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In July 1972 Akira Fujishima and Keinchi Honda published
a short communication with one set of data (current
density−voltage curves) and an electrochemical cell

scheme in Nature to report the photoelectrolysis of water
using a 500 W Xe lamp to photoirradiate a TiO2 electrode in
an H-cell.1 A conceptual design of an H-cell is shown in Figure
1. In 1975 the same researchers, along with Kohayakawa,
demonstrated H2 generation in sunlight using TiO2 and
platinum electrodes without any external bias but using a pH
difference.2 This seminal work of using TiO2 semiconductor as
a photocatalyst/photoelectrode to store sunlight as chemical
energy in H2 led to the emergence of a major field in renewable
energy. Today thousands of researchers continue to develop
the semiconductor photocatalysis concept with nanoparticle
slurries, mesoporous films, membranes, etc. in an effort to split
water into H2 and O2 using sunlight at high efficiency. The
same semiconductor-assisted photocatalytic concept has been
extended to the photodriven reduction of CO2 into fuels and
N2 to ammonia, albeit with limited success. To mark the
occasion of 50 years since Fujishima and Honda’s pivotal
result, we take the opportunity to reflect on the past, present,
and future of heterogeneous photocatalysis.

In the decade after the 1972 Nature paper, researchers
demonstrated CO2 and N2 reduction,3,4 elucidated the
fundamentals of the illuminated semiconductor-electrolyte
interface,5−7 and established the fundamental limits of solar-
to chemical energy conversion.8,9 In the 1990s, the attention
quickly shifted to the environmental remediation of organic
contaminants from air and water.10,11 The hydroxyl radical
generated during the oxidation of metal oxides (e.g., TiO2) and
activated oxygen species initiated the degradation of organic
compounds.12−14 Many products such as self-cleaning glass
and air purifiers quickly entered the market. The emergence of
the dye-sensitized solar cell was another major advance
emerging from colloidal TiO2.

15 Mesoscopic films made from
colloidal TiO2 could accept electrons from excited dye
sensitizer and deliver the photocurrent in a solar cell. Such
dye-sensitized oxide films are currently being explored for H2
generation and CO2 reduction.16

The quest to employ other semiconductor nanomaterials for
hydrogen generation using visible photons continued in the
new millennium. These semiconductors include metal
chalcogenides (e.g., CdS), ternary semiconductor oxides
(BiVO4), nitrides (GaN), and π-conjugated organic semi-
conductors. Many of these semiconductors require either a
sacrificial donor or an applied electrochemical bias to drive

away the photogenerated holes and facilitate H2 generation.
Photostability of the small bandgap continues to pose a
challenge in designing photocatalysts for visible light-induced
H2 generation.

Today, identifying an ideal material system that can harvest
solar light and drive the overall water splitting reaction remains
a challenge. While the wide-bandgap SrTiO3 holds the crown
for a single semiconductor with the highest photon-to-
hydrogen quantum efficiency of nearly 100%,17 the overall
solar energy conversion remains too low for practical
application. Doping these systems to increase visible light
absorption remains an interesting possibility if the nature of
the electronic defect states introduced can be properly
understood and controlled. Alternatively, Z-scheme photo-
catalyst systems combine two low-bandgap photocatalysts to
both harvest a large portion of the solar spectrum and generate
sufficient photopotential to split water, for example, using
tantalum oxynitride in combination with WO3.

18 However,
these systems are complex, and the employed redox shuttle can
accelerate the undesired back-reaction. To overcome this,
researchers are developing solid-state charge shuttles with
reduced graphene oxide or even immobilizing the Z-scheme
particles on a solid conductive film in the “photocatalyst sheet”
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Figure 1. H-cell configuration for the photoelectrolysis of water
using a semiconductor photoanode (WE), a platinum counter
electrode (CE), and reference electrode.
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• efforts are still needed to identify
highly stable low-bandgap
semiconductor materials with the
appropriate energy levels to drive
water reduction or oxidation for
implementation in a Z-scheme system.

• The refinement of methods to aid
photogenerated charge separation in
photocatalyst particles (via
heterojunction formation or
crystal-facet dependent potentials)
remains required to ensure high
solar-to-hydrogen conversion efficiency.

• Understanding and improving the
robustness and stability of
low-bandgap photocatalytic systems
will be needed to bring this technology
into the practical application.

• Computer-aided material discovery

2



Setting the Context

Celebrating 50 Years of Photocatalytic
Hydrogen Generation

Cite This: ACS Energy Lett. 2022, 7, 3149−3150 Read Online

ACCESS Metrics & More Article Recommendations

In July 1972 Akira Fujishima and Keinchi Honda published
a short communication with one set of data (current
density−voltage curves) and an electrochemical cell

scheme in Nature to report the photoelectrolysis of water
using a 500 W Xe lamp to photoirradiate a TiO2 electrode in
an H-cell.1 A conceptual design of an H-cell is shown in Figure
1. In 1975 the same researchers, along with Kohayakawa,
demonstrated H2 generation in sunlight using TiO2 and
platinum electrodes without any external bias but using a pH
difference.2 This seminal work of using TiO2 semiconductor as
a photocatalyst/photoelectrode to store sunlight as chemical
energy in H2 led to the emergence of a major field in renewable
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occasion of 50 years since Fujishima and Honda’s pivotal
result, we take the opportunity to reflect on the past, present,
and future of heterogeneous photocatalysis.

In the decade after the 1972 Nature paper, researchers
demonstrated CO2 and N2 reduction,3,4 elucidated the
fundamentals of the illuminated semiconductor-electrolyte
interface,5−7 and established the fundamental limits of solar-
to chemical energy conversion.8,9 In the 1990s, the attention
quickly shifted to the environmental remediation of organic
contaminants from air and water.10,11 The hydroxyl radical
generated during the oxidation of metal oxides (e.g., TiO2) and
activated oxygen species initiated the degradation of organic
compounds.12−14 Many products such as self-cleaning glass
and air purifiers quickly entered the market. The emergence of
the dye-sensitized solar cell was another major advance
emerging from colloidal TiO2.

15 Mesoscopic films made from
colloidal TiO2 could accept electrons from excited dye
sensitizer and deliver the photocurrent in a solar cell. Such
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generation and CO2 reduction.16
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hydrogen generation using visible photons continued in the
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away the photogenerated holes and facilitate H2 generation.
Photostability of the small bandgap continues to pose a
challenge in designing photocatalysts for visible light-induced
H2 generation.

Today, identifying an ideal material system that can harvest
solar light and drive the overall water splitting reaction remains
a challenge. While the wide-bandgap SrTiO3 holds the crown
for a single semiconductor with the highest photon-to-
hydrogen quantum efficiency of nearly 100%,17 the overall
solar energy conversion remains too low for practical
application. Doping these systems to increase visible light
absorption remains an interesting possibility if the nature of
the electronic defect states introduced can be properly
understood and controlled. Alternatively, Z-scheme photo-
catalyst systems combine two low-bandgap photocatalysts to
both harvest a large portion of the solar spectrum and generate
sufficient photopotential to split water, for example, using
tantalum oxynitride in combination with WO3.

18 However,
these systems are complex, and the employed redox shuttle can
accelerate the undesired back-reaction. To overcome this,
researchers are developing solid-state charge shuttles with
reduced graphene oxide or even immobilizing the Z-scheme
particles on a solid conductive film in the “photocatalyst sheet”
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• efforts are still needed to identify
highly stable low-bandgap
semiconductor materials with the
appropriate energy levels to drive
water reduction or oxidation for
implementation in a Z-scheme system.

• The refinement of methods to aid
photogenerated charge separation in
photocatalyst particles (via
heterojunction formation or
crystal-facet dependent potentials)
remains required to ensure high
solar-to-hydrogen conversion efficiency.

• Understanding and improving the
robustness and stability of
low-bandgap photocatalytic systems
will be needed to bring this technology
into the practical application.

• Computer-aided material discovery

2



Setting the Context

Celebrating 50 Years of Photocatalytic
Hydrogen Generation

Cite This: ACS Energy Lett. 2022, 7, 3149−3150 Read Online

ACCESS Metrics & More Article Recommendations

In July 1972 Akira Fujishima and Keinchi Honda published
a short communication with one set of data (current
density−voltage curves) and an electrochemical cell

scheme in Nature to report the photoelectrolysis of water
using a 500 W Xe lamp to photoirradiate a TiO2 electrode in
an H-cell.1 A conceptual design of an H-cell is shown in Figure
1. In 1975 the same researchers, along with Kohayakawa,
demonstrated H2 generation in sunlight using TiO2 and
platinum electrodes without any external bias but using a pH
difference.2 This seminal work of using TiO2 semiconductor as
a photocatalyst/photoelectrode to store sunlight as chemical
energy in H2 led to the emergence of a major field in renewable
energy. Today thousands of researchers continue to develop
the semiconductor photocatalysis concept with nanoparticle
slurries, mesoporous films, membranes, etc. in an effort to split
water into H2 and O2 using sunlight at high efficiency. The
same semiconductor-assisted photocatalytic concept has been
extended to the photodriven reduction of CO2 into fuels and
N2 to ammonia, albeit with limited success. To mark the
occasion of 50 years since Fujishima and Honda’s pivotal
result, we take the opportunity to reflect on the past, present,
and future of heterogeneous photocatalysis.

In the decade after the 1972 Nature paper, researchers
demonstrated CO2 and N2 reduction,3,4 elucidated the
fundamentals of the illuminated semiconductor-electrolyte
interface,5−7 and established the fundamental limits of solar-
to chemical energy conversion.8,9 In the 1990s, the attention
quickly shifted to the environmental remediation of organic
contaminants from air and water.10,11 The hydroxyl radical
generated during the oxidation of metal oxides (e.g., TiO2) and
activated oxygen species initiated the degradation of organic
compounds.12−14 Many products such as self-cleaning glass
and air purifiers quickly entered the market. The emergence of
the dye-sensitized solar cell was another major advance
emerging from colloidal TiO2.

15 Mesoscopic films made from
colloidal TiO2 could accept electrons from excited dye
sensitizer and deliver the photocurrent in a solar cell. Such
dye-sensitized oxide films are currently being explored for H2
generation and CO2 reduction.16

The quest to employ other semiconductor nanomaterials for
hydrogen generation using visible photons continued in the
new millennium. These semiconductors include metal
chalcogenides (e.g., CdS), ternary semiconductor oxides
(BiVO4), nitrides (GaN), and π-conjugated organic semi-
conductors. Many of these semiconductors require either a
sacrificial donor or an applied electrochemical bias to drive

away the photogenerated holes and facilitate H2 generation.
Photostability of the small bandgap continues to pose a
challenge in designing photocatalysts for visible light-induced
H2 generation.

Today, identifying an ideal material system that can harvest
solar light and drive the overall water splitting reaction remains
a challenge. While the wide-bandgap SrTiO3 holds the crown
for a single semiconductor with the highest photon-to-
hydrogen quantum efficiency of nearly 100%,17 the overall
solar energy conversion remains too low for practical
application. Doping these systems to increase visible light
absorption remains an interesting possibility if the nature of
the electronic defect states introduced can be properly
understood and controlled. Alternatively, Z-scheme photo-
catalyst systems combine two low-bandgap photocatalysts to
both harvest a large portion of the solar spectrum and generate
sufficient photopotential to split water, for example, using
tantalum oxynitride in combination with WO3.

18 However,
these systems are complex, and the employed redox shuttle can
accelerate the undesired back-reaction. To overcome this,
researchers are developing solid-state charge shuttles with
reduced graphene oxide or even immobilizing the Z-scheme
particles on a solid conductive film in the “photocatalyst sheet”

Received: August 22, 2022
Accepted: August 22, 2022
Published: August 31, 2022

Figure 1. H-cell configuration for the photoelectrolysis of water
using a semiconductor photoanode (WE), a platinum counter
electrode (CE), and reference electrode.

Ed
ito

ria
l

http://pubs.acs.org/journal/aelccp

© 2022 American Chemical Society
3149

https://doi.org/10.1021/acsenergylett.2c01889
ACS Energy Lett. 2022, 7, 3149−3150

D
ow

nl
oa

de
d 

vi
a 

10
3.

16
6.

24
4.

69
 o

n 
Ja

nu
ar

y 
22

, 2
02

5 
at

 1
6:

16
:0

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

• efforts are still needed to identify
highly stable low-bandgap
semiconductor materials with the
appropriate energy levels to drive
water reduction or oxidation for
implementation in a Z-scheme system.

• The refinement of methods to aid
photogenerated charge separation in
photocatalyst particles (via
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solar-to-hydrogen conversion efficiency.
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robustness and stability of
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into the practical application.
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• efforts are still needed to identify
highly stable low-bandgap
semiconductor materials with the
appropriate energy levels to drive
water reduction or oxidation for
implementation in a Z-scheme system.

• The refinement of methods to aid
photogenerated charge separation in
photocatalyst particles (via
heterojunction formation or
crystal-facet dependent potentials)
remains required to ensure high
solar-to-hydrogen conversion efficiency.

• Understanding and improving the
robustness and stability of
low-bandgap photocatalytic systems
will be needed to bring this technology
into the practical application.

• Computer-aided material discovery 2



Statement of Problem

This time we have to check whether what we followed in the last five decades
in right or not?

• Limited Understanding: Complex interplay between material properties, light
characteristics, and catalytic performance

• Traditional Focus: Emphasis on material modification while overlooking crucial
role of wavelength and intensity of incident photons

• Systematic Studies: Lack of comprehensive research on photon
characteristics-catalytic performance relationship

• Methodology Gaps: Fragmented efforts and absence of standardized material
design protocols

Need for a Paradigm Shift
Move from material-centric approaches towards comprehensive understanding of
light-matter interactions in catalytic processes
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Background: Light-Matter Interactions

Key Concepts
• Primary process: Charge carrier excitation

under controlled light conditions

• Photon absorption follows exponential decay:

Photon Intensity ∝ e−αx

• Penetration depth (skin depth):

δ = 1
α

or α−1

Material Examples
Penetration depth

• Fe2O3: 118 nm (at 550 nm)
• CdTe: 106 nm (at 550 nm)
• Si: 680 nm (at 510 nm)
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Dopant Concentration and Band Bending

Chemical Reviews, 2012, 112(10), 5520-5551 5



Surface Band Bending of TiO2

Electron donor molecules (1-C4H8, C3H6, C2H5C ≡ CH, CH3C ≡ CH, C2H4, HC ≡ CH, H2O,
H2); electron acceptor molecules (O2, N2O)

Chem. Rev. 2012, 112, 5520–5551; Bull. Chem. Soc. Jpn. 1991, 64, 543; J. Am. Chem. Soc. 1988,
110, 4914
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Current Challenges in Photon Management

Current Practice
• Use of broad spectrum sources

• AM1.5
• Xe lamps
• Hg lamps

• Focus only on bandgap excitation

Resulting Issues
• Non-uniform penetration depths
• Variable charge carrier generation
• Increased recombination rates
• Poor control over excitation region

Important Consideration
Penetration depth should match space charge layer thickness
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Pulsed Illumination

ACS Energy Lett. 2017, 2, 5, 950–956

• Short 1 s light pulse can change the
interfacial dynamics, meaning that
ions can somewhat rearrange
themselves at the interface in that
time scale.

• Enhances the interface stability
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Impact of Material Modifications

Factors Affecting Space Charge Layer
1. Doping

• Alters electrical properties
• Modifies space-charge layer extent

2. Metal Deposition
• Creates Schottky junctions
• Influences charge separation

3. Molecular Adsorbents
• Modify surface states
• Affect band bending

Iron Oxide Case
Iron Oxide Band Gap : 2.2 eV (564 nm)| Fe2O3: 118 nm (at 550 nm)

Key Insight
Monochromatic, tailored wavelength selection is crucial - not arbitrary choice
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The Design of Photocatalyst: Current Paradigm

Current Approach Proposed Idea

Bandgap, band edge matching Match photon penetration with space
charge layer

Broad spectrum light Monochromatic, tailored wavelength,
Intensity Optimization, Pulse Radiation

Static material design Dynamic consideration of surface
modifications

Overlooked surface changes Consider adsorbate-induced band
bending

Less attempt to prepare high quality de-
fect less photoelectrode

MOCVD
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Reversing Blue LED Mechanisms for Photoelectrocatalysis

11



Key Research Objectives

• Material Optimization via MOCVD: Utilize Metal-Organic Chemical Vapor
Deposition (MOCVD) to modify and optimize heterostructures for
photoelectrochemical water splitting, ensuring alignment between photon
penetration depth and SCL thickness.

• Band Structure and Interface Engineering: Engineer the band structure and
interfaces of wide bandgap semiconductors to enhance charge separation
efficiency, minimizing electron-hole recombination.

• Surface Modifications and Co-Catalyst Development: Develop and apply
surface treatments and integrate co-catalysts to facilitate efficient water splitting
reactions, ensuring compatibility with holistic light management strategies.
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Innovative Approach: Holistic Photon Management

The approach emphasizes the critical alignment of photon penetration depth with the
SCL, ensuring that electron-hole pairs are generated within the region where internal
electric fields can effectively separate them. This involves:

• Wavelength Tailoring: Selecting specific wavelengths to match the absorption
coefficient and penetration depth with the SCL thickness, optimizing spatial
charge separation.

• Intensity Optimization: Balancing light intensity to generate sufficient charge
carriers without inducing band flattening, thereby maintaining effective charge
separation.

• Temporal Control: Implementing pulsed illumination to mitigate photocatalyst
degradation and manage carrier dynamics, enhancing both efficiency and longevity.
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Moving Forward

Thank You for Your Time and Attention
Your insightful questions and comments have been invaluable.
I welcome any suggestions or opinions you may have to further

improve this research proposal.

14


