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Abstract - This article comprehensively introduces the working principle of hydrogen fuel cells, the application of hydrogen fuel cell vehicles, and the impact of hydrogen fuel cell technology development on society. Hydrogen fuel cells convert hydrogen and oxygen into electrical energy through electrochemical reactions, with water being the only by-product, making it an efficient and environmentally friendly energy solution. The article first explains the basic working principle of hydrogen fuel cells, including their main components such as electrolytes, anodes, and cathodes, and how hydrogen and oxygen generate electricity in the cell. Then, it discusses their application in automobiles and related research achievements. Finally, the article assesses the social impact of hydrogen fuel cell technology. On the one hand, they have significant implications for reducing greenhouse gas emissions and air pollution. On the other hand, the development of hydrogen fuel cells has also driven the advancement of related technologies, especially in the fields of 3D printing and automated manufacturing. These technological advancements not only optimize the production process of hydrogen fuel cells but also help reduce costs and improve product quality
1. INTRODUCTION

Recent years have seen a steady increase in both energy demand and consumption because to the world's socioeconomic economy's quick development. Traditional fossil fuels, such coal, oil, and natural gas, have much less reserves accessible, and their extraction is becoming more complicated and expensive. Furthermore, an increasingly severe global greenhouse effect and environmental degradation are the results of the excessive extraction of fossil fuels. Thus, many nations are in dire need of the development and application of new, clean, low-carbon, recyclable alternative energies. Among them, hydrogen energy can be burned directly or obtained through chemical reactions, making it a superior clean and sustainable energy source and carrier. It can also store and release energy in the form of a storage medium for variable renewable energy sources. The widespread use of hydrogen energy is crucial to addressing environmental pollution, resolving the energy crisis, and achieving global carbon neutrality because of its many benefits, which include high energy storage density, wide sources, recyclability, cleanliness, zero carbon emissions, and a variety of utilization forms.[1,2,3]

However, to achieve large-scale, commercialized low-carbon applications of hydrogen energy, a series of key technical issues still need to be resolved. Among these, the development of safe, efficient, and economically reliable fuel cell technology is an important prerequisite for the large-scale application of hydrogen energy in the field of transportation. Currently, there are various forms of fuel cell technology and fuel cell vehicles, but they generally face challenges such as high costs for supporting core materials and key components, and the need for improved conversion efficiency and response rates. This article systematically introduces the current state of key technologies in hydrogen fuel cells, compares and analyzes the advantages and disadvantages of existing technologies, and provides a detailed presentation of the working principles of fuel cell vehicles. It also offers in-depth thoughts and prospects on the development trends and technological pathways of hydrogen fuel cell vehicles.
2. HYDROGEN FUEL CELL ENGINES
Fuel cells are power-generating devices that use electrochemical reactions to transform fuel's chemical energy into electrical energy. They do not undergo a thermodynamic cycle and thus are not limited by the Carnot cycle, resulting in higher energy conversion efficiency. Since the electrochemical reaction in fuel cells does not produce sulfur oxides or nitrogen oxides, fuel cell technology is considered the cleanest, most environmentally friendly, and efficient recyclable power generation technology. With the development of fuel cell technology, its performance and adaptability have gradually improved. Currently, it is mainly used in fuel cell vehicle engines, fuel cell power stations, distributed cogeneration systems, and portable power generation equipment, becoming one of the key technologies for the large-scale application of new energy. Presently, fuel cells are categorized based on the type of fuel used and the characteristics of the electrolyte, including Methanol Fuel Cells (DMFC), Phosphoric Acid Fuel Cells (PAFC), Alkaline Fuel Cells (AFC), Proton Exchange Membrane Fuel Cells (PEMFC), Solid Oxide Fuel Cells (SOFC), and Molten Carbonate Fuel Cells (MCFC). Each type of fuel cell differs in working temperature, fuel type, and power generation efficiency (see Table 1 for a comparative analysis of the characteristics of each type of fuel cell), but their overall structure and working principle are fundamentally the same.
Table 1: Comparison of Characteristics of Various Types of Fuel Cells
	Fuel Cell Types
	Fuel
	Operating Temperature (℃)
	Conversion Efficiency (%)

	Methanol Fuel Cell
	Methanol
	60～130
	30～40

	Phosphoric Acid Fuel Cell
	Hydrogen Gas
	100～200
	40～50

	Alkaline Fuel Cell
	Hydrogen Gas
	50～200
	50～60

	Proton Exchange Membrane Fuel Cell
	Hydrogen Gas
	50～100
	40～60

	Solid Oxide Fuel Cell
	Hydrogen Gas
	800～1000
	50～60

	Molten Carbonate Fuel Cell
	Hydrogen Gas
	650～700
	50～55


The Proton Exchange Membrane Fuel Cell (PEMFC) is a typical hydrogen fuel cell that uses hydrogen as the fuel for electrochemical reactions and air or oxygen as the oxidant. The PEMFC is composed of a fuel cell stack, a control system, and a gas supply system, among other components. The fuel cell stack is the core element for power generation, mainly consisting of membrane electrode assemblies (MEAs) and bipolar plates. The MEA is crucial for the occurrence of electrochemical reactions and the conversion of electrical energy in a PEMFC. Structurally, from the inside out, it comprises the Proton Exchange Membrane (PEM), anode/cathode catalytic layers, anode/cathode gas diffusion layers, and sealing rings. The proton exchange membrane is used to transfer protons and separate the anode and cathode reaction areas during the electrochemical reaction. The anode/cathode catalytic layers (CL) serve as catalyst carriers to facilitate the electrochemical reactions. The anode/cathode gas diffusion layers (GDL) ensure the uniform distribution of reaction gases to the catalytic layer. Lastly, the sealing rings are employed to fix and seal the membrane electrode assembly.
Proton Exchange Membrane Fuel Cells (PEMFC) are commonly used to provide electric power for fuel cell vehicles, enabling them to drive. The working principle involves converting the chemical energy of fuel gas and oxidants into electrical energy. This process utilizes the reverse reaction of electrolyzing water to produce hydrogen in a proton exchange membrane. The specific electrochemical reaction principle is as follows: The fuel hydrogen gas is delivered to the membrane electrode assembly through the bipolar plate and is uniformly guided to the anode catalytic layer by the anode gas diffusion layer, where it reacts. The hydrogen gas is oxidized, releasing electrons to form positively charged hydrogen ions. These hydrogen ions are then driven by an electric potential difference to pass through the proton exchange membrane to the cathode catalytic layer. Electrons flow into the external circuit to form an electric current. Simultaneously, oxygen from the oxidant is guided to the cathode catalytic layer, where it is reduced to oxygen ions that combine with hydrogen ions to form water. This is the only by-product of the electrochemical reaction in a proton exchange membrane fuel cell. The working principle is illustrated in Figure 1.[4,5,6]
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Figure 1: Proton Exchange Membrane Fuel Cell Operating Schematic
Compared to other types of fuel cells, Proton Exchange Membrane Fuel Cells (PEMFCs) offer several advantages, including high energy conversion efficiency, low operating temperatures, the use of air as the oxidant, non-corrosive electrolytes, fast dynamic response, environmentally friendly by-products, noise-free operation, and the potential for energy recycling. However, they also have some drawbacks, such as the high cost of using precious metal materials and the requirement for high-purity hydrogen fuel. Consequently, PEMFCs, with their superior overall performance and wide range of applications, have become the mainstream technology in fuel cell vehicles.

A low-voltage current is produced by the fuel cell engine system of a fuel cell vehicle via an electrochemical reaction. After that, an inverter increases this current and couples it with the auxiliary power system to power the motor system and the car as a whole. When operating a fuel cell engine system that engages in an electrochemical reaction, the control system can send out commands to modify the flow of hydrogen and air. This makes it possible to precisely manage the fuel cell's output current and, eventually, the speed and torque of the fuel cell vehicle.
Many scholars have achieved significant research results in the field of fuel cell vehicle studies. Breuer and colleagues investigated the impact of fuel cell electric vehicles on greenhouse gas emissions and air pollution. They employed a detailed spatial model to estimate the contribution of road transport to greenhouse gas and other harmful emissions. Their research concluded that using fuel cell propulsion for all trucks could reduce emissions of carbon dioxide, nitrogen oxides, and particulate matter by 7% to 28%[7]. Zhou used a multi-objective optimisation approach to investigate the coupling of fuel cells with other energy systems, and found that the addition of fuel cells resulted in significant reductions in cost and emissions.[8]. With the development of manufacturing technology, fuel cell production technology is also gradually improved, while the expansion of the fuel cell industry has also stimulated the progress of manufacturing technology [9,10]. Gye-Eun Jang and GuYoung Cho proved that 3D printing technology is a great help at the level of customisation and precise control of thin layers in fuel cell production [11].
3. THE IMPACT OF HYDROGEN FUEL CELL ENGINE TECHNOLOGY ON SOCIETY
The development of hydrogen fuel cell vehicles has had a profound impact on society, which is particularly evident at the level of energy saving and 3D printing technology. Firstly, as the emissions of hydrogen fuel cell vehicles are only water vapour, the pollution of the environment is greatly reduced compared to the emissions from conventional fuel vehicles. Second, hydrogen is a clean energy source, and replacing conventional engines with hydrogen fuel cell engines can significantly reduce dependence on fossil fuels and promote sustainable development. Finally, the development of hydrogen fuel cells has greatly contributed to the development and application of 3D printing technology, which allows for more precise manufacturing of complex components, which is essential for the efficient production of hydrogen fuel cell systems.
4. CONCLUSIONS

The emergence of hydrogen fuel cell vehicle engine technology, as a 21st-century innovation in energy science, marks a significant shift from traditional fuel-driven propulsion to a more environmentally friendly and efficient new energy drive. The application of hydrogen fuel cell vehicle engine technology not only achieves zero tailpipe emissions but also brings new opportunities and challenges to the automotive industry. In the future, as the technology matures further and its economic benefits increase, hydrogen fuel cell vehicles are expected to become an important part of new energy vehicles, leading the automotive industry into a new phase of greener and smarter development.
REFERENCES

[1] G. W. Crabtree, M. S. Dresselhaus, Materials Science Division, and Massachusetts Inst. of Tech, “The hydrogen fuel alternative,” Materials research bulletin, 2008.
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