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Abstract: The increasing global energy demand, depleting fossil-fuel resources, and growing concerns about climate 
change and environmental pollution have accelerated the development of efficient, sustainable energy-conversion 
technologies. Fuel cells are promising alternatives owing to their high energy-conversion efficiency, low emissions, 
modularity, and broad applicability in transportation, stationary power generation, and industrial systems. This review 
presents an overview of major fuel-cell technologies, focusing on their operating principles, key components, material 
requirements, technological developments, and performance limitations. It emphasizes designing and selecting 
functional materials for electrodes, electrocatalysts, electrolytes, membranes, and interfaces, considering catalytic 
activity, ionic and electronic conductivity, chemical stability, mechanical strength, and durability. The review discusses 
recent progress in non-precious-metal electrocatalysts, advanced polymer electrolyte membranes, and high-temperature 
fuel-cell materials in relation to improving efficiency, reducing costs, and minimizing dependence on critical resources. 
The review further examines emerging fuel-cell systems, commercialization trends, and global patent developments 
across major technological domains. It highlights current challenges and future research opportunities, particularly in 
materials innovation, system optimisation, durability, cost reduction, and large-scale commercialisation. Overall, the 
review offers insights into the evolving fuel-cell landscape and its potential to contribute to sustainable energy 
generation. 
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1. INTRODUCTION 

In the world, just eight countries have 81% of all 

crude oil and 89% of all coal reserves; six countries 

have 70 % of natural gas reserves. Globally, energy 

consumption has been tremendously increasing, which 

results in the diminishing of natural resources like gas, 

oil, coal, etc. Additionally, global warming is increasing 

on account of rapid industrialisation and the 

widespread use of natural resources like water, coal 

and fossil fuels. Besides these, the world population is 

increasing, and by 2050 the world population is  
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expected to reach 12 billion; 6 on account of this, there 

is a great demand for energy for future needs [1]. To 

overcome these peoples have paid much attention to 

developing alternative or renewable energy sources, 

which include solar, wind, bio-energy, hydropower, 

ocean energy, hydrogen and fuel cells (FCs), which 

play a significant role and meet consumers’ demands. 

Among the different kinds of renewable energy 

generators, one is fuel cells. Due to their potential to 

provide both power and heat. Basically, a fuel cell (FC) 

is an energy conversion device that converts chemical 

energy directly into electrical energy and produces 

water as a byproduct [2, 3]. However, an FC differs with 

battery in which they require a continuous source of 

fuel and oxygen to sustain the chemical reaction and 

produce electricity continuously as long as these inputs 
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are supplied, whereas in the case of a battery, the 

chemicals react with each other to generate an 

electromotive force. The efficiency of FC is high in 

comparison with conventional engines (CE), in which 

there is an intermediate mechanical step that reduces 

efficiency while converting chemical energy into 

electrical energy, but in the case of FC, without any 

intermediate step, chemical energy can be directly 

converted into electrical energy [4]. So far, there are 

different types of FCs that exist, and each FC should 

consist of an anode, a cathode, and an electrolyte, 

which allows positively charged hydrogen ions (or 

protons) to move between the two electrodes. The 

anode is where oxidation occurs and generates 

positively charged H+ ions and electrons; moves 

through the external circuit and reach the cathode, 

where reduction reactions take place and generate 

H2O as a byproduct by using externally supplied 

oxygen (O2). However, the main difference among fuel 

cell types is the electrolyte, which is the deciding factor 

regarding the classification. Fuel cells have noticeable 

benefits like energy security (reducing oil 

consumption), reliability, low operating cost, choice of 

fuel, high efficiency (converts 50-70% of available fuel 

to electricity and 90% with heat recovery), generates 

power continuously, with clean output emissions 

(mainly H2O); with these peoples anticipated that it can 

be a smart and suitable material for futuristic energy 

applications. However, the working capability of a fuel 

cell mainly depends on its design components, like the 

electrolyte (which plays a crucial role in FCs), the type 

of fuel used, anode and cathode materials [5] and 

some constraints on these material sections were 

disclosed in the literature [6]. Based on the choice of 

electrolyte and input fuel named different types of fuel 

cells are named as proton exchange membrane fuel 

cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid 

fuel cell (PAFC), molten carbonate fuel cell (MCFC), 

solid oxide fuel cell (SOFC), and direct methanol fuel 

cell (DMFC). In the cases of AFC, PEMFC and 

phosphoric acid fuel cells, they essentially require 

relatively pure hydrogen (as input fuel) to be supplied 

to the anode; therefore, an external fuel processor is 

required, and this introduces complexity, increases the 

cost and decreases the efficiency of the fuel cells. In 

other cases, MCFC and SOFCs operating at higher 

temperatures have the advantage that both CO and H2 

are electrochemically oxidised at the anode. 

Additionally depends on the electrolyte used, which 

creates a difference in start-up time ranging from 1 

second for proton exchange membrane fuel cells 

(PEMFC) to 10 minutes for solid oxide fuel cells 

(SOFC). Moreover, the efficiency of the fuel cell also 

depends on the stacking of individual cells in all cases. 

Upon keen observation, hydrogen is the main input fuel 

in most of the fuel cells in order to produce electricity. 

The choice of fuel will also influence the 

commercialisation of fuel cells. In this aspect, we 

should focus on hydrogen storage materials and also 

the cheapest technology for the large-scale production 

of hydrogen [7]. The rising global demand for energy, 

along with concerns about fossil-fuel depletion, 

greenhouse-gas emissions, and climate change, has 

heightened the search for efficient and sustainable 

energy-conversion technologies. Conventional energy 

systems that largely rely on fossil fuels have notable 

environmental impacts, including carbon dioxide 

emissions and other pollutants. As a result, more 

attention is being paid to renewable-energy 

technologies and low-carbon energy-conversion 

systems to help transition to more sustainable energy 

infrastructure. Among the technologies being explored, 

fuel cells have attracted significant interest because 

they convert the chemical energy of a fuel directly into 

electrical energy through electrochemical reactions, 

without requiring an intermediate combustion or 

mechanical conversion step. In a hydrogen-oxygen fuel 

cell, the overall reaction generates electricity and water, 

although the system's overall environmental 

performance also depends heavily on how the 

hydrogen fuel is produced. Unlike traditional batteries, 

fuel cells are not mainly limited by the amounts of 

reactants stored within the electrochemical device. 

When fuel and oxidant are provided continuously, 

electrical energy can be generated continuously. This 

quality makes fuel cells appealing for a wide range of 

uses, such as transportation, stationary electricity 

generation, combined heat and power, backup power, 

and portable energy systems. The performance of a 

fuel-cell system depends significantly on the 

characteristics and compatibility of its individual 

components. The electrolyte or membrane determines 

which ion is transported through the cell, thereby 

influencing operating temperature and electrochemical 

reactions. Electrode and catalyst materials affect 

reaction kinetics, while gas-diffusion layers and bipolar 

plates influence reactant transport, electrical 

conduction, water management, heat transfer, and 

mechanical integrity. Thus, material selection is a 

central factor affecting fuel-cell efficiency, power 

density, durability, and cost [8, 9]. Recent research 

increasingly aims to improve these characteristics 

through better membranes, electrocatalysts, 

electrodes, and other functional materials. Among the 
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various fuel-cell technologies, PEMFCs have gained 

substantial attention for transportation and other 

applications that require high power density, compact 

design, and a quick response. Current research 

focuses on reducing the need for platinum-group 

metals, improving proton-exchange membranes, 

optimizing gas-diffusion layers and low-field structures, 

and increasing bipolar plates that are resistant to 

corrosion. Advances in PEMFC materials between 

2021 and 2025 have comprised single- and dual- atom 

catalysts, advanced proton-exchange membranes, 

better gas-diffusion layers and multilayer bipolar plates. 

Fuel cells operating at high temperatures, especially 

solid oxide fuel cells, have several advantages 

including high electrical efficiency, fuel flexibility and the 

ability to produce both heat and power. On the other 

hand, the high operating temperatures can cause 

thermal stresses, lead to material incompatibility, result 

in electrode degradation, cause problems with sealing 

and give rise to long-term durability issues [10, 11]. 

Due to this, current research is increasingly 

concentrating on operating at intermediate 

temperatures, using advanced ceramic electrolytes, 

improving the electrodes and employing proton-

conducting ceramic materials. The development of the 

hydrogen economy is also closely linked to the role of 

fuel cells. Hydrogen can function as an energy carrier 

by connecting renewable electricity, energy storage 

and electrochemical power generation. However, it 

should not be automatically regarded as a zero-

emission energy carrier since its environmental impact 

varies according to the method of its production. The 

International Energy Agency (IEA) states that global 

demand for hydrogen exceeded 100 million tonnes in 

2025, although demand from new applications such as 

mobility and power generation is still limited when 

compared with conventional fossil-based products. 

Heavy trucks remain the only very fast-growing market 

for fuel cell electric vehicles, with China leading in 

deployment [12].  

1.1. Review Scope and Literature-Selection 
Methodology 

This article is a narrative review rather than a 

systematic review or meta-analysis. It discusses 

foundational studies and the cited literature on fuel-cell 

chemistry, electrodes and membranes, bipolar plates, 

durability, commercialization, hydrogen supply, and 

patent activity. The discussion prioritizes peer-reviewed 

research and review articles, established technical 

handbooks, and identifiable patent-statistics sources. 

The manuscript record available for this revision does 

not document a reproducible database search or formal 

screening protocol; therefore, the review is presented 

as a narrative synthesis and no claim of exhaustive 

database coverage is made. For transparency, this 

revision was informed by a targeted supplementary 

search of publicly accessible scholarly records and 

official technical sources including Scopus, Web of 

Science, ScienceDirect and Google Scholar, through 

20 October 2026. Figure (1) presents an overview of 

the fuel-cell system architecture, reactant flow, 

 

Figure 1: Fuel-cell system overview showing fuel and oxidant inputs, electrochemical conversion, useful electricity and heat, 

and reaction products. 
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electrochemical conversion process, and life-cycle 

considerations. Search concepts included fuel-cell 

types and charge carriers; electrocatalyst activity and 

durability; polymer-electrolyte conductivity and fuel 

crossover; solid-oxide operating temperature and 

degradation; sources were retained when they directly 

addressed fuel-cell chemistry, materials, component 

design, device performance, degradation, system 

deployment, hydrogen infrastructure, commercialization, 

or the interpretation of patent and techno-economic 

evidence. Materials research, device engineering, 

commercialization, hydrogen infrastructure and patents 

are included because material performance alone does 

not determine deployability: component properties 

affect cell performance and durability, while fuel 

availability, system cost, manufacturing and intellectual-

property activity influence practical adoption. This is a 

targeted narrative update, not a protocol-driven 

systematic search counts or exhaustive-screening 

claim is made. 

In this review, we focus on different types of fuel 

cells and recent developments in their design 

components, especially electrolytes, fuel types, 

operating temperatures, efficiency comparisons, and 

maintenance costs. We also focus on developments in 

graphene-based metal materials used as anode and 

cathode components in fuel cell technology for high 

energy storage. All these are based on literature 

available on fuel cell technology [13-25]. Overall, this 

review discusses the basic principle of operation, 

classifications, advantages, developments and 

suitability of applications.  

2. HISTORICAL NOTES ON FUEL CELL 
TECHNOLOGY 

As for historical notes on fuel cells, first of all, 

Alessandro Volta (1745-1827) was the first scientist 

who observed the electrical phenomena on a scientific 

footing and later continued by J. W. Ritter (1776-1810) 

to develop an understanding of electricity on those 

issues. In the year 1802, Sir Humphrey Davy designed 

a simple fuel cell based upon a compound C/H2O, 

NH3/O2/C, which carries a weak electric shockwave. 

The basic principle of the fuel cell was first revealed by 

Christian Friedrich Schonbein in the year 1838, and the 

next year Sir William Grove developed the first fuel cell 

constructed by reversing the electrolysis of water [26]. 

After a long time, in 1899, Nernst discovered solid 

oxide electrolytes [27] and in 1937, the first ceramic-

based solid oxide fuel cell operated at 1000 °C by Baur 

and Preis [28]. Later, in 1945, a few research groups 

took over the studies on fuel cells to improve their 

technologies towards industrial development. After that, 

in 1950, Francis Bacon first introduced the alkaline fuel 

cell of 5 kW. Additionally, people found that FCs had 

much more intensive applications in space program 

technology, and NASA spent tens of millions of dollars 

on hydrogen-based fuel cells, and they succeeded. In 

the year 1980, the USA, Canada, and Japan 

governments significantly increased their funding for 

the fuel cell R&D sector. Starting in the 1990 Ballard 

used fuel cell technology and ran buses on the basis of 

compressed hydrogen. Nowadays, fuel cell devices are 

common in transportation and power generation. 

3. WORKING PRINCIPLE  

As we mentioned above, a fuel cell is a device that 

converts chemical energy directly into electrical energy, 

where the fuel is hydrogen; the only by-products are 

pure water and heat. The core of each fuel cell consists 

of an electrolyte and two electrodes (anode and 

cathode). At the negative anode, hydrogen (a fuel) is 

oxidised, whereas at the positive cathode, oxygen is 

reduced, and ions are transported through the 

electrolyte from one side to the other. The 

electrochemical conversion takes place by means of 

two separate half-cell reactions at the anode and 

cathode. At the anode, hydrogen molecules undergo 

oxidation by releasing protons and electrons. The 

electrolyte allows suitable ionic species to pass 

between the electrodes while at the same time 

stopping any direct electronic conduction through the 

electrolyte. The charge carrier depends on the fuel-cell 

type. PEMFCs, PAFCs and DMFCs conduct protons 

(H+), AFCs conduct hydroxide ions (OH-), MCFCs 

conduct carbonate ions (CO3
2-), while conventional 

SOFCs conduct oxide ions (O2-) and proton-conducting 

SOFCs conduct H+ ions. Electrons do not pass through 

the electrolyte; instead, they travel through the external 

circuit, producing useful electrical power. The electrons 

which are released therefore have to pass through an 

external electrical circuit, producing useful electrical 

power. At the cathode, oxygen is reduced and reacts 

with the protons and electrons which have been 

transported to form water. The simultaneous 

electrochemical reactions therefore enable the direct 

conversion of the chemical energy stored in hydrogen 

into electricity without any combustion or mechanical 

process [29]. 

The actual voltage obtained from a fuel cell is less 

than the theoretical equilibrium voltage due to a 

number of irreversible losses; these losses are 
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generally associated with activation polarization, ohmic 

losses and mass-transfer or concentration polarization. 

The activation losses are linked to the kinetics of the 

electrode reactions, especially those concerning the 

oxygen reduction reaction at the cathode. Ohmic 

losses arise from resistance to proton transport through 

the electrodes and the current-collecting components. 

At high current densities, limitations in the transport of 

reactant gases and in the removal of water can cause 

concentration losses and further lower the cell voltage 

[30]. Hence, the performance of a fuel cell is very much 

dependent on various operating parameters such as 

temperature, pressure, current density and the 

characteristics of the electrolyte and electrode 

materials. In the case of PEMFCs, effective water and 

thermal management are especially important since 

membrane hydration affects proton conductivity, but too 

much accumulated water can hinder the transport of 

the reactants. As a result, recent studies have 

concentrated on optimizing the properties of the 

membrane, the catalyst layers, the gas-diffusion layers 

and the operating conditions in order to achieve stable 

performance, particularly at high current density [31]. 

4. CLASSIFICATION OF FUEL CELLS  

The fuel cells are classified based on the choice of 

electrolyte as well as type of fuel. Presently, six major 

types of fuel cells are available, as follows. These are 

further differentiated on the basis of operating 

temperature. A comparative summary of the major fuel-

cell technologies, including electrolytes, charge 

carriers, operating temperatures, strengths, and 

limitations, is shown in Figure (3). The minimum 

operating temperature ranges from room temperature 

to 250 °C for PEMFC, PAFC, and AFC, and the high 

operating temperature ranges from 650-1000 °C for 

SOFC and MCFC. In addition to electrolyte and fuel 

type, temperature, charge-carrier species, and fuel-

processing requirements. Low-temperature systems 

such as PEMFCs, AFCs and DMFCs generally offer 

rapid start-up, whereas high-temperature systems such 

as MCFCs and SOFCs provide greater tolerance 

toward hydrocarbon fuel cells. They can also be 

distinguished according to their operating fuels and 

enable effective utilization of waste heat. These 

characteristics strongly influence the selection of 

materials, system design and potential applications of 

each fuel-cell technology [32]. 

4.1. Proton Exchange Membrane Fuel Cell (PEMFC) 

The proton-exchange membrane fuel cell (also 

known as the solid polymer fuel cell) consists of two 

electrodes separated by an electrolyte. Depends upon 

the choice of electrolyte and type of fuel used, which 

differs from other fuel cells. It has unique operational 

properties due to the presence of a polymer 

membrane-based electrolyte, and it has significant 

advantages over other types of liquid-based electrolytic 

fuel cells, which are easy to manufacture, with cell 

designs and convenient stacking (depending on 

material selection). The PEMFC basically shows high 

power density [33], and it is a promising material for 

next-generation energy applications. The fuel used in 

PEMFC is less-pure hydrogen derived from 

hydrocarbons or methanol, and the electrolyte is a 

polymer proton exchange membrane (Teflon-like 

membrane). It is basically an insulator but conducts H+ 

ions well, and it operates at low temperatures in the 

range of 50- 80 °C [34], making it a convenient power 

system for commercial applications such as cell 

phones, laptop computers, and power generators. The 

operating principle and charge transport mechanism of 

a proton-exchange membrane fuel cell are illustrated in 

Figure (2). Besides this, bipolar plates play a key role in 

proton exchange membrane (PEM) fuel cells with 

multifunctional characteristics, especially uniform 

distribution of fuel gas as well as air, conduction of 

electrical current from cell to cell, elimination of heat 

from working regions, control of gas leakage, and also 

significantly improving the stack of PEM fuel cells [35]. 

Regarding electrocatalysts, Sheng Zhang et al. report 

on recent developments in nanostructured 

electrocatalysts of Pt and Pt-based components. 

Platinum is the most effective electrocatalyst for fuel 

cells, and Pt nanocrystals with smaller sizes will usually 

provide a high electrochemical surface area, which 

increases the catalytic activity [36]. Pt nanocrystals with 

specific surface structures will significantly improve the 

reduction reaction. The electrode reactions in the PEM 

fuel cell are as follows: the hydrogen from the input fuel 

gas is consumed at the anode, generates electrons 

(oxidation process), and produces H+ ions, which enter 

into the electrolyte and travel towards the cathode and 

combine with oxygen and electrons (reduction process) 

to produce water. Progressively, several programs 

have been going on to improve and develop the 

PEMFC stack technology for motive applications. 

Because of this, Qingfeng et al. developed a PEMFC 

with a high operating temperature (above 100 °C) 

using perfluorosulfonic acid (PFSA) polymer 

electrolytes [37]. The main advantage is quick start-up 

for automotive vehicles due to its high-power density. 

The major drawbacks of the PEMFC are that it shows 

low efficiency, just about 40-45%, the use of a high-
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cost platinum catalyst, and its susceptibility to carbon 

monoxide. PEMFC power systems are also being 

developed for household electricity (3-7 kW for 

residential and 50 kW for buildings) and hot water 

applications. Recently, Ballard Power Systems 

(Canada) developed a 250 kW PEMFC power source. 

Currently, the development of a 7 kW PEMFC is carried 

out by Plug Power for domestic applications. The 

American Department of Energy is funding a project 

[38] which is led by General Motors and includes 

Ballard Power Systems to develop a PEMFC fuel cell 

car operating on methanol as fuel. This has also 

announced a programme to develop a hydrogen-fuel 

PEMFC fuel cell. However, the researchers are still 

 

Figure 2: Schematic illustration of the operating principle of a proton-exchange membrane fuel cell (PEMFC), showing proton 

transport through the membrane and electron flow through the external circuit. 

 

 

Figure 3: Comparative overview of six major fuel-cell types, their electrolytes, charge carriers, indicative operating-temperature 

ranges, and key strengths and limitations.  
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focusing on fallowing parameters regarding PEMFC 

forefficiency: high proton conductivity, low electronic 

conductivity, low permeability to fuel, good chemical 

thermal stability, good mechanical properties, and low 

cost. Current PEMFC technology is based on 

expensive perfluorinated PEMFCs that operate 

effectively only under fully hydrated conditions. 

Alternative PEMFCs are classified into the following 

categories: modified Nafion composite membranes, 

functionalized non-fluorinated membranes, acid base 

composite membranes [39]. Recent PEMFC research 

shows growing interest in reducing platinum usage 

while maintaining catalytic activity and durability. 

Researchers are exploring non-precious-metal 

catalysts based on transition metal-nitrogen-carbon (M-

N-C) materials are promising substitutes as potential 

alternatives to conventional Pt-based electrocatalysts, 

especially for the oxygen reduction reaction. However, 

enhancing their long-term stability and performance 

under practical fuel-cell operating conditions remains 

an important challenge [40]. Although these catalysts 

can substantially reduce cost and in some cases 

approach the activity of Pt-based catalysts, their long-

term durability under practical operating conditions 

generally remains inferior. Therefore, current PEMFC 

research focuses on balancing catalytic activity, 

durability, and cost rather than maximizing activity 

alone. Another crucial research direction focuses on 

developing advanced polymer electrolyte membranes 

and membrane-electrode assemblies with improved 

proton conductivity, mechanical strength, chemical 

stability, and reduced gas crossover. Composite and 

hydrocarbon-based membranes are being investigated 

as potential alternatives or supplements to standard 

perfluorosulfonic-acid membranes, particularly to 

improve performance at higher temperatures and lower 

humidity levels [41]. The recent advances in non-

precious metal catalysts (CS Fe/N-C), which have a 

curved-surface single-atom iron catalyst and feature a 

special outer protection + inner catalysis 

microenvironment, allow for replacing platinum 

catalysts in PEMFCs with excellent output performance 

and long-term stability. Moreover, hierarchically porous 

Co-N-C electrocatalysts, with improved mass transport 

and better cobalt utilization efficiency, have been 

developed for use in oxygen reduction in high-

performance PEMFCs. Finally, a method for producing 

Co-N-C electrocatalysts in the solid phase on a 

kilogram scale by means of the Kirkendall effect has 

established a generally applicable and environmentally 

sustainable way of carrying out large-scale production 

[42]. 

4.2. Alkaline Fuel Cell (AFC) 

Alkaline fuel cell (AFC) is also called a Bacon fuel 

cell, and it is similar to PEMFC but differs in electrolyte 

and fuel. In the case of AFC, potassium hydroxide is 

used as an electrolyte and pure hydrogen or hydrazine 

as an input fuel. It has a low operating temperature, 

which is around 100 ºC which constitutes pollution-free 

energy conservation, and it shows high efficiency 

compared to PEMFC, which is around 60-70%. The 

major advantage is that it has a quick start-up nature, 

and the disadvantage is very sensitive to CO2 gas, 

which has been investigated by several research 

groups and reveals poisoning of electrocatalysts in 

AFCs with rolled electrodes due to CO2. It needs a 

separate system to remove the CO2 from the air. In this 

AFC, different types of cells are present, which are a 

fuel cell with a free liquid electrolyte between 

electrodes; a cell with liquid KOH in the pore systems; 

a matrix cell where the electrolyte is fixed in the 

electrode matrix [43]. All types of AFCs consist of 

porous electrodes. There are several problems 

concerning AFCs have been reported in the literature. 

The noticeable problems are: the preparation method 

of the electrodes with noble metal catalysts is very 

expensive, which is reflected in terms of cost. The 

electrolyte is very corrosive, and the catalyst materials 

are sensitive, leading to high degradation of these 

catalysts, such as nickel and silver. The use of a 

corrosive electrolyte is one of the disadvantages 

because it has a shorter lifespan. Therefore, it is not 

very preferable for commercial applications like cell 

phones, computers, and household power systems. 

This type of fuel cell is used in transportation and 

space aircraft [44]. The Major drawbacks of traditional 

liquid-electrolyte AFCs are their vulnerability to carbon 

dioxide. CO2 interacts with alkaline electrolytes to form 

carbonate compounds that can hinder ionic 

conductivity and alter electrode performance. To 

overcome some of the issues linked with corrosive 

liquid KOH electrolytes, anion-exchange membrane 

fuel cells (AEMFCs) have emerged as a key area of 

research direction. AEMFCs use solid polymer 

membranes that conduct hydroxide ions and offer the 

possibility of using more affordable non-platinum-

group-metal catalysts. However, challenges like 

membrane stability, hydroxide conductivity and 

carbonate formation still need to be addressed [45]. 

4.3. Phosphoric Acid Fuel Cell (PAFC) 

The operating temperature for a phosphoric acid 

fuel cell (PAFC) is around 160-210 ºC. This 
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temperature is relatively high in comparison with 

PEMFC. The electrolyte is phosphoric acid, and the 

fuel is hydrogen from hydrocarbons and alcohols [46]. 

The electrochemical oxidation and reduction reactions 

are similar to those occurring in PEMFC and AFC 

systems. The cost of this fuel cell is high because it 

uses a platinum catalyst, which is a drawback. The 

advantage of PAFC is that it does not suffer from 

carbon dioxide-induced electrolyte degradation, as 

seen in the case of AFC, and it shows noticeable 

efficiency around 44-46 %. This fuel cell is used in 

stationary power generators with output in the range of 

100-400 kW for commercial premises, and they are 

also a suitable application in large vehicles like buses. 

These PAFCs are used in heat applications and 

installed in various countries like Japan, the USA, and 

Europe. The new developments are in the 

management of phosphoric acid quantity, a new type of 

cell configuration, non-external replenishment of 

phosphoric acid, specifications like cell dimensions and 

voltage, and cooling parts [47]. The higher operating 

temperature of PAFCs compared with PEMFCs allows 

effective heat recovery, making them suitable for 

combined heat and power applications. However, their 

relatively low power density, slow start-up, and 

dependence on platinum-based electrocatalysts remain 

important limitations compared with other fuel-cell 

technologies [48]. 

4.4. Molten Carbonate Fuel Cell (MCFC) 

This molten carbonate fuel cell (MCFC) is a high-

temperature fuel cell that operates around 600 ºC and 

above, and which has promising high efficiency (60 %) 

and is a more sustainable power-generation fuel cell. 

The improved efficiency offers significant cost 

reductions over phosphoric acid fuel cells (PAFCs), 

which have efficiencies of just 44-46%. Besides this, 

when waste heat is captured and used, the overall fuel 

efficiencies can rise up to 85%. It consists of porous 

electrodes and a liquid electrolyte (molten carbonate) 

that consists of sodium and potassium carbonate. It 

has its own internal reforming (converted to hydrogen 

within the fuel cell itself) capability, and it separates 

hydrogen from the fuel; the remaining process is the 

same as other cells like PEMFC. The disadvantage of 

MCFC technology is low durability due to high-

temperature operation and a corrosive electrolyte, 

decreasing cell life and causing slow startup. Currently, 

research is going on to explore corrosion-resistant 

materials for components for fuel cell designs that 

increase cell life without decreasing performance. The 

recent developments in key issues of MCFC 

components like cathode, anode, matrix, current 

collectors and bipolar plates are discussed in the 

literature [49]. Currently, the focus of MCFC 

development is improving long-term durability. This 

involves issues like corrosion, electrolyte loss, and 

electrode degradation that can occur during high-

temperature operations. Researchers are exploring 

better formulations for electrodes and electrolytes, as 

well as corrosion-resistant materials and innovative 

stack configurations. To enhance the operating life of 

these systems while maintaining high electrical 

efficiency and effective heat utilization [50]. 

4.5. Solid Oxide Fuel Cell (SOFC) 

The SOFC is also a high-temperature fuel cell; in 

contrast to other fuel cells, it is designed to operate 

within a wide temperature range of 500-1,000°C. For 

the desired operating temperature, it is necessary to 

take into account parameters like the type of fuel and 

the properties of electrolytes; here we used solid 

electrolytes like yttria-stabilised zirconia and doped 

perovskite. The advantage of this fuel cell shows high 

efficiency of up to 60% and produces additional 

electricity by recycling operation process of waste heat 

[13]. The SOFC also exhibits internal reforming 

capability, as mentioned in MCFCs. In the case of 

SOFC, the stack is to be integrated with a gas turbine, 

so the system temperature exceeds about 850oC. The 

fuels used here are diesel, petrol, and propane to 

produce H2 and CO gases for the anode, where the 

electrochemical oxidation reactions occur. However, 

the properties of the solid electrolyte will influence 

material selection as well as stack design, which 

depends on the stability of the electrode-electrolyte 

interface, optimal material composition, and the 

selection of bipolar plates and the arrangement of seals 

necessary for SOFC stacks. At present, research is 

focused on designing a 250kW commercial stack 

model. The drawbacks include high cost, slow start-up, 

and an inability to sustain highly fluctuating loads. 

Recently, proton-conducting SOFCs are being 

developed, which transport protons as an alternative to 

oxygen ions through the electrolyte, enabling operation 

at lower temperatures than traditional SOFCs [51].  

The possible reactions at the anode, cathode, and 

overall reaction are as follows;  

Anode: 2 H2 →  4 H+ + 4 e- 

Cathode: O2 + 4 H+ + 4 e- → 2 H2O 

Overall: 2 H2 + O2 → 2 H2O + ΔE 
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Recently, a growing interest in solid oxide fuel cell 

(SOFC) research has focused on lowering operating 

temperatures while still achieving high ionic 

conductivity and effective electrode performance. 

Proton-conducting ceramic fuel cells are particularly 

promising because they allow protons through the 

electrolyte, enabling them to function at lower 

temperatures compared to traditional oxygen-ion-

conducting SOFCs. This shift to lower temperatures 

can help minimise thermal stresses, accelerate start-up 

and permit the use of a wider variety of materials for 

the cell components [51]. However, lowering operating 

temperature may reduce electrode reaction kinetics 

and ionic conductivity, leads to lowering in 

electrochemical performance. Thus, intermediate-

temperature SOFCs are increasingly viewed as a 

compromise between high performance and long-term 

durability. Metal-supported solid oxide fuel cells (MS-

SOFCs) have become a major development, providing 

improved efficiency and durability for use in biofuel-

powered mobility applications. Research carried out 

between 2020 and mid-2025 has brought about a 

clearer understanding of electrocatalysis in MS-SOFCs 

[52]. Solid oxide fuel cells are further classified into two 

types, based on conducting charge species, as oxygen 

ion-conducting solid oxide fuel cells (O2--SOFC) and 

proton-conducting solid oxide fuel cells (H+-SOFC).  

4.5.1. Oxygen-Conducting Solid Oxide Fuel Cells 

The operation of an oxide ion-conducting solid oxide 

fuel cell (O2-- SOFC) is shown in Figure (4) states that 

when H2 is used as fuel, the fuel is oxidized at the 

anode. The external circuit is traversed by the released 

electrons. Oxygen ions (O2-) are created on the 

cathode side when oxygen atoms absorb incoming 

electrons from the external circuit. After moving through 

a dense electrolyte to the anode, the oxygen ion joins 

forces with H+ ions to create water.  

Anode reaction: 

𝐻2 +  𝑂2− → 𝐻2𝑂 + 2𝑒− 

(or) 𝐶𝐻4 + 4𝑂2− → 2𝐻2𝑂 + 𝐶𝑂2 + 8𝑒− 

Cathode reaction 

𝑂2 + 4𝑒− → 2𝑂2− 

Overall cell reaction 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 

(or) 𝐶𝐻4 + 2𝑂2 → 2𝐻2𝑂 + 𝐶𝑂2 

The limitations of O2--SOFCs include high operating 

temperatures, which lead to cell component 

deterioration, a restricted selection of materials and 

their associated costs, and a lengthy start-up time [53, 

54].  

4.5.2. Proton-Conducting Solid Oxide Fuel Cells 

H+-SOFCs are ceramic high-temperature proton 

conductors that have been attracting significant 

attention for a range of electrochemical applications, 

such as steam electrolysers for hydrogen production, 

 

Figure 4: Conceptual diagram of a SOFC based on (a) an oxygen ion-conducting SOFC; (b) Hydrogen ion-conducting SOFC. 
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hydrogen pumps and membranes, hydrogen sensors, 

and as the electrolyte materials for intermediate 

temperature (500-750 ºC) solid oxide fuel cells (IT-

SOFCs) [55]. The first systematic study of high-

temperature proton conductivity in doped strontium and 

barium cerate ceramic oxides was conducted in the 

1980s [55]. Proton conduction has a lower activation 

barrier than oxide ion conduction due to the smaller 

size of the H+ proton carrier (~0.9 Å) compared with the 

oxygen ion (1.4 Å). Thus, proton-conducting oxides 

have better conductivity than oxide-ion conductors. 

This gives proton-conducting solid oxide fuel cells a 

considerable benefit, namely lower operating 

temperatures, over oxide-ion solid oxide fuel cells. H+-

SOFCs thus have a larger material selection for the cell 

and accessory components [56]. Figure (4) depicts the 

schematic diagram and operating principle of an H+- 

SOFC. H2 molecules pass through the porous fuel 

electrode (anode) to the anode-electrolyte interface 

(triple phase barrier), where they break down into 

hydrogen ions and electrons (e- and H+). These 

hydrogen ions go across the thick electrolyte to the 

cathode. The electrons travel via the external circuit to 

the cathode side, where they react with oxygen 

molecules and protons to form steam. Unlike O2-

SOFCs, water is produced on the cathode side, 

preventing fuel dilution and improving fuel cell 

performance [57]. 

𝐻2 → 2𝐻+ + 2𝑒− 

2𝐻+ + 0.5𝑂2 + 2𝑒− → 𝐻2𝑂 

The desired requirements of a proton conductor are: 

(1) it should possess oxygen vacancies either 

structurally or by lower valence doping; (2) a favourable 

crystal structure for the fast transport of the protons 

[58, 59]. 

4.6. Direct Methanol Fuel Cell (DMFC) 

Over the past few decades, DMFCs have been 

widely studied and are a promising energy conversion 

device. The DMFC is novel in comparison with other 

fuel cells. In this case, a polymer-based electrolyte is 

used, like in other cells, such as PEMFCs. The fuel 

used is a liquid fuel (methanol or alcohol) that can be 

derived from oil, natural gas, coal or biomass. The 

DMFC will also require platinum-based catalysts for the 

fuel electrode. The operating temperature is around 

60–200oC. At the cathode, the recombination of the 

positive ions and negative ions takes place and 

produces water as by product and anode hydrogen 

dissociation occurs. Polymer electrolyte-based DMFCs 

are directly supplied with methanol at the anode, where 

oxidation occurs; that is, methanol is directly oxidized 

to carbon dioxide and possible compounds such as 

formic acid, formaldehyde and other organic molecules, 

and these organic molecules decrease the fuel use [60-

64]. The reaction process at the anode, cathode and 

the overall reaction process occurring in a DMFC 

equipped with a proton-conducting electrolyte is 

followed below: 

CH3OH + H2O  →  CO2 + 6H+ + 6e-  (Anode) 

3/2 O2+ 6H++ 6e- →  3 H2O  (Cathode) 

CH3OH + 3/2 O2 →  CO2 + H2O  (Overall) 

This fuel cell has a unique advantage because 

methanol is safe for storage and transportation, and 

besides this fell produces a fast anodic reaction rate 

because methanol does not break bond between C-C 

and it has high energy density. The current technology 

concerning catalysts is not sufficient to support and 

develop a large-scale production of cost-effective and 

highly efficient DMFCs. A single DMFC can produce 

only 0.3-0.5 V under laden conditions. It is mainly used 

to replace batteries for cameras, other portable 

electronic applications and notebook computers in the 

range of 1 W to 1 kW capacity. The Smart Fuel Cells 

Company has commercially created DMFCs from the 

completely portable system of 15 W to the semi-

portable 250 W systems [65]. One of the major 

technical limitations of DMFCs is the issue of methanol 

crossover through the polymer electrolyte membrane 

from the anode to the cathode. This crossover can lead 

to reduced fuel efficiency, lower performance at the 

cathode, and can even cause mixed-potential losses. 

As a result, current research focuses on developing 

membranes that have lower methanol permeability, 

alongside developing highly active catalysts for both 

the anode and cathode that can tolerate methanol 

effectively [66]. A critical analysis has been carried out 

of recent developments in direct liquid fuel cells 

(DLFCs) employing various fuels such as methanol, 

ethanol, and dimethyl ether, and dimethyl ether has 

now appeared as a possible future energy vector for 

use in DLFC applications [67].  

5. MATERIALS SELECTION FOR FUEL CELL  

Before going to the material section, it is necessary 

to know about material constraints. The materials 

selection for a commercial product needs a repeatedly 

checking design and, which eventually becomes exact 
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for a particular product and application. However, it is 

likely to make a few common statements regarding the 

selection of materials for fuel cells. The overall area-

specific resistivity (ASR) of the fuel cell components 

(anode, cathode and electrolyte) must be below 0.5Ω 

cm2 and ideally condition 0.1Ω cm2 to ensure high 

power densities, with targets of 1 kW dm–3 and 1 kW 

kg–1 often mentioned for transport applications. The 

high-power density is also an important parameter to 

reduce the cost of the fuel cell. The minimisation of cell 

resistive components plays a significant role in the 

selection of materials. To achieve minimized resistivity, 

these are the criteria one should consider: the gaseous 

reactants, electrocatalyst, electrolyte and current 

collector have to be brought into closer contact within a 

confined spatial region; for low-temperature systems, it 

is better to introduce hydrophobic polytetrafluoro- 

ethylene (Teflon), metal, carbon powders or porous 

carbon papers are good electronic pathways for further 

reduction of resistivity. Electrolytes like liquid KOH, 

phosphoric acid and molten carbonates ensure low 

ASR values based on their suitable design approaches 

and whose ionic conductivity values are greater than 1 

S cm-1; besides these, the Nafion membrane, whose 

thin film (100 µm) is used in the PEMFC system, can 

reduce resistivity. When operating with pure hydrogen 

and air, platinum is the most active material and is used 

as a catalyst. To reduce the cost, nanoparticles of 

platinum on a carbon support have been developed. 

This loading has been significantly reduced from 2 

mg/cm2 of electrode to values below 0.5 mg/cm2 

without much impact on performance and lifetime [68, 

69]. The structural arrangement of the membrane-

electrode assembly and the major material components 

used in PEM fuel cells are illustrated in Figure (5). 

The other important component in the fuel cell is the 

bipolar plate, which plays a significant role in stacking 

individual cell components and functions as a 

distributor of fuel and air to electrodes (anode and 

cathode). In the case of PEMFC and PAFC systems, 

graphite material is used as bipolar plates and, 

recently, for better functioning, carbon-based materials 

which are produced by injection moulding or coated 

stainless steels. The additional constraints influencing 

material selection will also depend on reliability and 

durability issues; in combined heat and power system 

parameter plays important role. The section on fuel in 

the case of AFC is pointed out in this report [70]. The 

materials currently being used in PEMFC, MCFC and 

SOFC prototype demonstrations are reported in the 

literature [71, 72]. In the case of SOFC, the design 

configuration components are yttria-stabilised zirconia 

(YSZ) as an electrolyte, La(Sr)MnO3 for the cathode, 

and Ni-YSZ for the anode. All these are successful 

technical compounds, relatively expensive, and efforts 

are still going on to replace them with alternatives. In all 

types of fuel cells, bipolar plates should be corrosion-

 

Figure 5: Structural architecture of a proton exchange membrane fuel cell (PEMFC) membrane-electrode assembly (MEA) 

showing material components, proton transport, electron flow, and electrochemical reaction pathways. 
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resistant; for this, graphite material is preferred. 

However, the conductivity of graphite materials is less 

than that of metallic materials, and the conductivity 

values are: C polymers, ~ 1 S cm–1; graphite, 103 S cm–1. 

The polymer/graphite compounds are developed with a 

conductivity of 10 S cm–1 to reduce resistivity, and the 

graphite materials are porous and optimisation of 

carbon weight percentage is well reported [73, 74]. The 

most promising materials are stainless steels, as the 

other candidate metals such as titanium, niobium, 

tantalum and gold are too expensive. Stainless steels 

can provide satisfactory performance for several 

thousand hours [75, 76]. Recent developments in 

electrocatalyst materials have involved single-atom 

catalysts (SACs), among which Fe-N4 sites are the 

best non-precious cathode catalysts have reached 

peak power densities of approximately 1.0 W cm-2 in 

H2/O2 fuel cells under optimized testing conditions. 

Dual-atom catalysts, in which the Fe-Co diatomic sites 

are modified by boron atoms, have also shown 

promising results. Moreover, carbon-based non-

precious metal catalysts, such as those doped with 

heteroatoms and transition metals, are currently being 

developed to deal with the problems relating to cost 

and performance [77]. There has been considerable 

progress in advanced membranes and electrolytes. 

Membranes based on nanofibers have appeared, 

providing a range of approaches that make use of both 

electrospun and natural nanofibers as key elements in 

PEMs and AEMs. Composite electrolyte membranes 

incorporating functional polymer nanofibre frameworks 

are being developed in order to achieve high proton 

conductivity. Filter-crosslinked membranes for 

hydrogen fuel cells are advancing the generation of 

sustainable energy. Finally, hydrocarbon-based 

membranes are being studied as alternatives to 

perfluorosulfonic acid membranes [78]. Comparisons 

across fuel-cell classes show that no single material set 

is optimal for every application. Low-temperature 

polymer-electrolyte systems offer compact designs and 

rapid start-up, but they remain sensitive to catalyst 

cost, membrane crossover, water management, and 

degradation. High-temperature carbonate and oxide 

systems can use a wider range of fuels and recover 

useful heat, yet they face thermal-cycling stresses, 

sealing challenges, and demanding materials 

compatibility. Consequently, peak laboratory activity or 

conductivity alone is not sufficient for material 

selection: durability under realistic operating cycles, 

manufacturability, critical-material demand, and whole-

system efficiency must also be considered. Compare 

performance figures only when fuel composition, 

temperature, pressure, catalyst loading, active area, 

and test protocol are comparable. 

6. RECENT DEVELOPMENTS IN FUEL CELLS 

In recent developments, people are very focused on 

the optimal size of the fuel cell for specific applications, 

which can make it easier to synchronise and locate the 

fuel cell in a distributed system to meet the highest 

efficiency demands for different applications. In the 

present market, different fuel cells are available whose 

power ranges from 0.5 kW to 2 MW. Specifically, the 

research intensively focuses on MCFC, PEMFC and 

SOFC fuel cells to reduce the cost (by replacing the 

platinum catalyst with metal/carbon related material), 

and some research groups are heavily involved [79, 

80]. And increase the lifespan of fuel cells to more than 

40,000 h. Presently, PEM fuel cell capacity reaches 

about 7 kW, which is carried out by Plug Power for 

residential applications, and 250 kW power capacities 

are under testing conditions by Ballard Systems. 

Recently, SOFC has achieved success in stationary 

power applications. People have developed SOFCs 

and tested a 250kW hybrid system that has achieved 

an efficiency of around 52%, and the still efforts were 

going on to develop SOFCs in different ranges, starting 

from 1 and 25 kW, and they are also introduced high 

efficiency power system of capacity about 5 kW to 

reduce its installation cost. Moreover, further research 

is focusing on PEMFC and PAFC systems for 

combined heat and power generation [81, 82]. Besides, 

this research is also focusing on developing DMFCs for 

commercial applications and increased cell 

performance from 100 kW to 1 MW. Fuel Cell Energy, 

Inc. has researched MCFCs for stationary power 

generation applications and developed 1.2 MW power 

systems, which is the largest distributed generation 

power plant for commercial purposes. Germany has 

reached of 250, 300 and 400 kW for MCFCs [83]. 

Recently, the increase in fuel-cell development has 

increasingly directed towards enhancing durability, 

lowering system costs and increasing the use of non-

precious-metal catalysts. Particularly, the focus is being 

given to improving the durability and catalyst efficiency 

of PEMFCs, while SOFC research is focused on 

lowering operating temperatures and enhancing the 

stability of cell components. These enhancements are 

crucial for ensuring that fuel-cell systems can operate 

reliably over the long haul and be deployed more 

widely in commercial settings [84]. From 2024 to 2026, 

there were developments in the commercial sector, 

such as Ballard Power Systems introducing its FCmove 

®-SC hydrogen fuel cell engine at the end of 2025; this 
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is a high-efficiency platform designed for use in buses. 

Toyota declared its intention to put fuel cell-powered 

Class 8 trucks into its commercial logistics fleets by 

early 2027 and has also entered into a new agreement 

with Hyroad to carry out large-scale commercial 

deployment of hydrogen trucks in the United States. 

Powercell Group obtained a contract to provide fuel cell 

systems for two liquid hydrogen-powered cargo ships 

(with 4 MW of installed power) and for 14 Marine 

System 225 units, supplying more than 3 MW of power. 

Furthermore, Advait Energy Transitions reached a pact 

with Norway’s TECO Fuel Cell Technology for the 

development of scalable hydrogen fuel cell systems for 

use in data centres, stationary power, heavy-duty 

transport, mobility and maritime applications. The 

current global market trends show that global demand 

for hydrogen reached about 100 million tonnes in 2024 

and is expected to go beyond this figure in 2025. 

Among all sectors, heavy-duty trucks are the only one 

in which the number of fuel cell electric vehicles is 

growing rapidly, with China taking the lead in terms of 

deployment. Global investment in low-emissions 

hydrogen production neared $8 billion in 2025, 

reflecting a year-on-year increase of 80 per cent, 

although electrolysis is expected to make up 80 per 

cent of the spending in 2025 even though it will only 

account for 56 per cent of the production from projects 

currently under construction [85, 86]. Fuel-cell 

commercialization should be application-based and 

based on the maturity of the evidence. Demonstrated 

operating installations, products launched to market, 

awarded contracts, announced partnerships, and 

proposed future deployments are different categories 

and should not be reported interchangeably. PEMFCs 

are commonly discussed for transport and distributed 

power, while SOFCs and MCFCs are relevant to 

stationary generation and combined heat and power; 

maritime and heavy-duty applications have their own 

requirements for fuel storage, system integration and 

durability. Reported power capacities and project status 

should be dated and tied to a traceable source. 

Hydrogen-demand, hydrogen-cost and low-emissions-

hydrogen investment estimates also depend on 

geography, production pathway, reporting year and the 

inclusion or exclusion of storage and delivery. Because 

the supplied manuscript did not retain source-level 

documentation for all of its specific market figures, 

those figures are not repeated here as verified facts. 

Future updates should prioritize official statistics and 

clearly distinguish announcements from commissioned 

systems and sustained operation. 

7. COUNTRIES AND THEIR PATENTS ON FUEL 
CELLS 

The number of fuel cell patents increased by 51% 

from 1806 in 2010 to 2732 in 2011; it was 3% more 

than the combined United States Patent and 

Trademark Office (USPTO) and European Patent 

Office (EPO) patents, and 10% higher than the overall 

granted patents worldwide. The number of patent 

filings also increased by 58% in 2011 compared to 

2010, which is more than the total worldwide 

applications (8%) or combined USPTO and EPO 

applications (1%). USA and Japan dominated in 

granted patents, accounting for 69% of total patents in 

2011. Most of them are related to the automotive 

sector, showing their commitment towards better fuel 

cell technology. Asia has emerged as a dominant 

patenting force with double-digit growth in applications 

from Japan and China. More than two million 

applications were filed worldwide in 2011 under the 

Patent Cooperation Treaty (PCT) system (direct and 

PCT national phase entries) [87]. The combined 

USPTO and EPO figures reported by Fuel Cell Today 

were 1801 granted fuel-cell patents in 2010, rather than 

1806. In between 2010-2011, the total number of 

worldwide patents increased by 10%, while fuel cell 

patents increased by 51%, equating to growth in fuel 

cell-related intellectual property (IP). The US and 

European patent offices published a combined total of 

2,732 granted fuel cell patents in that year. The effects 

of the global economic crisis were not reflected in 2011 

granted patents (65%) due to the filing of the majority 

of applications before 2007. A recommended workflow 

for conducting a reproducible fuel-cell patent-landscape 

analysis is presented in Figure (6). Japanese companies 

like Honda, Toyota, Panasonic, Nissan, Hitachi and 

others make up half of the top ten global holders of 

granted patents in 2011. Japanese companies are 

interested in fuel cell technology due to automotive 

development and residential micro-combined heat and 

power (micro-CHP) applications. In the USA, General 

Motors heads the granted patents list for 2011 with 

23% of the country’s total patents and other patents are 

from UTC Power, Delphi Technologies, Bloom Energy, 

Fuel Cell Energy, IDA Tech and Honeywell, each 

contributing 24 or more to the total. In Germany, the 

Clean Energy Partnership (CEP) is a national 

organisation focusing on developing standards for 

hydrogen production, infrastructure and mobility. 

Daimler and Siemens are members of CEP; these 

companies work together to overcome their competitive 

boundaries and advance hydrogen technologies. In  
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South Korea, Samsung has 80% of granted patents in 

the country; Hyundai and LG Chemical Ltd contribute 

smaller amounts to the total. In France, CEA (Atomic 

Energy Commission) contributed 40% to the total. 

Along with society BIC (Ballpoint Pens Company), 

Renault and Air Liquide, these companies account for 

75% of French fuel cell patents. In Canada, Versa 

Power Systems, which works on solid oxide fuel cell 

systems and the development of 2 to 10 kW stationary 

systems for CHP (combined heat and power) 

applications, is leading the list of granted patents with 

around 20% of the total. In the UK, Johnson Matthey 

(JM) has 20% of the country’s total granted patents. JM 

specialises in platinum-based products and sells fuel 

cell catalysts and membrane electrode assemblies 

(MEA) for fuel cell systems. For five years, there has 

been a large increase in the number of granted fuel cell 

patents in China (included in PCT in 1994). The recent 

development of IP in the country highlights it as an 

important end-user of fuel cells. By 2010, China was 

involved in 78% of all granted patents, a significant shift 

in IP protection by fuel cell researchers and 

developers. This percentage dropped in 2011, with an 

absolute reduction of 78 despite an increase in total 

granted patents, but it still shows the importance of IP 

protection in the country. Asia remains the dominant 

region in granted patents; most of them are from Japan 

and Korea. North America holds second place, led by 

the USA, and the rest of the world region continues to 

lag behind the other regions. But adoption of the 

technology in the rest of the world is growing. In 2011, 

Japan, USA, Germany and Korea showed their 

dominance in both fuel cell patent applications and 

granted patents published during the year. The top ten 

companies of granted patents (Table 1) are from the 

automotive sector, with other companies including 

residential micro-CHP fuel cell manufacturers and well-

known multinationals. Automotive fuel cell technology is 

expected to reach commercialisation during the next 

three years; they are all developing products for sale. 

Japanese manufacturers like Panasonic, with the 

continued success of residential micro-CHP, will be at 

the top of the patent statistics as they further optimise 

their products for sale both domestically and overseas. 

If we look back over the past ten years, typically less 

than 1% of granted patents included China, but a shift 

has taken place in the industry with strong emphasis on 

IP protection in China. To improve the existing 

technology, allowing longer lifetimes, increased 

durability, and lower cost, intense research is being 

carried out. This effort will continue alongside the 

discovery of new materials with the potential to improve 

fuel-cell technology; these discoveries will lead to 

continued growth in patent activity also.  

 

Figure 6: Schematic overview for the recommended workflow for reproducible fuel-cell patent-landscape analysis.  
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Apart from this, recently in annual review on fuel 

cells and hydrogen energy (2015) has revealed [90] a 

graphical overview of fuel cells. In which they reported 

on several points concerning fuel cells, which are as 

follows: the number of countries with policies that are 

directly or indirectly pro-fuel cells or hydrogen has 

increased in 2014; global fuel cell shipments and 

regions of manufacture from the year 2009-2015, share 

of companies in the fuel cell industry by various 

countries like Europe, North America, Canada, and 

Asia (Japan, China). They revealed that the usage of 

fuel cells from the past decade onwards drastically 

increased in industry, transportation, domestic, and 

power generators. The review also reports on various 

electrolytic mixers which improve the performance of 

fuel cells. The increase in patent activity as described 

above reflects the broader development of fuel-cell 

technologies in transportation, stationary power 

generation and domestic applications. Therefore, 

continued research on new materials, catalysts, 

membranes and cell components is expected to 

support improvements in fuel-cell durability and cost-

efficiency [91]. Patent trends between 2020 and 2025 

indicate that China has become the main source of 

innovation and the primary target market for hydrogen 

fuel cell stack technology. By 2024, China held 78 of all 

the granted patents in certain fuel cell categories. 

Japan remains at the forefront of fuel cell patent 

applications, a position it has maintained due to its 

work in the automotive sector and in residential micro-

CHP applications. South Korea has also been very 

active in terms of patents, with Samsung, Hyundai, and 

LG Chemical Ltd making significant contributions. India 

has demonstrated growing patent activity in alternative 

fuels, particularly in the areas of hydrogen fuels and 

hydrogen internal combustion engines, as shown by 

the patent publications from January 2024 to March 

2025 [92]. 

8. CHALLENGES AND FUTURE PERSPECTIVES 

8.1. Technical Challenges 

The durability of fuel cells is a major obstacle to 

their commercialization. For stationary applications, 

PEMFCs need to have a lifespan of more than 40,000 

Table 1: Leading Assignees of Fuel-Cell Patent Applications in 2010, 2011, and 2024 [88] 

S. No. Company No. Fuel cell Patents-2010 No. Fuel Cell Patents-2011 No. Fuel Cell Patents-2024 

1 Samsung 68 191 245 

2 Honda 50 217 289 

3 General Motors 48 194 201 

4 Toyota 26 188 312 

5 Panasonic 24 92 156 

6 Nissan 22 87 98 

7 Hitachi 22 36 67 

8 Delphi 17 33 45 

 

Table 2: Ratio of Applications to Granted Patents [89] 

S. No Country 
2010 

Applications 
2010 

Granted 
2010 Ratio 

2011 
Applications 

2011 
Granted 

2011 Ratio 2024 Ratio 

1. Japan 1374 618 2.2 2376 1040 2.3 2.1 

2. USA 1080 601 1.8 1495 841 1.8 1.7 

3. China 15 N/A N/A 20 N/A N/A 1.9 

4. Germany 341 187 1.8 552 285 1.9 1.8 

5. South Korea 206 177 1.2 418 240 1.7 1.6 

6. France 126 46 2.7 179 72 2.5 2.4 

7. UK 67 30 2.2 120 46 2.6 2.5 
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hours, and for automotive applications, that range is 

5,000 to 10,000 hours. The ways they degrade are 

through catalyst dissolution, membrane thinning, and 

bipolar plate corrosion [93]. The reduction of costs 

involves platinum-group metal catalysts, since they 

make up a major part of the expense of fuel cells. 

Although non-precious metal catalysts have potential, 

Table 3: Number of Patent Applications Per Country of 
Origin [89] 

Country 2010 2011 2024 

Japan 1,374 2,376 3,890 

USA 1,080 1,495 2,456 

Germany 341 552 856 

South Korea 206 418 890 

France 126 179 245 

UK 67 120 198 

Taiwan 71 112 98 

Canada 57 72 134 

Denmark 29 57 76 

Italy 25 44 67 

Netherlands 34 43 56 

Switzerland 24 42 65 

Finland 17 42 54 

Sweden 22 32 48 

Austria 7 21 34 

China 15 20 4,200 

Israel 13 20 32 

Australia 8 17 28 

Spain 4 13 21 

Singapore 10 12 19 

Norway 4 8 14 

South Africa 3 6 11 

Greece 2 6 9 

Belgium 1 6 8 

Brazil 3 5 12 

India 3 5 67 

Turkey 2 5 8 

Russia 3 3 7 

Estonia 1 2 4 

Cayman Islands 3 1 2 

Ireland 2 0 3 

Czech Republic 1 0 2 

Hong Kong 1 0 2 

New Zealand 1 0 2 

Saudi Arabia 1 0 3 

Total 3,561 5,734 14,832 

their long-term stability and performance when 

operated under practical conditions are major problems 

[94]. The hydrogen infrastructure situation is such that 

the absence of an extensive network for producing, 

storing and distributing hydrogen hinders the 

deployment of fuel cells. Although global demand for 

hydrogen is still increasing, demand for hydrogen is still 

increasing, demand from new applications is still limited 

when compared to that of conventional fossil-based 

products. The ongoing obstacles are high production 

costs, a lack of refilling facilities, energy losses, 

complex storage requirements, and regulatory 

uncertainty [95]. The problems associated with high-

temperature operation include thermal stresses, 

incompatibility of materials, degradation of the 

electrode, sealing difficulties, and issues concerning 

long-term durability when using SOFCs and MCFCs. 

Thermal stress and mechanical cracking result from 

repeated heating and cooling cycles because of the 

mismatch between the coefficients of thermal 

expansion of the electrolyte, electrodes, and 

interconnect materials. Material degradation takes 

place via grain growth, delamination at the interfaces, 

and interdiffusion between the layers [96]. Polymer 

electrolyte membranes encounter various problems 

such as degradation due to humidity cycling and 

thermal degradation when the temperature is high [97]. 

8.2. Commercialization Barriers 

Regarding economic viability, fuel cell systems must 

compete with established alternatives on total system 

cost, durability, and infrastructure requirements. Costs 

are shaped not only by platinum-group-metal catalysts 

but also by stack manufacturing, power electronics, 

maintenance, fuel delivery, and hydrogen production. 

Reported green-hydrogen costs vary substantially with 

region, renewable-electricity price, electrolyser 

utilization, financing, and whether storage and delivery 

are included; a single figure should therefore not be 

presented as a universal price. Techno-economic 

assessments and hydrogen-pathway analyses should 

be interpreted within their stated scenarios [98, 99]. 

Battery-electric vehicles are strong competitors in light-

duty transport, whereas fuel cells may remain 

competitive; however, the comparison remains 

application-specific [100]. 

8.3. Future Research Directions 

Fuel cell research targets efficiency, durability, 

lower-cost manufacturing, reduced dependence on 

critical materials, and integration with renewable-
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energy systems. Machine-learning methods are being 

explored for materials discovery, catalyst design, 

diagnostics, and system optimization, but their practical 

value depends on validation against experimental data. 

Recycling and critical-metal supply are also relevant to 

scale-up. Integration with renewable electricity and low-

emission hydrogen can improve system-level 

performance, provided that hydrogen production and 

delivery are included in the environmental assessment 

[101-105]. The major strategic directions expected to 

drive future fuel-cell research and commercialization 

are summarized in Figure (7). 

9. CONCLUSIONS 

In conclusion, we presented a comprehensive 

review of various types of fuel cells, their working 

principles, and the components (fuel, electrolyte type, 

and catalyst), chemical reactions, operating 

temperatures, advantages, and drawbacks. From the 

literature, we observed that high efficiency, lifespan, 

durability, and reliability depend on suitable material 

selection and on constraints imposed on the material. 

In recent developments, various companies have tried 

and achieved high power outputs ranging from 

kilowatts to megawatts, which reflect the advanced 

developments in material components. It is observed 

that globally the number of fuel-cell-related patents has 

drastically increased over the years. From these things, 

one can understand that extensive research has been 

going on to improve the performance of fuel cells, and 

researchers are continuously working to achieve higher 

efficiency, durability, reliability and cost-efficiency. The 

ongoing development of advanced catalysts, 

electrolytes, electrodes and other functional materials 

is essential for the wider commercialization of fuel-cell 

technologies. The key developments mentioned in this 

review are non-precious metal catalysts, particularly 

single-atom and dual-atom catalysts, which show 

promise in replacing platinum. Advanced membranes 

include those based on nanofibres and composite 

membranes that have better proton conductivity and 

durability. Intermediate-temperature solid oxide fuel 

cells, such as proton-conducting and metal-supported 

types, are allowing for lower operating temperatures. 

There has been progress towards commercialization 

with major deployments in the automotive and 

stationary power sectors currently in progress. Future 

research should aim at further reducing costs, 

improving durability, and developing sustainable 

methods of producing hydrogen and the associated 

 

Figure 7: Schematic overview of the six key strategic pillars shaping the future of fuel cell research, encompassing advanced 

materials, operational efficiency, AI-driven optimization, system miniaturization, cost reduction, and green hydrogen integration. 
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infrastructure in order to achieve widespread fuel cell 

deployment. 
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