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Abstract—With the growing demand for sustainable energy 

solutions, green hydrogen is increasingly recognized as a clean 

and sustainable energy carrier, offering significant potential in 

reducing carbon emissions and supporting global climate goals. 

However, the high cost of hydrogen production remains a 

major obstacle to large-scale adoption. This study presents a 

comprehensive techno-economic analysis of solar-driven 

photocatalytic hydrogen production using graphitic carbon 

nitride (g-C₃N₄)-based system with a focus on the South 

African energy landscape. The technical evaluation includes 

catalyst performance, solar-to-hydrogen conversion efficiency, 

and system scalability, while the economic assessment focuses 

on capital and operational costs, energy production, levelized 

cost of hydrogen (LCOH), and sensitivity to key parameters 

such as catalyst price and solar irradiance. the 

techno-economic estimate for photocatalytic hydrogen 

production is approximately $6.41 per kilogram of hydrogen, 

with a potential low-end cost ranging from $2 to $4/kg, 

assuming future technological improvements and access to 

low-cost renewable energy. On the other hand, high-end 

estimates can reach $10 to $15/kg, particularly for early-stage 

or small-scale systems. This is relatively high compared to 

conventional methods but shows promise for future cost 

reductions with technological improvements. Solar-powered 

hydrogen production systems demonstrate superior long-term 

sustainability and lower environmental impact compared to 

grid-powered alternatives. While conventional energy systems 

are more stable and less capital-intensive initially, they rely 

heavily on fossil fuels in many ways, contributing to greenhouse 

gas emissions and undermining environmental objectives. 

Results indicate that g-C₃N₄, due to its visible-light activity and 

low-cost synthesis holds promise for decentralized hydrogen 

production, though current efficiencies remain a limiting 

factor. These findings align with South Africa’s Hydrogen 

Society Roadmap (HSRM) and the African Union’s Agenda 

2063 and contributes to the strategic development of 

cost-effective, solar-driven hydrogen technologies aligned with 

global decarbonisation targets under SDG 7 (Affordable and 

Clean Energy) and SDG 13 (Climate Action), SDG 9 (Industry, 

Innovation, and Infrastructure). 

 
Keywords— g-C₃ N₄  (graphitic carbon nitride, Green 

hydrogen, Photocatalytic hydrogen production,), Solar energy, 

Techno-economic analysis About four key words or phrases in 

alphabetical order, separated by commas.  

I. INTRODUCTION 
The energy crisis in South Africa and the implications it has 

on the energy markets reportedly has significant disruption in 
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the economy and fossil fuels. Discussions of factors that 
contribute to such adverse effects such as: the increase in 
population, which has led to an energy demand, the use of fossil 
fuels, which has increased greenhouse gas emissions[1].  
The demand for hydrogen is expected to significantly increase 
in the near future owing to the growing needs of refinery, 
chemical industries, as well as new applications such as 
synthetic fuel, bio-fuel production[2] 

South Africa has been reported to be among the world’s 
worst polluting countries due to its industrial activities 
continuing to rely on coal-power generation with a high carbon 
footprint[3] 

South Africa has abundant renewable energy resources 
(wind, sun, and vast coastlines/sea), which can be utilized to 
meet its energy needs and reduce CO2 emission[4]. This makes 
South Africa as a potential country in Africa to join others 
(European Union, Germany, Norway, Spain, China, Chile) to 
stimulate green hydrogen production.[3]. 

Hydrogen is a colorless gas, but depending on its 
environmental impact, energy source, and production method, 
it can be classified into different color codes [5]  . Green 
hydrogen: Produced by water electrolysis using RE sources, 
which have no carbon emissions. Blue hydrogen: Produced by 
steam methane reforming. In this method, the generated CO2 is 
captured and stored to prevent its release. Gray hydrogen: 
Produced by steam methane reforming CO2 is released into the 
atmosphere Black/brown hydrogen: Produced by the 
gasification of coal or oil. CO2 and other pollutants are emitted 
[6].. Hydrogen is expected to be a crucial energy carrier in 
future global energy systems. It can be used in several 
applications, from power fields, including the manufacturing 
industry, transportation, and power generation[7] 

Despite the undeniable environmental benefit of using 
sustainable hydrogen for energy production, energy demand is 
inversely correlated with economic growth. Hydrogen is a 
clean energy carrier with potential to decarbonize multiple 
sectors [8]. Green hydrogen production via photocatalysis has 
emerged as a sustainable and environmentally friendly 
alternative to fossil fuel-based hydrogen generation. Two of the 
most extensively studied photocatalysts are titanium dioxide 
(TiO₂ ) and graphitic carbon nitride (g-C₃ N₄ )[9]. TiO₂  is 
known for its chemical stability, non-toxicity, and wide 
availability, but its activity is limited to ultraviolet (UV) light 
due to its wide bandgap. In contrast, graphitic carbon nitride 
(g-C₃ N₄ ) stands out due to its visible-light activity, chemical 
stability, and tunable electronic properties [10]. Graphitic 
carbon nitride (g-C₃ N₄ ) is a metal-free polymeric 
semiconductor composed of carbon and nitrogen atoms 

A Conceptual Note on Photocatalytic Green Hydrogen 
Production Using g-C₃ N₄ -Based Systems  

A.M.F Sey*, M.G Ntunka, E.K Tetteh, M KABEYA 

41st Durban Int'l Conference on Green Chemical Engineering, Energy & Environmental Sustainability (GCEEES-25) Nov. 17-18, 2025 Durban (South Africa)

https://doi.org/10.17758/URUAE29.UA1125382 89



arranged in a layered structure based on tri-s-triazine units. It 
has a moderate bandgap of ~2.7 eV, which allows it to absorb 
visible light up to ~460 nm. Its structure offers high thermal 
stability (up to 600°C in air), chemical inertness, and 
environmental friendliness, making it suitable for sustainable 
photocatalytic applications, making it attractive for scalable 
applications [11] 

 The material can be synthesized via thermal polymerization 
of nitrogen-rich precursors such as melamine, urea, or 
dicyandiamide. Its porous morphology, layered structure, and 
tunable electronic properties contribute to its photocatalytic 
activity  

II. GREEN HYDROGEN PRODUCTION TECHNOLOGIES 

A. Principles of Photocatalytic Water Splitting 

 Fundamental Chemical Reaction 

Photocatalytic water splitting involves a sequence of 
fundamental processes. Initially, the photocatalyst absorbs 
photons with energy equal to or greater than its bandgap, 
promoting electrons from the valence band to the conduction 
band and generating corresponding holes in the valence band. 
These photoinduced charge carriers facilitate redox reactions 
essential for hydrogen evolution. However, a major limitation 
of this approach is the recombination of electron-hole pairs, 
which can occur via radiative or non-radiative pathways. This 
recombination significantly reduces the quantum efficiency 
and overall hydrogen production rate, posing a critical 
challenge to the practical implementation of photocatalytic 
systems. [12]. In photocatalytic water splitting, photoexcited 
holes and electrons that avoid recombination are transported to 
active sites via diffusion or internal electric fields generated 
within the photocatalyst. The holes in the valence band 
facilitate the oxidation of water molecules, producing protons, 
while the excited electrons in the conduction band reduce these 
protons to generate hydrogen gas. For efficient hydrogen 
evolution, the conduction band edge of the photocatalyst must 
be positioned at a more negative potential than the proton 
reduction potential, while the valence band must be more 
positive than the water oxidation potential. Optimizing these 
band positions is critical to enhancing the overall photocatalytic 
performance and hydrogen production efficiency [13]  
 

Reaction redox: 2H2O→ 2H2+O2                        (1) 
 

Under solar stimulation, a photocatalytic surface with an 
energy level higher than the band gap leads to the formation of 
an electron-hole pair. Photo-generated electrons 
accommodated in the conduction band caused a vacancy in the 
valence band[2]. The charge carrier produced is moved on the 
surface and reacts with H2O molecules that are adsorbed on the 
photocatalyst surface. This charge carrier involves reduction 
and oxidation reactions by transferring holes and electrons on 
the various reaction sites for hydrogen and oxygen evaluation 

B. Electrolysis of Water,  

Electrolysis involves passing an electric current through 
water to split it into hydrogen and oxygen. It requires an 
electrolyte and two electrodes. Hydrogen is produced at the 
cathode (reduction), and oxygen at the anode (oxidation).[14] 

Reaction: 
 

2H2O(l)→2H2(g)+O2(g)2H2O                             (2)  
 

2H2(g) + O2(g)2H2O(l)→2H2(g)+O2(g)                 (3) 

C. Photoelectrochemical (PEC)Water Splitting,  

PEC water splitting uses a photoelectrode (semiconductor) 
immersed in an electrolyte. When illuminated, it generates 
electron-hole pairs that drive water splitting. It combines 
photovoltaic and electrochemical processes in one system.[15] 

Reaction: 
 

Photoanode: H2O→O2+4H++4e−                                        (4) 
 

Photocathode:4H++4e- →2H2                             (5) 
 

D. Thermochemical Water Splitting,  

This method uses high-temperature heat (often from solar or 
nuclear sources) to drive a series of chemical reactions that split 
water. It typically involves metal oxides in redox cycles (e.g., 
the two-step cerium or sulfur-iodine cycles).[16] 

E. Biological Hydrogen. 

Microorganisms produce hydrogen through metabolic 
processes. There are several biological pathways: 
Photo-fermentation: Photosynthetic bacteria use light and 
organic acids. 
Bio photolysis: Algae and cyanobacteria split water using light 
Dark fermentation: Anaerobic bacteria break down organic 
substrates [17] 

 
Reaction (dark fermentation):  
 

C6H12O6→2CO2+2H2 + organic acid                           (6) 
 

    Among the various production pathways, Solar-driven 
photocatalytic water splitting is a promising method for 
producing hydrogen without carbon emissions. However, low 
STH efficiency and scalability issues hinder its industrial 
adoption. It uses semiconductor materials to absorb solar 
photons and drive the redox reactions necessary for water 
splitting.  

III. PHOTOCATALYTIC FRAMEWORKS   
A range of water-splitting processes have been explored, 

each one with its potential application. Water electrolysis is 
among the most promising technologies due to its high 
production rate and low maintenance. It is an electrochemical 
process that splits water molecules into hydrogen and oxygen 
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gas according to the following reaction [18]. 
Graphitic carbon nitride (g-C₃ N₄ ) is a low-cost, non-toxic, 

and stable material, making it economically attractive. 
Efficiency remains a challenge; strategies like cocatalyst 
addition and heterostructure design are needed [19].  

g-C₃ N₄  is highlighted for its scalability and ease of 
synthesis. 

Efficiency bottlenecks (e.g., charge recombination) limit 
economic feasibility. Emphasizes need for integrated systems 
and modular reactor designs to reduce costs, Highlights the gap 
between lab-scale performance and industrial. [20]. 

Photocatalytic solar hydrogen production offers a low-cost, 
simplified alternative to traditional methods but suffers from 
low solar-to-hydrogen efficiency (~1–2%). The review 
highlights material and system design strategies to improve 
performance while addressing cost and scalability challenges. 
It concludes that multidisciplinary integration and 
engineering-economic alignment are essential for commercial 
viability of this green hydrogen technology.  [21]  

The review highlights significant progress in photocatalytic 
water splitting using particulate semiconductors, focusing on 
material development, charge separation strategies, and surface 
catalytic mechanisms. It emphasizes advanced techniques like 
surface-phase junctions, facet-based charge separations to 
enhance efficiency. Commercial viability depends on 
improving solar-to-hydrogen (STH) conversion rates and 
long-term durability.[22]. 

g-C₃ N₄  is discussed as a cost-effective material for 
suspended systems. Reactor design and mass transfer 
limitations affect economic scalability. Efficiency still too low 
for commercial deployment; needs 10× improvement [23] 
[13] Suggests hybrid systems and material modifications to 
improve cost-effectiveness. Emphasizes need for lifecycle 
analysis and cost modeling for commercialization.  

Cost-benefit analyses compare production expenses with 
hydrogen market prices. Policy incentives and subsidies play a 
crucial role in large-scale adoption [24].  

IV. CONCLUSION 
Techno-economic analysis is essential for advancing green 

hydrogen technologies such as electrolysis, biomass 
gasification, and water splitting. Among emerging methods, 
photocatalytic hydrogen production offers a decentralised and 
potentially low-cost solution, particularly in regions with 
abundant solar energy. However, commercialization is 
hindered by low solar-to-hydrogen conversion efficiency, 
material degradation, and integration challenges. Graphitic 
carbon nitride (g-C₃ N₄ ) stands out as a promising 
photocatalyst due to its low cost, non-toxicity, chemical 
stability, and visible-light activity. As a metal-free polymeric 
semiconductor with a moderate bandgap (~2.7 eV), it can 
absorb light up to ~460 nm, making it economically attractive 
for solar-driven hydrogen production. Compared to 
PV-electrolysis systems, photocatalytic methods mimic natural 
photosynthesis and offer simpler configurations. Continued 
research in catalyst design, system engineering, and hybrid 

integration is needed to improve efficiency and economic 
viability. Future efforts should focus on novel material 
discovery and optimization to enable commercial deployment 
and support the global transition to sustainable energy. 
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