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Abstract 

In recent years, with the increasing temperature of the earth, people have begun to pay 

attention to the protection of the environment. The greenhouse effect has brought great 

challenges to people's survival, so various countries have begun to introduce various policies 

to control carbon dioxide emissions. The [Paris Agreement] confirmed that carbon dioxide 

emissions in 2030 will be reduced by 40% compared to 2013. Energy conversion sectors such 

as power plants are the main sources of higher carbon dioxide emissions. At present, the world's 

energy structure is dominated by fossil energy, and fossil energy will generate a large amount 

of dioxide gas when it is converted. Therefore, the main way to solve environmental problems 

is to change the existing energy structure. 

In consideration of practicality, safety, environmental impact and other factors, the 

development of new renewable clean energy. Renewable clean energy includes solar energy, 

wind energy, geothermal energy, tidal energy, etc. These energy sources do not produce carbon 

dioxide when generating electricity, and they are inexhaustible. It is currently the best choice 

to replace fossil energy. However, these energy sources also have many problems due to factors 

such as regions, seasons, and weather. For example, in photovoltaic power generation, there is 

a big difference in the amount of power generated in sunny and rainy days. Wind power 

generation fluctuates greatly in the windy season and the windless season. Geothermal and tidal 

power generation are affected by geographic location. In short, it is mainly unstable, fluctuating, 

and intermittent. So we need to find a way to solve these problems, and power storage is the 

best way. Through electricity storage, we merge the peak and trough periods of renewable 

energy power generation. In the case of a large amount of power generation, the battery is used 

to store electricity, and when the amount of power generation is small, the battery can be used 

to make up. 

As an energy storage battery, vanadium flow battery has many advantages compared with 

other batteries. For example, it has a long service life, high safety, no waste, no pollution to the 

environment, etc. The vanadium flow battery has a history of more than 30 years of research 

and development since 1985, and its technology is very mature. Including Japan's Sumitomo 
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Electric and other companies, have developed a megawatt-level vanadium flow battery power 

storage system. However, due to its own characteristics, flow batteries have problems such as 

low energy density, miniaturization and low cost. 

Our current research is mainly to improve the battery output density to achieve 

miniaturization and low cost. The research method is to modify the electrode of the battery and 

optimize the design of the battery structure to improve the charge and discharge efficiency of 

the battery, so that the current density can reach 200mA/cm2 with an energy efficiency of 80%. 

Electrode modification is mainly to improve the graphitization and specific surface area of 

the electrode through heat treatment and carbon nanotube coating. At the same time, Raman 

analysis and charge-discharge experiments are performed on the heat-treated electrode to 

evaluate its charge-discharge performance. The heat treatment experiment shows that as the 

heat treatment temperature increases, the graphitization degree of the electrode also increases, 

but when the temperature reaches 3000 ℃, the graphitization degree of the electrode is the most 

complete. However, the charging and discharging performance of the battery has dropped 

sharply. This is because when the electrode is graphitized, the hydrophilicity of the electrode 

surface will decrease. Because it is a liquid battery, the electrode needs a certain degree of 

hydrophilicity, so the charge and discharge performance will decrease as the temperature rises. 

Carbon nanotube coating is mainly to increase the specific surface area of the electrode and 

increase the reaction surface of the electrolyte, thereby increasing the charge and discharge 

performance of the battery. SEM/EDS, Raman, XRD were used to observe and analyze the 

surface of the treated electrode. At the same time, the electrodes were evaluated by charging 

and discharging experiments and AC resistance measurement. 

The optimal design of the battery structure mainly includes the design of the battery flow 

path and the optimization of the electrode compression ratio and the electrolysis flow rate. The 

flow paths of vanadium flow batteries mainly include parallel flow paths, serpentine flow paths 

and comb-shaped flow paths. The parallel flow path means that the electrolyte flows inside the 

electrode parallel to the length of the electrode. The serpentine flow path is mainly a flow path 

that is similar to a sine wave on the surface of the bipolar plate, and the electrolyte flows along 

the direction of the flow path. The comb-shaped flow path is also processed on the surface of 

the bipolar plate, similar to the flow path where the teeth of two combs are crossed. The 
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electrolyte flows in from the inlet, diffuses to both sides, and then flows out from the outlet. 

The flow direction of the comb-shaped flow path is the flow along the thickness of the electrode. 

Due to the charge and discharge characteristics of vanadium flow batteries, the vanadium ions 

involved in the reaction need to flow out of the battery in time, otherwise it will cause excessive 

local voltage, which will affect the charge and discharge performance of the battery. After the 

serpentine flow path is enlarged, its flow path becomes very long, which is not conducive to 

the charging and discharging of the battery, so few people use it. Through simulation 

experiments and charge-discharge experiments, we verified the uniform fluidity of the 

electrolytes of the four different flow path batteries, and the charge-discharge test also verified 

the performance of different flow paths. 

The optimization of electrolyte flow rate and electrode compression ratio is mainly to 

compare the charging and discharging experiments under different electrolyte flow rates 

through different compression ratios, and to screen the most suitable compression ratio and the 

most suitable electrolyte flow rate. The compression ratio is mainly achieved by changing the 

thickness of the battery frame, and the electrolyte flow rate is achieved by changing the voltage 

of the circulating pump. Increasing the compression ratio can effectively reduce the contact 

resistance between the carbon dioxide electrode and the bipolar plate. Increasing the electrolyte 

flow rate can effectively increase the outflow rate of vanadium ions after the reaction. Through 

our experiments, it is confirmed that the compression ratio is too large, which will cause the 

ion exchange membrane to rupture and reduce the charge and discharge performance of the 

battery. After the electrolyte flow rate reaches a certain level, the impact on the battery's charge 

and discharge performance is gradually reduced. 

According to the above research, we assembled a battery pack of 3 groups of single cells. 

Through charging and discharging experiments on the battery resistance, the highest current 

density can reach 800 mA/cm2. And when the energy efficiency is 80%, the current density of 

the battery has also reached 200 mA/cm2. Achieved the research goals we initially set. At the 

same time, we have continuously charged and discharged the battery pack. Through the 

comparison of charging and discharging data, we found that after the battery has been running 

for a period of time, the temperature of the electrolyte will increase, so that the viscosity will 

decrease, the reaction performance will increase, and the charging and discharging performance 
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of the battery will also increase. It is often necessary for the battery to maintain a certain 

operating temperature during operation. 

Keywords: Secondary battery，Energy storage，Vanadium flow battery，Renewable 

energy，Accumulator.
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Chapter 1 Introduction 

Energy storage or energy storage technology refers to the technology that stores energy and 

uses it when needed. Energy storage technology converts the energy form that is more difficult 

to store into a form that is technically easier and cheaper to store. For example, solar water 

heaters store light energy (radiation) in hot water (heat energy), and batteries store electrical 

energy in electrochemical energy. 

Energy storage has existed since ancient times, but in different eras, according to human 

dependence on different energy sources, different contradictions endow energy storage with 

different content. In contemporary times, it is mainly heat storage, hydrogen storage and 

electricity storage. Since electric energy is currently the most convenient form of energy for 

production, transmission, distribution and utilization, it has been widely used in modern 

production and life. In the field of energy storage, electricity storage has become the core 

content. 

Compared with other forms of energy, electric energy itself is not convenient for large-

scale storage, so the basic idea of electricity storage is to convert electric energy into other 

forms of energy, and then convert it back through other forms of energy when needed. With 

the changes in the world's energy structure and the vigorous development of renewable energy, 

the electricity storage market will also become larger and larger. 

Energy storage has many uses. For example, emergency energy can also be used to store 

energy when the grid load is low, and output energy when the grid load is high, for peak shaving 

and valley filling, to reduce grid fluctuations. There are many forms of stored energy, including 

mechanical energy, thermal energy, electrochemical energy, chemical and electronic. Energy 

storage involves converting energy in a form that is difficult to store into a more convenient or 

economically storable form. A large amount of energy storage is currently mainly composed of 

power generation dams, whether traditional or pumped.The length of time that each technology 

is suitable for storage varies. 
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1.1 Energy storage development and application 

Energy storage technology can be seen everywhere in daily life. The electrochemical 

energy stored in the battery can be converted into electrical energy for use in electronic 

products[1]. The reservoir stores the gravitational potential energy of water, which is converted 

into electrical energy through hydroelectric power generation[2]. The cold storage system uses 

off-peak electric energy to make ice cubes, and the stored heat energy can be used to reduce 

cooling electricity during peak times. Living organisms grow by absorbing solar energy, and 

are buried under the ground for a long time after death, and then transformed into fossil fuels. 

Food stores chemical energy, which can supply body heat after digestion and absorption. 

 

Fig. 1.1 Share of energy sources in power generation in Japan (2017) [6] 

In the 20th century, the power system mainly relied on burning fossil fuels to generate 

electricity[3]. When electricity consumption changes, the amount of power generation can be 

adjusted by reducing fuel usage. In recent years, due to issues such as air pollution, dependence 

on imported energy, and global warming, renewable energy sources (such as wind and solar 

energy) have developed rapidly [4]. However, wind power cannot be controlled, and power 

generation is not necessarily when electricity is needed. Solar power generation is affected by 

the shadow of clouds, and can only generate electricity during the day, and cannot supply peak 

electricity at night (please refer to the duck curve). Therefore, with the development of 

renewable energy, the technology that can store intermittent energy has been paid more and 

more attention[5] . 
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Since the 21st century, the use of mobile devices has increased rapidly, making battery-

related use more popular. In remote areas of the world, the use of solar energy is becoming 

more and more common . Whether there is electric energy is no longer a technical limitation, 

but an economic and financial problem. With the popularization of electric vehicles, short-

distance transportation can no longer rely on fossil fuels, but in the direction of long-distance 

transportation (such as: air and sea), related technologies are still developing[7]. 

1.2 Energy storage methods 

Energy storage methods According to energy storage methods, energy storage can be 

divided into three categories: physical energy storage, chemical energy storage, and 

electromagnetic energy storage[8]. Physical energy storage mainly includes pumped water 

storage, compressed air energy storage, flywheel energy storage, etc., chemical energy storage 

Mainly include lead-acid batteries, lithium-ion batteries, sodium-sulfur batteries, flow batteries, 

etc[9]. Electromagnetic energy storage mainly includes supercapacitor energy storage and 

superconducting energy storage[10]. Lead-acid batteries are generally used in high-power 

applications, which are mainly used for emergency power supplies, battery cars, and power 

plants to store surplus energy[11]. Each technology is suitable for storage for different lengths 

of time. For example, hot water can be stored for several hours, while hydrogen storage can be 

stored for several days to more than several months. At present, large-scale energy storage 

systems are mainly hydropower and pumped storage power generation[12]. Grid energy storage 

refers to large-scale energy storage devices used in the grid. 

Fig. 1.2 Classification of different types of energy storage technologies for stationary 

applications [13] 
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1.2.1 Potential energy, kinetic energy storage 

Mechanical energy storage uses mechanical methods to store energy, such as moving water 

or heavy objects to a high place (potential energy), moving or rotating objects (kinetic energy), 

or compressed gas (internal energy). Currently, the more mature technologies are: pumped 

water energy storage, compressed air energy storage, flywheel energy storage and solid neutral 

energy storage[14]. 

Pumped water storage is the use of gravitational potential energy storage to pump water up 

to the top of a mountain when power demand is low (such as at night), and release water to 

drive turbines to generate electricity when power demand is high (such as noon or evening) 

[15]. General turbines can be operated in reverse and can be used as generators or pumps, the 

most common being Francis turbines. Pumped storage systems can be divided into two types: 

one is to use two storage reservoirs with a difference in height as energy storage, and the other 

is to use hydroelectric power generation with downstream storage reservoirs as energy storage. 

According to statistics in 2012, pumped storage accounts for 99% of the world's total capacity 

of large-scale energy storage devices, with a capacity of 127,000 megawatts[16]. The actual 

energy conversion efficiency is between 70% and 80%, up to 87% [17]. 

Fig. 1.3 Diagram of the TVA pumped storage facility at Raccoon Mountain Pumped-Storage 

Plant in Tennessee, United States [18] 

https://en.wikipedia.org/wiki/Tennessee_Valley_Authority
https://en.wikipedia.org/wiki/Raccoon_Mountain_Pumped-Storage_Plant
https://en.wikipedia.org/wiki/Raccoon_Mountain_Pumped-Storage_Plant
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Compressed air energy storage is the use of compressed air to store energy. When 

electricity is needed, compressed air is used to push the turbine [19]. In large systems, 

compressed air can be stored in large underground storage spaces, such as underground salt 

caverns. It can be used to store off-peak electricity and generate electricity when the electricity 

demand is high [20]. When air is compressed, heat energy is generated, causing its temperature 

to rise. When the air expands, it will absorb heat. If there is no additional heat supply, its 

temperature will drop. Compressed air energy storage technology can be divided into three 

categories according to heat treatment: non-adiabatic, adiabatic and isothermal. Traditional 

non-adiabatic systems need to burn natural gas when generating electricity to avoid excessively 

low temperatures. When the adiabatic system saves the heat generated by compression and uses 

it in expansion, this method can increase efficiency [21]. 

Compressed air can also be used as a power source for vehicles[22][23]. Small compressed 

air systems were used as the power source for non-combustion vehicles in the early days, and 

were used in vehicles operating in coal mines. 

Flywheel energy storage uses electrical energy to accelerate a heavy object (flywheel) to 

rotate quickly, and uses the law of conservation of energy to store energy in the rotational 

kinetic energy of the object. The stored kinetic energy can be used to generate electricity[24]. 

Solid gravity energy storage uses an electric motor to raise the height of a solid weight. 

When the weight is lowered, the electric motor can operate in reverse to become a generator to 

generate electricity. Studies have pointed out that this technology can start to generate 

electricity within one second, so it can be used to stabilize the fluctuation of the power grid in 

a short period of time [25]. Its efficiency can reach 85% [26]. Theoretically, the cost of gravity 

energy storage should be lower than pumped-storage hydroelectric power generation and 

battery energy storage [27]. 

1.2.2 Electromagnetic energy storage 

Electromagnetic energy storage includes: superconducting energy storage, capacitive 

energy storage, and supercapacitor energy storage[28]. 1. Superconducting energy storage 

Superconducting energy storage system (SMES) uses coils made of superconductors to store 
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magnetic field energy, and does not require conversion of energy forms during power 

transmission, with fast response speed (ms level) and high conversion efficiency (≥96%) , 

specific capacity (1-10 Wh/kg)/specific power (104-105kW/kg) and other advantages, can 

realize real-time large-capacity energy exchange and power compensation with the power 

system. SMES can fully meet the requirements of transmission and distribution network voltage 

support, power compensation, frequency regulation, improving system stability and power 

transmission capacity. 2. Supercapacitor energy storage :Supercapacitor is developed according 

to the theory of electrochemical double layer, which can provide powerful pulse power[29]. 

When charging, the electrode surface in an ideal polarization state, the charge will attract the 

anisotropic ions in the surrounding electrolyte solution, making it It is attached to the surface 

of the electrode to form an electric double layer, which constitutes an electric double layer 

capacitor. In the power system, it is mostly used for short-term, high-power load smoothing and 

power quality peak power occasions, such as the starting support of high-power DC motors, 

state voltage restorers, etc., to improve the power supply level during voltage dips and transient 

disturbances. 

1.2.3 Electrochemical energy storage 

Energy is stored using electrochemical reactions[30]. It mainly includes battery energy 

storage, flow battery energy storage, and super capacitor energy storage. Battery: Generally 

composed of multiple electrochemical cells, which use reversible electrochemical reactions to 

store electrical energy, also known as secondary batteries because they can be reused. Batteries 

come in different shapes and sizes, from coin cells to megawatt grid energy storage systems. 

Compared to disposable (disposable) batteries, the overall energy consumption and 

environmental impact of batteries are lower. The initial cost of a battery is high, but its average 

cost of use decreases as the number of uses increases. 

1.3 Several common types of electrochemical energy storage 

Lead-acid batteries have the highest market share in the past. A single cell has a voltage of 

2 volts after charging, and the lead of the negative electrode and the lead sulfate of the positive 
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electrode are immersed in diluted sulfuric acid (electrolyte). During discharge, the negative 

electrode produces lead sulfate and produces water in the electrolyte. Lead-acid batteries have 

lower cost due to their maturity, but their service life and energy density are lower [31]. 

Nickel-cadmium batteries (NiCd): use nickel oxyhydroxide and metal cadmium as 

electrodes. Cadmium was banned in the EU in 2004 because of its toxicity and was almost 

replaced by nickel-metal hydride batteries[32]. 

Nickel Metal Hydride (NiMH): The first commercial product appeared in 1989 [33]. One 

of the most common consumer and industrial batteries. The battery's negative electrode is an 

alloy that can absorb hydrogen, not cadmium. 

Lithium-ion battery: It is the battery with the highest energy density and the lowest self-

discharge [34] when not in use among the batteries currently used in consumer electronic 

products.Lithium-Ion Polymer Batteries: Lightweight and can be made in different shapes. 

The flow battery utilizes two chemical solutions through the membrane for ion exchange 

for charging and discharging [35][36]. The voltage of the battery can be calculated from the 

Nernst equation and is generally between 1.0 and 2.2 volts. The characteristic of this battery is 

that the amount of stored energy is proportional to the storage capacity of the solution, and the 

battery power is proportional to the area of the membrane. Technically, flow batteries are 

similar to fuel cells and electrochemical cells. Can be used in applications that require long-

term energy storage, such as grid backup power. Common flow batteries such as all-vanadium 

redox flow batteries. 

1.3.1 Lead acid battery energy storage 

Since the 1970s, lead-acid batteries have been used for backup power in residential solar 

power installations[37]. While they are similar to traditional car batteries, batteries used in 

residential energy storage systems are called deep-cycle batteries because they discharge and 

charge more often than most car batteries. 

Traditionally, lead-acid batteries have cost less than lithium-ion batteries, making them 

more attractive to residential users. However, their operating life is much shorter than that of 

lithium-ion batteries. 
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The working life of lead-acid batteries is lower than that of lithium-ion batteries. While 

some lead-acid batteries can be charged and discharged up to 1,000 times, lithium-ion batteries 

can be charged and discharged between 1,000 and 4,000 times[38]. 

Most lead-acid batteries have a lifespan of about 5 years and come with a corresponding 

warranty. As a result, residential users will have to replace lead-acid batteries many times over 

the lifetime of a solar power facility. 

The energy storage efficiency of lead-acid batteries is lower than other energy storage 

technologies such as lithium-ion batteries. They also cannot charge or discharge as quickly as 

lithium battery energy storage systems due to their lower efficiency. 

Lead-acid batteries have a low discharge capacity, which means that consuming too much 

energy can cause their ability to store energy to deteriorate rapidly. Research by the National 

Renewable Energy Laboratory (NREL) found that releasing 50 percent of the energy in a lead-

acid battery could allow it to complete 1,800 charges and discharges before the storage capacity 

dropped significantly[39]. If discharged to 80% capacity, it can only withstand 600 charges and 

discharges, after which its capacity will drop significantly. 

Since lead-acid batteries have relatively low energy storage efficiency and cannot be fully 

discharged, lead-acid batteries require more energy storage capacity and space than lithium-ion 

batteries. Lead-acid batteries are also much heavier than lithium-ion batteries, require a firmer 

stand to place them, and require more space than lithium-ion battery packs. 

Lead is a toxic heavy metal, and although it is recyclable, it can still become contaminated 

due to improper handling. 

1.3.2 NiCd battery energy storage  

Nickel-cadmium battery is a kind of DC power supply battery. Nickel-cadmium battery can 

be charged and discharged more than 500 times, which is economical and durable[40]. Its 

internal resistance is small, the internal resistance is small, it can be quickly charged, and it can 

provide a large current for the load, and the voltage change during discharge is small, it is a 

very ideal DC power supply battery. 
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The most fatal disadvantage of nickel-cadmium batteries is that if they are not handled 

properly during the charging and discharging process, there will be a serious "memory 

effect"[41], which will greatly shorten the service life. The so-called "memory effect" means 

that the power of the battery is not completely discharged before the battery is charged, which 

will cause the battery capacity to decrease over time. The small bubbles accumulated over time 

reduce the area of the battery plate and indirectly affect the capacity of the battery. Of course, 

we can alleviate the "memory effect" by mastering reasonable charging and discharging 

methods. In addition, cadmium is toxic, so nickel-cadmium batteries are not conducive to the 

protection of the ecological environment. Numerous shortcomings have made nickel-cadmium 

batteries basically eliminated from the application range of digital equipment batteries. 

The nickel-cadmium battery can be charged and discharged more than 500 times, which is 

economical and durable[42]. Its internal resistance is small, the internal resistance is small, it 

can be quickly charged, and it can provide a large current for the load, and the voltage change 

during discharge is small, it is a very ideal DC power supply battery. Compared with other types 

of batteries, nickel-cadmium batteries can withstand overcharge or overdischarge. The 

discharge voltage of nickel-cadmium batteries varies according to their discharge devices. Each 

unit cell (Cell) is about 1.2V, and the battery capacity units are Ah (ampere-hour) and mAh 

(milliampere-hour). The limit value of the discharge termination voltage is called As "discharge 

end voltage", the discharge end voltage of nickel-cadmium battery is 1.0/cell (cell is each unit 

cell). The self-discharge rate is low, and the characteristics of the nickel-cadmium battery will 

not deteriorate under the condition of long-term storage. After fully charged, the original 

characteristics can be completely restored. It can be used in the temperature range of 30℃--

50℃. Since the unit cell is made of metal container, it is sturdy and durable; it is completely 

sealed, and there will be no leakage of electrolyte, so there is no need to replenish electrolyte. 

The key to improving battery performance and extending battery life is to avoid memory 

effects and overdischarge[43]. Nickel-cadmium batteries have a memory effect, that is, after a 

nickel-cadmium battery has been charged and discharged several times at low capacity, if a 

larger capacity charge and discharge is to be performed, the battery will not work normally. 

This situation is called memory effect. . Especially in video recorders and video cameras with 

higher discharge termination voltages, as the working voltage decreases, the battery capacity 
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also decreases on the surface, but the decrease in discharge voltage may be caused by one or 

two complete discharges temporarily. Phenomenon. The memory effect makes the performance 

of the battery unable to be fully utilized, and also brings great inconvenience to the shooting. 

Therefore, in use, you should pay attention to using a charger with charging and discharging 

performance, such as Sony's BC-1WDCE, to avoid the memory effect. When using general 

chargers such as BC-1WA and BC-1WB, one discharge can be performed after about 10 times 

of charging, and the purpose of preventing memory effect can also be achieved. 

1.3.3 Lithium Battery Energy Storage  

Lithium battery is a kind of battery that uses lithium metal or lithium alloy as 

positive/negative electrode material and uses non-aqueous electrolyte solution. In 1912, the 

lithium metal battery was first proposed and studied by Gilbert N. Lewis. In the 1970s, M. S. 

Whittingham proposed and began to study lithium-ion batteries[44]. Due to the very active 

chemical properties of lithium metal, the processing, storage and use of lithium metal have very 

high environmental requirements. With the development of science and technology, lithium 

batteries have become the mainstream[45]. 

After the lithium battery cell is overcharged to a voltage higher than 4.2V, side effects will 

begin to occur. The higher the overcharge voltage, the higher the risk[46]. When the voltage of 

the lithium cell is higher than 4.2V, the number of lithium atoms remaining in the positive 

electrode material is less than half, and the storage cell often collapses at this time, resulting in 

a permanent capacity loss of the battery[47]. If charging is continued, since the storage cell of 

the negative electrode is already full of lithium atoms, subsequent lithium metal will accumulate 

on the surface of the negative electrode material. These lithium atoms will grow dendrites from 

the surface of the negative electrode in the direction of the lithium ions[48]. These lithium metal 

crystals pass through the separator, shorting the positive and negative electrodes. Sometimes 

the battery explodes before the short circuit occurs. This is because during the overcharge 

process, the electrolyte and other materials will decompose to generate gas, causing the battery 

shell or pressure valve to bulge and rupture, allowing oxygen to enter and react with the lithium 

atoms accumulated on the surface of the negative electrode, and then explode. 
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Therefore, when charging a lithium battery, an upper voltage limit must be set, so that the 

battery life, capacity, and safety can be taken into account at the same time. The ideal upper 

limit of the charging voltage is 4.2V[49]. There is also a lower voltage limit when the lithium 

battery is discharged[50]. When the cell voltage drops below 2.4V, some of the material begins 

to break down. And because the battery will self-discharge, the voltage will be lower the longer 

it is put on, so it is best not to put it at 2.4V to stop when discharging. During the period when 

the lithium battery is discharged from 3.0V to 2.4V, the energy released only accounts for about 

3% of the battery capacity. Therefore, 3.0V is an ideal discharge cut-off voltage. During 

charging and discharging, in addition to voltage limitation, current limitation is also necessary. 

When the current is too large, the lithium ions have no time to enter the storage cell and will 

accumulate on the surface of the material. 

After these lithium ions gain electrons, lithium atoms will crystallize on the surface of the 

material, which is as dangerous as overcharging[51]. If the battery case breaks, it will explode. 

Therefore, the protection of lithium-ion batteries should include at least three items: the upper 

limit of the charging voltage, the lower limit of the discharge voltage, and the upper limit of the 

current. Generally, in the lithium battery pack, in addition to the lithium battery cells, there will 

be a protective plate, which mainly provides these three protections. However, these three 

protections of the protective plate are obviously not enough, and the explosion of lithium 

batteries is still frequent around the world. To ensure the safety of the battery system, the cause 

of the battery explosion must be analyzed more carefully[52]. 

1.3.4 Liquid Flow Battery Energy Storage 

A flow battery is a rechargeable fuel cell in which an electrolyte containing one or more 

dissolved electroactive elements flows through an electrochemical cell that converts chemical 

energy directly and reversibly into electricity (electroactive elements are "can" Elements in 

solution participating in the electrode reaction can either be adsorbed on the electrode")[53]. 

Additional electrolyte is usually stored externally, usually in a water tank, and is usually 

pumped through the reactor's cell (or cells), although gravity-fed systems are also known. The 

flow battery can be quickly "recharged" by replacing the electrolyte (in a similar way to refilling 
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the fuel tank of an internal combustion engine), while recycling the used material to re-energize. 

Many flow batteries use carbon felt electrodes due to their low cost and sufficient electrical 

conductivity, although these electrodes limit the charge/discharge power to some extent due to 

their low intrinsic activity for many redox pairs[54] [55]. 

In other words, a flow battery is like an electrochemical battery, except that the ionic 

solution (electrolyte) is not stored in the battery around the electrodes. Instead, the ionic solution 

is stored outside the cell and can be fed into the cell to generate electricity. The total amount of 

electricity that can be generated depends on the size of the storage tank. 

1.4 Development and application of liquid flow battery 

Flow battery is an electrochemical energy storage technology proposed by Thaller in 1974, 

which is a new battery[56]. The flow battery is composed of a point stack unit, an electrolyte, 

an electrolyte storage supply unit, and a management control unit. It is a high-performance 

battery that separates the positive and negative electrolytes and circulates them separately. ) and 

long cycle life, it is a new energy product. 

1.4.1 Ferrochrome liquid flow battery 

In the 1970s, the Fe-Cr flow battery was first prepared by NASA in the United States, and 

this research was terminated in the early 1980s[57]. As part of the "moon project", NASA 

transferred related technology to Japan for continued development, and in 1984.And in 1986, 

10kW and 60kW prototype systems were successfully prepared. 

Positive electrode :Fe3++e-⟺Fe2+ (E=+0.77V)        (1-1) 

Negative: Cr2+ ⟺Cr3++e- (E=-0.41V)           (1-2) 

Total reaction: Fe3++ Cr2+⟺Fe2++ Cr3+(ΔE=1.18V)       (1-3) 

Advantages: low cost and long service life. 

Disadvantages: First, the reversibility of the chromium redox couple in the chromium half-

cell is poor, which affects the life and performance of the battery[58]; in addition, the positive 

and negative electrolytes diffuse and penetrate through the diaphragm, resulting in cross-

contamination, thereby increasing the self-discharge of the battery[59]. Reduces the coulombic 
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efficiency of the battery. A large amount of hydrogen is generated during operation, and 

improper handling is prone to explosion and other dangers. 

1.4.2 Zinc-bromine liquid flow battery 

Since the 1970s, zinc-bromine flow battery technology has received extensive attention[60], 

and a lot of research and development work has been carried out on how to improve battery 

performance and life, and ensure its safety and reliability, covering mathematical model 

analysis, electrodes and separators. Significant progress has been made in materials research, 

electrolyte optimization, control and operation strategy development. 

Positive electrode: Zn2++2e-⟺Zn0 (E=1.087V)         (1-4) 

Negative electrode: 2Br-⟺Br2+2e- (E=0.763V)        (1-5) 

Total reaction: ZnBr2⟺Zn0+Br2 (E=1.85V)          (1-6) 

Advantages: low cost, long service life, safety. 

Disadvantages: serious self-discharge and zinc dendrite problems, battery performance is 

greatly affected[61]. 

1.4.3 Titanium-manganese liquid flow battery 

Titanium-manganese-based electrolytes consist of titanium and manganese[62]. A cheap 

and resource-rich sulfuric acid aqueous solution battery is shown in the following reaction 

equation, the electromotive force of the battery is 1.41 V, and water is used as the system 

electrolyte, which is expensive and can be expected as an inexpensive electrolyte. However, 

since Mn3+ ions are unstable in aqueous solution, the principle of solid deposition of MnO2 

oxides occurs due to the disproportionation reaction during charging. 

Positive: Mn3++e-⟺Mn2+ (E=1.51V)           (1-7) 

Negative electrode: Ti3++H2O⟺TiO2++2H++e- (E=0.1V)        (1-8) 

Full reaction: Ti3++Mn3++H2O⟺TiO2++Mn2++2H+ (E=1.41V)      (1-9) 

Inhomogeneous reaction: 2Mn3++2H2O⟺Mn2++MnO2+4H+      (1-10) 

Advantages: low cost, high security. 
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Disadvantages: There is a self-discharge phenomenon, which affects the battery 

performance. Unbalanced charge and discharge will produce deposits that block the battery 

pipeline[63]. 

1.4.4 All-Vanadium Liquid Flow Battery 

An all-vanadium redox battery is a redox battery that uses vanadium as the active material 

in a circulating liquid state[64]. The electrical energy of vanadium battery is stored in the 

sulfuric acid electrolyte of different valence vanadium ions in the form of chemical energy, and 

the electrolytic fluid is injected into the battery stack through an external pump[65]. Circulating 

flow in a closed loop, using a proton exchange membrane as the separator of the battery pack, 

the electrolyte solution flows through the electrode surface in parallel and electrochemical 

reactions occur, and the current is collected and conducted through the double electrode plate, 

so that the chemical energy stored in the solution is converted into electrical energy . 

Positive: VO2+ + H2 O
discharge
←      

   charge   
→          VO2

+ + e− + 2H+ （E0 = +1.2V）            (1-11) 

Negative: V3+ + e-

discharge
←      

   charge    
→        V2+                 （E0 = −0.2V）            (1-12) 

Advantages: safe, no danger of explosion and fire. long lasting. No self-discharge 

phenomenon. High energy efficiency, up to 75%~80%, very cost-effective; 

Disadvantages: The price of electrolyte is high[66]. 

1.5 Development and application of all-vanadium liquid flow batteries 

An all-vanadium redox battery (Vanadium Redox Battery, abbreviation: VRB) is a 

rechargeable flow battery that uses vanadium ions in different oxidation states to store chemical 

potential energy[67]. Vanadium redox batteries exploit the ability of vanadium to exist in 

solution in four different oxidation states, and batteries made using this property have only one 

electroactive element instead of two[68]. For a number of reasons, including their relatively 

large size, most vanadium batteries are currently used for grid energy storage, such as 

connecting to power plants or the grid. 
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1.5.1 Development of All-Vanadium Liquid Flow Batteries 

The possibility of vanadium flow batteries was explored by researchers in the 1930s by 

Pissoort, by NASA researchers in the 1970s[69], and by Pellegri and Spaziante in the 1970s, 

but none of them successfully demonstrated the technology. In the 1980s, Maria Skyllas-

Kazacos of the University of New South Wales first successfully demonstrated an all-vanadium 

redox flow battery using vanadium in a sulfuric acid solution in each half[70]. Her design, 

which used a sulfuric acid electrolyte, was patented at the University of New South Wales in 

Australia in 1986. 

The main advantage of an all-vanadium redox flow battery is that it can provide almost 

unlimited battery capacity simply by using a larger tank and can also be stored in a fully 

discharged condition for long periods of time without adverse effects If there is no power 

available to charge it, it can be recharged simply by changing the electrolyte, and the battery 

does not suffer permanent damage if the electrolyte is accidentally mixed[71]. The single state 

of charge between the two electrolytes avoids the capacity reduction due to a single cell in a 

non-flow battery, the electrolyte is aqueous and intrinsically safe and non-flammable, while a 

mixed acid developed by the Pacific Northwest National Laboratory is used. The 3rd generation 

formulation of the solution operates over a wider temperature range and enables passive cooling. 

The main disadvantage of vanadium redox technology is the relatively poor energy-to-

volume ratio, although recent studies at the Pacific Northwest National Laboratory have 

doubled the energy density and have more system complexity compared to standard batteries , 

(although the 3rd generation formulation doubles the energy density of the system), the aqueous 

electrolyte makes the battery heavy and is therefore only used for stationary applications. 

1.5.2 Working Principle of All-Vanadium Liquid Flow Battery 

A vanadium redox battery consists of a battery in which the two electrolytes are separated 

by a proton exchange membrane. Both electrolytes are vanadium-based, the electrolyte in the 

positive half-cell contains VO2+ and VO2+ ions, and the electrolyte in the negative cell contains 

V3+ and V2+ ions[72]. The electrolyte can be prepared by any of several methods, including 
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electrolytically dissolving vanadium pentoxide (V2O5) in sulfuric acid (H2SO4). The solution 

remains strongly acidic in use. 

In vanadium flow batteries, the two half-cells are additionally connected to tanks and 

pumps so that very large amounts of electrolyte can be circulated through the battery. 

Circulation of this liquid electrolyte is somewhat cumbersome and limits the use of vanadium 

flow batteries in mobile applications, effectively confining them to large stationary installations. 

1.5.3 Composition of an all-vanadium liquid flow battery 

The composition of the all-vanadium redox flow battery mainly includes three parts: the 

stack, the electrolyte and the control system. The composition of the stack mainly includes 

frame, bipolar plate, collector plate, carbon fiber electrode and ion exchange membrane. 

As the overall support of the stack, the frame needs to have a certain strength, and at the 

same time the electrolyte circulates inside it, and it needs to have high acid resistance. The stack 

will generate heat during operation, so the thermal expansion coefficient of the frame needs to 

be minimized, otherwise there will be leakage during long-term operation. At present, the 

widely used materials are PVC, PP, PPE and PPF. 

The main function of the bipolar plate is to transfer electrons to isolate the positive and 

negative electrolytes, so it needs to have high conductivity and liquid resistance. At the same 

time, it can also be used as a flow path for the electrolyte to flow. At present, the widely used 

resin-filled carbon plate and high-density graphite plate. 

The main function of the carbon fiber electrode is to provide the electrolyte redox site. As 

an electrode of a flow battery, a certain degree of hydrophilicity is required, and high 

conductivity is also required. As the most important part of the battery, the electrode is mainly 

used PAN carbon fiber felt. 

The main function of the ion exchange membrane is to transfer ions and isolate the positive 

and negative electrolytes, so it needs a certain liquid resistance and ion permeability. The widely 

used vanadium redox flow batteries are mainly N212 and N211 produced by Nafion. and N117 

salt ion exchange membrane. 
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The main function of the collector plate is to conduct electric charges at the charging and 

discharging terminals, and the most widely used are high-conductivity metal plates such as 

gold-plated copper plates. 

1.5.4 Application of All-Vanadium Liquid Flow Batteries in Energy Storage 

In order to meet the needs of different application fields, a variety of energy storage 

technologies have been researched and developed in the industry, and various energy storage 

technologies and their applicable scopes have been explored. These energy storage technologies 

have their own characteristics and applicable fields. Generally speaking, renewable energy 

power generation systems such as wind energy and solar energy have higher requirements on 

the power and reversible storage capacity of energy storage technology. Pumped water storage 

technology, flow battery technology, lithium-ion battery technology, and super lead-acid 

battery technology have good application prospects in the field of large-scale energy storage 

technology. The concept of flow battery was proposed by LHThaller (NASA Lewis Research 

Center, Cleveland, United States) in 1974. This type of battery undergoes a reversible redox 

reaction (i.e., valence) on the electrode through the active material in the positive and negative 

electrolyte solutions. The reversible change of state) realizes the mutual conversion of electrical 

and chemical energy. During charging, the positive electrode undergoes an oxidation reaction, 

and the valence state of the active material increases; the negative electrode undergoes a 

reduction reaction, and the valence state of the active material decreases; the discharge process 

is the opposite. The positive and negative electrolyte solutions of the flow battery are stored in 

external storage tanks, and are transported to the inside of the battery through pumps and 

pipelines for reaction. In theory, different redox stacks can form a variety of flow batteries. The 

all-vanadium redox flow battery uses vanadium ions in different valence states as active 

materials, and realizes the mutual conversion of chemical energy and electrical energy through 

the change of the valence state of vanadium ions. Compared with other large-scale energy 

storage technologies, all-vanadium flow battery technology has many advantages. 

1. Main advantages and characteristics 
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First, the all-vanadium redox flow battery energy storage system is safe and reliable in 

operation, can be recycled, and has a small environmental load in the life cycle and is 

environmentally friendly. The energy storage medium of the all-vanadium redox flow battery 

energy storage system is an electrolyte aqueous solution, which has high safety. 

Second, the output power and energy storage capacity of the all-vanadium redox flow 

battery energy storage system are independent of each other, and the design and placement are 

flexible. The output power is determined by the size and quantity of the stack, while the energy 

storage capacity is determined by the concentration and volume of vanadium ions in the 

electrolyte solution. The output power of the all-vanadium redox flow battery system is in the 

range of hundreds of kilowatts to hundreds of megawatts, and the energy storage capacity is in 

the range of hundreds of kilowatt hours to hundreds of megawatt hours. 

Third, the working principle of the all-vanadium redox flow battery is to realize the storage 

and release of electric energy through the change of the valence state of vanadium ions in the 

electrolyte. The reversibility of the reaction is good, there is no phase change, the electrolyte 

flows continuously in the electrodes inside the battery, and the charge-discharge state switching 

response is rapid. The number of charge and discharge cycles is more than 15,000 times, and 

the service life is 15 to 20 years. The life cycle is cost-effective. 

Fourth, the positive and negative electrolyte solutions in the all-vanadium redox flow 

battery are of the same element, and the electrolyte solution can be used repeatedly through 

online regeneration. The stack and battery energy storage system are mainly composed of 

carbon materials, plastics and metal materials. When the all-vanadium redox flow battery 

system is discarded, the metal materials can be used continuously, and the carbon materials and 

plastics can be used as fuels. Therefore, the environmental load of the all-vanadium redox flow 

battery system in the whole life cycle is small and the environment is very friendly. 

Fifth, the price is cheap. In recent years, with the continuous progress of all-vanadium redox 

flow battery material technology and battery structure design and manufacturing technology, 

the battery performance has been continuously improved, the energy efficiency of the stack can 

be maintained above 80%, and the working current density has increased from the original 60-

80mA/cm2 increased to 150mA/cm2. The power density of the battery is doubled, and under 

this condition, the cost is greatly reduced. Although the research and development cycle is very 
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short and the state's investment is very low, the 1MW/5MW scale of the all-vanadium redox 

flow battery energy storage system has dropped from 7,000 yuan/kWh in 2013 to 3,500 

yuan/kWh in 2016. Moreover, the number of charge and discharge cycles is more than 16,000 

times, so the cost of its life cycle is very low. 

Sixth, the all-vanadium flow battery energy storage system adopts a modular design, which 

is convenient for system integration and scale expansion. The all-vanadium redox flow battery 

stack is formed by stacking a plurality of single cells in a filter press method. The rated output 

power of a single stack of an all-vanadium flow battery is generally between 20 kW and 40 kW; 

an all-vanadium flow battery energy storage system is usually composed of multiple unit energy 

storage system modules, and the rated output power of the unit energy storage system module 

is generally between 100 kW and 300 kW. Compared with other types of batteries, the rated 

output power of the all-vanadium flow battery stack and battery cell energy storage system 

module is large, which is convenient for the integration and scale expansion of the all-vanadium 

flow battery energy storage system. 

Seventh, it has strong overload capacity and deep discharge capacity. When the all-

vanadium redox flow battery energy storage system is running, the electrolyte solution is 

circulated in the stack through the circulating pump, and the influence of the diffusion of active 

substances in the electrolyte solution is small; moreover, the electrode reactivity is high, and 

the activation polarization is small. Therefore, the all-vanadium redox flow battery energy 

storage system has a good overload capacity. Moreover, the all-vanadium redox flow battery 

has no memory effect and has a good deep discharge capability. 

Eighth, the energy density of flow batteries is low, and all-vanadium flow batteries are more 

suitable for stationary large-scale energy storage power stations. 

2. Promising industrial applications 

Large-scale battery energy storage technology needs to meet some basic requirements, 

namely, high safety; high cost performance in the life cycle; good economy; low environmental 

load in the life cycle and environmental friendliness, etc. In contrast, among many energy 

storage technologies, flow battery energy storage technology has the advantages of high energy 

conversion efficiency, large storage capacity, free site selection, deep discharge, safety and 

environmental protection, etc., and has become a large-scale and efficient energy storage 
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technology. Among many flow batteries, the all-vanadium flow battery energy storage 

technology is the most industrialized flow battery energy storage technology. Pu Neng Century 

predicts that by 2023, the entire market of flow batteries will reach a scale of one hundred 

billion. 

1.6 The purpose of this research 

Although all-vanadium flow battery technology has matured after more than 30 years of 

development, there is still no way to solve the shortcoming of low energy density because it is 

a flow battery. Due to this disadvantage, the output density of the stack is low, the volume is 

large and the cost is high. Due to these shortcomings, the mass production and large-scale 

installation of batteries are difficult. This research mainly improves the charging and 

discharging performance of the battery by improving the structure of the battery flow path and 

the modification of the battery carbon fiber battery, thereby reducing the manufacturing cost of 

the stack and reducing the volume of the stack. 
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Chapter 2 Factors affecting the performance of all-vanadium liquid 

flow batteries 

Since the composition of the all-vanadium redox flow battery system mainly includes three 

parts(Fig. 2.1): the stack body, the electrolyte and the control system, there are three main 

factors affecting the performance of the all-vanadium redox flow battery. They are the stack 

body, electrolyte and external factors. The current research on all-vanadium redox flow 

batteries is also mainly aimed at these three aspects. Among them, the most important thing is 

the research of the stack body. 

Fig. 2.1. The VRFB charge and discharge principle diagram 

The research on the body of the stack mainly includes two aspects, one is the aspect of the 

composition of the stack. The second is the electrolyte flow path inside the stack. The 

composition of the stack has been described in detail above. Among them, the main materials 

include carbon fiber electrodes, bipolar plates and separators. Carbon fiber electrodes, as a 

battery charging and discharging site, have attracted the attention of researchers. The charge-

discharge performance of the electrode is improved by various methods. With the deepening of 

research, the charge-discharge current density of all-vanadium redox flow batteries has been 

increased from 30mA/cm2 at the beginning to 80-100mA/cm2. In terms of current density alone, 
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the improvement of the charge-discharge performance of the all-vanadium redox flow battery 

is the fastest compared to other batteries. 

Regarding the electrolyte, it is mainly the concentration of the electrolyte and the method 

of adding other active substances to improve the battery capacity. Since the viscosity of the 

electrolyte is about 3 times that of water (for example, 1.6mol electrolyte), the viscosity of the 

electrolyte needs to be considered while increasing the concentration of the electrolyte. As the 

viscosity increases, the load of the pump increases and the uniform fluidity of the electrolyte 

inside the stack will also be greatly affected. In addition, the concentration of the electrolyte 

increases as the temperature increases, and the precipitation of vanadium is also a very 

important problem that needs to be solved. 

In terms of external factors, the main one is temperature. The effect of temperature on 

battery performance is critical. One is the impact on the electrolyte mentioned above, and the 

other is the impact on the stack body. Since the stack shell needs to be corrosion-resistant, PCV, 

PP and other materials are widely used. These materials will thermally deform when the 

temperature increases, which will affect the battery's charge and discharge performance while 

affecting the battery's sealing. 

2.1 Stack component material properties 

The factors affecting the battery performance have been briefly introduced in the previous 

section, and the following three factors will be explained one by one. The first is the material 

of the stack body. Through the literature survey, the important components of the stack are 

introduced. 

2.1.1 Effect of carbon felt electrodes on battery performance  

Carbon fiber is a fiber made by carbonizing acrylic fiber or pitch (a by-product of petroleum, 

coal, coal tar, etc.) at high temperatures(Fig. 2.2). A fiber obtained by thermally carbonizing an 

organic fiber precursor contains 90% or more carbon in a mass ratio. As an important advanced 

reinforcement material, carbon fiber has the advantage of being "light and strong." Compared 

with iron, its specific gravity is 1/4, its specific strength is 10 times, and its specific elastic 
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modulus is 7 times [1-4]. In addition, it has excellent wear resistance, heat resistance, 

thermoelasticity, acid resistance and electrical conductivity. Disadvantages include high 

manufacturing cost [5-8], difficulty in processing and difficulty in recycling. In addition, the 

material itself is anisotropic.   

Fig. 2.2 Commercially available carbon felt electrodes 

Currently, carbon fiber is rarely used as a single material, but is mainly used as a composite 

material in combination with a base material such as synthetic resin. Its composite materials 

have been widely used in the fields of aerospace, sporting goods, automobile manufacturing, 

energy development, and civil engineering [9-11]. Carbon fiber can be divided into 

polyacrylonitrile-based carbon fiber, pitch-based carbon fiber, viscose-based carbon fiber, 

phenolic-based carbon fiber, and vapor-grown carbon fiber according to the source of raw 

materials. At present, the largest amount is polyacrylonitrile PAN-based carbon fiber. Over 

90% of the carbon fibers on the market are mainly PAN-based carbon fibers[12-16]. 

In the face of such a huge market demand, more and more researches on PAN-based carbon 

fibers have been conducted. Among them, the surface treatment is mainly used to increase the 

mechanical properties of carbon fiber, to ensure that there is an ideal fiber/matrix interface, to 

ensure that the effective load is transferred from one fiber to another through the matrix [17,18]. 

The interface performance largely depends on the surface of the carbon fiber. Therefore, the 

surface treatment of carbon fiber can be used to obtain a good interface and a composite material 

with perfect mechanical properties [19, 20]. Carbon fiber surface oxidation is currently the main 

surface treatment technology. Surface oxidation can increase the number of functional groups 

on the surface of the fiber, thereby enhancing interfacial bonding. However, strong interface 

bonding is not necessarily conducive to the mechanical properties of composite materials, 
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especially ceramic matrix composite materials [21, 22]. Heat treatment is another treatment 

technology of carbon fiber, which has been applied to the preparation of carbon fiber reinforced 

ceramic matrix composites [23-25]. 

As a key component of the VRFB, the electrode not only provides the site for the redox 

reaction of vanadium ions but also plays an important role in the performance of the battery. 

The performance of the electrode directly affects the charging and discharging performance of 

the VRFB. Carbon felt is a widely used electrode material due to its good stability, high 

conductivity and low cost. However, carbon felt electrodes also have some disadvantages, such 

as poor electrochemical activity and a small specific surface area. These problems need to be 

solved by surface modification.  

With the gradual attention of energy storage, the research on all-vanadium redox flow 

batteries is also increasing. Since 1992 Maria Skayllas-Kazakos published paper[26]. It is 

mentioned in the text that heat treatment can increase the functional groups on the electrode 

surface and increase the hydrophilicity and specific surface area of the electrode. There were 

relatively few papers published in 1989-2009, and a lot more after 2010. Most of them pursue 

the hydrophilization of the electrode surface and enlarge the specific surface area. 

In 2016, Venkata Yarlagadda et al. published a paper [27,28] showing studies which 

increased the specific surface area of the electrode to 29 times the original one by producing 

multi-walled carbon nanotubes directly on the electrode surface by the electrical deposition 

method (Fig. 2.3). The efficiency of the H2-Br2 fuel cell was 16% higher than that using a triple-

layer fuel cell at an 80% discharge voltage. In 2019, H.R. Jiang et al. published a paper [29,30] 

in which a two-hole graphite felt electrode was prepared by a simple and effective catalytic 

etching method with seven times the specific surface area of the original stone carbon felt, 

current densities of 300 and 400 mA/cm2 and energy efficiencies of 82.47% and 77.69%. The 

performance of the carbon felt electrode was effectively improved.  

In the same year, Igor Derr and others in Germany published a paper comparing the 

performance of positive and negative electrodes under different conditions through charge and 

discharge experiments[31-33]. Analysis of the electrodes after continuous charge and discharge 

shows that both positive and negative electrodes are oxidized to generate functional groups, but 
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the number of negative electrodes is increased. Therefore, increasing the functional group may 

not necessarily improve the performance of the battery. 

 

Fig. 2.3 Pre-soaked carbon electrodes (in CoSO4 and H3BO3) after MWCNT growth a) 

sample 4 (resynthesized) and b) sample 5. [27] 

In 2019, the T.S. Zhao team of Hong Kong University of Science and Technology 

published a paper [34]. The reasons indicated by the voltage were studied, the design of the 

battery was adjusted, the charge-discharge resistance of the battery was reduced, and the surface 

activity of the electrode was improved. Unprecedented improvements in VRFB performance 

through these experiments. At current densities of 200, 400, and 600 mAcm2, the energy 

efficiencies of the cells were 91.98%, 86.45%, and 80.83%, and the electrolyte utilization rates 

were 87.97%, 85.21%, and 76.98%, respectively. Even at an ultra-high current density of 1000 

mA cm2, the battery still maintains an energy efficiency of up to 70.40%. At room temperature, 

the cell achieves a peak power density of 2.78 W cm2 and a limiting current density of ~7 a 

cm2. Furthermore, the cell can be cycled stably for more than 20,000 cycles at a high current 

density of 600mAcm2(Fig. 2.4- Fig. 2.5)
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Fig. 2.4. (a) The charge-discharge curves of the designed high-performance VRFB at the current densities ranging from 200 to 1000 mAcm2 . (b) The 

coulombic, voltage and energy efficiencies of the designed high-performance VRFB[34]. 



Chapter 2 Factors affecting the performance of all-vanadium liquid flow batteries 

 

33 

 

Fig. 2.5. (a) SEM image and (b) XRD pattern of multiscale GF + BiNPs. (c) CV curves of multiscale GF in solutions with and without Bi3+ with 

the potential windows of -0.7 to 0.1 V vs. SCE at the scan rate of 10 mV s-1 . The charge-discharge curves of VRFBs with multiscale GF and 

multiscale GF+ BiNPs at the current densities of (d) 400 and (e) 500 mA cm2 . The (f) coulombic and voltage efficiencies, (g) average voltage, 

(h) energy efficiency changes as cycle numbers, and (i) electrolyte utilization of VRFBs with multiscale GF and multiscale GF+BiNPs[34] 
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2.1.2 Effect of electrolyte on battery performance 

There are two main methods for preparing electrolyte: mixed heating preparation method 

and electrolysis method. Among them, the mixed heating method is suitable for preparing 

1mol/L electrolyte solution, and the electrolysis method can prepare 3~5mol/L electrolyte 

solution. The electrolyte of all-vanadium redox flow battery was initially prepared by mixing 

and heating to directly dissolve VOSO4 in H2SO4, but due to the high price of VOSO4, it is not 

suitable for large-scale application. Therefore, people began to turn their attention to other 

vanadium compounds such as V2O3, V2O5, NH4VO3[35]. Although the cost is reduced, these 

compounds have poor solubility in sulfuric acid, so it is difficult to obtain high-concentration 

electrolytes by mixing heating. 

The electrolysis method is based on V2O5 or NH4VO3 as raw materials, adding the same 

concentration of H2SO4 and H2SO4 solution containing V2O5 to the positive and negative 

electrodes of the electrolytic cell, and then adding appropriate direct current to the positive and 

negative electrodes to generate divalent and Trivalent vanadium. This method can prepare high-

concentration vanadium electrolytes in large quantities. At the same time, the operation is 

relatively simple, and it is easier to realize industrial production. The disadvantage is that the 

speed is slow, the equipment requirements are higher, and the energy consumption is high. 

At present, the widely used electrolytes for all-vanadium redox flow batteries are mainly 

low-concentration and high-concentration electrolytes. The concentration of the electrolyte 

directly affects the capacity of the battery. Theoretically, with the same volume of electrolyte, 

using a high concentration of electrolyte, the capacity of the battery will be doubled. But this is 

only considering capacity. As a battery, its charge-discharge performance is also an important 

evaluation index. Using high-concentration electrolyte, the resistance of the electrolyte will 

increase, the viscosity of the fluid will be greatly increased, and the flow rate of the electrolyte 

will be reduced, which increases the load of the pump and increases the internal consumption 

of the entire system. Therefore, to improve the stability of the electrolyte, a lot of experiments 

are needed. 
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Skyllas-Kazaco’s research group found through research that the concentration of 

vanadium ions is below 3mol/L and the concentration of sulfuric acid is 3-4mol/L is more stable 

than the solution of 2mol/L, and the charge-discharge performance of the electrolyte is better 

[36]. At the same time, they also studied the solubility of VOSO4 in H2SO4, and the results 

showed that the solubility decreased with the increase of sulfuric acid concentration. While 

studying the effect of electrolysis and concentration on battery performance, mixed acid 

electrolytes have also been proposed. Hydrochloric acid or organic substances are added to the 

electrolyte as a new supporting electrolyte. Liu et al. used tetrabutylamine tetrafluoroborate as 

the supporting electrolyte and vanadium acetylacetonate as the electrolyte to assemble a flow 

battery, and obtained a coulombic efficiency close to 50(Fig. 2.6.)[37]. Kim et al. utilized 

hydrochloric acid as the electrolyte. It can dissolve 3mol/L vanadium ions of various valence 

states without precipitation[38].  

 

Fig. 2.6. a: . Densities of binary solutions of TEABF4 in ACN vary with solute 

concentration. b:Phase diagram that establishes the maximum solubility of V(acac)3 active 

species as a function of TEABF4 concentration in ACN at room temperature[37]. 

2.1.3 Effect of ion exchange membrane on battery performance 

Ion exchange membranes are thin films made of polymer materials with ion exchange 

properties (inorganic ion exchange strands are also available, but their use is not yet common). 

It is similar to ion exchange resin in that an active group is attached to the polymer backbone, 

a 
b 
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but the mechanism, method and effect are different. There are many types of ion exchange 

membranes on the market, and there is no uniform classification method. Generally, it is divided 

into three categories according to the macroscopic structure of the film: 

1. Heterogeneous ion-exchange membrane is made of powdered ion-exchange resin and 

binder, kneading, pulling tabs, and hot-pressing with mesh. The resin is dispersed in the binder, 

so its chemical structure is not uniform. 

2. Homogeneous ion exchange membrane Homogeneous ion exchange membrane is made 

by introducing active groups into an inert support. It has no heterogeneous structure and is 

homogeneous by itself. Its chemical structure is uniform, the pores are small, the membrane 

resistance is small, it is not easy to leak, and the electrochemical performance is excellent, and 

it is widely used in production. But the production is complicated and the mechanical strength 

is low. 

3. Semi-homogeneous ion exchange membranes are also made by introducing active groups 

into polymer supports. But the two do not form a chemical combination, and their performance 

is between the homogeneous ion exchange membrane and the heterogeneous ion exchange 

membrane. 

In addition, ion exchange membranes can be divided into five types according to their 

functions and structures: cation exchange membrane, anion exchange membrane, amphoteric 

exchange membrane, mosaic ion exchange membrane, and polyelectrolyte composite 

membrane. The construction of the ion exchange membrane is the same as that of the ion 

exchange resin, but in the form of a membrane. 
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Cation exchange membranes are widely used in vanadium redox flow batteries. Mainly 

with Nafion exchange membrane. According to different thickness, it is divided into N212(Fig. 

2.7), N211, N117 and other models. When the battery is charged, the trivalent vanadium of the 

negative electrode loses electrons and becomes divalent vanadium. According to energy 

conservation, H+ passes through the exchange membrane to the positive electrode, so the 

positive electrode changes from tetravalent vanadium to pentavalent vanadium. 

Fig. 2.7 Ion exchange membranes and how they work 

With the increase of research efforts, people have conducted comparative experiments on 

various exchanges to find and develop ion exchange membranes that are more suitable for all-

vanadium redox flow batteries. In 2005, Zhang Huamin and others published a paper, using 

anion exchange membrane JAM-10 and cation exchange membrane Nafion-117 for all-

vanadium redox flow batteries[39]. The research on its physical and electrochemical properties 

showed that the mechanical strength of perfluorinated Nafion-117 membrane and The chemical 

stability is better than that of the JAM-10 film, and the Nafion-117 film has good electrical 

conductivity and is suitable for high current charge and discharge, but the positive and negative 

vanadium solutions are easier to penetrate each other, the transfer of water is fast, and the 

coulombic efficiency of the battery is lower than that with JAM -10 membrane battery. The 

JAM-10 membrane has a repulsive effect on cations, which can effectively inhibit the cross-

contamination of the positive and negative solutions, but the water transfer slows down and the 

electrode resistance increases; the coulombic efficiency of the JAM-10 membrane battery is 

high, but the voltage efficiency is low and the current is large. It is more obvious when charging 

and discharging. 
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Fig. 2.8.Performance comparison of different ionic membranes[40]. 
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In 2018, Gab-JinHwang et al. tested three commercial anion exchange membranes and two 

commercial cation exchange membranes as separators for all-vanadium redox flow batteries 

(VRFBs) [40]. Membrane properties such as ionic conductivity and permeability of each 

vanadium ion were evaluated. The ionic conductivity decreased sequentially: Nafion117 ≈ APS 

> NEPEM115 > FAP-PP-475 > FAP-PE-420(Fig. 2.8). Anion exchange membranes have low 

permeability to vanadium ions compared to cation exchange membranes. The energy 

efficiencies of VRFBs using commercial ion exchange membranes are almost identical in the 

range of 76.0-78.7%.  

2.1.4 Effect of bipolar plates on battery performance 

The bipolar plate, also known as the collector plate, is one of the important components of 

the battery. It has the following functions and properties: separates the positive and negative 

electrodes, prevents the cross-mixing of the positive and negative electrolytes; collects and 

conducts current, with high conductivity; designed and processed flow channels can provide 

flow space for the electrolyte; corrosion resistance; impact resistance and vibration; thin 

thickness; light weight; at the same time low cost, easy machining, suitable for mass production, 

etc. 

At present, the materials used in battery bipolar plates can be roughly divided into three 

categories: carbon materials, metal materials and composite materials of metal and carbon. 

(1) Carbon materials. Carbonaceous materials include graphite, molded carbon materials, 

and expanded (flexible) graphite. Conventional bipolar plates use dense graphite that is 

machined to form gas flow channels. ·Graphite bipolar plate has stable chemical properties and 

low contact resistance with MEA. 

(2) Metal materials. Metal materials such as aluminum, nickel, titanium and stainless steel 

can be used to make bipolar plates. The metal bipolar plate is easy to process, can be 

manufactured in batches, has low cost, thin thickness, and has high volume specific power and 

specific energy of the battery. 

(3) Composite materials. If the contact resistance between the bipolar plate and the MEA 

is large, the polarization loss caused by the ohmic resistance is large, and the operation 
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efficiency is reduced. Among the commonly used bipolar plate materials, graphite material has 

the smallest contact resistance, and non-conductive oxide films are formed on the surfaces of 

stainless steel and titanium to increase the contact resistance. 

The all-vanadium redox flow battery is the first one that is widely used due to the 

corrosiveness of the electrolyte. For the research on the bipolar plate of vanadium redox flow 

battery, it is mainly to add some elements on the basis of carbon plate to change the original 

chemical and physical properties. For example, adding resin to increase airtightness, adding 

graphene to increase conductivity, etc. 

In the 1980s, Maria Skyllas-Kazacos first published a battery using vanadium ions for both 

positive and negative electrodes, and successfully conducted a charge-discharge experiment. 

At that time, they used artificial graphite plates, the current density was only 3mA/cm2(Fig. 

2.9A), and the impedance was very large, because they only used bipolar plates and didn't use 

carbon ion, which led to the voltage exceeding 2V and corrosion at the positive electrode [41]. 

In 1987, they used carbon felt and bipolar plates to assemble batteries for the first time(Fig. 

2.9B) [42]. The structure is the same as that of NASA, and it is also the most widely used 

assembly method. In this way, the current density reaches 40mA/cm2 and the energy efficiency 

is 73%[43]. In 1989, they used carbon felt, graphite powder and polymethylene bipolar plate 

for the first time, and the energy density reached 86% under the current density of 

30mA/cm2[44]. At the same time, the corrosion of the bipolar plate disappeared after using the 

carbon felt. From 1991 to 1995, they published papers successively. By adjusting the ratio of 

bipolar plates, they obtained the best preparation method of bipolar plates. 

2.2 Impact of stack structure on battery performance 

Due to the complexity of the internal structure of the all-vanadium redox flow battery, the 

influence of the internal structure of the stack on the performance of the battery is also very 

critical. At the same time as the design and development of the stack, some key points affecting 

the battery performance that need to be considered are introduced in detail below. 
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Fig. 2.9 Charge-discharge curve.[41.42] 

2.2.1 Effect of electrolyte flow path on battery performance 

The electrolyte flow channel refers to the flow mode of the electrolyte inside the stack. By 

processing the bipolar plate, the electrolyte flows along the processing route. At present, there 

are three types of flow channels used in all-vanadium redox flow batteries, namely DC type, 

serpentine type and comb type(Fig. 2.10). 

 

Fig. 2.10 Three different electrolyte flow paths 

A B 

a:Charge Voltage 

b:OCV 
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Among them, the DC type (Fig. 2.10b) is a common type, which does not need to process 

the flow channel, so that the electrolyte flows freely from bottom to top in the carbon felt under 

the action of the pump. The advantage of this method is that there is no need to process the 

bipolar plate, and the cost is low. The serpentine flow channel is processed by processing the 

flow channel as shown in Fig. 2.10c, and the electrolyte flows from the inlet to the outlet in the 

flow channel. This kind of flow channel is proved by experiments that it is not very conducive 

to the charging and discharging of the vanadium redox flow battery after the size of the stack 

is enlarged. Because the electrolyte of the battery is charged and discharged inside the stack, 

the reacted electrolyte needs to flow out of the stack in time, otherwise it will cause the 

imagination of the local voltage inside the stack to be too high, which will affect the charge and 

discharge performance of the battery. The comb-shaped flow path is shown in Fig. 2.10a. The 

electrolyte enters from the inlet and then diffuses to the outlet flow channels on both sides 

perpendicular to the direction of the carbon felt. with liquidity. 

While the battery materials are continuously improved the research on the optimization of 

the battery frame is also gradually paid attention by researchers.In 2018 Q. Wang et al. 

published a paper [45] to investigate the performance of VRFB under non-uniform compression 

electrode and serpentine flow field with different compression ratios (CR). The maximum 

concentration uniformity and the minimum current density and overpotential were obtained by 

optimization for a CR of 55.7%( Fig. 2.11.). This study is a guideline for the design of VRFBs 

considering compression electrodes. In the same year Ravendra Gundlapalli et al. published a 

paper [46]. The charge and discharge performance parameters of large VRFBs were 

investigated experimentally and through simulations, and the results showed that increasing the 

cell size increased the weight efficiency and volumetric efficiency of the stack for the same 

local electrochemical performance. Although the cell pressure drop increases with increasing 

cell size, the pressure drop in the manifold decreases as the number of channels decreases. For 

large VRFBs, the pressure drop can be further reduced by creating deeper recesses in the 

serpentine channels. 2013 Q. Xu et al. published a paper [47]. presented a three-dimensional 

numerical model and investigated the flow field design for three vanadium redox flow control 

batteries (VRFBs). The results show that for each flow field, there exists an optimal flow rate 

at which the optimal flow field has the highest efficiency. 
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Fig. 2.11. Geometric model for the non-uniformly compressed electrode.[45] 

2.2.2 Effect of electrolyte flow rate and flow rate on battery performance 

Due to the charge-discharge characteristics o the all-vanadium redox flow battery, as 

mentioned above, the reacted vanadium ions need to flow out of the stack in time, otherwise 

the local voltage inside the stack will be too high, thereby reducing the charge-discharge 

performance of the stack . At the same time, the flow rate and flow of the electrolyte will also 

affect the internal consumption of the battery system. If the flow rate is too large, the load of 

the pump will also increase accordingly. If the flow rate is too small, the electrolyte inside the 

battery will be overcharged. In view of the above problems, the flow rate and flow of the 

electrolyte have gradually been paid more attention by researchers. 

In 2011, Doug Aaron of Tennessee University in the United States published a paper using 

a small all-vanadium redox flow battery to test the electrolyte flow [48]. The results show that 

when the electrolyte flow rate is 0.5mlmin-1, the highest current density is 40mA/cm2. When 

the electrolyte flow is increased to 25mlmin-1, the highest current density can reach 

330mA/cm2(Fig. 2.12). Therefore, the maximum current density is increased by the increase of 

the flow rate of the electrode solution. 
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Fig. 2.12. Polarization curves of batteries at different electrolyte flow rates [48]. 

In 2012, Zhang Huamin from the Dalian Institute of Chemical Physics, Chinese Academy 

of Sciences published a flow rate optimization strategy for vanadium redox flow batteries [49]. 

In the experiment, a battery pack of 875cm2 15 cells was used to determine the effect of different 

flow rates on the charge and discharge of the battery pack. Experiments show that the power of 

the battery and the charging and discharging efficiency of the battery pack increase with the 

increase of the flow rate of the electrolyte, but the efficiency of the entire energy storage system 

decreases with the increase of the flow rate(Fig. 2.13- Fig. 2.15). 

In 2014, AoTang and Maria Skyllas-Kszacos of UNSW in Australia published on the 

influence of vanadium redox flow battery electrolyte flow rate on batteries and battery systems 

[50]. In the later stage of discharge, increase the flow rate to reduce the concentration difference 

and improve the charge-discharge efficiency and battery capacity. 

In 2016, S. Kumar of IIT-Madras in India published a paper [51] on the effect of electrolyte 

flow rate on battery charge and discharge power density. The experimental results show that 

the cell voltage is affected by the concentration potential in the high current density region, and 

the highest current density increases with the increase of the electrolyte flow rate. The highest 

power density also increases with increasing electrolyte flow rate. 
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Fig. 2.13. The charge-discharge curves of the battery pack under different electrolyte flow rates. (a) at a charge-discharge current density of 

45 mA cm-2, (b) at a charge-discharge current density of 75 mA cm-2[49]. 

(a) (b) 
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Fig. 2.14.The charging and discharging efficiency of the battery pack, the battery power, and the charging and discharging efficiency of the 

power storage system under different electrolyte flow rates. (a) at a charge-discharge current density of 45 mA cm-2, (b) at a charge-discharge 

current density of 75 mA cm-2[49] 

 

 

(a) (b) 
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Fig. 2.15.(a) OCVs after charge process and discharge process at different operating modes when using an optimal strategy of flow rate for charge 

process. (b)Charge–discharge curves atdifferent operatingmodes whenusing anoptimal strategy of flow rate for discharge process[49]

(a) (b) 
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2.2.3 Effect of carbon felt compression ratio on battery performance 

As an important part of the all-vanadium redox flow battery, the carbon felt electrode not 

only affects the charge and discharge performance of the battery from the material, but also has 

a certain impact on the battery performance in terms of structure. Due to the structure of the 

battery, the carbon felt is between the separator and the bipolar plate, and the contact resistance 

between the carbon felt and the bipolar plate during charging and discharging will reduce the 

charging and discharging performance of the battery. How to reduce the contact resistance is 

also an important part of the current research. There are two ways to reduce the contact 

resistance, one is to add highly conductive materials, and the other is to compress the carbon 

felt. 

In 2014, Kim et al. from South Korea published a paper. In order to reduce the contact 

resistance between the bipolar plate and the carbon felt, they inserted soft graphene sheets. The 

results showed that the energy efficiency of the battery was increased from 80% to 85%[52]. In 

2015, Zhang from Sichuan University published a paper in which a bipolar plate was obtained 

by copolymerizing vinyl monomers. It was verified by experiments that the voltage efficiency 

was 80% when the current density was 50mA/cm2, and the voltage efficiency was 85% when 

the current density was 70mA/cm2[53]. 

In 2014, Se-KookPark et al. published a paper, and the results showed that the specific 

resistance and porosity of the electrode decreased with the increase of the electrode 

compression percentage[54]. Furthermore, with the increase of the electrode compression 

percentage, the discharge time and maximum power of VRFB cells gradually increased due to 

the increase of electron transfer. The energy efficiency of the battery increases with increasing 

electrode compression percentage, up to 20%. When the electrode compression percentage is 

greater than 20%, the energy efficiency decreases due to the combined effects of reduced cell 

resistance, poor electrolyte transport, and prolonged charge/discharge time. From our results, it 

can be concluded that compressing the electrodes has a positive effect on battery performance 

In 2019, Chin-Lung Hsieh et al published a paper to study the effect of graphite felts with 

different compression ratios (CR) on the performance and efficiency of VRFBs[55]. The 
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impedance of a single VRFB under different graphite felt CR was measured under different 

working conditions. The results show that the performance of VRFB increases with the increase 

of CR due to the decrease of areal resistance and concentration overpotential. When the 

electrolyte flow rate was 100 mLmin-1 and the current density was 80 mA/cm2 , the optimal 

energy efficiency of the porous electrode was 73%( Fig. 2.16). 

Fig. 2.16.Effect of CR on the coulombic, voltage and energy efficiency and discharge capacity of the 

VRFB operating at 100 mL min−1 under various current density levels: (a) 40 mA cm−2 ;  

(b) 60 mA cm−2 ; (c) 80 mA cm−2[55]. 

2.3 Impact of external factors on battery performance 

For the external factors affecting the battery performance, the main temperature is the 

temperature, which has a great influence on the battery body and the electrolyte. The second is 

the operating time of the battery. As the operating time of the battery becomes longer, the 

performance of the components inside the battery will be greatly changed. Finally, the effect of 

overcharge and discharge on the battery is irreversible. The following describes in detail the 

effects of various external factors on the battery. 

2.3.1 Effect of temperature on battery performance 

In the early stage of research on all-vanadium redox flow batteries, people began to pay 

attention to the effect of temperature changes on the performance of all-vanadium redox flow 

（a） （c） （b） 
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batteries. The effect of temperature is mainly divided into two aspects, which are also 

mentioned above, that is, the effect on the electrolyte and the effect on the internal resistance 

of the battery charge and discharge. When the temperature rises, the pentavalent vanadium in 

the electrolyte will precipitate. At the same time, the viscosity of the electrolyte will decrease, 

the flow rate will increase, and the internal resistance of battery charge and discharge will be 

reduced. 

In order to study the specific temperature at which the positive electrolyte is more likely to 

be precipitated. In 2009, Faizur Rahman and Maria Skyllas-Kazacos published a paper on 

1000h long-term experiments on electrolytes with different sulfuric acid concentrations and 

different temperatures[56]. The results show that when the temperature is 50℃, the electrolyte 

of 3M V5+ 6M sulfuric acid is easy to precipitate after 50h. However, the electrolyte of 

2MV5+6M did not precipitate at various temperatures. 

In 2016, Maria Skyllas-Kazacos published a paper showing that V3+ is easy to precipitate 

at low temperature, while V5+ is the opposite, and the higher the temperature, the easier it is to 

precipitate[57]. At the same time, with the change of sulfuric acid concentration, the 

precipitation of positive and negative electrolytes will also change. The higher the sulfuric acid 

concentration, the easier the precipitation of negative electrode V3+. The lower the sulfuric acid 

concentration is, the easier the positive electrode V5+ is to precipitate. So it is important to 

control the temperature and the concentration of sulfuric acid. Because the V5+ of the positive 

electrode will become V2O5 after precipitation and will not be dissolved again(Fig. 2.17). 

In 2016, Shuibo Xiao of Tsinghua University published a paper, 1.5M3.875H2SO4 has 

been precipitated for 80h at 35℃[58]. Each paper has a different view on the electrolyte 

measurement and precipitation. There is currently no specific precipitation limit. At the same 

time, the paper also discusses the effect of temperature on charge and discharge. The higher the 

temperature, the higher the conductivity and the lower the viscosity. So the higher the 

temperature, the better the battery performance. 
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Fig. 2.17. Photographs of five types of electrolytes at high temperature[57]. 

2.3.2 Impact of runtime on battery performance 

The biggest advantage of the all-vanadium redox battery is its long service life. As an 

energy storage battery, its designed service life is more than 20 years. The most important effect 

of the operating time on the battery is the valence balance of the electrolyte. Due to the long-

term operation, the electrolyte is shifted, and the valence state of the electrolyte needs to be 

adjusted by flushing. The second is that as the running time becomes longer, the system 

temperature will increase accordingly. The impact of temperature on battery performance has 

been described above. In addition, long-term continuous charging and discharging of the 

electrolyte will cause redox reactions on the surface of the electrodes, which will also cause 

certain degradation of the electrodes. 

From 2018 to 2019, P. Mazur of the Czech Republic published a paper. By conducting 

multiple continuous charge and discharge experiments on the battery, the changes of carbon 

felt were compared without considering the electrolyte[59,60]. The results show that the carbon 

radon impedance of the negative electrode increases by 5 times after 2000 times of charge and 

discharge. The impedance of the positive electrode does not change(Fig. 2.18). 
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Fig. 2.18.Dependence of voltage efficiency on current density of charge-discharge cycles [59]. 

In 2019, shuaizhou Liu et al. published a paper to investigate the changes in the total amount 

of vanadium ions in the negative electrolyte and the actual discharge of the battery during the 

multiple charge-discharge cycles of the all-vanadium redox flow battery[61]. The total amount 

of vanadium ions in the negative electrolyte was obtained. The theoretical discharge capacity 

was calculated, and the utilization rate of the electrolyte after different charging and discharging 

cycles was calculated. However, the theoretical utilization rate of the electrolyte is not 

significantly reduced, indicating that the main factor affecting the capacity decay of vanadium 

batteries is the transmembrane migration of the electrolyte. It will also accelerate the decay of 

battery capacity to a certain extent. At the same time, other factors that may accelerate the decay 

of battery capacity such as temperature and materials are analyzed. 

2.3.3 Effect of overcharging on battery performance 

The safe charging and discharging voltage of the all-vanadium redox flow battery is below 

1.65V. If the voltage exceeds this voltage, the positive electrode of the electrolyte will 

precipitate hydrogen, which will cause potential safety hazards. At the same time, excessive 
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charging and discharging will also cause irreversible damage to the carbon fiber electrodes. 

Burning the electrode can also cause corrosion to the bipolar plate. Greatly reduce the charge 

and discharge performance of the battery. 

In 2017, Igor Derr et al. published a paper, comparing them with different charge-discharge 

cut-off voltages of 1.6V and 1.8V(Fig. 2.19- Fig. 2.21). The results show that the higher the 

charge termination voltage, the more severe the performance degradation[62]. 

Fig. 2.19.Comparison of two long term experiments with 50 cycles and different cut-off voltages. After 

50 cycles the electrolyte was exchanged and three additional cycles were recorded. The squares 

represent the experiment with 1.65 V and the circles represent the experiment with 1.8 V cut-off voltage. 

a) Input and output Energy plotted against the cycles. b) The energy efficiency (EE) and the coulomb 

efficiency (CE). c) Maximum half-cell potentials that were reached during the charge process. d) 

Maximum half -cell  potentials that  were reached during the discharge process [62] . 
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Fig. 2.20.Open circuit measurements and the calculated theoretical states of charge after each charge 

and discharge process. a) The state of charge (SOC) that was calculated from the open circuit voltages 

(OCV) for the according cycle. b) Open circuit potentials (OCP) that were recorded after each discharge 

process. c) Open circuit potentials that were recorded after each charge process. d) Theoretical Nernst-

potential of the negative half-cell (black curve) is correlated to the theoretical SOC and compared to the 

measured potentials during both cycling experiments. The solid black lines represent the OCPs of the 

first 50 cycles of the 1.65V experiment and the solid blue line stands for the 52nd cycle with exchanged 

electrolyte. The dashed red lines represent the OCPs of the first 50 cycles of the 1.8 V experiment and 

the dashed blue l ine s tands for  the 52nd cycle with exchanged electrolyte .  [62] . 
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Fig. 2.21.Electrochemical characterization of the electrodes with polarization curves and 

electrochemical impedance spectroscopy. a) IR compensated polarization curves in fresh electrolyte 

before and after cycling for both experiments. The polarization curves were recorded at a SOC of 50 % 

(OCV = 1.4V) and an electrolyte flow rate of 100 mL cm-1 . b) Uncompensated positive half-cell 

potentials of the polarization curves from Fig. 2.19 a) before and after the experiment. c) 

Uncompensated negative half-cell potentials of the polarization curves from Fig. 2.19 a) before and 

after the experiment. d) Charge transfer resistances (CRT) after each charge and discharge process with 

10 mV AC voltage and 0 mV DC voltage in a frequency range from 10 kHz to 0.1 Hz. [62]. 

2.4 Concluding remarks 

Through the above literature survey, we summarize the influencing factors of various 

situations on the capacity of vanadium redox flow batteries, and some solutions. It has laid a 
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good foundation for the follow-up research. Through these investigations, we also formulate 

important directions for our future research. Avoid some of these problems. 
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Chapter 3 Research and development of high output vanadium 

redox flow battery 

All-vanadium redox flow batteries have obvious advantages and become one of the 

preferred technologies in the field of large-capacity energy storage. Compared with other 

energy storage technologies, the all-vanadium redox flow battery has obvious advantages: First, 

it is safe and environmentally friendly. The energy storage medium of the all-vanadium redox 

flow battery is a dilute sulfuric acid aqueous solution containing vanadium ions, which is not 

easy to explode and burn, and the vanadium electrolyte can be recycled repeatedly. Second, the 

cycle life is long. The number of charge and discharge cycles of the battery is more than 15,000 

times, and the service life is 15 to 20 years. The third is high energy conversion efficiency and 

good charge and discharge characteristics. The energy efficiency is about 80%, the response 

speed is fast, it can be deeply discharged, and it is suitable for high current fast charging and 

discharging. Fourth, the capacity is large. The energy storage capacity ranges from hundreds of 

kilowatt hours to hundreds of megawatt hours, which is especially suitable for large-capacity 

fixed energy storage occasions. 

Although all-vanadium flow batteries have many advantages, their most important 

disadvantage is their low energy density [1.2], which makes them bulky and expensive to 

manufacture [3.4]. As people pay more attention to energy storage and meet the needs of the 

current energy storage market, the efficiency of energy storage will be improved. The current 

all-vanadium redox flow battery technology needs further improvement. How to improve the 

charging and discharging performance of the all-vanadium redox flow battery, reduce the 

volume of the battery, and reduce the manufacturing cost of the battery. It has become the main 

target of vanadium redox flow battery research in recent years [5.6]. There are many factors 

that affect the charging and discharging performance of all-vanadium redox flow batteries, such 

as the design of the flow path, the concentration of the electrolyte, and the surface activity of 

the carbon fiber electrode[7.8]. 

According to the calculations of Sumitomo Electric Corporation of Japan, only when the 

current density is 200mA/cm2 and the energy efficiency is above 80%, the vanadium redox flow 
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battery is expected to be greatly reduced to achieve real miniaturization. Therefore, many 

studies are currently aimed at this. 

This chapter mainly introduces the surface modification of battery electrodes. The 

electrodes are treated by heat treatment and CNT coating to improve their specific surface area 

and degree of graphitization. Thereby improving the charging and discharging performance of 

the battery. 

3.1 Carbon fiber electrode heat treatment 

3.1.1 Introduction 

In this study, the carbon fibers were analyzed by Raman spectroscopy mainly through heat 

treatment at different temperatures. The spectra of three carbon fibers were compared at six 

different temperatures of 1000°C, 1500°C, 2400°C, 2700°C, and 3000°C. The results showed 

that the higher the heat treatment temperature, the higher the D peak near 1360 cm-1 and the 

1580 cm-1 peak. The results showed that the higher the heat treatment temperature, the smaller 

the integral area ratio (ID/IG) of the two characteristic peaks: the D peak near 1360 cm-1 and 

the G peak near 1580 cm-1. Moreover, the characteristic peak of graphite layer number appears 

at 2700 cm-1 in the spectrum when the heat treatment temperature is above 1500°C, and the 

intensity of the characteristic peak increases with higher temperature. When the temperature 

reaches 3000°C, the D peak tends to smooth out, G etc. decreases compared to 2700°C, and the 

G' peak reaches the maximum. 

3.1.2 Experimental methods 

This experiment focuses on the analysis of two PAN-based carbon fiber materials after heat 

treatment by Raman spectroscopy. The differences of each characteristic peak in the spectra of 

carbon fibers after heat treatment at different temperatures were compared. 

This experiment with PAN system of carbon fiber for two kinds of commercially available 

materials, the parameters are shown in Table 3-1. Vacuum high temperature heat treatment 

temperature 800℃-1500℃, vacuum degree 10-2-10-3pa, protective gas is argon, heat treatment 
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time 1 hour, with the furnace cooling to room temperature. 2000℃-3000℃ heat treatment due 

to equipment, commissioned enterprises processing, the experimental conditions are the same. 

Raman device for the Japanese spectroscopy company NRS-4100, measurement range 0- 

4000cm-1. The number of measurements was 2 times, and the stabilization time was 60s. 

The temperature ranges and variations of carbonation and graphitization of organic 

compounds are shown in Fig. 3.1. When an organic compound is heated, non-carbon atoms 

such as oxygen, hydrogen, and nitrogen leave the compound and become carbonized, and when 

heating continues, they become graphitized. 

Raman spectroscopy has proven to be a simple and reliable technique for the determination 

of carbon materials. Due to its high structural capability, non-destructive analysis, high spectral 

and spatial resolution, Raman spectroscopy has become a standard technique in the rapidly 

developing field of carbon materials. Raman spectra of carbon materials The Raman spectra of 

typical carbon materials are shown in Fig. 3.2. The Raman spectra of carbon materials have 

three main characteristic peaks, Dband near the central wavelength of 1270-1450 cm-1, Dband 

near the central wavelength of 1580 cm-1 and 2Dband near 2700 cm-1 (also known as G'band). 

 

 
Dulk density 

[g/l] 

Fiber diameter 

[um] 

Thermal conductivity 

[W/m·K] 

Tensile strength 

[MPa] 

Density 

[g/cm3] 

A >430 11 20 2350 2.0 

B >380 13 25 2540 2.7 

Organic Compoun Carbon Graphite 

200℃ 

〜
 

300℃ 

1000℃ 

〜
 

1500℃ 

1800℃ 

〜
 

2000℃ 
3000℃ 

Chemical change 

Carbonization process 

Structural change 

Graphitization process 

Fig. 3.1.Change in organic compound by ,heat treatment at the different 

temperature. 

Table 3-1. Two carbon material specifications 

https://context.reverso.net/%E7%BF%BB%E8%A8%B3/%E8%8B%B1%E8%AA%9E-%E6%97%A5%E6%9C%AC%E8%AA%9E/bulk+density
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One of the D peaks is known as the disorder band due to structural perturbations and defect 

formation. The presence of this peak between 1270 and 1450 cm-1 (depending on the excitation 

wavelength) due to lattice motion away from the center of the region indicates the presence of 

defects or edges in the carbon material sample. 

The G band is one of the characteristic peaks of carbon materials, originating from the in-

plane motion of carbon atoms and appearing near 1580 cm-1. The G-band varies due to the 

effect of aberrations. 

The 2D peak, also known as the G' peak, appears at about 2700 cm-1 and is also used to 

determine the integrity of the graphitized layer of the carbon material. Its properties are more 

complex than the frequency shift observed in the G band. As the number of layers increases, 

the number of double resonance processes also increases and the shape of the spectrum 

converges to that of graphite. 

In the process of Raman spectroscopy, researchers often use the ratio of the integrated areas 

of the D and G peaks, ID/IG, to characterize the structural integrity of the carbon material. 

3.1.3 Experimental results 

As shown in Fig. 3.3. the Raman spectra of the two carbon materials untreated with 1000°C 

heat treatment and 1500°C heat treatment are shown. From the Raman spectra of Fig. 3.3.a and 

Fig. 3.2. Raman spectra of carbon materials Typical Raman spectra of carbon 

materials 
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Fig. 3.3.b, it can be seen that the characteristic peaks D and G of the two materials are not 

separated next to each other. The spectra were divided by Origin software and the integral area 

ratio ID/IG of the D and G peaks were calculated. 

The Raman spectra of the two carbon materials after heat treatment at 1000°C are shown 

in Fig. 3.3. c and Fig. 3.3.d. The spectra after heat treatment at 1000°C show that along with 

the separation of the D and G peaks, the half-height width of the D peak starts to narrow. And 

the G' peak starts to be prominent. This indicates that the organic compounds are gradually 

carbonized by removing the small amount of impurities in the materials through heat treatment. 

Fig. 3.3 e and f Fig. 3.3 f show the Raman after heat treatment at 1500°C. From the figure, 

it can be seen that with the increase of heat treatment temperature, the D and G peaks have been 

completely separated, the height of the D peak gradually decreases and the half-value amplitude 
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decreases, and the intensity of the G' peak increases significantly. This indicates that the 

magazines are gradually removed from the material as the heat treatment temperature increases, 

and the material starts to graphitize gradually along with carbonization. 

The Raman spectra of the two materials after heat treatment at 2400°C-3000°C are shown 

in Fig. 3.4. Fig. 3.4.a and Fig. 3.4b show the Raman spectra of the two materials after heat 

treatment at 2400°C. It can be seen from the figures that the D and G peaks have been 

completely separated, the height of the D peak has been significantly reduced, and the intensity 

of the G' peak has been significantly increased. The materials have entered the graphitization 

stage. 

Fig. 3.4c and Fig. 3.4d show the Raman spectra of heat treatment at 2700°C. Compared 

with 2400°C, the D peak is reduced by more than half, and the half-value amplitude of the G 

ID/IG= 0.964 
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peak is also reduced. Figures e and f show the Raman spectra at 3000°C, where the D-peak of 

material A has tended to smooth out and the intensity of the G' peak is higher than that of the 

G-peak, indicating that the material in question has been completely graphitized. 

Table 3-2 Calculated data of Raman spectra 

The data calculated after applying origin software to the Raman spectra for peak splitting 

are shown in Table 3-2. It can be seen from Table 3-2 that the central wavelengths of the D 

and G peaks are almost unchanged. The Full width at half maximum (FWHM) of the D and G 

peaks decreases as the heat treatment temperature increases, and the ratio of ID/IG also 

decreases. Comparing the two materials A,B, material A is more prone to carbonization and 

graphitization than material B under the same conditions. 

3.1.4 Conclusion 

By heat treating the two materials and comparing the Raman spectra at different 

temperatures, we proved that the D peak decreases with the increase of temperature, and the D 

Sample 

D peak G peak 
ID/IG 

（Area） 
Raman shift 

(cm-1) 

FWHM 

(cm-1) 

Raman shift 

(cm-1) 

FWHM 

(cm-1) 

Unprocesse 
A 1365 407.7 1546 162.5 1.042 

B 1347 443.8 1591 171.3 1.058 

1000℃ 
A 1356 215.9 1587 126.7 1.031 

B 1341 263.7 1581 120.3 1.042 

1500℃ 
A 1349 152.4 1587 143.7 1.022 

B 1351 108.8 1588 113.0 1.026 

2400℃ 
A 1351 54.3 1582 44.5 0.963 

B 1352 75.4 1584 66.7 0.984 

2700℃ 
A 1351 18.6 1581 25.8 0.924 

B 1350 56.4 1580 47.6 0.964 

3000℃ 
A 1350 — 1580 15.6 — 

B 1348 53.2 1578 45.5 0.957 
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peak and G peak gradually separate at 1500°C and begin to graphitize. When the temperature 

reaches 2400°C, the D wind gradually disappears, indicating that the other elements in the 

material gradually disappear and the material gradually carbonizes as the temperature of the 

sleeping heat treatment increases. When the temperature continues to increase, the G' peak front 

gradually increases, and the material gradually graphitized. When the temperature reaches 

3000℃, the D peak of material A disappears, the G' peak reaches the highest value, and the 

material is completely graphitized. Comparing the integrated area ratio of D and G peaks, ID/IG 

decreases with the increase of temperature, which further proves that the carbonization of the 

material is more complete when the heat treatment temperature increases. 

3.2 CNT surface modification of carbon felt 

3.2.1 Introduction 

Carbon fiber, as an electrode material, has been widely used in all-vanadium liquid flow 

batteries. In order to further reduce the size of the all-vanadium storage system, it is imperative 

to increase the current density of the battery and to achieve high conductivity and large 

electrostatic capacitance. The graphitization of the electrode material and the improvement of 

the specific surface area of the electrode surface also greatly affect the performance of all-

vanadium redox liquid flow batteries. Therefore, in this paper, carbon nanotubes (CNTs) with 

small diameter and large specific surface area were coated on the electrode surface of the VRFB 

system by dispersion method to improve the cell performance.  The performance of the surface 

modified electrode was also verified by Raman spectroscopy，XRD and SEM surface 

observation and charge/discharge experiments. 

Positive electrode reaction:  

VO2+ + H2 O
discharge
←      

   charge   
→          VO2

+ + e− + 2H+             at E0 = +1.0V (3 − 1) 

Negative electrode reaction:  

V3+ + e-

discharge
←      

   charge    
→        V2+                        at E0 = −0.26V (3 − 2) 
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3.2.2 Experimental methods 

As an energy storage battery, the all-vanadium liquid flow battery has been widely used in 

various energy storage fields, including large power stations, photovoltaic power generation, 

wind power generation, etc. [10-13]. However, the disadvantages of low energy density and 

large size need to be further addressed [14-16]. Therefore, reducing the size of all-vanadium 

liquid flow battery and increasing the energy density and current density of the battery are the 

main objectives of current research and development [16-18]. This goal is achieved mainly 

through two ways, one is to improve the performance of the battery component materials, and 

the other is to optimize the design of the battery frame and flow path [19,20]. One of them is 

about the battery component materials, which mainly includes the electrode materials, 

diaphragm materials of the battery. Electrode materials are improved mainly by means of heat 

treatment and surface modification [20-24]. The heat treatment process can improve the 

carbonization of the electrode to reduce the resistance of the electrode [25,26]. But while 

improving the carbonization, we believe that for aqueous solution batteries. The hydrophilicity 

of the electrode should be improved at the same time, excessive heat treatment will reduce the 

hydrophilicity of the electrode 27], thus reducing the charge and discharge performance. The 

surface modification of the electrode is mainly done by increasing the specific surface area of 

the carbon ballast [28-30], which increases the contact area between the carbon ballast and the 

electrolyte, thus improving the reaction rate and reducing the charge mobility resistance [31-

34]. 

In order to further improve the performance of carbon electrodes in VRFB systems, in this 

paper a method is proposed to dispersively coat carbon nanotubes (CNTs) with small diameters 

and large specific surface areas on the surface of carbon electrode fibres in VRFB systems. 

Furthermore, the carbon electrodes were heat-treated at various temperature conditions and the 

optimum heat treatment conditions were found to improve the electrode performance. The 

performance of the surface-modified electrodes was verified by Raman spectrum, XRD and 

SEM surface observations and charge/discharge experiments, which also proved that the 

method proposed in this thesis is effective. 
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In this study, the dispersion of multi-walled carbon nanotubes was processed by different 

dispersion solutions, and the dispersed solutions were analyzed using a ZC-3000 ZETA 

potential device from Kyowa Interface Science Co. The dispersed CNTs solution was coated 

on the electrode surface and heated and dried. The VRFB for the charge-discharge test was a 

homemade spiral pump-driven cell with an electrode area of 5 cm × 10 cm. For the data of 

charge-discharge experiments, SEM-EDS observation analysis, Raman spectroscopic analysis 

and XRD surface crystallographic analysis were performed on the electrode surface. The 

obtained analysis data were calculated, and the calculated results were compared to summarize 

the experimental results. 

The CNTs used in this experiment were multi-walled carbon nanotubes produced by 

WACO Chemical Company, commercially available multi-walled CNTs with an average 

diameter of 10 nm and an average length of 1 μm. The dispersion medium mainly contained 

deionized water and ethanol solution, and the surfactant was SDBS (sodium dodecylbenzene 

sulfonate). Here, 0.006 g of CNTs were placed in three different solvents, stirred for 15 min, 

sonicated for 20 min and left for 1 h. The stability of the dispersed solution was determined by 

measuring the ZETA potential as shown in Fig. 3.5. 

Fig. 3.5 CNTs dispersion and carbon fiber modification 

The charge/discharge experiment was performed with a constant current charge/discharge, 

an electrolyte flow rate of 2.4 mlmin-1cm-2, and a carbon felt compression ratio of 30%. The 

charge/discharge experiments were carried out on untreated carbon felt and treated carbon felt, 

and the charge/discharge data results were calculated to compare the experimental results. The 

charge and discharge internal resistance (IR), voltage efficiency (EV), coulombic efficiency 

(EC), energy efficiency (EE), energy density (ED) and output density (OD) of the battery were 
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calculated based on the constant current charge and discharge curves. The calculation equations 

are shown in (3-3)-(3-8). 

𝐼𝑅 =
𝑈𝑎𝑣𝑔.𝑐ℎ𝑎𝑟𝑔𝑒 − 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

2𝐶𝐷
(3 − 3) 

𝐸𝑉 =
𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑈𝑎𝑣𝑔.𝑐ℎ𝑎𝑟𝑔𝑒
× 100% (3 − 4) 

𝐸𝐶 =
∫ 𝑖𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝑑𝑡

∫ 𝑖𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝑑𝑡
× 100% (3 − 5) 

𝐸𝐸 = 𝐸𝑉 × 𝐸𝐶 (3 − 6) 

𝑂𝐷 (
W

L
) =

𝐼 × 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉1
(3 − 7) 

𝐸𝐷 (
Wh

L
) =

𝐼 × 𝑇𝑑 × 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉1
(3 − 8) 

3.2.3 Experimental results 

The dispersions of the three dispersions at different concentrations were compared by 

measuring the ZETA potential. The results showed that 80% ethanol solution, 0.1 mol/L SDBS 

aqueous solution and 0.1 mol/L (SDBS+80% ethanol) solution had the best dispersion. The 

measurement results are shown in Fig. 3.6. Since the SDBS ethanol solution produced a large 

number of bubbles after sonication, the solution started to solidify after 2 hours of standing, and 

the precipitation was obvious after 6 hours of standing. Therefore, 80% ethanol solution was 

used in this experiment.  

 

Fig. 3.6 The ZETA potential;(a) 80% ethanol solution,(b)0.1 mol/L (SDBS + 80% ethanol) 
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The 100ml of dispersed solution was heated and dried after being dropped into the carbon 

felt electrode in several times. The surface state and elements of the carbon fiber electrodes 

were observed and analyzed by SEM-EDS. The SEM images of the untreated electrode 

(a1.a2.a3.) and the treated electrode (b1.b2.b3.) are shown in Fig. 3.7. The SEM comparison 

shows that the dispersed CNTs have completely adhered to the surface of the carbon felt fibers. 

The results of the EDS elemental analysis are shown in Table 3-3 and Fig. 3.8. It can be seen 

from the elemental analysis results that the carbon element percentage of the treated carbon felt 

has increased by 4.25%. 

Fig. 3.7 Comparison of SEM images of untreated carbon felts (top) and treated carbon felts 

(bottom) 

 

Fig. 3.8 EDS surface elemental analysis results (a: untreated carbon felt b: carbon felt after 

attachment treatment) 

Table 3-3. EDS surface element analysis results comparison. 
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The experimental results are shown in Fig. 3.9 (a: untreated carbon felt, b: treated carbon 

felt) by conducting a constant current charge/discharge experiment on a single cell with a 

current density of 100mA/cm2-500mA/cm2. The maximum power density of the untreated 

carbon felt electrode is 300mA/cm2 and the charging voltage is 1.8V. The treated carbon felt 

electrode can reach 400mA/cm2 and the charging voltage is 1.6V. The charging and discharging 

data are calculated according to equations (3)-(8) as shown in Table 3-4. It can be seen from 

Table 3-4 that the IR of the treated carbon felt is 2 times lower than that of the treated carbon 

felt, and the EV and EE are increased by about 15%. This is because the surface coating of 

carbon felt with CNT improves the conductivity of the electrode and increases the specific 

surface area, thus reducing the charge/discharge internal resistance.  

 

Fig. 3.9 Charge and discharge data 

Table 3-4. Constant current charge and discharge data (A: untreated carbon felt, B: treated 

carbon felt) 

 
100mA/cm2 200mA/cm2 300mA/cm2 400mA/cm2 

A B A B A B A B 

IR（Ω） 1.715 0.65 1.34 0.56 1.25 0.61 - 0.68 

EV(%) 77.63 90.95 66.02 84.72 58.03 82.61 - 75.35 

EC(%) 82.73 88.13 96.47 92.50 92.17 82.61 - 88.31 

OD(W/L) 297.5 326.5 270.5 314.75 246.5 23750 - 283.5 

ED(Wh/L) 100.16 255.76 49.29 129.40 10.48 1253.47 - 53.55 

EE(%) 64.22 80.15 63.69 78.37 53.49 68.24 - 66.54 
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For the charge/discharge experimental data, the AC Impedance of the battery was measured, 

and the results (Nyquist plot) are shown in Fig. 3.10 for the test range of 105 Hz → 0.1 Hz. The 

intersection of the starting position of the curve with the x-axis is the on-state resistance (RL) 

of the battery itself. In the figure, the half-circle part is the charge-movement resistance (RP) in 

the high-frequency region, and the diagonal part is the material-movement resistance (RD) in 

the low-frequency region. σ is called the Warburg coefficient, ω is the frequency, and Cd is the 

double layer capacitance. The calculation equation is shown in (3-9) and (3-10). 

𝑍′ = 𝑅𝐿 +

𝜎

√𝜔
+ 𝑅𝑃

(1 + σ√𝜔𝐶𝑑)
2
+𝜔2𝐶𝑑

2 (
𝜎

√𝜔
+ 𝑅𝑃)

2
(3 − 9) 

𝑍′′ =

𝜎

√𝜔
(1 + 𝜎√𝜔𝐶𝑑)

2
+ 𝜔𝐶𝑑 (

𝜎

√𝜔
+ 𝑅𝑃)

2

(1 + σ√𝜔𝐶𝑑)
2
+ 𝜔2𝐶𝑑

2 (
𝜎

√𝜔
+ 𝑅𝑃)

2
(3 − 10) 

The main purpose of this experiment is to review the charge movement resistance RP in 

the high frequency region and the matter movement resistance RD in the low frequency region. 

from the measured Nyquist diagram, it can be calculated that RP=0.7Ω and RD=1Ω for the 

untreated carbon felt and RP=0.025Ω and RD=0.035Ω for the treated carbon felt. it can be seen 

that the charge and discharge impedance of the coated carbon felt is reduced by about 5 times. 

 

Fig. 3.10 Single battery cell Nyquist figure 

For the results of constant current charging and discharging, we performed Raman 

spectroscopy and XRD surface crystallographic analysis on two carbon felts. 

In this paper, we use the common method of Raman spectroscopy to analyze carbon 

materials. There are two characteristic peaks in the Raman spectrum of carbon materials: the G 

peak near 1580 cm-1 and the D peak near 1360 cm-1 [36]. Researchers usually go through the 

D and G peaks. The integrated area ratio ID/IG is used to determine the integrity of the carbon 
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smaller the ID/IG ratio, the higher the structural integrity of the carbon material [37.38]. In this 

study, the treated carbon fiber electrodes were tested by Raman spectroscopy using NRS-4100 

from JASCO. The measured Raman spectra are shown in Fig. 3.11, and the measured data are 

shown in Table 3-5. Combining the Raman spectra and the measured data, it can be seen that 

the peak shapes of the D and G peaks of the coated treated carbon felt became relatively sharp 

and obvious,  and the integrated area ratio and half-height width of the peaks also became 

smaller, and the characteristic peak G' appeared near 2700 cm-1 of the carbon felt, and the ratio 

of ID/IG decreased by 0.068. 

 

Fig. 3.11 Structural analysis result by Raman spectroscopy 

Table 3-5. Calculated results of Raman analysis 

Sample 

D peak G peak 
ID/IG 

（Area） 
Raman shift 

(cm-1) 

FWHM 

(cm-1) 

Raman shift 

(cm-1) 

FWHM 

(cm-1) 

a 1252 307.33 1487 147.81 1.038 

b 1255 71.90 1491 52.01 0.97 

For the surface crystal structure, untreated and treated carbon fibers were analyzed using 

the RINT 2500 VHF from RIGAKU Corporation, Japan, under the following test conditions: 

Voltage: 40 kV: 30 mA (Cu). The measurement results are shown in Fig. 3.12. It can be seen 

that the shape of the (002) diffraction peak for 2θ=25° is basically the same. However, the 

intensity of the peak increases after the coating treatment. There is no significant difference in 

the (100) diffraction peak at 2θ = 43°. 

𝑑002 =
𝜆

2𝑠𝑖𝑛θ
(3 − 11) 

𝐿 =
𝐾𝜆
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(3 − 12)    
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According to formula (3-11) and formula (3-12), the layer spacing d002 of the carbon fibber 

graphite crystallites and the thickness of the crystallite stack Lc can be calculated[39]. The (100) 

peak in the XRD spectrum can be used to calculate the direction of the graphite crystallite along 

the axis. The crystal plane width La. The diffraction angle of the θ crystal plane diffraction 

peak; λ is the wavelength (λ = 0.1541nm); K is the shape factor, K = 0.94 when Lc is calculated, 

and K = 1.84 when La is calculated; β is the measured full width at half maximum. The 

calculation results are shown in Table 3-6. 

 

Fig. 3.12. Results of crystal structure analysis by XRD (a: unprocessed, b: processed). 

From the comparison of the calculated results in Table 3-6, it can be found that there is no 

significant difference between the crystal spacing d002 and the crystal spacing d100 of the 

untreated and treated electrodes; the radial size Lc and the axial size La of the crystals of the 

treated carbon fiber electrodes become larger. The larger crystallite size indicates a more 

complete development and a higher degree of graphitization [40]. Therefore, it was theoretically 

demonstrated that the performance of the treated carbon cellulose electrodes was higher than 

that of the untreated electrodes. 

Table 3-6. XRD patterns of untreated and treated carbon felts (a: untreated, b: treated 

carbon felts) 
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3.2.4 Conclusion 

In this paper, we improve the VRFB system by proposing a method for dispersion coating 

of CNT on the surface of carbon electrodes. The following results were obtained from this study. 

1. The performance of the existing carbon felt is improved by the CNT surface coating 

method. Charge and discharge data show that the current density of VRFB can reach up to 

400mA/cm2. At a current density of 200mA/cm2, the energy efficiency is close to 80%, which 

is about 15% higher than that of untreated carbon felt. 

2. AC Impedance data surface, the treated carbon felt reduces the RP by 0.68Ω and the RD 

by 0.96Ω during charging and discharging so that the charge and discharge internal resistance 

of VRFB is reduced by 3 times. 

3. Raman and XRD analyses of the two carbon felts were performed, and the experimental 

results showed that the ID/IG of the treated carbon felts decreased by 0.068, while the XRD 

calculation data showed that the crystal radial size Lc and axial size La of the treated carbon 

fiber electrode became larger. 

4. In this study, the performance of the coated treated carbon felts was tested, but the 

durability of the treated carbon felts needs further study. 

3.3 Concluding remarks 

Through the above research, we summarize the optimum temperature of carbon fiber heat 

treatment and obtain electrodes with excellent performance through CNT coating experiments, 

and the performance is improved by about 3 times. However, the durability of the coated 

electrodes needs further verification.  

3.4 Nomenclature 

C    concentration (molm−3 )  

D   density(*/L) 

d   discharge 

E    efficiency (%)/energy 

K    mass transfer coefficient (ms−1 ) 

L    length (m)  
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O   output density (W/L) 

R    area specific resistance (Ωcm2 )  

t    thickness (m)  

T    temperature (K)/Time(s) 

U   charge and discharge voltage(V) 

V    cell voltage (V) 

Greek Symbols  

𝜎   Warburg factor 

λ     wavelength (λ = 0.1541 nm) 

θ   angle (°) 

𝛽   rad 

Ω   frequency 
Ω    ohm  

Superscripts and Subscripts  

avg   average charge charge process  

discharge  discharge process  
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Chapter 4 Optimal design of battery structure and battery pack 

test experiment 

All-vanadium redox flow batteries have been researched for more than 30 years since 1985. 

Battery technology is also maturing [1-4]. At the beginning of research on vanadium redox flow 

batteries, researchers mainly paid attention to the performance of battery components. With the 

progress of research, people began to study the various components of the stack [5-8]. For 

example, the electrolyte flow path of the battery has been developed from the original DC type, 

and has gradually developed a serpentine flow path, a comb-shaped flow path, and the like. 

Each electrolyte flow path has a different effect on battery performance [9-12]. 

While studying the electrolyte flow path, factors such as the flow rate of the electrolyte and 

the compression ratio of the electrodes also play a crucial role in the performance of the battery 

[13-15]. 

This chapter mainly introduces the influence of electrolyte flow path and electrolyte flow 

rate and electrode compression ratio on battery performance. The self-made single cells were 

evaluated through simulation and charge-discharge experiments to find the most suitable 

conditions. 

According to the characteristics of the all-vanadium redox flow battery, we have mainly 

improved the battery from the following three aspects. 

2. The optimal design of the existing battery frame, through simulation and charging and 

discharging experiments, verify the charging and discharging performance of the battery under 

different inlet and outlet flow paths. 

3. Adjust the flow rate of the electrolyte of the battery and the compression ratio of the 

carbon fiber electrode to find the most suitable relationship between the compression ratio of 

the carbon felt and the flow of the electrolyte. 
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4.1 Optimum design of battery frame 

4.1.1 Introduction 

In this study, the flow of electrolyte in three different inlet and outlet widths of VRFB cell 

frames with frame size of 5 cm (x) × 10 cm (y) and flow direction in y direction was simulated 

by Fluent software. The flow uniformity of the simulated electrolyte is analyzed for the same 

compression ratio, the same electrolyte flow rate, and different inlet and outlet widths. And the 

effect of electrolyte flow characteristics on the battery performance in three cases is verified 

experimentally. The three kinds of frames are frame 1. 1.5mm×4 inlet and 2mm×5 outlet. Frame 

2. 2mm×5 for inlet and 1.5mm×4 for outlet. Frame 3. 1.5mm×4 for inlet and outlet. It is proved 

that the charge/discharge internal resistance of frame 1 is minimum 0.4Ω, frame 2 is minimum 

0.6Ω, and frame 3 is minimum 0.5Ω under the electrolyte flow rate of 240mL/min. It is proved 

by simulation and charge/discharge comparison experiments that the inlet width is smaller than 

the outlet width can improve the charge/discharge performance of VRFB in the case of common 

flow path. 

4.1.2 Experimental conditions 

The main purpose of this experiment is to simulate three different VRFB frame flow path 

designs and analyze how the characteristics of electrolyte flow inside the battery assembled by 

the three frames differ under the same conditions. For the different flow characteristics of the 

electrolyte, charge and discharge experiments are conducted on the battery to compare the 

experimental results, thus demonstrating the effect of the flow characteristics on the battery 

performance. 

The VRFB cell used in this experiment is a single cell with a homemade electrode area of 

50 cm2 (5 cm × 10 cm). The cell structure is shown in Fig. 4.1. The experimental cell diaphragm 

is a proton exchange membrane (Nafion211), the bipolar plate is a 5mm thick carbon plate, and 

the collector plate is a 0.6mm thick copper plate with gold plated surface. The electrolyte is 1.6 
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mol/L vanadium sulfate electrolyte made by LE SYSTEM. The flow pump for the test is a 

screw pump, which is easier to achieve large scale than most experimental peristaltic pumps. 

 

Fig. 4.1. Internal structure of the battery 

A three-dimensional mathematical model is used to simulate the electrolyte flow with 

different inlet and outlet methods. The model is mainly divided into three parts (1) electrolyte 

inlet part, (2) intermediate porous media material part, and (3) electrolyte outlet part. The 

parameters of the porous media material are mainly, porosity, permeability, and specific surface 

area. In this study, we mainly study the flow of electrolyte in carbon felt, so only the porosity 

of carbon felt is considered. Porosity is the ratio of the volume of all voids in the porous medium 

per unit volume to the total volume. As shown in equation (4-1). 𝝋𝒂 in the formula is the 

porosity, 𝑽𝒓is the volume of pores, and 𝑽 is the total volume. 

𝜑𝑎 =
𝑉𝑟
𝑉
× 100% (4 − 1) 

Two different flow frames were simulated by Fluent software to analyze the flow 

characteristics of the electrolyte in the frame. The simulation conditions are porous system 

material. The electrolyte viscosity was set to 1.3 times of who, and the initial flow velocity was 

0.3m/s. The charge/discharge experiments were performed for constant current 

charge/discharge with an electrolyte flow rate of 2.4mlmin-1cm-2 and a carbon felt compression 

ratio of 30%. The charge/discharge data results were calculated by conducting charge/discharge 

experiments for two batteries with different electrolyte flow paths and comparing the 

experimental results. The charge and discharge internal resistance (IR), voltage efficiency (EV), 

coulombic efficiency (EC), energy efficiency (EE), energy density (ED) and output density 
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(OD) of the battery were calculated based on the constant current charge and discharge curves. 

The calculation equations are shown in (4-2)-(4-7). 

𝐼𝑅 =
𝑈𝑎𝑣𝑔.𝑐ℎ𝑎𝑟𝑔𝑒 − 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

2𝐶𝐷
(4 − 2) 

𝐸𝑉 =
𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑈𝑎𝑣𝑔.𝑐ℎ𝑎𝑟𝑔𝑒
× 100% (4 − 3) 

𝐸𝐶 =
∫ 𝑖𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝑑𝑡

∫ 𝑖𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 𝑑𝑡
× 100% (4 − 4) 

𝐸𝐸 = 𝐸𝑉 × 𝐸𝐶 (4 − 5) 

𝑂𝐷 (
W

L
) =

𝐼 × 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉1
(4 − 6) 

𝐸𝐷 (
Wh

L
) =

𝐼 × 𝑇𝑑 × 𝑈𝑎𝑣𝑔.𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉1
(4 − 7) 

4.1.3 Experimental results 

The flow patterns of electrolyte in different flow paths were analyzed by simulating four 

different frames. The simulation results are shown in Fig. 4.2. 

The comparison in Fig. 4.2 shows that for the frame without flow path, the electrolyte flows 

diagonally inside with higher pressure in the inlet and outlet parts and higher flow rate, and the 

pressure at the remaining two diagonal parts is small. The electrolyte does not flow uniformly 

inside the battery, which reduces the utilization rate of the electrolyte and the charging 

performance. 

The electrolyte in the frame of the comb type flow path enters perpendicular to the direction 

of the carbon felt, and then diffuses out to both sides. The internal electrolyte flow uniformity 

is the  

best, and the utilization rate of carbon homburg is the highest. The comparison between the 

two ways shows that the electrolyte can flow out smoothly inside the battery with a small inlet 

and a large outlet, but with a large inlet and a small outlet, the electrolyte has a high pressure at 

the outlet, and the electrolyte cannot flow out of the battery in time after charging and 

discharging, which can easily cause local voltage increase. 
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Fig. 4.2. Simulation results of electrolyte flow in the bipolar plate;(a) No flow path;(b) 

Parallel flow path, large inlet and small outlet;(c) Parallel flow path, small inlet and large 

outlet;(d) Comb-type flow path 

For the simulation results, 100mA/cm2 charge/discharge experiments were conducted for 

four different frames of batteries with carbon felt compression ratio of 30%. The flow rate of 

electrolyte was controlled by changing the voltage of the flow pump. The flow rate was about 

63ml/min at PV=2V, 125ml/min at PV=3V, 190ml/min at PV=4V and 290ml/min at PV=5V. 

The charging and discharging curves are shown in Fig.4.3 and the calculation results are shown 

in Table 4-1. 

Fig. 4.3 Charge and discharge experiments of three0 different flow path batteries 
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Table 4-1 The calculation results 

The charging and discharging curves show that the frame without flow path in Fig. 4.3a is 

most severely affected by the electrolyte flow. The comb-type flow path has almost no effect 

on the cell flow rate. The remaining two frames have lower discharge performance, when the 

electrolyte flow rate is lower than 125 ml/min, and the performance has no effect after the flow 

rate is greater than 125 ml/min.  Combined with the simulation, it can be analyzed that the 

electrolyte of the no-flow path frame flows diagonally, the flow distance is farther, and the 

internal electrolyte flow is not uniform,  which leads to the poor charging and discharging 

performance. The electrolyte in the comb type flow path enters perpendicular to the surface of 

the carbon felt and then diffuses out to both sides, with the shortest flow distance and the best 

 

CD 100mA/cm2 
 

PV IR EV EE EC OD ED 

(V) (Ω/cm2) (%) (%) (%) (W/L) (Wh/L) 

a 

2 1.17 84.57 74.84 88.5 320.5 99.8 

3 1.04 85.65 77.21 90.15 322.25 116.73 

4 0.89 87.96 81.01 92.1 325 128.01 

5 0.84 88.46 80.67 91.2 323 118.78 

b 

2 0.76 89.73 82.16 91.56 332 96.10 

3 0.64 91.26 83.32 91.31 334 98.44 

4 0.56 92.19 85.60 92.85 333.5 96.25 

5 0.56 92.29 85.84 93.01 335.00 100.31 

c 

2 0.66 90.98% 77.90% 85.61% 333 102.40 

3 0.54 92.53% 83.88% 90.65% 334.5 113.54 

4 0.475 93.37% 84.14% 90.11% 334.5 112.62 

5 0.465 93.50% 83.34% 89.13% 334.50 109.73 

d 

2 0.76 89.73% 82.16% 91.56% 332 96.10 

3 0.64 91.26% 83.32% 91.31% 334 98.44 

4 0.565 92.19% 85.60% 92.85% 333.5 96.25 

5 0.56 92.29% 85.84% 93.01% 335.00 100.31 
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uniformity. The other two frames are parallel to the surface of the carbon felt, and the flow 

distance is small compared to the diagonal flow distance, and the uniformity is good. However, 

the effect of the width of the inlet outlet on the electrolyte can be seen in Fig.4.3. c and Fig. 

4.3d. When the flow rate is less than 125 ml/min, the discharge performance of frame 3 

decreases. The reason for the analysis is that when the outlet width is smaller than the inlet 

width, the electrolyte cannot flow out of the inside of the cell in time, resulting in the 

degradation of the cell performance. 

For the above charging and discharging experiments, the comb type flow path has the most 

outstanding performance, but at the same time, the processing cost is also much higher than 

other frames, so it is not conducive to cost saving when the cell size is expanded. So we think 

that the same performance can be achieved by the ordinary flow path when the flow rate is 

greater than 190ml/min. 

To analyze the effect of the inlet and outlet widths on the cells with normal flow paths after 

cell size expansion, we conducted high current density charging and discharging experiments 

for frames 3 and 4 with current densities of 100mA/cm2-800mA/cm2. the results are shown in 

Fig. 4.4 and Table 4-2. Fig. 4.4 a shows frame 3 and Fig. 4.4 b shows frame 4. 

Fig. 4.4 Comparison of charge and discharge of two electrodes 

Table 4-2 Calculation results 
 
CD IR EV EE EC OD ED 

(mA/cm2) (Ω/cm2) (%) (%) (%) (W/L) (Wh/L) 

a 

100 0.76 89.62 85.30 95.18 326 98.34 

200 0.71 81.14 68.57 84.51 613 65.05 

300 0.69 73.15 58.89 80.51 843.75 44.53 

400 0.76 61.55 47.72 77.53 967.00 18.53 

500 0.73 55.17 41.57 75.34 1120.0 17.11 

b 100 0.61 91.59 81.80 89.31 332.25 98.42 
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200 0.55 85.58 68.49 80.03 647 108.88 

300 0.43 82.97 68.09 82.07 931.5 69.86 

400 0.42 77.76 64.37 82.78 1182.00 56.80 

500 0.42 72.86 67.26 92.31 1406.2 46.88 

600 0.49 63.03 57.76 91.64 1491 44.48 

700 0.40 65.42 59.76 91.36 1834 37.70 

800 0.39 61.64 57.34 93.02 1996 22.18 

 

The high current density charge/discharge curve shows that the highest current density of 

frame 3 is 500mA/cm2 and the EE of the battery is below 60% when the current density is 

300mA/cm2. The highest current density of frame 4 can reach 800mA/cm2 and the EE tends to 

70% at 500mA/cm2. The IR comparison shows that the charge/discharge internal resistance IR 

of frame 4 is smaller than that of frame 3. This further indicates that the uniformity of electrolyte 

flow in frame 4 is higher than that in frame 3. 

4.1.4 Conclusion 

In this study, the different flow patterns of electrolyte in the four flow paths were analyzed 

by simulating the four frames. And the effect of the four different flow paths on the battery 

performance was further confirmed by charging and discharging experiments. 

The simulation analysis shows that the comb type flow path has the best homogeneous flow 

performance for electrolyte among the four feeding methods, and the frame electrode solution 

without flow path has the worst homogeneous flow performance. The uniform flow 

performance of electrolyte in the two common flow paths is higher than that in the frame 

without flow path. 

The simulation results were further demonstrated by 100mA/cm2 constant current 

charge/discharge experiments. The electrolyte flow rate has the greatest effect on the 

performance of the cell without flow path. The comb-type flow path is least affected by 

electrolyte flow rate. The discharge performance of the cells with two common type flow paths 

decreased when the electrolyte flow rate was lower than 190 ml/min. No effect when the flow 

rate is higher than 190 ml/min. 
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For the two common type of flow path for high current density charging and discharging 

of the battery, the experiment proves that the framework of small inlet and large outlet is more 

conducive to the performance of the battery, the reason for analysis is that the electrolyte after 

charging and discharging can pass through the internal battery faster, avoiding the phenomenon 

of voltage increase caused by the accumulation of electrolyte. 

4.2 Adjustment of electrolyte flow and velocity 

4.2.1 Introduction 

All vanadium flow batteries (VRFB) are used in the field of energy storage due to their 

long service life and high safety [16-19]. In order to further improve the charge-discharge 

performance of VRFB, this study mainly used the comparative evaluation of VRFB's carbon 

fiber electrode compression ratio and electrolyte flow rate. Charge and discharge the battery 

under different current density, different compression ratio and different flow rate. The results 

show that increasing the compression ratio at different current densities can reduce the internal 

resistance of the battery, but an excessive compression ratio will accelerate the transfer of 

vanadium ions, increase the deviation of the electrolyte, and reduce the coulombic efficiency 

of the battery. The performance of the battery tends to be balanced when the compression ratio 

is 30%. At the same time, in the case of the same compression ratio, increasing the flow rate of 

the electrolyte can reduce the internal reaction resistance of the battery. When the flow reaches 

a certain value, the influence on the internal resistance will be smaller. 

4.2.2 Experimental method 

This experiment mainly studies the influence of the compression ratio and flow/velocity of 

carbon fiber on the charge and discharge performance of the vanadium redox flow battery under 

the same conditions. The experimental single cell bipolar plate is 0.6mm, one kinds of carbon 

fiber, the thickness is 4mm, and the area is 5cm×10cm=50cm2. The experimental method is to 

determine the charge and discharge performance of the battery by changing the compression 
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ratio of the carbon dioxide electrode and the flow rate of the electrolyte. According to the 

measured data, choose the most suitable plan.  

 

Due to the small electrode area of the vanadium redox battery on the market (about 

4cm×4cm), the electrolyte flow distance in the carbon fiber electrode is very short, and it is 

easy to achieve a uniform speed. The obtained data cannot fully explain the effect of electrolyte 

flow rate on battery charging and discharging. Therefore, the battery used in this experiment is 

a self-designed single cell battery with an electrode area of 50cm2 (10cm×5cm). The flow path 

is shown in Fig.4.5. The compression ratio of carbon fiber is controlled by changing the 

thickness of the body frame 2. This experiment uses a variable flow screw pump, which tends 

to be more practical than a hose peristaltic pump. Peristaltic hose pumps are better in controlling 

flow and velocity, but large energy storage equipment cannot be used. Many experimental 

results obtained by using a hose peristaltic pump cannot be fully realized after the battery pack 

is expanded into a high-power variable-frequency pump. In this experiment, the battery 

diaphragm used proton exchange membrane (Nafion211), the bipolar plate was SGL 0.6mm 

thick, and the collector plate was 0.6mm thick gold-plated copper plate. The electrolyte is 

1.6mol/L vanadium sulfate electrolyte manufactured by LE SYSTEM.  

 

Fig. 4.5. Self-made VRFB framework for experiment  
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Conduct constant current (I=, 3A, 4A, 5A) charging and discharging experiments on the 

assembled battery through a constant current output power supply.A constant current 

(I=3A,4A,5A) charge and discharge experiment (CD current density : 60mA/cm2, 

80mA/cm2,100mA/cm2) is performed on the assembled battery through a constant current 

output power supply. The charging and discharging voltage is 1.6V-0.8V. The flow rate of the 

electrolyte is controlled by changing the voltage of the flow pump. Carbon fiber compression 

ratio CR calculation formula is shown in (8) (carbon fiber thickness: d thickness after 

compression: d0) according to the constant current charge and discharge curve to calculate the 

battery's charge and discharge internal resistance (IR), voltage efficiency (EV), Coulomb 

efficiency (EC), energy efficiency (EE), energy density (ED) and output density (OD). The 

calculation formula is shown in (2)-(7), (pump voltage: PV. ,charge and discharge voltage: U, 

discharge time: Td, carbon fiber electrode volume: V1). In addition, the flow and velocity of 

the electrolyte are measured by external measuring equipment. 

𝐶𝑅 =
𝑑 − 𝑑0
𝑑

× 100% (4 − 8) 

4.2.3 Experimental results 

The influence of compression/flow ratio on the internal resistance of battery charge and 

discharge 

As shown in Fig. 4.7,The different current density charge and discharge curves of the flow 

pump voltage of 2V-5V under different compression ratios. It can be seen from the comparison 

in Fig. 4.7 that the charging and discharging curves appear to cross when the compression ratio 

increases. The initial charge voltage becomes lower, the initial discharge voltage becomes 

higher, and the charged battery OCV becomes larger. According to formula (2), the internal 

resistance IR of the battery can be calculated. , The results are shown in Table 4-3. 

Table 4-3. IR changes under different CR and PV 

CD(mA/cm2) CR(%) 
Pv=2V 

IR(Ω/cm2) 

Pv=3V 

IR(Ω/cm2) 

Pv=4V 

IR(Ω/cm2) 

Pv=5V 

IR(Ω/cm2) 

60 

10 3.25 2.80 2.16 1.90 

20 2.06 1.58 1.38 1.35 

30 1.68 1.10 1.05 0.98 

60 0.88 0.85 0.81 0.75 
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80 

10 3.26 2.48 2.03 1.79 

20 1.91 1.72 1.52 1.51 

30 1.80 1.41 1.13 0.99 

60 1.01 0.92 0.76 0.70 

100 

10 2.91 2.18 1.93 1.70 

20 1.32 1.08 0.94 0.90 

30 1.17 1.04 0.89 0.84 

60 1.10 0.74 0.66 0.65 

 

According to the data in Table 4-3, when the CD is the same, the battery's charge and 

discharge internal resistance IR decreases with the increase of PV, and decreases with the 

increase of CR. This is because the pore size of the carbon felt is also the same under the same 

CR. After the flow rate increases, the flow rate of the electrolyte in the carbon felt is faster, the 

charge-discharge reaction is faster, and the charge transfer resistance is smaller.In the case of 

the same PV, increasing the compression ratio can effectively reduce the contact resistance 

between carbon, bipolar plate and diaphragm. whilst, increase the compression ratio and reduce 

the pore size of the carbon. Under the same pressure, the smaller the pores, the faster the 

electrolyte flow rate flowing through the surface of the carbon, the faster the charge and 

discharge reaction, and the smaller the charge transfer resistance.  

 

 

Fig.4.6 The relationship between pump input voltage and flow rate with different 

compression ratios of 4mm carbon fiber. 
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Fig.4.7. Charge and discharge data with different current densities, different compression 

ratios, and different electrolyte flow rates. 

Simultaneously, it can be seen from Fig.4.7 that under the same compression ratio, 

changing the supply flow rate of the electrolyte can effectively reduce the internal resistance of 

the battery during charge and discharge. The principle is the same as the previous explanation. 

When the flow rate of the pump reaches 4V-5V, the charge and discharge curves of the battery 

tend to coincide. This shows that when the flow rate of the electrolyte reaches a certain level, it 

will no longer affect the internal resistance of the battery in charge and discharge. Fig.4.6. 
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0.8

1

1.2

1.4

1.6

1.8

0 500 1000 1500

V
o

lt
ag

e(
V

)

Time(s)

a2

0.8

1

1.2

1.4

1.6

1.8

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

a1

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 1000 2000 3000

V
o

lt
ag

e(
V

)

Time(s)

ｂ1

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

b2

0.8

1

1.2

1.4

1.6

1.8

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

b3

0.8

1

1.2

1.4

1.6

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

c3

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

c2

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 1000 2000 3000

V
o

lt
ag

e(
V

)

Time(s)

c1

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 1000 2000 3000 4000

V
o

lt
ag

e(
V

)

Time(s)

d1

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 500 1000150020002500

V
o

lt
ag

e(
V

)

Time(s)

d2

0.8

1

1.2

1.4

1.6

0 500 1000 1500 2000

V
o

lt
ag

e(
V

)

Time(s)

d3

CD=80mA/cm
2
 CD=60mA/cm

2
 

C
R
=

1
0

%
 

C
R
 =

2
0

%
 

C
R
 =

3
0

%
 

C
R
 =

6
0

%
 

 Pump voltage 2V  Pump voltage 3V  Pump voltage 4V  Pump voltage 5V

CD=100mA/cm
2
 

0.8

1

1.2

1.4

1.6

1.8

0 500 1000

V
o

lt
ag

e(
V
）

Time(s)

a3



Chapter 4 Optimal design of battery structure and battery pack test experiment 

 

98 

compression ratios. It can be seen from the comparison in the Fig.4.6. that the compression 

ratio increases, the flow rate of the electrolyte decreases. 

According to the different constant current charging and discharging data and formula 3 to 

formula 7, the battery charging and discharging data can be calculated as shown in Table 4-4. 

According to the data in Table 4-4, the relationship between the variable flow charging and 

discharging data under different compression ratios is summarized in Fig. 4.8. As shown, the 

comparison between Table 4-4 and Fig.4.8 shows that when the CR is the same, the battery's 

charge and discharge performance (EV, EE, OD, ED) Increase with the increase of PV. But EC 

is maximum at PV=3V-4V, the PV continues to increase and EC decreases instead. This is 

because the diaphragm used this time is N211, the thickness of the diaphragm is thin, and the 

electrolyte offset is serious, which affects the cullen efficiency of the battery. When CR=60% 

PV=2V, the EE, EC and ED of the battery are reduced by 50%. It can be seen from Fig.4.6 that 

when PV=2V, the electrolyte flow rate is only 0.48ml/s. Because the electrolyte flow rate is too 

low, the reaction speed between the electrolyte and the carbon dioxide becomes low, and the 

voltage changes excessively during charge and discharge. 

When the PV is the same, the CR is below 60%, EV, EE, OD and ED increase with the 

increase of CR. EC decreases as CR increases. When CR is 60%, the overall charge and 

discharge performance decreases. The overall performance is reduced by about 50%. This is 

because carbon dioxide is over-compressed at 60%, the specific surface area of the fiber is 

greatly reduced, the reaction speed of the electrolyte is reduced, and the charge and discharge 

performance is also reduced. Simultaneously, excessive compression makes the electrolyte drift 

more serious. 

The long service life of the vanadium flow battery is its main feature. In this research works，

the 50 times repeated experiments on the battery under different current densities, different 

compression ratios and different flow rates were carried out,and the changes in battery 

performance under different charge and discharge times were calculated. As the results of the 

first two charging and discharging experiments are unstable, the calculation results start from 

the third time. The experimental results are shown in Fig. 4.8. EC increases with the increase 

in the number of charging and then tends to balance. EV and EC decrease as the number of 

charging increases. When CR =10% PV=3V, the current density is 60 mA/cm2, EE drops by 
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0.33% after 50 cycles of charge and discharge, and EE drops by 0.43%. When the current 

density is increased by 100mA/cm2, EE decreases by 0.14%, and EV  decreases by 0.18%. 

When CR =30% PV =5V, the current density is 60mA/cm2, EE drops by 0.13% after 50 cycles 

of charge and discharge, and EV drops by 0.25%. When the current density is increased by 

100mA/cm2, the EE drops by 0.22% and the EV drops by 0.28%. In summary, in the case of 

low compression ratio and low electrolyte flow, increasing the current density can reduce the 

degradation of the battery's charge and discharge performance. When the compression ratio and 

electrolyte flow are increased, the battery charge and discharge performance deteriorates 

seriously. 

 Table 4-4. 4mm carbon fiber charge and discharge settlement results with different 

compression ratio 

 

 CD 60mA/cm2 80mA/cm2 100 mA/cm2 

CR 
PV EV EE EC OD ED EV EE EC OD ED EV EE EC OD ED 

(V) (%) (%) (%) (W/L) (Wh/L) (%) (%) (%) (W/L) (Wh/L) (%) (%) (%) (W/L) (Wh/L) 

10% 

2 75 73 97 292 70 66 63 95 264 25 63 54 85 250 29 

3 78 77 99 305 100 74 72 9 289 54 65 62 94 258 55 

4 82 79 95 316 130 89 67 73 329 124 68 65 95 269 80 

5 84 79 93 320 137 90 70 78 331 137 71 67 94 279 109 

20% 

2 83 74 89 315 142 91 85 94 336 184 82 74 90 314 124 

3 87 83 95 325 193 92 74 81 335 179 86 80 93 322 154 

4 88 86 97 327 206 88 85 96 325 162 87 81 93 325 162 

5 89 84 94 327 208 89 86 95 326 163 87 82 93 326 163. 

30% 

2 86 79 91 321 183 81 78 97 307 112 84 74 88 320 99 

3 91 86 94 331 222 84 84 99 319 149 85 77 90 322 11 

4 91 86 94 330 231 87 84 96 324 165 87 81 92 325 128 

5 91 86 94 331 236 89 84 94 326 171 88 80 91 323 118 

60% 

2 92 53 57 331 64 89 67 73 329 124 85 43 50 318 45 

3 93 65 70 333 89 90 70 78 331 137 89 75 84 329 98 

4 93 59 64 337 136 91 85 94 336 184 90 77 84 330 109 

5 92 56 60 338 239 92 74 81 335 179 90 67 74 331 115 
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Fig.4.8. Comparison of battery charge and discharge performance at different flow rates 

at the same compression ratio 

When the carbon fiber electrode is compressed, the fiber volume becomes smaller and the 

density becomes larger. The porosity and cross-sectional area of the electrode flow direction 

decrease, and the flow velocity increases under the same flow rate. The increase in speed 

promotes the flow of the electrolyte, enhances the convection of the electrolyte on the surface 

of the carbon fiber electrode, and causes the concentration overpotential  (Econ) to decrease. 

The calculation formula of the concentration overpotential is shown in formula (4-9)-(4-

13).[ 20] 

Where R is the general gas constant R, T is the experimental temperature, F is the Faraday 

constant, i is the charge and discharge current density, ilim is the limiting current density, C is 
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the volume concentration, K is the mass transfer coefficient[21], and V is the average velocity 

of the electrode solution. Q is the flow rate of the electrolyte, Afelt is the cross-sectional area, ρ 

is the electrode porosity, Lavg is the average length of the electrolyte flow path, Lfelt is the length 

of the carbon fiber electrode, and ε is the porosity after compression[22]. 

𝐸𝑐𝑜𝑛 =
𝑅̅𝑇

𝐹
𝑙𝑛 (

𝑖𝑙𝑖𝑚
𝑖𝑙𝑖𝑚 − 𝑖

 )                         (4 − 9) 

𝑖𝑙𝑖𝑚 = 𝐹𝐾𝐶 (4 − 10) 

𝐾 = 1.6 × 10−4𝑣0.4 (4 − 11) 

𝑣 =
𝑄𝐿𝛼𝜈𝑔

𝐴𝑓𝑒𝑙𝑡𝜀𝐿𝑓𝑒𝑙𝑡
(4 − 12) 

𝜀 =
𝜌𝑓𝑖𝑏𝑒𝑟 − 𝜌𝑓𝑒𝑙𝑡

𝜌𝑓𝑖𝑏𝑒𝑟
(4 − 13) 
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Fig.4.9. Current density of 60mA/cm2 and 100mA/cm2, the changes of battery EV, 

EC, EE under different CR and PV conditions. 
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Equation (4-11)-(4-13) calculates the concentration overpotential of the battery at different 

flow rates and different compression ratios. The calculation results are shown in Table 4-5. It 

can be seen from the data comparison that when the compression ratio is the same, increasing 

the flow rate can effectively reduce the concentration overpotential of the battery. The 

overpotential pair at PV=2V and PV=5V is reduced by 70%. 

But when the flow rate is the same, the CR of the carbon fiber is increased. When the CR 

exceeds 30%, the concentration overpotential of the battery will be increases. Therefore, an 

excessive compression ratio is not conducive to the concentration overpotential of the battery. 

Table 4-5. The influence of compression ratio and flow rate on battery overpotential 

 

Through the data of 50 times of charge and discharge, we also compared the influence of 

battery discharge capacity under different conditions (as shown in Fig.4.10). The experimental 

results show that under the same compression ratio, increasing the flow rate of the electrolyte 

reduces the discharge capacity. At the same flow rate, increasing the compression ratio will also 

reduce the discharge capacity of the battery. Since the thickness of the N211 diaphragm is 

CR 

(%) 

PV 

(V) 
ε 𝑳𝜶𝝂𝒈/𝑳𝒇𝒆𝒍𝒕 

Q 

(m3s-1) 

V 

(ms-1) 

K 

(ms-1) 

𝒊𝒍𝒊𝒎 

(Am-2) 

𝑬𝒄𝒐𝒏 

(mV) 

𝑹𝜴 

(𝜴cm2) 

10 

2 1.052 1.10 1.06×10-7 6.15×10-4 8.32×10-6 1292  38.23  1.91 

3 1.052 1.10 2.58×10-7 1.50×10-3 1.19×10-5 1844  20.08  1.615 

4 1.052 1.10 4.05×10-7 2.35×10-3 1.42×10-5 2208  15.49  1.465 

5 1.052 1.10 7.81×10-7 4.54×10-3 1.85×10-5 2872  11.00  1.36 

20 

2 0.976 1.08 0.97×10-7 6.71×10-4 8.61×10-6 1337  35.42  1.32 

3 0.976 1.08 2.57×10-7 1.78×10-3 1.27×10-5 1974  18.15  1.08 

4 0.976 1.08 3.89×10-7 2.69×10-3 1.50×10-5 2330  14.41  0.94 

5 0.976 1.08 5.56×10-7 3.85×10-3 1.73×10-5 2688  11.95  0.9 

30 

2 0.944 1.06 0.88×10-7 7.06×10-4 8.78×10-6 1364  33.93  1.17 

3 0.944 1.06 2.08×10-7 1.67×10-3 1.24×10-5 1924  18.84  1.04 

4 0.944 1.06 3.23×10-7 2.59×10-3 1.48×10-5 2295  14.70  0.89 

5 0.944 1.06 5.08×10-7 4.07×10-3 1.77×10-5 2751  11.61  0.84 

60 

2 0.794 1.02 0.20×10-7 3.21×10-4 6.41×10-6 996  - 1.1 

3 0.794 1.02 0.48×10-7 7.70×10-4 9.10×10-6 1413  31.60  0.74 

4 0.794 1.02 1×10-7 1.60×10-3 1.22×10-5 1895  19.27  0.66 

5 0.794 1.02 1.96×10-7 3.14×10-3 1.60×10-5 2481  13.26  0.65 
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thinner and the permeability of vanadium ions is higher, increasing the flow rate promotes the 

transfer of vanadium ions, which lowers the discharge capacity. When the compression ratio is 

increased at the same time, the pressure between the electrolyte and the diaphragm increases, 

which further accelerates the penetration of vanadium ions. 

4.2.4 Conclusion 

Through the charge and discharge experiment of the battery under different compression 

ratio and different electrolyte flow rate, the following conclusions are obtained by comparing 

the experimental data. 

In the case of the same compression ratio, increasing the electrolyte flow rate can reduce 

the internal resistance of the battery during charge and discharge. When the flow rate reaches a 

certain value, the charge and discharge resistance does not change. In the case of the same 

electrolyte flow, slightly compressing the carbon fiber electrode can also reduce the charge and 

discharge resistance of the battery. 

In the case of the same compression ratio, increasing the electrolyte flow rate can improve 

the charge and discharge performance of the battery. When the flow rate reaches a certain value, 

the electrolyte offset will increase and the battery EC will decrease accordingly. Therefore, the 

thickness of the ion membrane should be selected according to the actual situation. In the case 

of the same electrolyte flow, slightly compressing the carbon fiber electrode can also improve 

the charge and discharge performance of the battery. But when CR is too large, the performance 

of the battery will be offset. 

By comparing multiple charge and discharge data analysis, since this experiment uses N211 

diaphragm, the permeability of vanadium ions is relatively high, so the compression rate and 
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flow rate have a great influence on the battery discharge capacity. Therefore, choosing a 

separator with low vanadium ion permeability can increase the discharge capacity of the battery. 

In the case of the same compression ratio, increasing the flow rate of the electrolyte can 

effectively offset the concentration overpotential of the battery. In the case of the same 

electrolyte flow, the compression ratio is below 30%, which can reduce the concentration 

overpotential of the battery, and excessive compression will increase the concentration 

overpotential of the battery. 

4.3 Evaluation of performance of all-vanadium redox flow battery pack 

4.3.1Introduction 

In recent years, research on all-vanadium redox flow batteries has been increasing, but 

many researches use small single cells (electrode area of about 2*2cm) [23-26], and the 

circulating pump used is a constant flow hose pump[27]. This combination can achieve high 

current density charging and discharging in the laboratory, but it is difficult to achieve the 

original performance after the battery is enlarged. The main reason is that the flow of electrolyte 

inside the battery after expansion is more difficult to control than that of small single cells. In 

addition, after the battery is expanded into a battery pack, a fixed-flow hose pump cannot be 

used, and only a three-phase variable frequency pump can be used. This also increases the grasp 

of the electrolyte flow. 

4.3.2 Experimental method 

The battery pack used in this experiment is a self-made battery pack, and the electrode area of the 

single cell is 5*10cm2 and the thickness is 3mm. The electrolyte is 1.6mol electrolyte provided by LE 

Company. The test temperature is room temperature (about 25°C). The electrolyte circulating pump 

used in the experiment is a variable voltage screw pump. The calculation of this experiment is based on 

the formulas (4-2)-(4-7) described in 4.1.2. 
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Fig. 4.11 Three battery structure 

4.3.3 Experimental results 

Based on the experimental data in Chapter 3(Fig. 4.11), we assembled a battery pack of 

three cells. The performance of each single cell was compared through charge and discharge 

experiments, and the battery pack was continuously charged and discharged to verify the 

stability of the battery pack under multiple operations. 

Our research this time uses a single cell with an electrode area of 5*10cm, and uses a 

variable frequency pump for experiments, so commercial mass production can be achieved after 

this single cell is expanded. 

Fig. 4.12 The charge-discharge curve 
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The voltage difference between the individual cells of the battery pack is also an important 

data for evaluating the stability of the battery pack, so we fabricated three battery packs and 

evaluated the charge-discharge performance of each single cell. The charge-discharge curve is 

shown in Fig. 4.12. The calculated data are shown in Table 4-6. 

Table 4-6 The calculated data 

 
100mA/cm2 200mA/cm2 300mA/cm2 400mA/cm2 500mA/cm2 

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

IR(Ω) 0.52 0.47 0.54 0.47 0.43 0.49 0.47 0.43 0.48 0.4 0.41 0.4 0.46 0.41 47 

EV(%) 92 93 92 87 88 86 81 82 80 76 78.3 75 70. 73.0 69 

EC(%) 91 91 91 92 92 92 94 94 94 98 98 98 91 91 91 

CD(W/L) 331 332 330 319 321 318 305 308 303 292 296 290 275 280 273 

ED(Wh/L) 365 366 364 178 179 177 104 105 103 69 70 69 41 42 40 

EE(%) 84 85 84 80. 81 80 76 78 76 75 77 74 64 67 64 

It can be seen from the charge and discharge data of the current density of 100mA/cm2-

500mA/cm2 that the energy density of the battery pack exceeds 80% when the current density 

is 200mA/cm2. And the current density reaches about 75% when the current density is 

400mA/cm2. Compared with the current commercial stack, this battery pack has reached the 

world's advanced level. 

At the same time, with the increase of current density, a voltage difference is generated 

among the three groups of cells, as shown in Fig. 4.13. When the current density is 100mA/cm2, 

the voltage difference is below 0.01V. The cause of the voltage difference is that both ends of 

the battery pack are connected to the collector plate. Part of the impedance of the collector plate 

is included in the single cells at both ends, so a voltage difference is generated. 

Fig. 4.13 Charge and discharge voltage difference comparison 
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The operation stability of the battery pack is also one of the important methods to evaluate 

the battery performance. We continuously charge and discharge the battery pack at a constant 

current of 200 mA/cm2 and 300 mA/cm2. The performance of the battery pack in operation was 

evaluated. The charge-discharge curve is shown in Fig. 4.14, and the charge-discharge data is 

shown in Table 4-7 and Table 4-8. 

 

Fig. 4.14 200 mA/cm2 and 300 mA/cm2 continuous charge and discharge 

Table 4-7 200mA/cm2 continuous charge and discharge data (a: the second time, b: the tenth time) 

 

a 

1 2 3 

b 

1 2 3 

IR(Ω/cm2 ) 0.567 0.537 0.507 0.525 0.467 0.525 

EV(%) 84.48 85.18 86.22 85.77 87.23 85.77 

EC(%) 92.86 92.86 92.86 95.84 95.80 95.84 

OD(W/L） 309 309 317.5 316.5 319.25 316.5 

ED(Wh/L） 186.43 186.43 191.56 222.96 224.81 222.87 

EE(%) 78.45 79.10 80.06 82.21 83.57 82.21 

Table 4-8 300 mA/cm2 continuous charge and discharge data (c: the second time, d: the tenth time) 

 

c 

1 2 3 

d 

1 2 3 

IR(Ω/cm2 ) 0.561 0.521 0.573 0.501 0.441 0.498 

EV(%) 78.00 79.33 77.53 79.96 82.11 80.09 

EC(%) 96.46 96.46 96.46 93.83 93.83 93.83 

OD(W/L） 298.75 300.25 296.75 300.25 304 300.75 

ED(Wh/L） 117.76 118.35 116.97 130.61 132.24 130.83 

EE(%) 75.25 76.52 74.79 75.03 77.04 75.15 

 

Since the battery needs to start the electrolyte when starting the first charge, the calculation 

starts from the second charge and discharge. Through the continuous charging and discharging 
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data, it can be seen that the charging and discharging performance of the battery pack is 

improved. The reason for the analysis is that when the battery is continuously charged and 

discharged, the temperature of the battery pack system increases, and the viscosity of the 

electrolyte decreases, so the charging and discharging performance is improved. 

4.3.4 Conclusion  

By combining the above studies, a 3-cell stack was assembled, and the following 

conclusions were obtained by charging and discharging experiments of the cell stack. 

1. With a current density of 200mA / cm2, the energy efficiency of the 3-cell stack is 

maintained above 80%. At the same time, the internal resistance of charge and discharge is less 

than 0.5Ω, reaching the world's top class level. 

2.3 Comparing the charge and discharge of the 3-cell stack, the voltage difference between 

the cells on both sides and the cell in the middle is about 0.01V. The cause was that the cells on 

both sides had gold-plated copper plates, so there was resistance from the copper plates, and 

the internal voltage of the cells on both sides rose. 

3. The charge / discharge performance of continuous charge / discharge was higher than 

that of the 10th and 2nd data. The reason is that the temperature of the electrolytic solution rises 

during continuous charging / discharging, the viscosity decreases, and the reactivity of the 

electrolytic solution improves. Therefore, it is necessary to maintain a constant temperature 

during operation. 

4.4 Concluding remarks 

Through the above research, The optimal design of the inlet and outlet flow paths of the 

stack, through simulation and charge-discharge experiments, verified the fluidity of the 

electrolyte inside the stack, and tested the charge-discharge performance of different flow paths. 

The optimal design of the electrolyte flow rate and the compression ratio of the carbon fiber 

electrode, by testing the performance of the battery under different thicknesses and different 

flow rates, the optimal compression ratio and optimal flow rate of the 3mm thick carbon felt 

were obtained. 
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4.5 Nomenclature 

A    area (m2 )  

C    concentration (molm−3 )  

D   density(*/L) 

d   discharge 

E    efficiency (%)/energy 

F    Faraday constant (96485 Cmol−1 ) 

i    current density (Am−2 )  

K    mass transfer coefficient (ms−1 ) 

L    length (m)  

O   output density (W/L) 

Q    flow rate (m3s −1 )  

𝐑̅    universal gas constant (8.314 kJ kg−1K−1 )  

R    area specific resistance (Ωcm2 )  

t    thickness (m)  

T    temperature (K)/Time(s) 

U   charge and discharge voltage(V) 

v    velocity (ms−1 )  

V    cell voltage (V) 

V    volume(L) 

Greek Symbols  

ε    porosity  

ρ    density (gcm−3 )  

Ω    ohm  

Superscripts and Subscripts  

avg   average charge charge process  

con   concentration  

discharge  discharge process  

felt    felt  

fiber   fiber  

lim    limiting 
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Chapter 5 Conclusions 

In this study, the constituent materials, battery structure and external factors of the all-

vanadium redox flow battery were analyzed. Design and assemble single cells for experimental 

analysis, and assemble three battery packs for verification tests. The designed vanadium redox 

flow battery has reached the current world-leading level. 

1.Through the heat treatment test and CNT coating test on carbon fiber electrodes, the 

following conclusions are obtained: 

(1). The change in the carbon fiber electrode after the heat treatment was confirmed by the 

heat treatment experiment and Raman analysis, and the charge / discharge performance of the 

carbon fiber electrode after the heat treatment was also confirmed in the charge / discharge 

experiment. Experiments have shown that heat treatment temperature performance between 

1500 ° C and 2400 ° C is more suitable for vanadium-based redox flow batteries. 

(2). Electrodes with good charge / discharge performance were obtained by CNT coating 

experiments. The maximum current density for charging and discharging was 400mA / cm2. At 

the same time, energy efficiency has increased to 15%. After coating, the internal resistance of 

charge and discharge of the electrode was also reduced by 1/3. Charge transfer resistance is 

reduced to 1/4 of the original. 

2.Through the optimal design of the inlet and outlet flow paths of the battery, the following 

conclusions are obtained: 

(1). Judging from the simulation results, whirlpools did not occur due to the flow of the 

electrolytic solution in the comb tooth flow path, so the flow uniformity of the electrolytic 

solution is the best. From the viewpoint of charge / discharge performance, the performance of 

the comb tooth flow path is good when the flow rate of the electrolytic solution is small. When 

the flow rate is high, the performance is the same as that of the parallel flow path 2. 

(2). It is better that the width of the entrance and exit of the two types of parallel flow path 

frames is adjusted, and as a result, the width of the exit is larger than the entrance. This is 

because the larger the width of the outlet, the faster the outflow of the reacted vanadium ions. 

As a result, the charge / discharge performance of the battery is improved. 



Chapter 5 Conclusions 

 

114 

3.Through the optimal design of electrolyte flow and carbon fiber electrode compression 

ratio, the following conclusions are obtained: 

(1). When the compression ratio is the same, increasing the electrolyte flow rate can 

improve the charge / discharge performance of the cell. When the flow rate exceeds 2 ml / min 

/ cm2, the improvement in performance diminishes. At the same time, when there is a 

compression ratio, the uniform fluidity of the electrolytic solution is also maintained stably. 

(2). When the flow rate of the electrolytic solution is the same, increasing the compression 

ratio reduces the internal resistance during charging and discharging of the cell. If the 

compression ratio exceeds 60% for a 3 mm carbon fiber electrode, the charge / discharge 

performance of the cell will deteriorate. 

4.Through the continuous charge and discharge experiments of the three assembled 

batteries, the constant current charge and discharge experiments were carried out, and the 

following conclusions were obtained: 

(1). With a current density of 200mA/cm2, the energy efficiency of the 3-cell stack is 

maintained above 80%. At the same time, the internal resistance of charge and discharge is less 

than 0.5Ω, reaching the world's top class level. 

(2).3 Comparing the charge and discharge of the 3-cell stack, the voltage difference 

between the cells on both sides and the cell in the middle is about 0.01V. The cause was that 

the cells on both sides had gold-plated copper plates, so there was resistance from the copper 

plates, and the internal voltage of the cells on both sides rose. 

(3). The charge / discharge performance of continuous charge / discharge was higher than 

that of the 10th and 2nd data. The reason is that the temperature of the electrolytic solution rises 

during continuous charging / discharging, the viscosity decreases, and the reactivity of the 

electrolytic solution improves. Therefore, it is necessary to maintain a constant temperature 

during operation.
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