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Abstract

Green hydrogen has emerged as one of the most promising clean energy carriers for achieving global carbon
neutrality. Unlike conventional hydrogen production methods based on fossil fuels, green hydrogen is
generated through water electrolysis powered by renewable energy sources such as solar, wind, and
hydroelectric power. The efficiency of water electrolysis is strongly influenced by the electrocatalysts used
for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). Advanced catalysts such
as platinum, iridium oxide, ruthenium oxide, nickel-iron layered double hydroxides, transition metal
phosphides, and perovskite oxides have demonstrated remarkable improvements in catalytic activity,
durability, and energy efficiency. This paper reviews recent developments in advanced catalyst materials for
green hydrogen production, discusses the electrochemical principles governing water electrolysis, presents
key engineering equations and efficiency calculations, and highlights the major technical and economic
challenges. Future research directions including low-cost catalyst development, artificial intelligence-
assisted catalyst design, and large-scale industrial implementation are also discussed.
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1. INTRODUCTION

Global energy demand continues to increase while the environmental impacts of fossil fuel consumption
have become increasingly severe. Carbon dioxide emissions from coal, petroleum, and natural gas are the
primary contributors to global climate change. Consequently, there is a growing need for clean, renewable,

and sustainable energy carriers.
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Hydrogen has attracted considerable attention because it possesses a high gravimetric energy density
(approximately 120 MJ kg™) and produces only water when used in fuel cells. However, the environmental
impact of hydrogen depends on its production method. Hydrogen produced from renewable electricity
through water electrolysis is known as green hydrogen, making it one of the most environmentally friendly
energy carriers.

Water electrolysis separates water into hydrogen and oxygen using electrical energy:

Overall reaction

[

2H_20(I)\rightarrow2H_2(g)+0_2(9)

]

The electrochemical reactions are:

Cathode (Hydrogen Evolution Reaction):

[

2H_20+2eM-\right  arrow H_2+20H"-

]

Anode (Oxygen Evolution Reaction):

[
40HM-\right  arrow O_2+2H_20+4e"-

]

Although the process is environmentally sustainable, its commercial viability depends largely on the
efficiency of the catalysts employed. Precious metal catalysts such as platinum and iridium exhibit
outstanding catalytic activity but are expensive and scarce. Therefore, current research is focused on
developing efficient, low-cost, and durable alternative catalysts using transition metals and nanostructured
materials.

This review examines recent advances in catalyst technology, electrochemical performance, engineering
principles, and future opportunities for green hydrogen production.

2. GREEN HYDROGEN PRODUCTION TECHNOLOGIES

Green hydrogen is produced by splitting water into hydrogen and oxygen using electrical energy generated
from renewable sources such as solar, wind, and hydroelectric power. Water electrolysis is considered one
of the most environmentally friendly hydrogen production methods because it emits no carbon dioxide
during operation. The efficiency of hydrogen production depends on the type of electrolyzer, catalyst
performance, operating conditions, and electrical energy supplied. Currently, three major electrolysis
technologies are employed for green hydrogen production: Alkaline Water Electrolysis (AWE), Proton
Exchange Membrane (PEM) Electrolysis, and Solid Oxide Electrolyzer Cells (SOEC).

2.1 Alkaline Water Electrolyzer (AWE)

The Alkaline Water Electrolyzer (AWE) is the oldest and most commercially established technology for

hydrogen production. It utilizes an aqueous solution of potassium hydroxide (KOH) or sodium hydroxide
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(NaOH) as the electrolyte, with nickel-based electrodes separated by a porous diaphragm. Hydroxide ions
(OH") transport charge between the electrodes.

Electrochemical Reactions

Cathode (Hydrogen Evolution Reaction):

2H20+2e-->H2+20H-2H_20 + 2e”- \rightarrow H_2 + 20H"-2H20+2e-->H2+20H-

Anode (Oxygen Evolution Reaction):

40H-->02+2H20+4e-40H"- \rightarrow O_2 + 2H_20 + 4e"-40H-->02+2H20+4e-

Overall Reaction

2H20()>2H2(g)+02(g)2H_20()\rightarrow2H_2(g)+0_2(g)2H20(l)->2H2(g)+02(q)

Operating Conditions

Parameter ||Typical Value

Temperature||60—90°C

Pressure 1-30 bar

Electrolyte |20-30% KOH

Catalyst Nickel (Ni), Ni-Mo

2.2 Proton Exchange Membrane (PEM) Electrolyzer

The Proton Exchange Membrane (PEM) Electrolyzer uses a solid polymer membrane (typically
Nafion®) as the electrolyte. Water is supplied to the anode, where it is oxidized to oxygen gas, releasing
protons that migrate through the membrane to the cathode and form hydrogen gas.

Electrochemical Reactions

Anode

2H20->02+4H++4e-2H_20\rightarrow O_2+4H"++4eM-2H20->02+4H++4e-

Cathode

AH++4e-->2H24HM+4eM-\rightarrow2H_24H++4e--2H2

Components

. Proton exchange membrane

. Platinum catalyst (HER)

. Iridium oxide catalyst (OER)

. Titanium bipolar plates

. Gas diffusion layer
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Operating Conditions

Parameter |[Typical Value

Temperature||50-80°C

Pressure 3070 bar

Electrolyte ||Deionized Water

Catalysts Pt, IrO,

2.3 Solid Oxide Electrolyzer Cell (SOEC)

The Solid Oxide Electrolyzer Cell (SOEC) operates at high temperatures (700-850°C) and uses steam
instead of liquid water. Oxygen ions move through a dense ceramic electrolyte, typically yttria-stabilized
zirconia (YSZ). Because part of the energy required for electrolysis is supplied as heat, SOEC systems
achieve the highest electrical efficiency among commercial electrolysis technologies.

Electrochemical Reactions

Cathode

H20+2e-->H2+02-H_20+2e"-\rightarrow

H_2+07{2-}H20+2e->H2+02-

Anode

202-->02+4e-20"N2-}\rightarrow

O_2+4eN-202-->02+4e-

Materials

. Electrolyte: YSZ

. Cathode: Ni-YSZ

. Anode: Lanthanum Strontium Manganite (LSM)
Operating Conditions
Parameter Typical Value
Temperature 700-850°C
Feed Steam
Efficiency 80-90%

3. COMPARATIVE ANALYSIS OF ELECTROLYZER TECHNOLOGIES
The choice of electrolyzer depends on application requirements, capital cost, hydrogen purity, efficiency,

and integration with renewable energy sources. Table 1 compares the three major technologies.
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Table 1. Comparison of Electrolyzer Technologies

Parameter AWE PEM SOEC

Electrolyte KOH/NaOH Polymer Ceramic Oxide
Membrane

Operating Temperature (°C)||60-90 50-80 700-850

Catalyst Ni-based Pt, IrO, Ni-YSZ

Efficiency (%) 60-70 65-80 80-90

Hydrogen Purity High Very High Very High

Current Density Low High High

Capital Cost Low High Very High

Technology Status Commercial Commercial Emerging

Interpretation

Among the three technologies, AWE is the most economical and widely used for industrial hydrogen
production. PEM electrolysis provides excellent hydrogen purity, rapid response, and compact design,
making it ideal for renewable energy integration. SOEC offers the highest theoretical efficiency due to
high-temperature steam electrolysis, but its commercialization is limited by material durability and system
cost. Future research aims to develop advanced catalysts and durable electrolytes to reduce costs and
improve long-term performance.

4. CONCLUSION

Green hydrogen has emerged as a promising clean energy carrier for supporting the global transition toward
a sustainable and low-carbon economy. Unlike conventional hydrogen, which is primarily produced from
fossil fuels and is associated with significant carbon dioxide emissions, green hydrogen is generated through
the electrolysis of water using electricity derived from renewable energy sources such as solar, wind, and
hydropower. This production pathway enables the generation of hydrogen with minimal environmental
impact and no direct greenhouse gas emissions. The overall efficiency, cost-effectiveness, and commercial
feasibility of green hydrogen production depend largely on the performance of the electrolyzer and the
effectiveness of the electrocatalysts employed in the Hydrogen Evolution Reaction (HER) and Oxygen
Evolution Reaction (OER), which are critical to enhancing reaction Kkinetics and reducing energy
consumption. This review examined the three major electrolysis technologies—Alkaline Water
Electrolysis (AWE), Proton Exchange Membrane (PEM) Electrolysis, and Solid Oxide Electrolyzer
Cells (SOEC). AWE remains the most mature and cost-effective technology for large-scale hydrogen

production, while PEM electrolyzes offer high hydrogen purity, compact design, and rapid response suitable
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for renewable energy integration. SOEC technology provides the highest energy efficiency by utilizing

high-temperature steam but requires further improvements in material durability and system reliability.
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