C-S-H for a relatively long time. 

The stability of the hydrogen bond depends on the 

polarity of the functional oxygen atom. Therefore, the 

carboxyl group model with high degree of protonation in 

GO can closely attract adjacent hydrogen atoms and 

improve bonding stability. On the contrary, epoxy groups 

with low polarity and weak hydrophilicity have weak 

restrictions on the movement of hydrogen atoms. 

5.4 Chemical reaction of C-S-H / GO model 

The closed environment of C-S-H will affect the 

stability of functional groups on GO, leading to its bond 

breaking and reforming. The calcium ions in the C-S-H 

layer move to the vicinity of the Oc of the epoxy group, 

stretching the broken C-O bond and generating the C = O 

bond. However, because the electronegativity of the 

epoxy group is low, the attraction between GO and C-S-H 

is very weak, so only a very small part will be destroyed 

to form the C = O bond. 

Additional interactions between functional groups 

and C-S-H will take place. As time goes on, water 

molecules and C-OH groups will continue to decrease, 

when Si-OH and Ca-OH molecules will increase (eq.1). 
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This suggests that the hydrolysis reaction will not be 

prevented by the reaction of C-OH groups, but rather will 

be further promoted in the latter stages. But at the same 

time, carboxyl group can also inhibit the dissociation 

reaction of water to a certain extent, and affect the 

diffusion degree of GO in water according to the pH 

value (eq.2). 

CaO·SiO·mH2O+GO-OH+H2O→Ca(OH)2+SiO2(H2O)m+CO2 (1) 

GO-COOH→GO-COO
-
+H

+                   
(2) 

Therefore, it can be shown that the non bridged sites 

and equilibrium ions provided by the C-S-H surface 

contribute to the deprotonation of the functional groups in 

the graphene oxide sheet, and the degree of reaction 

depends largely on the activity of the functional groups. 

On the other hand, the deprotonation reaction affects the 

hydrolysis reaction of water molecules in C-S-H, and the 

hydrolysis dissociation and deprotonation of GO will 

disturb the flatness of graphene bottom structure. 

6 Unsaturated transport of water molecules 

and ions in C-S-H / GO 

Ion transport affects the physical and chemical 

properties of cement-based materials in concrete, 

including ion diffusion and salt solution capillary 

adsorption. As the main product of hydration of 

cement-based cementitious materials, C-S-H, the change 

of water content makes its internal structure partially 

irreversible, which inevitably affects the permeability. In 

addition, C-S-H becomes the dominant factor controlling 

water permeability at very low saturation 
[78-79]

. In the 

past decade, most of the research in the laboratory has 

focused on the ion transport in saturated cement-based 

materials. However, the on-site concrete structure is 

rarely saturated in the actual use environment, so the ion 

transport is a water dependent process. Therefore, it is 

very important for us to study the ion transport in 

unsaturated cement-based materials. 

6.1 Experimental research status of unsaturated 

transport of water molecules and ions in C-S-H / GO 

For the ion migration mechanism of saturated 

cementitious materials, scholars have almost studied it on 

the basis of Fick's second law. However, these 

assumptions are not tenable in reality. Therefore, more 

and more scholars propose amendments to these 

assumptions and multi-scale experimental and simulation 

studies. L. Homan et al.
[80]

 analyzed the influence of 

water transport on chloride ion penetration in partially 

saturated and fully saturated concrete. The results confirm 

the coupling effect between water transport and chloride 

penetration in concrete. Z. Liu et al.
[81]

 studied the 

transport characteristics of multi-component ions in the 

pores of C-S-H in saturated state through molecular 

dynamics simulation. They found that the calcium silicon 

ratio had a significant impact on the adsorption of 

chloride ions on the surface of C-S-H. And the adsorption 

was strongest when the calcium silicon ratio was 1.2. 

For the ion migration mechanism of unsaturated 

cementitious materials, some scholars still use Fick's 

second law to study. But some scholars considered 

diffusion and convection separately. They believed that 

chloride ions were transported by convection at a certain 

depth of the concrete surface when they were transported 

in the form of diffusion beyond this depth
[82]

. E.P. Nielsen 
[83]

 analyzed the transport process of chloride ions 

according to the Fick's law. He attributed all the effects 

caused by convection effects to the chloride diffusion 

coefficient. A. Ayman 
[84]

 deduced the chloride ion 

transport equation considering convection effect. 

However, the convection term ignores the chloride 

concentration gradient. So the governing equation does 

not strictly satisfy the law of conservation of matter. Y. 

Zhang 
[85]

 obtained the multi-component partial 

differential equation of chloride ion transport process 

under the dry wet cycle. It uses saturation as the driving 

force of water diffusion which is complicated to 

determine the boundary conditions, so it is not conducive 

to practical application. 

And many experiments have focused on ion 

diffusion or capillary adsorption of saline solutions in 

C-S-H pore channels. They use nuclear magnetic 

resonance technology or quasi elastic neutron scattering 

technology to study the water in the pore channel, analyze 

its mobility, and divide it into chemically bound water, 

physically adsorbed water and capillary water according 

to the results. P. Yu and R.J. Kirkpatrick 
[86]

 studied the 

kinetic characteristics of chloride binding on C-S-H 

mineral analogues in contact with chloride aqueous 

solution using NMR relaxation method, thus proving the 

weak chloride ion binding ability of C-S-H surface. D.S. 

Hou et al. 
[87]

 also concluded that the adsorption capacity 

of chloride ions on C-S-H channels is weak, and found 

that chloride ions can be indirectly adsorbed through the 

adsorbed cations. 

However, most of the studies on the unsaturated 

transport of water molecules and ions are based on 

macroscopic experiments or theoretical formulas, so it is 

difficult to find the microscopic mechanism of the 

transport characteristics of water molecules and ions. 

Therefore, it is very necessary to establish the C-S-H / 

GO model with MD to study the unsaturated transport of 

water molecules and ions, which provides a considerable 

basis for the durability design of concrete. 

6.2 MD theory and model of C-S-H / GO 

At present, the experimental and theoretical research 

on water and ion transport at the macro level has been 

relatively mature, and the research on the micro 

mechanism is relatively small. However, to explore the 

reaction and characteristics between material atoms from 

the microscopic scale will help us to understand the 

essence of things more deeply, and then better guide the 

development of concrete. Therefore, research on the 
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microscopic mechanisms of concrete has received 

increasing attention in recent years 
[88]

. 

X.Y. Wang et al. 
[89]

 established theoretical diffusion 

equations in saturated, unsaturated and dry states by using 

Fick's theorem and mass balance equation; J.Y. Sun 
[90]

 

studied the transmission law of water in unsaturated 

concrete, and carried out numerical analysis and 

calculation on the transmission law of water when the 

concrete is capillary water absorption. The transport 

properties of water molecules and erosion ions in C-S-H 

using MD were investigated by D.S. Hou et al. 
[91]

. The 

findings demonstrate that water molecules move at a faster 

pace than ions do, and the penetration depth of ions is 

positively related to the pore size of C-S-H nanoparticles. 

With the rapid development of high-performance 

computing equipment, it is feasible to simulate the 

amorphous C-S-H on the molecular scale by MD, which 

can not only determine the performance change 

mechanism of cement concrete subjected to ion and water 

molecule erosion and destruction at the same scale, but 

also make it possible to design the material structure and 

predict the performance at the molecular scale, So as to 

realize the multi-scale modeling of GO / C-S-H and the 

integrated research of microstructure / ion control / 

performance in complex environment. 

M. Wang et al. 
[92]

 proposed a three-dimensional 

mechanism model of GO functional group structure 

regulating hydration products and microstructure. The 

model believes that GO is connected into a 

three-dimensional network structure from the vertical and 

horizontal directions, and then - COOH at the edge of GO 

and Ca 
2+

 of hydration product Ca(OH)2 form 

COO-CA-OOC to connect the three-dimensional network 

structure. At the same time, the hydration product is 

further inserted into the three-dimensional structure to 

compact the microstructure, Realize the regulation of GO 

functional groups on the interface of cement-based 

composites. In another work, D.S. Hou 
[93]

 et al found 

through reaction force field MD that the hydroxyl and 

carboxyl groups of GO provided a large number of 

oxygen sites to accept hydrogen bonds and bind with 

adjacent sodium ions, thereby fixing water molecules and 

ions on the GO surface. GO-COOH is deeply rooted in 

C-S-H, further blocking the connectivity of transport 

channels and "cage" water and ions in the entrance region 

of gel pores. In addition, W.L. Jin et al. 
[94]

 established a 

theoretical model of chloride ion transport in partially 

saturated concrete by considering the time of dry wet 

cycle, the initial saturation of pores and the saturation of 

surface layer during drying, and verified the reliability of 

the model through experiments. 

Therefore, it is of great theoretical significance and 

engineering application value to deeply study the 

dynamic evolution of ions and water molecules in GO / 

C-S-H nanochannels. It is also significant to investigate 

the influence of interface bonding strength, structural 

stability, surface / interface chemical state and mechanical 

properties through configuration design and MD theroy. 

6.3 Unsaturated transport mechanism of ions and 

water molecules in nanopores 

C-S-H has micro/nano pores, including small gel 

pores (5 ～ 100 Å) and capillary pores (＞ 100 Å). 

Some water molecules are changed during the cement 

hydration step into chemically bonded water, which is 

then closely associated with the C-S-H layer through the 

development of Ca-OH and Si-OH connections. The 

remaining water molecules are used to fill the gel pores 

and pores. A significant number of sodium, potassium, 

calcium, and hydroxide ions are released from the cement 

as the chemical reaction progresses and are intensely 

concentrated in the nanopores. Meanwhile, due to the 

strong interaction between water and silicate oxygen 

atoms, the water molecules adsorbed on the C-S-H 

surface have higher bulk density, orientation preference 

and lower diffusivity. In addition, the transport of water 

and ions in the channels is also affected by slip effect, 

dynamic contact angle and effective viscosity. 

Y. T. Jia et al.
[95]

 employed MS to study the water 

and ions in the unsaturated and saturated C-S-H channels. 

Their results show that the transport of water molecules in 

saturated state is mainly an interactive transport process 

formed by the mutual diffusion of upper and lower water 

molecules, which slows down the diffusion speed of 

water molecules in solution along the channel. So the 

invasion speed of ions carried is slower than that in 

unsaturated state. Because of the large number of water 

molecules, the restriction effect of other water molecules 

filled in the pores makes the hydration film at the 

interface more compact and stable, which also increases 

the retention time of ions at the interface. This strong 

interaction makes chloride ions firmly adsorbed on the 

pore surface. At the same time, it can further attract 

sodium ions and grow into large ion clusters. Because the 

width of the pore is limited, this kind of ion clusters 

formed on the surface combine with the ion clusters in the 

solution to prevent subsequent water molecules and ions 

from entering. Thus, the transport speed of water 

molecules and ions is too slow and the number of ions 

entering the channel is too small. 

Besides, their results also prove that the transport of 

water molecules and ions in the unsaturated state is 

mainly driven by capillarity. Water molecules are 

transmitted in the form of meniscus along the C-S-H 

channel interface, which is consistent with the actually 

observed capillary absorption phenomenon. At the same 

time, the transmission speed of water molecules and ions 

is faster than that in the saturated state. 

In terms of dynamics, due to the adsorption of ions 

at the pore interface and the formation of ion clusters, the 

movement speed of water molecules in the unsaturated 

state is stronger than that of ions. Silicate links on the 

surface of C-S-H can provide non bridged oxygen sites to 

connect with sodium ions, and calcium ions on the 

surface of C-S-H can capture chloride ions to form ion 

pairs. The strong interaction between sodium ions and the 



 

10                                                             Research and Application of Materials Science  Vol. 4  No.1  2022 

interface makes the long-term retention of sodium ions 

lead to the surface shedding of calcium ions to form ion 

clusters in the solution. If the ion cluster is too large, it 

can block the nanochannel and prevent the invasion of 

water molecules and ions. 

When GO is added to C-S-H, the flow velocity of 

the fluid in the C-S-H nanochannel largely depends on the 

type of functional groups embedded in the coated plate on 

the inner surface of C-S-H. The hydroxyl and carboxyl 

groups in the graphene oxide sheet provide enough 

oxygen sites to accept hydrogen bonds and bind to the 

adjacent sodium ions, thus effectively resisting the entry 

of water molecules and ions. In particular, the surface 

calcium atoms in the C-S-H play a dominant role in 

connecting the non bridged oxygen sites and oxygen 

functional groups in the silicate chain in the graphene 

oxide sheet, which enhances the chemical bond at the 

interface. The carboxyl groups on the GO further blocks 

the connectivity of the transport channel and condenses 

the water and ions in the inlet area of the gel hole. 

Graphene oxide sheets separate from the surface of 

C-S-H as a result of the van der Waals interaction 

between GO and C-S-H being greatly weakened by the 

entry of ions and water molecules. Water and ions are 

barely repelled by the divided graphene oxide sheets. 

In addition, the graphene oxide sheet slows down the 

intrusion of ions and water in C-S-H pore through the 

cage effect. With the increase of gel pore size, the effect 

will gradually weaken, and the fixation effect caused by 

the attraction of GO plays a major role in resisting the 

invasion of water molecules and ions. 

 

Figure 7  model of GO regulating hydration products 

and microstructure 
[92]

 

Due to the coupling and fixation between the two 

interfaces of C-S-H nanopore, a transition zone with slow 

migration speed is formed at the entrance of the pore. The 

existence of the transition zone can well inhibit the 

intrusion of ions with large hydration layer. Therefore, the 

pore diameter of C-S-H can be less than 2nm, which has a 

certain filtering effect on water molecules and ions. At the 

same time, harmless ions can also be added to C-S-H to 

make it grow into larger ion water clusters, preventing the 

invasion of other water molecules and ions. In this way, 

the transport of ions can be regulated from the 

microstructure so that C-S-H can obtain good strength 

and durability. 

7 Conclusion and future prospects  

This paper mainly introduces the influence of the 

environment on the durability of concrete and the two 

new concrete materials, C-S-H and GO, and also 

introduces the relevant characteristics of studying the 

unsaturated transport of water molecules and ions in 

C-S-H / GO from the nano and micro scale by MD.  

GO has strong universality, but its output is low. So 

GO is expensive and cannot be widely used in practice 

now. Many researchers have proposed some improved 

methods. E. Siegfried et al.
[96]

 reduced the production of 

CO2 by keeping the reaction temperature at 0~10℃ and 

prolonging the oxidation time. In this way, GO with fewer 

defects is obtained. L. Peng et al.
[97]

 used strong oxidant 

K2FeO4 instead of KMnO4 to prepare GO, which can 

avoid the introduction of polluting heavy metals and the 

generation of toxic gases in the preparation process. This 

method can also recover sulfuric acid, which is a safe, 

efficient and low-cost environmental protection method. 

Therefore, high-quality and more GO products can be 

prepared at the same cost with the continuous 

optimization of GO preparation technology in the future. 

And the price of GO will gradually decrease, which can 

be widely used in actual projects. 

In the past, the research on water and ion transport 

of C-S-H/GO in unsaturated environment mainly used 

micro scale or macro scale single scale. Moreover, the 

research mainly focuses on the influence of a single 

erosive ion on unsaturated transport. So the research still 

needs to be improved in many aspects. The following 

aspects can be considered: 

(1) The MD simulation of C-S-H / GO model still 

has some limitations and does not fully reflect the 

uncertainty of C-S-H and GO structure. If we can build 

mesoscopic and even macroscopic models, we can better 

realize the confirmation and connection between 

simulation and experiment. 

(2) The dispersion of cement-based materials 

strengthened by nano materials has always been one of 

the core issues. When the mixing amount of GO is faced 

with a large number of concrete materials, the mechanism 

efficiency may be too low and it is difficult to effectively 

disperse GO. Therefore, it is necessary to study and 

formulate large-scale GO dispersion technology to ensure 

that GO can be fully improved. 

(3) In real life, natural electric fields exist in the 

ocean and other environments. Under the action of 

electric fields, water molecules and ions will be affected 

accordingly. Therefore, it is necessary to further study the 

unsaturated transport of water molecules and ions in 

C-S-H / GO under the action of electric field. 

(4) The varied interface structure, complex 

solid-solid and liquid-solid interface interactions in 

C-S-H/GO limit the microscopic study. So it is necessary 

to study the local interface of C-S-H/GO to analyze the 

role of GO in C-S-H. 

(5) Since there are many kinds of ions invading into 
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C-S-H, and there may be certain mutual reactions 

between them, it is necessary to consider the invasion 

depth and influence of different ions in unsaturated 

transport. 

(6) There are actually three zones (saturated zone, 

transition zone and unsaturated zone) in unsaturated 

cementitious materials, which also affect the unsaturated 

transport of water molecules and ions. Therefore, it is 

necessary to consider the interaction between saturated 

zone, transition zone and unsaturated zone. 

Supplementary notes: 

Figure 3:  

Atmospheric area: This area is affected by sea salt 

particles and land atmosphere. 

Splash area: In this area, the dry and wet 

environment caused by seawater splash and the 

temperature rise caused by sunlight form the most serious 

corrosion environment. 

Tidal range area: This area is affected by sea tide. 

Total immersion area: In this area, the corrosiveness 

of seawater is mainly affected by dissolved oxygen, flow 

rate, temperature, salinity, pH value, pollution factors and 

biological factors. 

Sea Mud Area: In this area, dissolved oxygen, 

temperature and the role of anaerobic organisms are the 

main factors affecting corrosivity. 
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Abstract: 

The flexible superhydrophobic thermoplastic polyurethane(TPU) porous   material was prepared by heat-induced phase separation 

method with two cooling steps. The influence of the preparation process on the microstructure of the material was discussed in depth. 

The microstructure, hydrophobicity and specific surface area of porous TPU materials were analyzed in detail. The surface wettability, 

separation selectivity, saturated adsorption capacity and adsorption rate, mechanical properties, environmental adaptability and cyclic 

properties of porous TPU materials were studied.The results show that the TPU-8% porous monolithic material prepared by 

heat-induced phase separation method shows good performance when the polymer concentration is 8%, the phase separation 

temperature is 0°C, the phase separation time is 30min, and the mixing solvent ratio is 9:1. 
Keywords: Polymer-based porous materials; Separation of oil and water; Oil recovery 

 

1 Introduction 

In recent years, frequent oil spills and organic 

chemical spills around the world have caused almost 

irreversible damage to ecological environment and human 

health. How to efficiently and environmentally remove 

and recycle organic pollutants from polluted water bodies 

has become a key problem that governments all over the 

world urgently need to solve, and has attracted wide 

attention from the scientific community.
[1-2]

Current 

methods fall into three broad categories: physical 

methods (e.g. filtration, flotation and absorption), 

chemical methods (e.g. dispersion, solids and combustion) 

and biological methods (e.g. 

bioremediation).
[3-7]

Polymer-based porous materials show 

excellent water absorption and separation properties 

because of high porosity, large specific surface area and 

three-dimensional connected porous structure. So it 

shows excellent water absorption and separation 

performance. However, the high brittleness of the 

material leads to its poor durability, which makes it far 

from practical applications.In this case, the aim of this 

paper is to develop a sustainable, economical and durable 

oil-water separation material with efficient and rapidly 

recyclable oil-absorbing properties that can be used to 

treat contaminated water. 

2 The experiment 

2.1 Experimental materials and instrument and 

equipment 

1, 4-dioxane and cyclohexane were purchased from 

Shanghai Zhanyun Chemical Co., Ltd.The polyurethane 

was purchased from BASF Co., Ltd.、Electronic balance, 

constant temperature heating magnetic stirrer, vacuum 

freeze dryer, ultrasonic cleaner, magnetic stirrer, scanning 

electron microscope, surface contact Angle measuring 

instrument, Fourier near infrared spectrometer. 

2.2 Preparation of porous polyurethane materials 

First, dissolve 8g TPU in a mixture (100ml) of 1, 

4-dioxane / deionized water (v/v=9/1) under vigorous 

magnetic stirring at 60°C for 90 min until becoming a 

homogeneous 

solution.After the initial dissolution, the TPU was 

further dissolved in an ultrasonic cleaner at 80°C, so that 

the TPU was completely dissolved, and the homogeneous 

solution of 8% TPU was obtained.The mixture was then 

quickly transferred to a test tube with 20 mm outside 

diameter, and the test tube was placed in an ice bath (0°C) 
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for 30 min for preliminary phase separation. Then the 

tube was moved to the refrigerator (-20°C) for 48h to 

complete the phase separation. Finally, the tube was put 

into the freeze dryer (-80°C) for 72h to prepare porous 

TPU composite. 

The experimental conditions were changed to 

conduct a comparative experiment:T-1(TPU 

concentration: 4%, separation temperature: 0°C, 

separation time: 30min, mixing solvent ratio: 

9:1),T-2(TPU concentration of 6%, separation 

temperature of 0°C, separation time of 30min, mixing 

solvent ratio of 9:1),T-3(TPU concentration: 8%, 

separation temperature: 0°C, separation time: 30min, 

mixing solvent ratio: 9:1),T-4(TPU concentration: 10%, 

separation temperature: 0°C, separation time: 30min, 

mixing solvent ratio: 9:1). 

2.3 Characterization method 

Scanning electron microscopy (SEM) was employed 

to observe the morphology of TPU monoliths, and contact 

angle (CA) measurements were performed on a 

Powereach JC2000C instrument at ambient temperature. 

The size of water droplets was 2μL, and the mode was 

circle fitting. Fourier infrared spectrometer (FTIR) was 

used to plot the relevant infrared spectra, and the scanning 

speed was 1cm
-1

, ranging from 650-4000. 

2.4 Performance Detection 

Take TPU-8% of samples for bending resistance, 

compression resistance, The physical properties of the 

samples were tested by weight test, the selective 

adsorption capacity of the TPU materials for the two 

typical separation of oil/organic solvent and water 

mixture was tested, and the stability and environmental 

adaptability of the samples were tested by the oil-water 

separation process of the whole TPU-8% material under 

the strong magnetic stirring simulation of ocean wave 

motion (-600rpm). Easily remove the oil and organic 

solvent adsorbed by the sample to test the recycling and 

recyclability of the sample. 

3 Results and discussion 

3.1 Characterization of the samples 

3.1.1 Morphological analysis 

The surface shapes and pore SEM maps at different 

SEM ratios at various TPU concentrations are shown in 

Figure 1.As shown in Figure 1,we can see from Figure, 

The T-1 sample did not present clear hole imaging and 

showed poor connectivity between holes;The T-2 sample 

showed a larger pore size and presented as filiform;The 

T-3 sample showed a three-dimensional connected 

porous pattern with a wide aperture distribution, 

showing a hemispherical hollow porous structure;The 

T-4 sample also showed a porous structure with thick 

connections between the skeletons.Therefore, when the 

TPU concentration is low (4-6%), the solution system 

viscosity is low, the phase separation rate is fast, the pore 

size grows rapidly and the pore size is large, and the 

irregular porous morphology, and the gap between 8% and 

10% is small. 

 

Figure 1  Surface shapes and pores at various TPU 

concentrations at different multiples of SEM 

a:[4%,x100LM] b:[4%,x500LM] c:[6%,x100LM] 

d:[6%,x500LM] e:[8%,x100LM] f:[8%,x500LM] 

g:[10%,x100LM]   h:[10%,x500LM] 

3.1.2 WCA analysis 

As shown in Figure 2a, several water droplets (dyed 

with potassium permanganate) are allowed to remain in 

astable spherical shape on the cross section of TPU-8% 

monolith, the water CA (144°) of the monolith reveals 

highhydrophobicity without any surface treatment. Figure 

2b shows the oil wettability of TPU-8% monolith, where 

a drop of soybean oil (dyed with oil red) is immediately 

and completely absorbed into the monolith within 1 s 

once it touches the cross section of the monolith, which 

suggests that the oil CA is ∼0°. 

The above phenomena demonstrate the excellent 

hydrophobicity and superoleophilicity of the porous 

monolith. 

Figure 2c presents the water CA values of the TPU 

film and porous TPU monoliths with different polymer 

concentrations.It can be easily observed that all TPU 

monoliths show hydrophobic property with water CA of 

＞120°compared tothe hydrophilic TPU film (water CA 

of 84°). The maximum CA for TPU-8% monolith is 144°, 

which is close to superhydrophobicity (150°), reflecting 

the ultra-highly.drophobicity. 
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Figure 2  (a) image of water droplets (stained with 

methyl blue) on the cross section of TPU-8% of the 

material; (b) droplet angles of TPU and porous TPU, and 

(c) image of oil (stained with methyl red) on the cross 

section of TPU-8% of the material 

3.1.3 Infrared spectrum analysis 

Figure 3 shows the membrane prepared from the 

TPU-8% of the sample and the raw materials, making the 

infrared spectrum of the two samples.As shown in Figure 

3,1765 – 1729 cm
-1

 as the ether bond, 1718 – 1704 cm-1 

as the carboxyl group and 1 690 – 1650 cm
-1 

as the 

base.The infrared spectrum determined the different 

functional groups represented by each peak. The peak of 

this experiment was matched with the raw material and 

changed, reflecting the stability of the structure of the 

sample.Among them, 898-1327cm
-1

 is the C-H bending 

vibration peak, 1243cm
-1

 is the C-O-C vibration, 

1505cm
-1

 is the aromatic ring skeleton vibration peak, and 

1266cm
-1

 is the C=O expansion vibration. 

 

Figure 3  Sample infrared spectrum diagram: (a): TPU-8% 

solid; (b): raw material 

3.2 Performance analysis 

3.2.1 Analysis of the physical properties 

Figure 4(a) presents after multiple manual bending, 

the sample can always quickly recover to its original state, 

reflecting the good bending resistance of the 

sample.Figure 4(b) presents a 400 g weight was placed 

for the compression test, and the sample showed good 

compression resistance.Figure 4(c) presents places the 

sample on the blade, and the blade is less variable and can 

be placed upright on the blade, indicating that the sample 

is relatively light.as illustrated in following figure.
[11]

 

 

Figure 4  Photo of the TPU-8% material block showing 

(a) sample bending resistance test, (b) sample 

compression test, (c) light performance test 

Figure 5 presents the curve of absorption capacity 

(Qt) for vegetable oil as a function of absorption time (t) 

to evaluate the absorption kinetics of TPU-8% monolith, 

where vegetable oil was chosen as a representative 

because of its difficult absorption induced by high 

viscosity. During testing procedure, the absorption 

equilibrium state of TPU-8% monolith is quickly reached 

within 20s, meaning a very rapid oil absorption rate. The 

absorption rate constant (k) can be obtained from the 

slope of linear regression plot of ln (Qs − Qt) 
[8]

versus t. 

The highly consistent fitting result (R2 = 0.979) exhibited 

in the inset of Figure 3c reveals that the sorption kinetics 

of the monolith conforms to pseudo-first-order kinetics 

model with a k value of 6.96 The fast absorption rate of 

TPU-8% monolith is mainly attributed to its hierarchical 

interconnected macroporous structure and 

superoleophilicity. 

 

Figure 5  The picture shows the relationship of 

absorption capacity on adsorption time and the 

pseudo-first-order kinetic model of vegetable oil 

absorption by TPU-8% monomer (inset) 

As shown in Figure 5, the absorption dynamics of 

TPU-8% material was evaluated by the function curve of 

the absorption capacity and absorption time of vegetable 

oil, among which vegetable oil was selected as a 

representative due to the difficulty in absorption caused 

by its high viscosity.During the test process, the TPU-8% 

material reached an adsorption equilibrium state between 

20s and 30s, which means that the oil absorption rate is 

very fast, with an absorption rate constant of 6.96.The 

highly consistent fit shown in Figure results in 

R2=0.979.The rapid absorption rate of the TPU-8% 

material column is mainly attributed to its macroporous 

structure and superlipophilicity.
[10]

 

3.2.2 Analysis of saturated adsorption performance 

Figure 6 shows the bar graph of the saturated 
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adsorption of TPU-8% monomer. The saturated 

absorption capacities (Qs) of TPU-8% monolith for 

different types of oils (vegetable oil, pump oil) and 

organic solvents (cyclohexane, ethanol, dichloromethane, 

tetrachloromethane ) are shown in Figure 6. All Qs values 

are in the range of 6.64−35.87 g g−1
[12]

,which are closely 

related to the viscosity and density of the absorbed oil and 

organic solvents.
[9] 

 

Figure 6  Bar chart of saturated adsorption amount of 

monomer to oil and organic solvent of TPU-8% 

3.2.3 Analysis of stability energy and environmental 

adaptability energy 

Figure 7 shows the oil-water separation process of the 

TPU-8% material under strong magnetic stirring simulating 

wave motion (-600rpm).Vegetable oil, suspended in a 

turbulent oil-water mixture, can be fully absorbed by the 

porous body within a few seconds, indicating good 

mechanical stability and environmental adaptability. 

 

Figure 7  (i-v): The picture shows the separation of 

pump oil (oil red staining) from water (TPU-8% 

monomer) under strong magnetic stirring 

3.2.4 Analysis of cycle performance and recyclable 

performance 

Figure 8 shows the process of pumping the oil out of 

the water through the three absorption and extrusion 

cycles.As shown in Figure. 8, a typical absorption and 

extrusion process from oil floats or organic solvents in 

water, in which the floating pump oil can be removed 

through three cycles of absorption and extrusion processes. 

 

Figure 8  (ⅰ-ⅰ’;ⅱ-ⅱ’;ⅲ-ⅲ’):The picture shows the 

process of pumping oil out from the water through three 

absorption and extrusion cycles 

Figure 9 shows the line diagram of the saturated 

adsorption of TPU-8% monomer to vegetable oil by 

absorption extrusion.As shown in Figure 9, for reused TPU 

materials of vegetable oils, stable Qs values were shown 

when tested for 20 cycles, but it is noteworthy that the tested 

Qs were significantly reduced in the second cycle, because 

the high viscosity of the oil was difficult to be completely 

removed by the manual extrusion process.Materials reused 

in subsequent cycles maintained stable Qs values even by 

centrifugation and evaporation methods. 

 

Figure 9  [Line plot of TPU-8% monomer to vegetable 

oil by absorption and extrusion method] 

4 Conclusion 

(1) When the polymer concentration was 8%, the 

phase separation temperature was 0°C, the phase 

separation time was 30min, and the mixing solvent ratio 

was 9:1, the TPU-8% porous monolithic material 

prepared by the heat-induced phase separation method 

showed good performance. 

(2) It can be seen that the overall material at TPU-8% 

shows good reversible compressibility and fatigue 

resistance characteristics, showing excellent super 

elasticity. The environmental adaptability test shows that 

TPU-8% porous monolithic material has good 

environmental adaptability in different solvents. 

(3) The oil or organic solvent adsorbed by T-3(8%) 

porous material can be removed by adsorption/extrusion, and 

the sample can be reused many times, up to 20 or more times, 

showing better recycling performance and durability. 

(4) Three-dimensional TPU-8% material with 

non-stratified porous structure was successfully prepared 

by a simple heat-induced phase separation method 

through two cooling steps.Can effectively absorb various 

oils and organic solvents from water and greasy. The 

prepared materials have many excellent properties, such 

as high saturation absorption capacity, fast absorption rate, 

excellent mechanical stability and recycling 

performance.The maximum saturation adsorption 

capacity of dichloromethane was 35.87 times its own 

weight, and the TPU-8% material remained intact, 

returning to its original shape even after the compression 

release cycle.Therefore, porous TPU materials will be a 
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promising eco-friendly adsorption material for large-scale 

removal and collection of petroleum/organic solvent 

contaminants in water. 
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Abstract: 

Public bulletin boards are widely used in various public places, but due to the large size of the billboards, it is not easy to carry, and the 

traditional billboards are integrated, when the billboards need to be transferred, the limited storage space of the vehicle needs to be 

occupied It is extremely inconvenient, and at night, the traditional bulletin boards need to install additional light sources to illuminate 

them, which greatly increases energy consumption. Based on this paper designed a new structure of the bulletin board, this structure 

can make the bulletin board when not in use completely folded up and easy to carry, and in use can be completely unfolded and in the 

bottom of the added retractable support leg structure can be placed anywhere, and according to the terrain or human will to adjust the 

height. A solar panel is placed on the top of the bulletin board, which can store solar energy during the day and supply energy to the 

LED lights on the top at night for lighting, which saves energy and is very environmentally friendly. 
Keywords: Portable; solar energy; environment protection Billboard 

 

1 Introduction 

Bulletin boards are an indispensable tool for some 

organizations such as enterprises and schools or school 

associations to carry out some publicity. With the 

increasing number of various organizations in recent 

years, the demand for bulletin boards will gradually 

increase 
[1]

. Domestic research on bulletin boards is less, 

and the first patent was applied for as early as 1987. Since 

then, various patents on publicity boards have appeared 

one after another, but most of them are based on 

appearance design, and there are few utility model and 

invention patents. Although the research on such devices 

in my country started late, many patents in this area have 

also emerged in recent years, but less is actually used 
[2]

. 

Our country has a huge population base, and the 

number of various enterprises, schools and other 

organizations is also increasing. If you want to improve 

your own popularity, various methods of publicity are 

essential 
[3]

. This will also lead to a gradual increase in the 

demand for billboards 
[4]

. However, the existing bulletin 

boards have many shortcomings, such as: the bulletin 

boards are bulky, inconvenient to carry and install, and 

the publicity effect achieved by the bulletin boards is also 

average, which does not play a big role 
[5]

. In addition, 

some modern common The bulletin board covers a large 

area and can only be fixed on the ground. If it is moved, it 

will take a lot of manpower and material resources, and it 

will also need to consume extra energy to illuminate the 

billboard at night, which cannot meet people's needs 

well 
[6-7]

. Therefore, it is a more urgent task to develop a 

kind of billboard with reasonable price, environmental 

protection, portability and ease of use. It is also some 

expectations of companies or school associations that 

currently need a lot of publicity. Aiming at these 

shortcomings, a new mechanical structure bulletin board 

is designed in this paper. 

2 Product design 

The base of the bulletin board can play a very good 

role in fixing. The base is adsorbed on the ground by 

strong adsorption force to achieve the fixing effect on the 

billboard. The telescopic rod can adjust the height of the 

billboard. At the same time, the telescopic rod also 

increases the portability of the bulletin board. It can 

shrink the telescopic rod to the minimum and reduce its 

footprint. The splint and triangular groove are set to 

facilitate the fixing of promotional materials, and the 

splint and triangular groove are also convenient. The 

replacement and retrieval of publicity materials, the sun 

visor can protect the publicity column and publicity 

materials in rainy days, prevent rain from damaging the 

publicity materials, and the sun visor can also provide 

pedestrians passing by in the sun. A sunshade place, when 

pedestrians come here to shade, they will notice the 

content of the promotion, increase the exposure rate of the 
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promotional materials, and make the promotion efficiency 

of the bulletin board higher. The board can be retracted so 

that it can be retracted when not in use, which is 

convenient to carry and reduces the space occupied. The 

player is set up to play promotional materials or some 

music. Playing promotional materials can make 

passers-by hear the content to be promoted. Music can 

add attractiveness to the bulletin boards, and at the same 

time can cultivate sentiment, adding some romantic 

atmosphere to the whole section of the road. The LED 

lights can be set to illuminate the billboards at night, so 

that the billboards can also be played at night. To the effect, 

the set anti-slip strip can increase the friction between the 

back cover and the storage cabinet, preventing the back 

cover from opening and closing at will. 

3 Working Principle 

The bulletin board is composed of four parts: 

telescopic support foot structure, folding board structure, 

storage structure, and circuit assembly. 

3.1 Telescopic support foot structure 

The structure of the telescopic support foot is shown 

in Figure 1. The rotating axis allows the support foot to 

rotate up and down in the vertical plane, and when not in 

use, it can be turned to the horizontal and stuck to the 

bottom of the bulletin board to reduce the space 

occupation rate. 

 

Figure 1  Structure diagram of telescopic support foot 

(1): rotation axis; (2): telescopic rod 1; (3): knob; (4): 

telescopic rod 2; (5): support rod; (6): connection sleeve 

When using the rotary axis can be rotated to the 

vertical state, the connection between the knob and the 

telescopic rod as shown in Figure 2, through the thread at 

the bottom of the knob and the telescopic rod 2 connected 

to the upper part of the telescopic rod 1, when the 

telescopic rod is extended to a certain extent, you can 

tighten the knob through the friction between the 

telescopic rod 1 and fixed. At this point by sliding up and 

down (6) connecting sleeve can be spread the support rod, 

so that the propaganda bar stable placement. 

 

Figure 2  Knob and telescopic rod connection diagram 

3.2 Folding plate mechanism 

The unfolded and folded states of the folding board 

are shown in Figures 3 and 4. Folding board 1 and folding 

board 2 can be connected by ordinary connectors. When 

not in use, the back of folding board 1 is overlapped with 

the side of the entire billboard through the connecting rod. 

At this time, the connecting rod is just placed in slot 1, 

and the folding board 2 coincides with the back of the 

bulletin board. Folding board 1 is connected with bulletin 

board by connecting rod, and connecting rod structure as 

shown in Figure 5 is used when only needing to rotate 

connecting rod to straight line and just reaches the dead 

point in the four-bar structure at this moment. 

 

Figure 3  Folding plate unfolding diagram (1): slot; (2): 

connecting rod; (3): folding plate 1; (4) folding plate 2 

 

Figure 4  Folded plate folding 
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Figure 5  Connection bar structure 

3.3 Storage structure 

As shown in Figure 6, the back cover and the 

publicity column can be connected by ordinary 

connectors. When the publicity column needs to be fully 

unfolded, the back cover of the publicity column can be 

uncovered, and the required promotional materials can be 

placed inside. 

 

Figure 6  Storage structure (1): circuit placement; (2): 

back cover 

3.4 Circuit Components 

The circuit device is placed on the upper part of the 

bulletin board as shown in Figure 6 (1), and the solar 

panel is placed on the top of the billboard to absorb solar 

energy and store it in the battery during the day. It can 

also achieve the effect of publicity. 

3.5 Usage 

When using, first through the rotary axis of the two 

sides of the column support feet rotate to the vertical state, 

and then loosen the knob, will adjust the telescopic rod up 

and down to the desired height and then tighten the knob 

to the telescopic rod height fixed, then the two sides of 

the connecting sleeve down slide to support the rod to 

expand, I both sides of the support rod through a 

connecting rod and connecting sleeve connected, the 

connecting sleeve slide to the bottom so that the 

connecting rod just parallel to the ground and Make the 

support feet on both sides of the support rod and the 

middle of the support rod three points of a line and just 

touch the ground. Next, we will be behind the folding 

board 2 rotation to the folding board 1 parallel, and then 

the folding board 1 will be unfolded, so that the two 

connecting rods just straight at this time just to reach the 

dead spot position in the four rod structure. All done, you 

can open the back cover will be placed in advance of our 

publicity material out and placed on the surface of the 

bulletin board. At this time only need to be placed in the 

sunlight can be through the top of the solar panel to 

absorb solar energy and storage, in the night can be stored 

during the day by led energy release, in order to achieve 

the purpose of lighting, so as to ensure that the night 

column can also play a role in the case of energy saving 

to achieve the purpose of environmental protection. 

4 Analysis of innovation points and prospects 

4.1 Innovation 

(1) The structure of solar panel is adopted, so that 

our billboard can achieve the effect of publicity even at 

night, and the energy source is environmentally friendly 

without spending extra electricity. (2). Our billboard uses 

a folding board structure to improve the space utilization 

rate and make the surface area utilization rate reach more 

than 90%.  

(3) The structure of the support foot with telescopic rod 

allows us to adjust the placement height of the propaganda, 

and the support foot is fully expanded into a triangle, which 

improves the stability of the propaganda board and prevents 

it from being placed on various terrains.  

(4) The whole billboard is a cuboid when folded, and 

we use aluminum alloy to reduce the weight of the 

billboard.  

(5) The hollow part in the middle of our bulletin 

board can be placed with some materials for our publicity 

in advance, which also facilitates our publicity and 

improves the space utilization. 

4.2 Prospect analysis 

Now more and more enterprises as well as schools 

and some school clubs need to promote their products or 

some activities and so on, so the market of the bulletin 

board will gradually increase, and the current market of 

the bulletin board, due to a large area, not easy to carry 

and move and night need to consume electricity for 

lighting and other issues, resulting in school clubs and 

enterprises can not carry out effective publicity, and 

because of At present, the number of bulletin boards is 

relatively small, leading to many enterprises and school 

associations can not use the bulletin board for publicity. 

And our bulletin board just to overcome these 

shortcomings, it can be carried anywhere we want to 

propaganda, and occupies a small area, and when not in 

use can be completely folded up, the space occupied than 

the general luggage is small, when using the entire 

surface area can be fully expanded and the bottom can 
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extend the support legs to support the whole board, and 

the bottom of the support legs for the telescopic structure, 

can be adjusted according to the terrain or human will. 

Can be adjusted according to the terrain or human will to 

adjust the height. And in the era of environmental 

protection and conservation, our board uses solar energy 

as the energy source to illuminate the board at night, 

which not only achieves environmental protection but 

also saves excess electricity. 

Fund project: College Students Innovation and 

Entrepreneurship Project (S202214435012). 
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Abstract: 

Using biological self-powered materials as a new energy source to replace traditional batteries to power micro-electronic devices is a 

current research hotspot. We herein fabricate a piezoelectric bio-nanogenerator from chicken bones. The nanogenerator can output a 

voltage of 1.25 V and a current of 9 nA after being subjected to a pressure of 30 N. This research facilitates an in-depth understanding 

of bio-nanogenerators and provides a new strategy for reusing bio-waste. 

Keywords: nanogenerator; collagen; piezoelectric; chicken bone epidermis 

 

1 Introduction 

As the energy crisis becomes increasingly severe, the 

exploration of green and renewable energy sources 

subsequently received wide attention in various fields. In 

addition to the traditional energy sources such as coal, 

natural gas, oil, nuclear energy, as well as green energy 

sources such as wind, hydro, and solar power that are 

currently being widely used in the world. On a smaller 

scale, many scientists are focusing on energy harvesting 

utilized in our daily life. Researchers have now made 

some progress in collecting and converting piezoelectric 

and frictional electricity 
[1]

. The self-powered 

nanogenerators based on piezoelectric materials have 

been developed and widely used in fields such as 

piezoelectric ceramics 
[1-4]

 and synthetic polymers 
[5-7]

. 

However, inorganic power generation materials have 

some defects in the preparation process, such as high 

energy consumption, complicated production process, and 

serious environmental contamination. Therefore, many 

researchers have turned their attention to biological 

piezoelectric materials. Piezoelectricity is found in many 

organs made of biological materials that make up the 

animal body, such as bone, skin, cellulose, virus, protein, 

nucleotide and so on 
[8]

.  

Biological materials are often easily obtained in 

large quantities and are renewable and less polluting to 

the environment. Biological piezoelectric materials have 

not only the high flexibility and toughness of organic 

materials but also biological compatibility, which is 

another research hotspot now. 

As one of the most abundant renewable resources, 

biomaterials have an extremely wide range of 

application scenarios. Compared with conventional 

polymers, natural biomaterials have unparalleled 

advantages, namely abundant resources, low prices, 

simple preparation processes, high energy conversion 

efficiency, environmental friendliness, and excellent 

degradability. Problem arises with bio-waste, which can 

be easily obtained in food production and processing, 

industrial materials, medical materials, etc. Thus, a large 

amount of bio-waste is produced every day in these 

production processes, and how to deal with this 

bio-waste in the maximum utilization is one of the 

challenges in this field. Based on the main constituents 

of bio-waste such as proteins 
[9]

, cellulose 
[10]

, gelatin 
[11]

, 

chitosan 
[12]

, and so on, previous reports have discovered 

that they can be reused in bio-piezoelectricity. Therefore, 

we can use bio-waste, for instance, fish scale
[13]

, fish 

swim bladder
[14]

, and prawn shell 
[12]

, to fabricate 

nanogenerators by simple design and treatment and 

reduce pollution from traditional energy and electronic 

waste products. Besides, the nanogenerators based on 

micro and nanostructures of biomaterials have 

extremely high sensitivity and electrical output 

characteristics and can be designed as implantable 

medical devices or power sources for a wide range of 

uses considering the degradable properties and 

excellent biocompatibility of biomaterials 
[15]

.  

As one of the world's major sources of edible meat, 

chickens produce a large amount of bone waste every 

year, and its epidermis is mainly composed of type Ⅰ
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collagen which has piezoelectric properties. To our 

knowledge, piezoelectric nanogenerators fabricated by 

bone materials are not reported yet. Therefore, chicken 

bone was chosen as the raw material to prepare 

bio-nanogenerators. In this study, we fabricated a 

piezoelectric nanogenerator using chicken bone 

epidermis (CBENG). The output performance of the 

CBENG was compared with reported 

bio-nanogenerators, and the results were listed in Table 

1. The raw materials of those reported 

bio-nanogenerators maintained their natural structures 

after chemical treatment. The categories, structures, and 

effective piezoelectric component have an effect on the 

piezoelectricity of these bio-piezoelectric materials. The 

CBENG generated an output voltage of 1.25 V and an 

output current of 9 nA at a pressure of 30N with an 

impact frequency of 1 Hz. It took 900 seconds to 

charge the 4.7 μF capacitor to 1.37 V. The CBENG can 

generate an output power density of 0.01 μW/cm
2
 and 

supply power to small devices like timer through 

rectifier bridge. The output voltage and current were 

increased with the rising pressure and impact frequency 

which proves great sensitivity of CBENG to external 

pressure changes. 

Table 1  Comparison of output performances between 

the CBENG and other reported piezoelectric 

nanogenerators based on biomaterials 

Material Effective area Pressure Voltage Current 

Native cellulose 

microfiber10 
Not supplied 40 kPa 30 V 500 nA 

Prawn shell12 1.5 × 1 cm2 12 kPa 4.4V 3.7 nA 

Fish scale13 1.5 × 1 cm2 0.17 MPa 4 V 1.5 μA 

Fish swim 

bladder14 
7 × 3 cm2 1.4 MPa 10 V 51 nA 

Ginkgo tree 

leaves16 
Not supplied 16 N 131 V/cm3 2.5 μA/cm3 

Chicken feather 

fiber17 
Not supplied 0.31 MPa 10 V 1.8 mA /cm2 

This work 2.5 × 1.5 cm2 30N 1.25 V 9 nA 

2 Experiment 

2.1 Chicken bone treatment 

The chicken bone was collected from the fresh food 

market. The bone treatment and the process of 

nanogenerator fabrication are shown in Figure 1(a). The 

chicken bone was cleaned thoroughly with deionized 

water and dried at 50℃ for 10 hours. For the purpose of 

demineralization, the bone was soaked in 5 wt% citric 

acid solution and 0.5 M EDTA for 12 hours in turn 
[13,18-19]

. 

Then the softened layer was peeled from the surface of 

the chicken bone and subsequently dried at 50℃ for 10 

hours. CBE was sheared into a rectangle for electrode 

fabrication, which can be seen in Figure 1(b).  

2.2 Nanogenerator fabrication 

To make a stable nanogenerator, gold (Au) 

electrodes (with an effective area of ～375 mm
2
) were 

sputtered on both sides of the CBE film. Cu foil was 

stuck to Au electrodes. Thin copper wires were attached 

to the Cu foil. Finally, the nanogenerator was sealed to 

avoid the effect of moisture in the air by a 

polydimethylsiloxane (PDMS) (DOWSIL, 184 Silicone 

Elastomer) layer. The PDMS layer is made by mixing 

the solidified agent in a 1:10 ratio, degassing and curing 

at room temperature for 15 hours. Figure 1 (c) shows the 

picture of the CBE made nanogenerator.  

 

Figure 1  (a) The process of the demineralization and 

nanogenerator fabrication of chicken bone; (b) A 

rectangular demineralized chicken bone epidermis; (c) A 

nanogenerator based on the chicken bone epidermis 

2.3 Material characterizations 

The structure of the CBE was investigated by X-ray 

diffraction (XRD, Rigaku Smartlab Beijing Co, Beijing, 

China) with Cu K α radiation. The detailed cross-section 

morphologies of the CBE were analyzed by a field 

emission scanning electron microscope (FESEM, Regulus 

8230, Hitachi Co, Japan). The functional groups were 

analyzed by Fourier microscopy (Vertex80+ 

Hyperon2000, Bruker, Germany). The dielectric 

properties of the CBE were gauged by a Wayne Kerr 

6500B impedance analyzer (Wayne Kerr Electronic 

Instrument Co., Shenzhen, China) with Partulab 

DMS-2000 dielectric measurement system (Partulab 

Technology Co, Wuhan, China). The sample for 

dielectric properties characterization was sprayed 

circular Au electrodes with 6 mm diameter to both 

sides. The ferroelectric properties of the CBE were 

tested by a ferroelectric hysteresis measurement tester 

(MultiFerroic II, Radiant Technologies Inc., 

Albuquerque, New Mexico) at room temperature and a 

frequency of 10 Hz. The open circuit voltage and 

short-circuit current of the CBENG were tested by an 

electrometer (Model 6514 Programmable Electrometer, 

Keithley, America). In order to avoid the interference 

to the test result caused by friction between the PDMS 

and exterior, the CBENG was wrapped with insulating 

tape and copper foil with wire grounding. 
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3 Results and discussion 

3.1 Characterization 

It has been confirmed in many previous researches 

that the main components of bone are hydroxyapatite and 

collagen 
[18, 20]

. Inorganic component with hydroxyapatite 

as the main component was separated by immersed in 

citric acid and EDTA solutions 
[18-19, 21]

. To confirm the 

collagen type of the CBE and analyze its structure, it was 

investigated by XRD and Fourier Transform infrared 

spectroscopy (FTIR). As illustrated in Figure 2(a), two 

main crystallization peaks were located at 2θ = 7.43° and 

21.51° in the XRD pattern of the demineralized CBE. The 

feature peak at 7.43° represents a highly crystalized 

structure in collagen. The broad peak at 21.51° is due to 

the amorphous composition of collagen 
[14]

. Meanwhile, 

there were shoulder peaks at 2θ = 30.81° and 38.95° 

which are caused by amino acid residue of triple-helical 

structure
14

. These characteristic peaks prove the 

crystallization behavior of the CBE. The crystallinity is 

about 27.25% calculated by the Fourier deconvolution 

calculation. The stable crystalline structure is derived 

from peptide chains in collagen that relies on many 

intramolecular and intermolecular hydrogen bonds to 

form ordered and dense structures. 

The cross-section SEM images of the CBE with 

different multiples are shown in Figure 2 (b, c). Notably, 

the CBE exhibits a relatively loose layered fiber structure 

as shown in Figure 2(b). In Figure 2(c), a further enlarged 

view reveals that the structural composition of the CBE is 

composed of superimposed collagen fibrils.  

The chemical composition of the CBE was tested by 

FTIR spectrum. The FTIR spectra of the CBE with the 

attribution of characteristic peaks are shown in Figure 

2(d). The figure shows amide I, II, and III bands at 1633, 

1548, and 1260 cm
-1

, respectively. The assignments of 

amide I band are stretching vibration (ν) of 

carbon-oxygen double bond (ν(C=O)) or hydrogen 

bonding. Amide II band is caused by stretching vibrations 

of carbon-nitrogen bond (ν(C-N)) coupled with bending 

vibrations (δ) of nitrogen-hydrogen bond (δ(N-H)) 
[22]

.The absorption band at 1452 cm
-1

 and amide III band 

at 1260 cm
-1 

are attributed to δ(CH2) and δ(N-H), 

respectively 
[16]

. The existence of triple-helical structure 

in the CBE collagen is supported by the ratio of 

absorption band at 1260 cm
-1

 (amide III) and 1452 cm
-1

 (δ 

(CH2)), which is 1.034, approximately equal to 

1
[23-24]

.Amide A band is usually at 3400-3440 cm
-1

, and it 

is generally associated with N-H stretching vibrations (ν 

(N-H)) and hydrogen bonding on the polypeptide within 

the CBE collagen. The position of the characteristic peak 

towards low wavenumber 3287 cm
-1

 is due to the 

involvement of stretching vibrations of double-bonded 

carbonic acid (ν(C=N)) and N-H on the peptide in the 

formation of hydrogen bonds
[24]

. The observation of two 

vibration bands at 2980 and 2860 cm
-1

 are related to the 

asymmetric and symmetric vibrational modes of CH2 

(ν(CH2)), respectively. The two combined bands prove 

that amide B band is existed in collagen fibers. The above 

analysis demonstrates the existence of the triple-helical 

structure in collagen of the CBE and the structural 

stability of collagen fibrils in the CBE because of its 

regular bonding and crystallinity. Collagen fibers are 

combined by hydrogen bonding to form type I collagen 

fiber bundles, which finally constitute a laminar structure. 

This structural feature facilitates the formation of 

 

Figure 2  (a) XRD spectra of the CBE. (b, c) SEM of cross-section images. (d) FTIR patterns of the CBE. (e) 

Frequency dependent tan δ and ε’ in the frequency range from 10
2
 to 10

6
 Hz. (f) The standard P-E loop and S-E loop 

of the CBE 
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spontaneous polarization, which results in the 

piezoelectric effect 
[25-26]

. Quarterly interlacing of 

collagen molecules gives the typical axial and cyclical 

organization of collagen protofibrils, and protofibrils are 

further assembled to form collagen fibers. The formation 

of hydrogen bonds between multi-peptide chains is 

crucial for piezoelectricity. Collagen is a natural electret 

or bio-electret material because of the inherent uniaxial 

polar orientation of molecular dipoles leading to 

polarization and piezoelectricity 
[27]

. In summary, the 

results prove the existence of the helical structure and the 

tripeptide sequence of Gly-Pro-Y in the collagen of the 

CBE as shown in Figure 3 
[27]

. 

 

Figure 3  The schematic illustration of peptide chains of 

collagen in CBE 

In order to illustrate this point, we measured the 

dielectric dissipation factor (tan δ) and dielectric constant 

(ε’) of the CBE in the frequency range from 10
2
 to 10

6
 Hz, 

and the results are shown in Figure 2(e). The dielectric 

constant is 8.5 at 100 Hz and monotonically decreases 

with increasing frequency. The tan δ curve registers a pear 

at 210
5
 Hz and increases rapidly with decreasing 

frequency. The tan δ pear suggests that there exists a 

relaxation in the CBE. The low-frequency increase in tan 

δ indicates a Maxwell-Wagner relaxation caused by the 

space charge. The results evidence that the CBE is able to 

store and release electric charge. To further confirm the 

ferroelectricity and piezoelectricity of the CBE, hysteresis 

of polarization (P) with electric field (E) was measured as 

shown in Figure 2(f). It demonstrates a remnant 

polarization (Pr) of 0.1 μC/cm
2
. The corresponding strain 

(S) - electric field (E) hysteresis loop shows a butterfly 

shape as shown in Figure 2(f). The above proved the 

existence of inverse piezoelectric effect in the CBE. 

3.2 Working principle 

It has been confirmed that the reason of 

piezoelectricity in bone is the existence of tropocollagen, 

which is the basic structural composition unit of collagen 
[28]

. This is due to the particular arrangement of the 

polypeptide chain in tropocollagen 
[29]

. The tropocollagen 

consists of three polypeptide chains in a triple-helical 

structure. When subjected to external mechanical pressure, 

the triple-helical structure will uncoil. As a result, the 

hydroxyproline side chains will become more inclined to 

the long axis of the tropocollagen which reorients the 

polar groups of the molecule. At the same time, the dipole 

moment changed under external pressure. The above 

leads to the polarization of the CBE and piezoelectric 

effect. The piezoelectric mechanism is shown in Figure 4. 

The generation of electricity in the CBENG results from 

piezoelectric mechanism, of which the CBE generates an 

electric field and induces opposite charges in the upper 

and lower electrodes because of the mechanical 

deformation and polarization of the CBE. Due to the fact 

that CBE is a dielectric material, electrons can only pass 

through the external load. When it is pressed by external 

pressure, it will generate a positive output current. When 

deformation reaches the maximum, the output current 

decreases to 0 nA. As the nanogenerator is releasing, the free 

charge reverses to form the opposite current to balance the 

cumulative charge at both ends of the external circuit. 

 

Figure 4  Schematic diagram of the CBE piezoelectricity 

3.3 CBENG output 

To test the output performance of the nanogenerator, 

we used an electrometer to measure its output voltage and 

output current under the steady pressure of the electric 

motor. The results are demonstrated in Figure 5. 

The output performance of the nanogenerator was 

tested by periodical electric motor impact vertically on 

the electrodes under a mechanical pressure of 30 N. As 

shown in Figure 5(a, b), the output voltage of the CBENG 

is 1.25 V and the output current is 9 nA. In the reverse 

connection, the output amplitude of the CBENG is same 

but the curve is in opposite direction compared with the 

forward connection. It is due to piezoelectric effect. In 

order to measure the output current and calculate the 

power density of the CBENG under different resistive 

loads, a variable value resistor box was connected to the 

nanogenerator to form a closed circuit. In Figure 5(c), the 

current decreases with the increase of the resistance. 

When resistance reached 5  10
7
 Ω, the output power 

shows a maximum value of 0.01 μW/cm
2
 as deduced 

according to the following formula: 

P = U
2
 /RA                  (1) 

where A is the effective area of the CBENG 

(25mm×15mm), U is the output voltage in the closed 

circuit, R is the external load resistance. In the output test, 

CBENG exhibited better output performance when 

subjected to vertical mechanical stress on the electrode 
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surface. It is expected that the molecular structure is 

changed under an applied stress, which, in turn, gives rise 

to the piezoelectricity of collagen. 

To test the charging performance of the CBENG, a 

rectifier bridge and a 4.7 μF capacitor in closed circuit were 

connected to the generator. The schematic circuit diagram 

used to charge the 4.7 μF capacitor is shown in Figure 5(d). 

It took 900 seconds to charge the 4.7 μF capacitor to 1.37 V. 

It can supply power to small devices like timer through 

rectifier bridge as shown in Figure 5(d). 

In order to systematically study the output properties 

of the CBENG (A=3×2 cm
2
), it was tested under diverse 

external pressure and different impact frequency. As Figs. 

6(a-c) show, with the increase of external pressure, the 

output voltage and current were linear increased. Through 

linear fit calculation, the slope of output voltage is 0.415 

 

Figure 5  Output performance of the CBENG. (a) Output voltage and (b) output current under a constant pressure of 

30 N. (c) Output voltage and output power density on the different external load resistance (RL). (d) A capacitor 

charging and driving an electronic timer performance 

 

Figure 6  (a) Output voltage and (b) output current of CBENG under diverse external pressure. (c) Dependence of output 

voltage and current of the CBENG on the external pressure. (d) Output voltage and (e) output current of CBENG under 

different impact frequency. (f) Dependence of output voltage and current of the CBENG on the impact frequency 
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V/N and the linearity is 0.995. The slope of output current 

is 0.85 nA/N and the linearity is 0.976. It performed the 

great pressure sensing property of CBENG in a broad 

range of pressure. The CBE is polarized under the 

external force and leads to the appearance of bound 

charges with opposite polarities on the surfaces of both 

ends of the CBE. The charge density is proportional to the 

external mechanical force. Therefore, the output voltage 

and current are positively correlated with the external 

force which proved piezoelectric effect in CBE. As Figs. 

6(d-f) show, with the increase of impact frequency, the 

output voltage and current increased gradually to a steady 

level. Due to the high impact frequency, the CBE can’t 

recover its shape in time to cause the voltage to stop 

increasing. CBENG exhibits good pressure sensing 

sensitivity and can be used as an excellent pressure sensor. 

It also can be used to collect and transform mechanical 

energy to charge small devices. 

4 Conclusion 

In conclusion, we proved that CBE can be used as 

biological piezoelectric material and fabricated a flexible 

and biocompatible nanogenerator based on it. The main 

component, microstructure, dielectric properties of 

chicken bone epidermis, and the output performance of 

the nanogenerator were investigated. The nanogenerator 

can output a voltage of 1.25 V and a current of 9 nA after 

being subjected to a pressure of 30 N. It can be used to 

charge low-power devices by a rectifier bridge and 

measure pressure as pressure sensor because of its 

sensitivity of external force. Authors believe it will 

provide further insights into the processing of bio-wastes. 
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Abstract: 

Lithium-oxygen batteries are among the most promising electrochemical energy storage systems, which have attracted significant 

attention in the past few years duo to its far more energy density than lithium-ion batteries. Lithium oxygen battery energy storage is a 

reactive storage mechanism, and the discharge and charge processes are usually called oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER). Consequently, complex systems usually create complex problems, lithium oxygen batteries also face many 

problems, such as excessive accumulation of discharge products (Li2O2) in the cathode pores, resulting in reduced capacity, unstable 

cycling performance and so on. Cathode catalyst, which could influence the kinetics of OER and ORR in lithium oxygen (Li-O2) 

battery, is one of the decisive factors to determine the electrochemical performance of the battery, so the design of cathode catalyst is 

vitally important. This review discusses the catalytic cathode materials, which are divided into four parts, carbon based materials, 

metals and metal oxides, composite materials and other materials. 
Keywords: lithium oxygen battery; cathode; catalyst; energy storage 

 

1 Introduction 

With the continuous progress of science and 

technology, the demand for energy becomes higher and 

higher, which presents a huge challenge to energy storage 

technology. Electrochemical energy storage modes 

include fuel cells, supercapacitors, rechargeable batteries, 

etc 
[1-3]

. At present, rechargeable lithium-ion batteries are 

widely used in human daily life (such as notebook 

computers and smart phones) 
[4-8]

. However, lithium-ion 

battery (LIB) also face some serious problems, the most 

fatal problem of lithium-ion batteries is the low energy 

density, only 250 Wh kg-1, which hinders its application 

in some fields 
[5-9]

. Other ion batteries (such as zinc ion 

batteries and sodium ion batteries) still need a lot of 

research to improve their performance 
[10-15]

. This has led 

to an increasing requirement for electrochemical energy 

storage devices with high energy density. Lithium-oxygen 

batteries (LOB) as a promising energy storage form is 

widely studied, due to the ultra-high theoretical specific 

energy density (about 3500 Wh kg-1), which is much 

higher than lithium-ion battery 
[16-20]

. 

Electrochemical storage of nonaqueous lithium 

oxygen batteries is reactive storage mechanism 
[21]

. As 

shown in equation 1, during the discharge process of 

lithium oxygen battery, oxygen is reduced in the cathode 

and reacts with Li+ to form Li2O2, which stays in the 

pores of the cathode. This process is also called oxygen 

reduction reaction (ORR). In the charging reaction, 

Li2O2 decomposes to form Li+ and O2 (equation 2). 

This process is also called oxygen evolution reaction 

(OER) 
[22]

. However, in the ORR process, Li2O2 will be 

continuously generated and attached to the surface of the 

catalyst. Excessive deposition of Li2O2 will block the 

pores of the catalyst, resulting in the reduction of 

discharge capacity. In turn, in the OER process, the 

incomplete decomposition of Li2O2 will reduce the 

charging capacity 
[23-24]

. Due to the insulation of Li2O2, it 

leads to sluggish kinetics in ORR and OER process 
[25-26]

. 

In this case, LOB face issues such as large overpotential 

between charge and discharge process, low round-trip 
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efficiency, and poor cycle life, which hinder their 

commercial application 
[4, 27-31]

. Using appropriate catalyst 

can enhance the cycle stability and diminish the 

overpotential 
[23, 29, 32 ]

. Therefore, it is necessary to study 

suitable and porous cathode catalysts. 

ORR ∶       2Li+ + O2 + 2e− → Li2O2       (1) 

OER ∶       Li2O2 → 2Li+ + O2 + 2e−       (2) 

In the past several decades, an army of scientists 

have been committed to solving the challenges which 

confronted with lithium oxygen batteries. Research shows 

that Li2O2 is only ideal discharge product, but it is not the 

only discharge product. LOB may also generate products 

such as LiOH during discharge, which cannot be 

completely changed back to Li ions and O2 in charging 
[5]

. 

This will lead to poor performance of lithium oxygen 

batteries. Recent studies have pointed out that cathode 

catalyst as an indispensable part of lithium oxygen battery. 

The structure, the surface pores and the type of catalyst 

will affect the formation of Li2O2, so the selection and 

design of catalyst is of great significance 
[33-36]

. 

 

Figure 1  Classification of cathode materials for lithium 

oxygen batteries 

This paper reviews the effects of cathode catalyst 

types on the performance of LOBs in recent years. In this 

review, catalysts are divided into four types as shown in 

figure 1. (1) Carbon materials 
[37-38]

. Carbon materials are 

used in LOB cathode because of high conductivity and 

rich pores, which can accommodate more discharge 

product Li2O2 
[39]

. Moreover, carbon materials can also 

promote the ORR process. However, during the OER 

process, the catalytic activity of carbon materials is 

slightly low.
[40]

 (2) Metals and metal oxides 
[41]

.They can 

enhance the decomposition of Li2O2, thereby accelerating 

the OER process 
[42-44]

. (3) Composite materials 
[45-46]

. 

Few single materials can promote both ORR and OER 

process in LOB at the same time. Scientists try to 

composite two or more materials to make up for their 

shortcomings, so as to obtain better electrochemical 

performance. For example, the combination of carbon 

materials and metals, on the one hand, the addition of 

metals can effectively improve the shortcomings of 

carbon materials in the OER process, on the other hand, it 

can also have the advantages of porous carbon materials. 

(4) Other materials 
[47-48]

. In addition to the three types of 

materials mentioned above, sulfides and nitrides etc. Can 

also be used as cathode of lithium oxygen batteries and 

show good performance. In order to clearly understand 

the performance of various catalyst materials, we 

compared them in the form of radar chart (figure 2), 

where their pore size, catalytic activity, preparation 

complexity, cycle stability, overpotential and price are 

considered. In the following chapters, we will briefly 

introduce these types of catalyst materials. 

 

Figure 2  Overview of performance of different types of 

catalysts in lithium oxygen batteries 

2 Carbon based materials 

Carbon materials have been broadly used as 

conductive agents, cathode material and catalyst carrier 

in lithium oxygen batteries due to their high specific 

surface area, excellent electrical conductivity and low 

cost. Carbon material can show very good catalytic 

performance in ORR and OER processes and can be 

used as porous cathode catalyst in non-aqueous lithium 

oxygen batteries 
[3]

. 

2.1 Carbon materials 

General speaking, the properties of lithium oxygen 

cells may be influenced by the morphology, specific 

surface area and pore structure of carbon materials. To 

explore the link between carbon performance and 

battery capacity. Ding et al 
[49]

. have compared the 

influence of eight different carbon materials on the 

capacity of lithium oxygen batteries: multi-walled 

carbon nanotubes (MWCNT), and ordered mesoporous 

carbon (OMC), and activated carbon and commercial 

carbon black (Ketjen black, Super P and acetylene 

black), and inverse opal carbon (IOC) and reduced 

graphene oxide (rGO). 

Figure 3a shows the initial charge-discharge curves 

of different carbon materials as the cathode electrode of 

lithium oxygen batteries. MWCNT clearly delivers the 

lowest discharge capacity of only 1311 mA h g-1, while 
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rGO delivers the highest discharge capacity of above 

8400 mA h g-1. The OMC and activated carbon have a 

slightly higher discharge capacity than the MWCNT, with 

only 1812 mA h g-1 and 1897 mA h g-1 respectively. The 

capacities of three kinds of carbon black (Ketjen black, 

Super P and acetylene black) cathode are 2865, 3399 and 

3512 mA h g-1. Both IOC and OMC are mesoporous 

carbon materials, but the discharge capacity of IOC is 

4504 mA h g-1, which is more than twice that of OMC. 

The difference of the capacities between OMC and IOC 

can be attributed to different properties of carbon 

materials. As seen from the Table 1, the discharge 

capacity of battery exhibits proportionality to the pore 

sizes. When the pore size of the carbon material is larger, 

the capacity to store the product Li2O2 becomes better, so 

the discharge capacity is increased. However, MWCNT is 

an exception. The reason for this is the large 

length-to-diameter ratio of the MWCNT. The ultralong 

transport channel is not conducive to the diffusion of O2. 

The open ends of MWCNT are small, which are easily to 

be blocked by the discharge products, resulting in little 

actual utilization rate of pore and low discharge capacity. 

 

Table 1  Surface area and pore characteristics of various 

carbons and their influence on the capacity of Li–O2 

batteries 

Carbon 

materials 

Surface area 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Pore size 

(nm) 

Discharge 

capacity 

(mA h g-1) 

MWCNT 929 1.64 7.0 1311 

OMC 863 1.14 5.2 1812 

Activated 

carbon 
1230 1.07 4.7 1897 

Ketjen black 818 1.17 7.7 2865 

Super P 62 0.32 11.9 3399 

Acetylene 

black 
56 0.16 11.4 3512 

IOC 794 3.17 16.0 4504 

rGO 361 1.58 17.5 8418 

The disadvantage of single carbon material is that 

there are fewer active sites and the catalytic activity 

cannot meet the needs of batteries. At high voltage single 

carbon material will promote the conversion of discharge 

product Li2O2 to other lithium compounds, which will 

lead to the degradation of the cycle performance of the 

battery.  

2.2 Doped carbon materials 

Many studies have shown that the introduction of 

heteroatoms will change the morphology and 

electronegativity of carbon-based materials, resulting in 

the formation of pores and functional groups. Therefore, 

carbon materials with low doping level of non-metallic 

elements (such as N-element doping) can significantly 

enhance the electrochemical properties of carbon 

materials. N-doped carbon materials can obviously 

improve the electrochemical performance. As the 

concentration of N element doping in the carbon material 

increases, the band gap decreases, which benefit to 

improve the conductivity of the carbon material.  

Shui et al 
[50]

. used CVD (chemical vapor deposition) 

method to get vertically aligned nitrogen-doped coral-like 

carbon fiber (VA-NCCF). As shown in the figure 3b, the 

overpotential decreases obviously due to the doping of the 

N element. At 500 mA g-1 current density, the lithium 

oxygen battery which used VA-NCCF as cathode catalyst 

demonstrated a high discharge capacity more than 40000 

mA h g-1 (figure 3c). At limit high specific capacities 

(1000 mA h g-1), the cell could cycle stably for 150 times. 

Because of low overpotential and minimal electrolyte 

decomposition. The doping of N elemental improved the 

catalytic activity, reduced the overpotential between 

charge and discharge, and reduced the decomposition of 

electrolyte. The unique structure provided space for the 

deposition of product Li2O2 and transport of reactants. 

 

Figure 3  (a) Initial charge/discharge voltage profiles of 

various carbon materials cycled under 50 mA g-1. (b) 

Comparisons of VA-NCCF, VA-CNT and CNT powder. (c) 

Charge/discharge voltage profile of VA-NCCF at a 

current density of 500 mA g-1 

Zhang et al 
[51]

. controlled flow of H2O (gas) to 

oxidize the reduced graphene into holey graphene (hG) 

with plenty of nanoholes. The as-prepared hG was 

heating under NH3/Ar and heating with H3BO3 under Ar 

atmosphere to prepared B,N-hG. B,N-hG shows the 

lowest overpotential at a current density of 100 mA g-1 

and the highest discharge capacity (15340 mA h g-1) than 

bare hG, B-hG and N-hG. At limit high specific capacities 

(1000 mA h g-1) and a current density of 500 mA g-1, the 

battery with B,N-hG as cathode could cycle stably for 117 

times which is better than the other three materials. These 

excellent properties are attributed to the nanopore 

enlargement in graphene induced by the doping of 

elements B and N and the synergy between the two 

elements. The enlargement of nanopore allows the 

cathode to accommodate more Li2O2, and the doping of B 

and N atoms increases the conductivity of the material 

itself. Combining these advantages, B,N-hG can obtain 
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higher discharge capacity. Although doping non-metallic 

elements can improve the properties of carbon materials, 

large-scale production and control of uniform doping of 

elements still a challenge. This makes it more difficult to 

commercialize the method of doping non-metallic 

elements to improve the electrochemical performance of 

lithium oxygen batteries. 

3 Metals and metal oxides 

In oxygen reduction reaction (ORR), metal and 

metal oxides promote the formation of thin films or 

nanoparticles with low crystallinity Li2O2. Because of the 

low crystallinity, Li2O2 is more easily decomposed during 

charging (OER), and therefore has a lower decomposition 

potential during charging. Therefore, metal and metal 

oxides as catalyst can reduce the overpotential during 

charge and discharge process and improve the cycle 

stability of lithium oxygen batteries 
[52]

. In this part, 

metals and metal oxides are introduced from the 

following three aspects: (1) noble metal and noble metal 

oxides, (2) transition metal and transition metal oxides, 

and (3) perovskite and their oxides. 

3.1 Noble metal and noble metal oxides 

Noble metal nanoparticles are considered to be 

excellent catalytic materials that can promote oxygen 

reduction reactions (ORR) in batteries and many 

oxidation reactions.  

Bui et al 
[53]

. prepared carbon nanofibers with 

platinum nanoparticles (CNF@Pt) by electrospinning. 

Compared with the traditional encapsulating method, the 

catalyst prepared by electrospinning can expose more 

active materials, thus improving the electrochemical 

performance of lithium oxygen battery. Pt nanoparticles 

are evenly distributed on CNF. At various current 

densities of 200 mA g-1, 500 mA g-1, and 1000 mA g-1, 

the charge-discharge curves of CNF@Pt and CNF are 

similar, but the capacity of CNF@Pt is much larger than 

that of CNF, and the overpotential of CNF@Pt is lower 

than that of CNF in the charge-discharge process. At a 

current density of 200 mA g-1, the capacity of CNF@Pt 

was 6938 mA h g-1. At a current density of 500 mA g-1 

and limited high specific capacity of 1000 mA h g-1, the 

battery with CNF@Pt as cathode could cycle stably for 

162 times which is better than the battery with CNF as 

cathode. Due to the catalytic activity of Pt in ORR and 

OER processes, lithium oxygen batteries with CNF@Pt 

exhibit higher specific capacity and better cycle stability. 

Jeong et al 
[54]

. systematically evaluated the catalytic 

performance of Pt, Pb and Ru nanoparticles by supported 

them on rGo as cathode catalysts for lithium oxygen 

batteries. At a current density of 200 mA g-1 and limited 

high specific capacity of 2000 mA h g-1, the introduction 

of noble metal can obviously reduce the overpotential 

between charge and discharge. Among them, Ru presents 

the best cyclic stability and the lowest overpotential 

during the charge and discharge process. In the charge 

discharge curve (figure 4a), it can be found that the 

introduction of ruthenium can significantly reduce the 

potential during charging. There are two advantages when 

Ru is used as a catalyst. First, Ru has obvious effect in 

reducing the size and induced morphology of the 

discharge product, and the formed discharge product is 

easier to be completely decomposed during charging. 

Second, ruthenium is mixed with Li2O2, the discharge 

product is catalysis decomposed by electron transfer, which 

reduces the decomposition voltage of the discharge product. 

Compared with Ru, the incorporation of Pt and Pd will 

promote the decomposition of electrolyte, resulting in 

slightly poor performance of lithium oxygen battery. 

Compared to single noble metal system, it is difficult 

for a single metal to perform well in both ORR and OER 

processes. Therefore, the noble bimetal system can 

cooperate with the catalytic effect of the two noble metals, 

and the two metals show excellent catalytic performance 

in the ORR and OER processes respectively 
[52]

. 

Lu et al 
[55]

. introduced PtAu nanoparticles, which 

can significantly improve the kinetics of the ORR and 

OER processes of rechargeable lithium oxygen batteries. 

As catalysts, PtAu/C and carbon exhibit similar specific 

capacities (～1200 mA h g-1) in lithium oxygen batteries 

(figure 4b). It was obvious that PtAu/C overpotential is 

lower than pure carbon during ORR and OER. As shown 

in the figure 4c, the discharge curve of PtAu/C is similar 

to that of Pt in the OER process, and the charge curve of 

PtAu/C is similar to that of Au in the ORR process. 

Therefore, it is concluded that Pt nanoparticles have 

catalytic effect on OER, while Au nanoparticles have 

catalytic effect on ORR. 

Choi et al 
[56]

. synthesized PdCu noble bimetal 

nanoparticles with disordered face-centered cubic and 

ordered body-centered cubic mixed phase by polyol 

method for lithium oxygen battery cathode. The lithium 

oxygen battery with PdCu has a cycle efficiency of nearly 

80% at a current density of 200 mA g-1. The discharge 

voltage without decay after 50 cycles at high current 

density 5000 mA g-1. The excellent performance of the 

battery could be attributed to the good catalytic activity of 

PdCu noble bimetal material during ORR and OER 

processes, thus greatly reducing the overpotential in the 

process of charge and discharge. Their theoretical 

calculations showed that the transfer of electrons from Cu 

atom to Pd atom weakens the adsorption strength of 

lithium oxide on the PdCu nanoparticles and ultimately 

reduces the overpotential. 

Noble metal oxides can also be used as catalysts for 

lithium oxygen batteries. For example, Jung et al 
[57]

. 

synthesized ruthenium (Ru) and hydrated ruthenium 

oxide (RuO2·0.64H2O) uniformly distributed on rGo. At 

a current density of 500 mA g-1 and a limited specific 

capacity of 5000 mA h g-1, the battery cycling stably for 

30 cycles (figure 4d). Noble metals and their oxides are 

used as cathode catalysts for lithium oxygen batteries, the 

performance of batteries has been greatly improved. 
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However, the shortcomings of limited reserves in nature 

and high cost greatly limit the practical application of 

noble metals and their oxides. 

 

Figure 4  (a) The potential profiles of rGO and Ru-rGO 

at 200 mA g-1 for 10 h. (b) LOB charge/discharge 

profiles of carbon and PtAu/C in the third cycle. (c) LOB 

first charge/discharge profiles of carbon at 85 mA g-1 and 

of Au/C, Pt/C, and PtAu/C at 100 mA g-1. (d) 

Charge/discharge profiles of different cycles of 

RuO2·0.64H2O-rGO hybrid 

3.2 Transition metal and transition metal oxides 

Transition metals (such as Mn, Fe, Co, Ni, Zn, etc.) 

and transition metal oxides (such as MnO2, CoO, FeO, 

etc.) all show catalytic potential of ORR/OER. Compared 

with noble metals, they are abundant and cheap. 

Therefore, many studies have been conducted by using 

them as catalysts for lithium oxygen batteries. 

Wang et al 
[58]

. embedded Co single atoms in 

nitrogen-rich carbon (Co-SAs/N-C) as a catalyst for 

lithium-oxygen batteries. At a current density of 200 mA 

g-1, the battery with Co-SAs/N-C as cathode exhibited 

discharge capacity of 20105 mA h g-1 and charge 

capacity of 19765 mA h g-1 in the first cycle. The initial 

coulomb efficiency was close to 100%. At a current 

density of 400 mA g-1 and a limited specific capacity of 

1000 mA h g-1, the battery could cycle stably for 260 

times. As shown in the figure 5a, Li atom of the discharge 

product and N atom form effective coordination sites, and 

there is also strong binding between O atom and Co atom. 

In the figure 5b, the N-C material without Co-N4 has only 

the combination of Li atom and N atom. The 

overpotentials between charge and discharge is defined as: 

∆U=UC-UDC, where UC and UDC represent charge and 

discharge potential respectively. It is obvious that the 

calculated overpotential of Co-SAs/N-C is significantly 

smaller than that of N-C, which indicates that doping Co 

atoms can reduce the overpotential. As shown in figure 5c 

that the exposed active sites are conducive to adsorbing 

more discharge products. 

Gao et al 
[59]

. reported a CoO/C composite with 

oxygen vacancy. Compared with commercial CoO, the 

lithium oxygen battery with CoO/C materials containing 

oxygen vacancies have higher initial capacity, better rate 

performance and cycle stability. They attributed the 

improved performance of CoO/C composites containing 

oxygen vacancies to the presence of oxygen vacancies. 

The existence of oxygen vacancies improves the 

migration capacity of electrons and Li+, and can be used 

as the active site for the reaction of oxygen and Li2O2. In 

addition, doped C not only has good ORR activity, but 

also improves the conductivity of CoO and stabilizes 

oxygen vacancy. Lin et al 
[60]

. found that Co3O4/CNT had 

good catalytic activity when it was used as cathode of 

lithium oxygen battery, which significantly ameliorated 

the weak catalytic activity of CNT in OER process and 

reduced the overpotential. In situ EPR test showed that 

Co3O4 catalyst inhibited the formation of by-products. 

As the catalyst of lithium oxygen battery, 

manganese-based material can not only improve the 

specific capacity, but also improve the coulombic 

efficiency of the battery. 

Zhang et al 
[61]

. prepared a tubular δ-MnO2 material 

with microstructure by hydrothermal synthesis (as 

shown in figure 5d). SEM images (figure 5e and f) show 

that δ-MnO2 tube is a nanorod with porous flower-like 

surface. This structure is conducive to the penetration of 

electrolyte, so as to speed up the transportation of Li+. 

The lithium oxygen battery with MnO2/KB as catalyst 

exhibited a capacity of 6150 mA h g-1 at the current 

density of 25 mA g-1. Even at a high current density of 

600 mA g-1, the battery exhibited a capacity of 2850 mA 

h g-1. Obviously, the rate properties and cycling 

properties of MnO2/KB material are better than pure KB. 

They found that the discharge product Li2O2 of the 

lithium oxygen battery with MnO2 forms a uniform 

nanosheet, which is more easily decomposed during 

charging. Therefore, the specific capacity and cycle 

performance of battery were improved, especially the 

OER reactivity were significantly improved. The 

improvement to unique microscopic tubular structure of 

δ-MnO2 material, which promoted the generation of 

nanosheet Li2O2, thus improved the properties of lithium 

oxygen battery. In addition to pure manganese oxide, 

introducing other transition metals to replace a small 

amount of Mn element in manganese oxide to form 

doped catalysts is also a method to improve the 

properties of batteries. 

Minowa et al 
[62]

. found that the battery with Mn2O3 

as cathode catalyst had better properties than both MnO 

and MnO2. In order to improve the battery performance 

with Mn2O3, they used other transition metals to replace a 

small amount of Mn in Mn2O3 to form Mn2-xMxO3 (M = 

Fe, Mn, Ni and Co) catalyst. The experimental results 

show that when 0.2Mn is replaced by Fe, the battery 

exhibits the best property. For example, the capacity of 

the battery increased, and the overpotential decreased. So 

far, researchers have studied a variety of manganese 

oxides, such as α-MnO2, β-MnO2, MnOOH and so on.  
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Figure 5  Calculated free energy diagrams for the 

charge/discharge reactions on the active surface of (a) 

Co-SAs/N-C and (b) N-C. (c) Schematic illustrations of 

the working mechanism for the Co-SAs/N-C electrodes. 

(d) Scheme of the preparation of δ-MnO2 tubes. (e, f) 

SEM images of δ-MnO2 tubes 

3.3. Perovskite and their oxides 

The molecular formula for perovskite oxide is ABO3. 

Perovskite oxides are used in lithium oxygen batteries 

because of their excellent catalytic activity and electrical 

conductivity. Hedge et al 
[25]

. prepared the oxygen vacant 

CaMnO3 (H-CMO) with multiple oxygen vacancies by 

sol-gel method and low-temperature hydrogen reduction 

method. It is obvious from the figure 6a that H-CMO not 

only reduces the charging over potential, but also reduces 

the discharge over potential, which generally reduces the 

over potential between charging and discharging. In 

terms of circulation, the performance of H-CMO is also 

significantly better than that of CMO. At a current 

density of 500 mA g-1 and a limited specific capacity of 

500 mA h g-1, the battery could cycle stably for 110 

times. Li et al 
[63]

. prepared one-dimensional porous 

La0.5Sr0.5CoO2.91 nanotubes by electrostatic spinning 

technology. Electrochemical test showed that the initial 

discharge capacity is 7205 mA h g-1 at a current density 

of 100 mA g-1, which is close to the performance of 

noble metal CNT@Pt. At a current density of 200 mA g-1 

and a limited specific capacity of 1000 mA h g-1, the 

battery could cycle stably for 85 times. The excellent 

performance of the battery is attributed to the structure of 

the nanotubes to transport electrons and the addition of 

active sites. 

Compared with common perovskite oxides, double 

perovskite oxides have higher oxygen and electron 

transfer capacity. Ma et al 
[64]

. synthesized SrCrMoO6-δ 

(SCM) which is a double perovskite structure oxide. SCM 

was used as catalyst for lithium oxygen battery. At a 

current density of 75 mA g-1, the discharge capacity of 

battery was 2306 mA h g-1, which is much higher than 

the Super P electrode capacity (1434 mA h g-1). In 

addition, the overpotential of SCM is lower than that of 

Super P (figure 6b). At a current density of 200 mA g-1 

and a limited specific capacity of 600 mA h g-1, the 

terminal discharge voltage drops to 2.34 V after 30 cycles. 

Under the same conditions, the terminal discharge voltage 

of Super P drops below 1.5 V after 13 cycles. The 

experimental results showed that the oxides with double 

perovskite structure can promote the properties of lithium 

oxygen battery. Zhu et al 
[65]

. reported a new cathode 

catalyst called PrBaCo2O5+δ (PBCO). The 

electrochemical performance of PBCO is much better 

than that of commercial BP2000. As shown in the figure 

8c and d, it can be seen from the charge discharge curve 

under various current densities that the capacity of PBCO 

is much higher than that of BP2000. PBCO exceeds 8000 

mA h g-1 when the current density is 0.02 mA cm-2. 

Moreover, the overpotential is also significantly lower than 

BP2000. When the current density is limited to 1000 mA h 

g-1, it can be stably maintained for more than 1000 cycles. 

 

Figure 6  (a) Comparison of overpotentials for CMO 

and H-CMO. (b) Potential profiles of LOB with SCM 

based or pure Super P electrodes at 75 mA g-1 

Although perovskite oxide can improve the 

performance of lithium oxygen battery, the battery 

performance degrades quickly and the cycle performance 

is at a low level (～ 100 times). Therefore, the research 

on these materials needs to be more in-depth and 

comprehensive. 

4 Composite materials 

The improvement of cathode catalyst can improve 

the properties of lithium oxygen batteries. Studies in 

recent years showed that catalysts with good properties 

usually need to meet the following two requirements, one 

of which is that catalysts have large specific surface area 

and more and large pores to store more discharge 

products (Li2O2) to achieve better properties. The other 

one is that the catalyst promotes both the ORR and OER 

processes to improve the energy efficiency of the battery. 

At present, there are few pure materials that can meet 
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these two requirements, so scientists have come up with 

composite materials. 

Functional carbon materials have more and large 

pores to store discharge product (Li2O2), and provide 

carriers for metal and metal oxides. Carbon materials 

have excellent catalytic activity for ORR process, but 

poor catalytic effect for OER process. The development 

of carbon-based nanocomposites solves this problem. 

Therefore, the composite materials of functional carbon 

materials with metal and metal oxides are ideal materials 

for cathode catalysts of lithium oxygen batteries. 

Sun et al 
[66]

. synthesized a mesoporous carbon 

nano-cubes (MCCs) by hard template method. At a 

current density of 200 mA g-1, the lithium oxygen battery 

with MCCs as the cathode catalyst showed the discharge 

capacity was 26100 mA h g-1 and the charge capacity 

was 16,090 mA h g-1, far higher than that of carbon black 

(CB) electrode (discharge capacity was 620 mA h g-1 and 

charge capacity was 3933 mA h g-1). Ru@MCCs was 

synthesized by wet impregnation method. And the TEM 

images of MCCs and Ru@MCCs (figure 7a and b) 

showed that the pore structures of them were similar, 

indicating that the introduction of Ru did not affect the 

pores of MCCs. It can be seen from the figure 7c that the 

charging voltage platform of Ru@MCCs is much lower 

than MCCs, so the overpotential of Ru@MCCs is much 

lower than MCCs, only 0.28 V. At a current density of 

400 mA g-1 and a limited specific capacity of 1000 mA h 

g-1, the battery could cycle stably for 120 times. Such 

excellent performance can be attributed to the unique 

architecture of MCCs combined with the highly efficient 

Ru nanocrystal catalysts. 

Guo et al 
[67]

. prepared N-doped graphene with 

encapsulated RuO2 nanoparticles. They compared the 

electrochemical properties of N-doped graphene, N-doped 

graphene with unencapsulated RuO2 nanoparticles and 

N-doped graphene encapsulated RuO2 nanoparticles. As 

exhibited in the figure 7d, it is obvious that the 

introduction of RuO2 can reduce the overpotential 

between charge and discharge progresses. At a current 

density of 400 mA g-1 and a limited specific capacity of 

2000 mA h g-1, the battery could cycle stably for 110 

times. The author attributed the excellent performance of 

the battery to the high catalytic activity of RuO2 

nanoparticles, which reduced the overpotential of Li2O2 

decomposition. In addition, RuO2 nanoparticles were 

encapsulated in graphene, so the batteries showed 

excellent cycling performance. 

In addition to carbon matrix composites, the 

composite of metals or metal oxides can also make up for 

defects, so as to obtain better electrochemical 

performance. Lian et al 
[68]

. improved the electrochemical 

performance of lithium oxygen batteries by loading 

transition metal atoms on Co3O4 nanosheets 

(MSA-Co3O4/CC, M = Ti, V, Cr, Mn, Fe, Ni, Cu, Zn). 

Through comparison charge/discharge curves, it is found 

that the introduction of Ni reduces the over potential of 

the battery most significantly. When the current density is 

300 mA g-1 and the limited capacity is 1500 mA h g-1, 

the overpotential of NiSA-Co3O4/CC is only 1.06 V. 

When the current density is 200 mA g-1 and the limited 

capacity is 1000 mA h g-1, the over potential is only 0.72 

V, and it can circulate stably for 128 cycles. Li et al 
[69]

. 

prepared three-dimensional open Co3O4@MnO2 catalyst. 

Co3O4 has excellent OER catalysis, while MnO2 is an 

efficient ORR catalyst. The combination of the two 

reflects the synergistic effect. Moreover, the 

three-dimensional open structure also facilitates the 

generation and decomposition of Li2O2. As a catalyst, the 

LOB shows ultra-high capacity (12980 mA h g-1) and 

good recyclability (331 cycles can be stably circulated 

when the capacity is limited to 500 mA h g-1). 

 

Figure 7  (a, b) High-magnification TEM images of 

MCCs and Ru@MCCs, and (c) charge/discharge profiles 

tested of Ru@MCC and MCC at 200 mA g-1. (d) The 

comparisons of charge/discharge profiles of LOB based 

on three different cathodes at the same current density 

and limited capacity 

In addition, composite materials of organic 

compounds and carbon materials have been applied to 

lithium oxygen batteries, and their electrochemical 

performance has also been improved. Lin et al. 
[70]

 studied 

composite materials, which were composed by 

nitrogen-containing organic compounds with Ketjin black. 

The charge and discharge capacity increased significantly. 

The nitrogen element in the organic compound improves 

the solvent pathway of Li2O2 growth, so that the 

discharge product exists in an incompact nanosheet shape, 

which is benefit for decomposition during charging. The 

organic composite material can also alleviate the 

sensitivity to the electrolyte. Cui et al.
[71]

 reported the 

influence of different polyaniline contents in 

three-dimensional porous polyaniline (PANI)/reduced 

graphene oxide foam (PPGFs) on lithium oxygen 

batteries. PPGFs-50 shows excellent electrochemical 

performance, with a high discharge capacity of 36010 mA 

h g-1 at 200 mA g-1, which can be comparable to noble 

metal catalysts. Too much polyaniline leads to pore 

clogging and reduces pore size, while a small amount of 
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polyaniline leads to the reduction of catalytic activity. 

PPGFs-50 not only has sufficient catalytic activity to 

promote the generation and decomposition of discharge 

products, but also can provide sufficient transport 

channels for lithium ions and oxygen. 

Composite materials are the main research direction 

of lithium oxygen battery. The prepared composites not 

only need to have sufficient catalytic activity to promote 

the generation and decomposition of discharge products, 

but also need to have transport channels for the rapid 

transport of lithium ions and oxygen. Metal carbon matrix 

composites have both the characteristics of porous carbon 

materials and the advantages of high catalytic activity of 

metals. At present, there are many researches. Nonmetallic 

composites, such as organic carbon matrix composites, have 

excellent properties, and the designability of organic 

structures makes them have great potential. 

5 Other materials 

In addition to the three kinds of materials mentioned 

above, there are other types of materials used in lithium 

oxygen batteries. Such as sulfides, nitrides and so on. Li 

et al. 
[72]

 reported the performance of TiN nanoparticles 

supported on VC as cathode catalysts for lithium oxygen 

batteries. By comparing the performance of nano TiN/VC 

(n-TiN/VC), micrometer TiN/VC (m-TiN/VC) and bare 

VC, it is found that n-TiN /VC overpotential was lower 

than the other two materials. At a current density of 500 

mA g-1, the discharge capacity of N-Tin /VC reaches 

6407 mA h g-1, which is much higher than n-TiN /VC and 

VC. The improvement of battery performance was mainly 

due to the excellent catalytic activity of TiN nanoparticles 

and the internal contact between TiN and VC.  

Cao et al. 
[73]

 introduced nitrogen-doped MoS2 

(N-MoS2) which was nanoflower-like and porous by 

hydrothermal method and ammonia-atmosphere 

calcination process. As cathode catalyst for lithium 

oxygen battery, N-MOS2 has good performance, such as 

excellent cycle stability and rate performance. For 

example, N-MOS2 has a higher specific capacity than 

MoS2, and the gap between charge and discharge 

potentials of N-MOS2 is smaller than MoS2 under a same 

current density. This was due to the rich porous structure 

of N-MOS2, which provides more catalytic active centers 

for catalytic reaction. And N doping increased the 

electrochemical activity. And at a current density of 200 

mA g-1 and a limited specific capacity of 1000 mA h g-1, 

the battery could cycle stably for 100 times. The rate test 

shows With the increase of current density, the 

polarization of N-MOS2 changes little. When the current 

density returns to 100, the charge discharge voltage of 

MoS2 also returns to the same as the initial one. As the 

current density of N-MOS2 increases, the polarization 

increases. Even if the current density recovers, the charge 

discharge voltage does not recover. Sun et al. 
[74]

 

embedded VOx in carbon paper, and then nitrogenize it at 

850oC to obtain NV@C-850. The performance of the 

catalyst doped with nitrogen element is obviously 

improved at 100 mA g-1 current density, it can have an 

ultra-high capacity of 8269 mA h g-1, which is attributed 

to the internal channel of the catalyst, which is conducive 

to the transportation of Li2O2. The synergistic effect 

between NV and N-doped carbon reduces the 

overpotential between charge and discharge process (only 

0.88 V) and improves the cycle stability (183 cycles at a 

cut-off capacity of 1000 mA h g-1). 

6 Summary 

Lithium oxygen battery is a promising form of 

energy storage. But some problems of LOB make it 

cannot be used commercially. For example, there are 

some side reactions in the charge and discharge process, 

which irreversibly produce other lithium compounds, 

greatly reducing the charge and discharge capacity of 

LOB. The cycle life of LOB is very short, and at least 

1000 stable cycles are possible to be commercialized. The 

current research has not met such requirements. In this 

review, the effects of several types of cathode catalysts on 

the electrochemical performance of LOB were reviewed, 

including the formation mechanism and morphology of 

Li2O2. The growth morphology of the discharge product 

Li2O2 will directly affect the electrochemical performance 

of LOB. LOB with film-like Li2O2 has a lower charging 

potential and a smaller discharge capacity. Whereas LOB 

with toroidal-like Li2O2 shows the discharge capacity 

increases and the charging overpotential increases. In 

order to obtain the best electrochemical performance 

(high capacity and low potential), it can be adjusted by 

reducing the size of Li2O2 particles and increasing the 

thickness of Li2O2 film. There are many methods to adjust 

the morphology of Li2O2. Firstly, the reasonable design of 

catalyst structure. Porous and large specific surface area 

cathode materials can improve the structure of Li2O2. 

Secondly, it is favorable to form thin-film Li2O2 under 

high current density. Finally, the selection of electrolyte is 

also a method to adjust the morphology of discharge 

products. 

In conclusion, the LOB with large capacity, low 

overpotential and long cycle stability needs to consider 

the following two factors: 1) forming Li2O2 film with 

increased thickness and 2) forming discharge products 

particles with decreased size. The following suggestions 

can be considered to meet the above requirements. 

(1) Cathode design. Porous, high specific surface 

area and high conductivity cathode materials are 

conducive to the formation of Li2O2. 

(2) Catalyst selection. Catalysts with advantages like 

oxygen vacancies and surface coatings can contain more 

discharge products. The catalyst has the ability to catalyze 

the formation and decomposition of Li2O2, which is 

helpful to improve the capacity and cycle life of the 

battery. 
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(3) Selection of electrolyte. Proper electrolyte is 

helpful to alleviate the solubility problem. Moreover, 

solid electrolyte can inhibit the growth of lithium negative 

dendrite and improve the safety performance of the battery. 

It is a potential research direction. In addition, electrolyte 

additive is also a new method to adjust battery life. 

The research of LOB is very promising, but more 

experiments are still needed to study and overcome the 

shortcomings like the poor cycle performance. The future 

research and application of lob is very promising. 
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Abstract: 

In summary, a novel structure of MOF based on 1,4–di ([2,2':6',2''terpyridin] -4'-yl)benzene and 1,4-naphthalenedicarboxylic acid has 

been constructed through hydrothermal reaction. The Ni-MOF displays one dimensional zigzag chain, which connect each other by 

hydrogen bonding to form three dimensional supramolecule with large channels. The conjugated systems of the terpyridin and benzene 

ligands enhance the chain rigidity, accelerate the electron transport. The massive channels provides electrolyte rapid transfer. By the 

structural feature aforementioned, the Ni-MOF demonstrates stable electrochemical performance as suprocapacitor. 
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1 Introduction 

In recent years, with the decline of non-renewable 

resources and the global demands for clean energy 

shortage, the development of clean and efficient energy 

storage equipment has become an important research 

direction. However, chemical and physical limitations of 

existing materials hinder performance and require new 

solutions. For instance, polymers and conductive carbon 

materials are relatively inexpensive, scalable, and 

synthetically tunable but can lack physical and chemical 

stability for device implementation. On the other hand, 

solid inorganic materials, such as metal oxides and silicon, 

are used as electrode materials due to their robust 

structure and redox-active sites. However, sluggish ion 

diffusion of metal oxides limit charge discharge rate 

capabilities and large volumetric changes lead to 

mechanical instability 
[1]

. Metal Organic Frameworks are 

one reasonable type of materials to solve the above issues 

due to their metal atoms and organic skeletons, adjustable 

channels and extraordinary porosity, which display 

different applications by diverse metal atoms 
[2-4]

. MOFs 

are entering the limelight as supercapacitors by virture of 

the tunable structure, large specific surface area and 

amount of accessible active centers 
[5-7]

. Meanwhile, 

MOFs materials can be used as redox centers of 

pseudo-capacitors, which can accelerate the reaction 

because of their skeleton structure and many active sites.  

Supercapacitors have two main mechanism: a 

double-layer capacitor and a pseudo-capacitor 
[8-10]

. 

Double-layer capacitor works on the principle that during 

charging, ions with opposite charges accumulate on the 

electrode surface and are stored between the electrodes 

and electrolytes. The double-layer capacitor has good 

invertibility and power density because of its fast 

electrochemical reaction near the surface. The 

pseudo-capacitorsused in this paper is mainly charged and 

discharged through the rapid oxidation-reduction reaction 

on the electrode surface, which reflects well the 

efficiency of the supercapacitor because of the rapid 

reaction 
[11-13]

. Due to the high specific surface area of 

carbon materials, activated carbon, carbon nanotubes and 

graphene are commonly used as electrode materials in 

current research. Despite carbon materials have such 

excellent characteristics, they are not necessarily suitable 

for supercapacitors. For example, Chao Feng et al. 

reported a Ni-MOF material with a specific capacitance 

of 184 F/g at a rate of 5 mV/s 
[14]

. Yue et al reported a 

kind of Zn-MOF used in supercapacitors. At the current 

density of 0.5 A/g, the specific capacitance is only 138 

F/g
[15]

. When these materials are used as supercapacitors, 

they have no good energy storage effect because of their 

small specific capacitance. Chao Feng et al. reported a 

Ni-MOF material has lost a lot of specific capacitance 

under 1000 cycles 
[16-17]

.A kind of MOFs used in 

supercapacitor is reported by Kong et al. After 1000 

charge-discharge cycles, the specific capacitance keeps 

only 72.8% 
[18]

. It indicates that the MOFs material has 

short service life when used as a supercapacitor, which 

does not accord with the characteristics of long service 

life of supercapacitors. While some MOFs have high 
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specific capacitance and good cycle stability when they 

are used as supercapacitors, they will lose large specific 

capacitance when they are used as supercapacitors at high 

current density. When the material is used as a 

supercapacitor, the specific capacitance can only keep 71.21% 

at the current density of 10 A/g at Kang Liu et al.’s paper 
[19]

. 

At the current density of 20 A/g, the specific capacitance of 

Zhu et al supercapacitor is only 47.2% 
[20]

. 

Based on the above question, a Ni-based MOFs 

material was synthesized by in-situ reaction and its 

structure was characterized in this paper. The 

electrochemical performance of the supercapacitor was 

also evaluated. 

2 Experimental section 

2.1 Synthesis of HU17 

All the reagents were purchased and used directly 

without further purification, Ni-MOF was synthesized by 

hydrothermal method, 0.02 g of Ni(NO3)2, 0.001g of 

1,4-di([2,2':6',2''terpyridin]-4'-yl)benzene (1,4-Tpb), 

0.005g of 1,4-naphthalenedicarboxylic acid (1,4-Npa) 

with a balance, and then mixing them with 5 ml distilled 

water. The glass bottle is put into the plastic inner liner, 

and then the inner liner is put into the sealed reactor. It 

was cooled naturally after 72 hours reaction at 150 °C. If 

all the impurities are yellow dendritic crystals and a few 

yellow massive crystals, they will be regarded as pure. 

The product was extracted into the sample tube and dried 

in a 50℃  constant temperature oven to obtain the 

required crystals. 

2.2 Single-crystal structure determination 

The single crystal HU17 was diffracted by Agilent 

SuperNova X-ray diffractometer at 298K(radiation type is 

MOK/a, radiation wavelength is 0.71 Å). The crystal 

table is shown in Table 1. 

2.3 Electrochemical measurements 

Two rectangular nickel foams with the same shape 

and similar size are cut and it's twice as long as it's wide. 

First weighing the quality of two pieces of nickel foam, 

removing one nickel foam and setting the balance to zero, 

the sample is 2.5 mg at the end of the remaining nickel 

foam. Cover with another nickel foam, wrap it in 

weighing paper, and put it into a tablet press. 

In this paper, three-electrode test is used. Pt sheet is 

used as the opposite electrode, the reference electrode is 

the saturated calomel electrode, and the working electrode 

is the MOFs material electrode. The electrolyte solution is 

6 Mol/L KOH. 

2.3.1Cyclic voltammeters: 

The specific capacitance of electrode material is 

measured by cyclic voltammetry. The formula is 

                (1) 

Among them, C is the specific capacitance (F/g), m 

is the mass (g) of MOFs, △ V is the Window voltage (V), 

i is the current intensity (A), and v is the scanning rate 

(mV/s)
[21]

. 

We can get different specific capacitance by 

changing the scanning rate v. 

2.3.2Constant current charge and discharge test: 

Constant current charging and discharging is to use 

constant current to test electrode material. The formulais 

                (2) 

Among them, C is the specific capacitance (F/g), m is 

the mass (g) of MOFs, △ t is the Discharge time (s), I is the 

current intensity (A), and △ V is Window voltage (V)
[22-23]

. 

We can obtain specific capacitance at different 

current by changing current. 

2.3.3Impedance test: 

Two test voltages are set, one is 0.45 V, and the other 

is the voltage corresponding to the oxidation peak in the 

CV curve. Test frequency is 0.01 Hz-100KHz. 

Table 1  Crystal date and structure refinement for 

complexes HU17 

complex HU17 

empirical formula C60 H42 N6 O11 Ni2 

formula weight 1140.41 

T (K) 293.15 

crystal system triclinic 

space group P1 2/n1 (13) 

a (Å) 11.4409 (8) 

b (Å) 14.8757 (9) 

c (Å) 17.6457 (11) 

α (°) 74.092 (2) 

β (°) 76.830 (2) 

γ (°) 79.855 (2) 

V (Å 3) 2791.4 (3) 

Z 2 

Dc (Mg·mm-3) 1.357 

μ (mm-1) 0.740 

F (000) 1176 

index ranges (h, k, l) 

-13/13 

-17/17 

-21/20 

reflections collected 7049 

Rint 0.0481 

restraints/parameters 0/716 

GOF (F2) 1.009 

R1,wR2 [I > 2ζ( I )]a 0.0547, 0.1333 

R1,wR2 (all data)b 0.0896, 0.1445 

Largest diff. peak/hole (e·Å-3) 0.413, - 0.304 

a R1 = Σ| |Fo|-|Fc| |/ Σ|Fo| 

b wR2 = [Σw(Fo2-Fc2)2]/ Σw(Fo2)2]1/2 

V

I
C

△

△

m

t

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3 Results and discussion 

3.1 Crystal structure of HU17 

A novel structure of MOF based on 

1,4-di([2,2':6',2''terpyridin] -4'-yl)benzene (1,4-Tpb) and 

1,4-naphthalenedicarboxylic acid (1,4-Npa) has been 

constructed by solvothermal reaction. The asymmetric 

unit contains two central atoms (Ni1 and Ni2), 

one1,4-Npa ligand, one 1,4-Tpb ligand, and three 

coordinated water molecules.  As can be seen from the 

Figure 1, the central atom Ni has two coordination 

environments. Figure 1(a) shows the Ni1 is a tridentate 

chelate with a 1,4-Tpb, one 1,4-Npa and two H2O. Figure 

1(b) shows the Ni2 is a tridentate chelate with a 1,4-Tpb, 

one H2O and two 1,4-Npa, respectively. The asymmetric 

units are directly connected to form a chain. 1,4-Npa 

presents two coordination environments, one is bridged 

with two metal center ions Ni, as shown in Figure 1(c); 

the other is bridged with only one metal center ion Ni, as 

shown in Figure 1(d). There is only one coordination 

environment for 1,4-Tpb, that is, the two ends are 

tridentate chelate with two metal center ions Ni. Figure 

1(f) shows the asymmetric unit of complex HU17. It is 

composed of two units in Figure 1 connected by a 

common 1,4-Npa. Figure 1 (g) shows the molecular chain 

of HU17. It is composed of asymmetric units connected. 

Figure 1(h) is a schematic diagram of the connections 

between different chains. From the figure, we can see that 

there is no link between the chain and the chain. 

Considering the hydrogen bonds with an average distance 

of 2.67 Å, two parallel chains connected to form a 

supramolecule network. Figure 1(i) is a schematic 

diagram of the connection modes of adjacent network 

structures. The adjacent mesh structures are connected to 

each other form three-dimensional structures. There are 

some independent water molecules occupied the channels 

of these chains. 

 

Figure 1  (a) Coordination environment of Ni1; (b) 

coordination environment of Ni2; (c) and (d) the 

coordination modes of 1,4-Npa; (e) the bridging mode of 

1,4-Tpb; (f) an asymmetric unit of HU17, (g) the single 

chain structure of HU17; (h) The hydrogen bonds 

between two chains; (i) The 3D network of HU17 

Figure 2 shows the thermogravimetric curve of 

HU17. It can be seen from the figure that in the range of 0 

to 300 ℃, the complex HU17 loses 7% of its mass, 

which is a process of gradually losing crystal water .In the 

range of 300 to 780℃, the mass of the complex HU17 is 

greatly reduced, and 80% of the total mass is lost, because 

its crystal skeleton is gradually oxidized and decomposed. 

Above 780℃, the mass increases slightly because the 

metal is oxidized to metal oxides. 

 

Figure 2  Thermogravimetry analysis of HU17 

The GCD curve is shown in Figure 3(a). The current 

density gradually increased from 1 A/g to 20 A/g. with the 

increase of current density, the charging and discharging 

time became shorter and the curve compressed to the 

ordinate. According to formula b, the specific capacitance 

of complex HU17 can be calculated. The calculated 

results are represented by histogram, and the schematic 

diagram of specific capacitance is Figure 3(c). As can be 

seen from Figure 3(c), with the increase of current density, 

the specific capacitance decreases gradually. This is 

because under the large current density, the charging and 

discharging time decreases, and all active sites cannot be 

fully called, so that some active sites are not involved in 

the charging and discharging, resulting in the reduction of 

specific capacitance. At the current densities of 1 A/g, 2 

A/g, 5 A/g, 10 A/g, 15 A/g and 20 A/g, the specific 

capacitances are 135.5, 132.4, 127.5, 122.4, 121.6 and 

117.2 F/g, respectively. It can be seen that the specific 

capacitances at 20 A/g and 1 A/g current densities are 

only 13.5% compared with each other, indicating that the 

complex HU17 has a faster reaction rate when it is used 

as a super capacitor, which conforms to the characteristics 

of fast charging of super capacitor.  

Figure 3(b) is the CV test curve. It can be seen from 

the figure that in the cyclic voltammetry test, the super 

capacitor has oxidation peak and reduction peak, 

indicating that the super capacitor is a Faraday capacitor. 

At the same time, we can see that with the increase of 

scanning rate, the curve deforms to a certain extent, 
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which shows that the capacitor becomes unstable under 

high scanning rate. Formula a can be used to calculate the 

specific capacitance of materials at different scanning 

rates, and the specific capacitance is displayed by 

histogram. At the scanning rates of 1 mV/s, 2 mV/s, 4 

MV/s, 6 MV/s, 8 MV/s, and 10 mV/s, the specific 

capacitance is 332.8, 314.7, 294.8, 283, 274.8, 268.9 and 

258.6 F/g, respectively. It can be seen that at the scanning 

rate of 1 mV/s, the material has high specific capacitance, 

which is in line with the characteristics of high 

capacitance of super capacitor. At the same time, it can 

also be seen that the specific capacitance loss rate is 

only 22.3% at the scanning rate of 20 mV/s and 1 mV/s, 

that is to say, at the high scanning rate, the electrode 

material can still maintain a high efficiency, which 

shows that the electrode material has good stability at 

high scanning speed. 

 

Figure 3  (a) The GCD curve of HU17, (b) the CV curve 

of HU17, (c) the specific capacitance measured under 

GCD curves, and (d) the specific capacitance measured 

under CV curves 

The EIS curve of this MOF electrode material is 

shown in Figure 4 Curve 1 is 0.45V, and Curve 2 is the 

voltage corresponding to the oxidation peak in the CV 

curve. From Figure 4(b), it can be seen that the HU17 

electrode material has a small semicircle in the high 

frequency region, which indicates that the electrode 

material has a small internal resistance. In Figure 4(a), it 

can be seen that the slope of HU17 electrode material is 

small in the low frequency region, which indicates that 

the electron transfer rate of HU17 electrode material is 

not very fast. 

 

Figure 4  (a) The low frequency zone of EIS Curve and 

(b) the high frequency zone of EIS curve 

Figure 5 shows the cyclic stability curve of HU17 

for supercapacitors. It can be seen that the capacitance 

efficiency of the electrode material can remain 100% after 

10000 charge-discharge cycles. This indicates that HU17 

has excellent cyclic life for supercapacitors and is suitable 

for supercapacitors. 

 

Figure 5  The cyclic stability curve of HU17 

4 Conclusions 

In summary, a novel structure of MOF based on 1,4–

di ([2,2':6',2''terpyridin] -4'-yl)benzene and 

1,4-naphthalenedicarboxylic acid has been constructed. 

The Ni-MOF displays one dimensional zigzag chain, 

which connect each other by hydrogen bonding to form 

three dimensional supramolecule with large channels. The 

conjugated system of the terpyridin and benzene ligands 

enhance the chain rigidity, accelerate the electron 

transport. The massive channels provides electrolyte rapid 

transfer. By the structural feature aforementioned, the 

Ni-MOF demonstrates stable electrochemical 

performance as suprocapacitor. 
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