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Abstract

As the world faces rising energy demands and climate challenges, scientists are looking for clean, renewable
alternatives to fossil fuels. One promising solution is hydrogen, a carbon-free energy carrier. This article explores
photoelectrochemical (PEC) water splitting, a process that mimics natural photosynthesis to produce hydrogen
from sunlight and water. It explains how PEC cells work, the role of semiconductors and catalysts, and how
innovations like perovskites and tandem cells are improving efficiency. By outlining the science and development
of PEC technology, this piece highlights its potential to help power a sustainable, hydrogen-based energy future.

1. Introduction

The world is at a turning point. Fossil fuels,
once the engines of technological progress,
are now the leading cause of pollution and
climate change (United Nations, 2025). As
the global population grows, so does the
demand for energy. Yet, how can we meet this
demand without harming our planet?

One promising answer lies in hydrogen — an
energy-rich and carbon-free gas (Kumar,
2022). But hydrogen gas doesn’t exist freely
in nature; it must be produced (CSIRO, 2025).
Among various production methods,
photoelectrochemical (PEC) water splitting
stands out. Using only sunlight and water,
PEC systems can generate hydrogen cleanly
and sustainably, much like natural
photosynthesis (Kumar, 2022). This article
examines how PEC works, its importance,

and where the technology is heading.
2. The Principle of PEC Water Splitting

PEC systems are composed of a
semiconductor-based photoanode and a metal
cathode, typically immersed in water-based
electrolyte (Wu, 2021). In semiconductors,
electrons occupy a lower energy valence band
(VB) (Jiang, 2017). When excited by sunlight,
they jump to a higher energy conduction band

(CB), leaving behind holes in the valence
band (Asthana, 2020). This energy gap is
known as the bandgap (E;) (Tseng, 2011).
The excited electrons travel through an
external circuit to the cathode, where they
reduce hydrogen ions (H") into hydrogen gas
(see Fig. 1) (Asthana, 2020). The remaining
holes migrate to the photoanode surface and
participate in the oxidation of water to
produce oxygen gas (Asthana, 2022).

Ile_ Bk

Water Semiconductor Semiconductor Water

H, ,
' | T
H,0 e ’
HER potential ...,
(0 V vs RHE) 3
8 Band gap E3
S . OER potential
g > (1.23 V vs RHE)
Valence Beng < >
h* b — 1 ‘ * H,0

Figure 1: A diagram of a PEC water splitting system showing sunlight-
driven charge separation for hydrogen and oxygen evolution (Son, 2023).

This  process  involves two  key
electrochemical reactions — the hydrogen
evolution reaction (HER) at the cathode
where hydrogen ions (H") gain electrons to
form hydrogen gas (Hz), and the oxygen
evolution reaction (OER) at the photoanode
where water molecules lose electrons to form
oxygen gas (O2) (Plevova, 2021).



These can be summarized as follows (see Fig.
2):

Light absorption excites electrons:

2hv = 2e~ + 2ht

At the photoanode (oxidation) — Oxygen
Evolution Reaction (OER):
2H,0 > 0, + 4H* + 4e”
At the cathode (reduction) — Hydrogen Evolution
Reaction (HER):
2H* +2e~ - H,(9)

Overall reaction:

1
H,0 + 2hv - H,(g) +§02(g)

Figure 2: Stepwise chemical reactions involved in PEC water splitting,
including excitation, oxidation (OER), reduction (HER), and the overall
net reaction (Sreekantan, 2020).

The energy input required to split water
comes from two components: the Gibbs free
energy (237.2 kJ/mol), which is the minimum
energy required to drive the reaction, and
additional heat energy (48.6 kJ/mol) to

overcome practical losses (Sreekantan, 2020).

This totals to approximately 285.8 kJ/mol,
equivalent to the energy released when
hydrogen combusts with oxygen to form
water (Kumar, 2022).

PEC water splitting performs this reaction in
reverse (see Eq. 1):

H,0 (1) + 237.2 k] mol™! + 48.5 k] mol™?
1
- H,(g) + 502(9)
Equation 1: Overall reaction for PEC water splitting (Kumar, 2022).
The Gibbs free energy corresponds to a
theoretical voltage of 1.23 V per electron, and
considering inefficiencies and overpotentials

in HER and OER, the total energy required
becomes 1.4~1.9 V (Sreekantan, 2020).

The total voltage needed in practical PEC

systems can be expressed in a formula (see Eq.

2):

V == 1.23V + T’HER + nOER + /I:R

1.23V is the minimum theoretical voltage to split
water
Nugr 1S the overpotential required for HER
Nokr 18 the overpotential required for OER
4R is voltage loss due to electrical resistance in the
system

Equation 2: General formula for calculating the total voltage required in
practical PEC systems (Sreekantan, 2020).

3. The Role of Semiconductors

Semiconductors play the critical role in PEC
water splitting of absorbing sunlight and
generating the voltage needed to drive the
chemical reactions that split water into
hydrogen and oxygen (Sreekantan, 2020).

Photovoltage ( Vp, ) is the voltage a
semiconductor generates when it absorbs
sunlight and excites electrons (DiMase
Architects, 2025). To split water, this
photovoltage must exceed 1.23 V (Kumar,
2022).  Usually, a
photovoltage produced is about 0.4 V less

semiconductor’s

than bandgap energy losses (Yang, 2022).
Therefore, semiconductors must have a
bandgap of larger than 1.6 V to generate more
than 1.23 V (Kumar, 2022).

Band bending occurs at the interface between
the semiconductor and the -electrolyte,
creating an internal electric field that drives
the electrons and holes in opposite directions
(Kumar, 2022). This happens as the energy
levels in the semiconductor shift to align with
the redox potential of the electrolyte — the
energy level at which electrons are
transferred in oxidation or reduction reactions
(Kumar, 2022).

Therefore, proper band alignment is crucial.
The valence band of the photoanode must be
more positive than the water oxidation
potential to drive OER (Ey 5 > E°,,), and the
conduction band of the photocathode must be
more negative than the hydrogen ion



reduction potential to enable HER (E 5 <
E°,.;) (Kumar, 2022). Without these internal
charge dynamics, the electrons and holes
would quickly recombine, and no useful
hydrogen would be produced (Kumar, 2022).

4. What Makes PEC Efficient?

While the semiconductor is responsible for
generating energy from sunlight, the
efficiency of the overall system determines
whether PEC water splitting is truly viable.
Achieving high efficiency means ensuring
that light energy is effectively converted into
chemical energy and minimal energy is lost
on the way (Solubility of Things, 2025). The
two factors that are especially important in
this process are catalysis and charge
separation.

Catalysis is an essential aspect of artificial
photosynthesis, accelerating the chemical
reactions that produce hydrogen and oxygen
through catalysts, materials that speed up
reactions without being consumed (Wang,
2023). These catalysts drive HER at the
cathode and OER at the photoanode, working
together at the electrode-electrolyte interface
where they provide active sites for oxidation
and reduction (Kumar, 2022). This makes it
easier for the excited electrons and holes to
react with water molecules and ions,
increasing  efficiency (Kumar, 2022).
Catalysts also reduce the energy activation
required in both HER and OER, allowing
these reactions to occur more readily and at
lower energy thresholds (Libretexts, 2013).

Historically, noble metals like platinum (Pt),
ruthenium (Ru), and rhodium (Rh) have been
used as catalysts because of their high
catalytic activity (Kwon, 2024). However,
their high cost and scarcity limit large-scale
use (Kwon, 2024). More recently, transition
metals such as molybdenum (Mo), cobalt
(Co), nickel (Ni) and iron (Fe) have been
recognized as effective and affordable

alternatives (Kumar, 2022). Research is now
exploring a wide variety of compounds
including alloys, sulfides, nitrides, and
carbides to further improve performance and
reduce cost (Jun, 2023).

Because improving PEC efficiency is a major
focus of current research, scientists use a
performance metric called solar-to-hydrogen
(STH) efficiency (Hamdani, 2021). This
metric measures how effectively the system
converts sunlight into hydrogen fuel, and is
calculated using the formula (Eq. 3):

1.23 X Jpp X Np

Nsty =
Piight

Jpn is photocurrent density
Ny is Faradaic efficiency
Pyignt is incident light power

Equation 3: The formula for calculating solar-to-hydrogen (STH)
efficiency of a PEC system (Hamdani, 2021).

Recent advances in semiconductor materials
and catalysts have steadily increased STH
efficiency in laboratory settings (see Fig. 3).
Understanding how PEC technology evolved
from early lab experiments to today’s
developments reveals just how far the field
has come.
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Figure 3: Solar-to-Hydrogen (STH) efficiency trends for various PEC
systems from 2018-2022. The dashed line indicates the STH threshold
(~10%) considered viable for commercialization (Rhee, 2024).



5. The Evolution of PEC Technology:
From Lab Curiosity to Cutting-Edge
Innovation

The concept of PEC water splitting was first
demonstrated in 1968 by Boddy, who used a
titanium dioxide (TiO;) semiconductor to
drive the reaction under ultraviolet light
(Vilanova, 2024). This early result showed
that light could be used to power chemical
reactions and was a breakthrough at the time
(Vilanova, 2024). A few years later, in 1972,
Fujishima and Honda significantly boosted
interest in the field by demonstrating a
functional PEC cell with a TiO, photoanode
(Kumar, 2022). Since then, researchers have
spent decades developing new materials and
device configurations to improve the
efficiency, stability, and scalability of PEC
systems (Vilanova, 2024).

One major challenge has been overcoming
energy losses and limited absorption in

single-semiconductor systems (Kumar, 2022).

To address this, scientists have proposed
tandem PEC cells, which are systems that
combine two or more semiconductors, each
designed to absorb a different part of the solar
spectrum (See Fig. 4) (Bin, 2023). For
example, one layer might absorb high-energy
ultraviolet and visible light, while another
captures lower-energy infrared light (Bin,
2023). This broader absorption increases the
overall STH efficiency compared to
traditional single-layer PEC cells.

Figure 4: A cross-sectional diagram of a tandem PEC cell driving water
splitting under solar illumination (Chen, 2018).

Another approach is Licht’s model, which
separates the solar spectrum into high-
frequency sunlight which drives the chemical
reaction, and low-frequency (infrared) light
which heats the electrolyte (Tseng, 2011).
This thermal assistance lowers the required
voltage, significantly improving overall
efficiency (Tseng, 2011).

Researchers have also explored perovskite
photoanodes, a new class of semiconductors
known for their excellent light absorption and
tunable electronic properties (Perovskite-info,
2025). An example is the work of a team at
UNIST, who developed a PEC cell using
formamidinium lead triiodide perovskites
(Perovskite-info, 2025). These materials can
be engineered to absorb specific wavelengths
of light, making them promising candidates
for highly efficient PEC systems (Perovskite-
info, 2025).

Despite these advances, scaling up PEC
systems for real-world use remains a
challenge. Many experimental setups still
experience instability, high costs, or low
efficiency outside of laboratory conditions
(Kumar, 2022). However, PEC technology’s
ability to produce hydrogen directly from
sunlight and water without external power
sources keeps it at the forefront of green
energy research (Kumar, 2022).

6. Real-World Applications and the Road
Ahead

As PEC systems move out of the lab and into
the real world, researchers are exploring
different designs to make them more scalable
and practical (U.S. Department of Energy,
2025). The two most common system types
are panel-based PEC systems and slurry-
based PEC systems, each with unique
advantages and challenges (U.S. Department
of Energy, 2025).



Panel-based PEC systems are the most widely
studied. These modular systems resemble
solar panels and are used for hydrogen
production, able to be integrated into existing
solar infrastructure such as rooftop arrays or
solar farms (See Fig. 5) (U.S. Department of
Energy, 2025). Their compact design and
solid-state components make them easier to
scale, operate, and maintain than more
experimental systems (U.S. Department of
Energy, 2025).
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Figure 5: A diagram of a panel-based PEC system generating O gas and
Ha gas under sunlight (U.S. Department of Energy, 2025).

In contrast, slurry-based PEC systems use
light-absorbing particles, usually titanium
dioxide (TiO2) or bismuth vanadate (BiVO4)
nanoparticles, suspended in a liquid solution
(Xing, 2013). These particles act as
photocatalysts that trigger the water-splitting
reaction (Xing, 2013). Slurry systems have a
simple design and offer a large reactive
surface, making them especially useful for
small-scale use (See Fig. 6) (U.S. Department
of Energy, 2025). However, they come with
drawbacks including lower efficiency
compared to panel systems and greater
difficulty in collecting the generated
hydrogen gas separately (Fernandez-Ibanez,
2021).
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Figure 6: A diagram of a slurry-based PEC system generating Oz gas and
Ha gas under sunlight (U.S. Department of Energy, 2025).

Recent innovations have also demonstrated
the potential for PEC systems to purify
wastewater while generating hydrogen (Dang,
2023). In these setups, negatively charged
bacteria naturally move toward the positively
charged  photoanode,  allowing  the
photocatalysts to break down organic
pollutants while producing hydrogen gas at
the cathode (Dang, 2023). These dual-
function systems offer a sustainable solution
to both water pollution and clean energy
production.

7. Conclusion

Who would have thought that mimicking one
of nature’s oldest processes could help shape
one of humanity’s newest energy frontiers?

Photoelectrochemical water splitting
combines the principle of photosynthesis
with modern energy science. By using
sunlight to produce clean hydrogen fuel from
water, PEC systems offer a promising path
toward a carbon-free future. Whilst
challenges in efficiency, durability, and scale
remain, slowing commercial deployment,
ongoing research continues to deliver
promising breakthroughs in semiconductors,
catalysts and system design.

As the demand for scalable and sustainable
hydrogen production intensifies, PEC
technology remains a critical area of focus,
heralding a greener, and more sustainable
future.
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