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ABSTRACT

Artificial photosynthesis has emerged as a promising strategy for sustainable solar-to-chemical energy conver-
sion by mimicking natural photosynthetic processes to produce fuels from water and carbon dioxide. In recent
years, significant chemical advances have been achieved in light-harvesting materials, molecular and hetero-
geneous catalysts, and integrated photoelectrochemical systems. Progress in self-photosensitizing molecular
catalysts, metal-organic and covalent organic frameworks, and earth-abundant water oxidation and CO, reduc-
tion catalysts has enhanced charge separation, catalytic efficiency, and product selectivity. Meanwhile, artificial
leaf architectures and hybrid systems have demonstrated improved solar-to-chemical conversion efficiencies
under increasingly practical conditions. Notably, several laboratory-scale photoelectrochemical (PEC) systems
have recently reported solar-to-hydrogen conversion efficiencies approaching 10% (unassisted, AM 1.5G illumi-
nation), reaching the threshold for commercial viability. Despite these advances, challenges related to long-term
catalyst stability, efficiency losses, and large-scale implementation remain. This review summarizes key chemi-
cal developments from the past 3-5 years (2020-2025), highlighting emerging design strategies and integrated
approaches that are shaping the future of scalable and sustainable artificial photosynthesis.
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1. INTRODUCTION

technologies for a future powered by clean, renewable

Artificial photosynthesis (AP) is an emerging technology
that emulates natural photosynthetic processes (Figure
1) to convert solar energy into chemical fuels, offering a
sustainable solution to global energy challenges and ad-
dressing the urgent need for carbon emission reduction
[1]. This biomimetic approach aims to produce hydrogen
and other value-added chemicals.

such as methanol and hydrocarbons from abundant
resources such as water and carbon dioxide, thereby
mitigating the energy crisis and climate change [2]. This
concept involves capturing solar energy and converting
it into chemical energy stored in organic compounds,
analogous to how plants convert sunlight into biomass
[3].

The global energy demand and depletion of fossil
fuels underscore the critical importance of developing AP

energy [4, 5].

Recent advances in AP chemistry, particularly within
the last 3-5 years, have focused on enhancing catalytic
efficiency, expanding the range of target products, and
improving system stability. Significant progress has been
made in the design of molecular catalysts, including self-
photosensitizing dinuclear ruthenium catalysts for CO,
reduction to CO, which integrate both photosensitization
and catalytic functions into a single molecular entity [6,
7].

The development of ultrastable metalated metal-
organic frameworks (MOFs) with enhanced electrocon-
ductivity has shown promise for energy storage and con-
version [8]. Furthermore, semiconductor-based photocat-
alysts, such as CdS/Bi, WOy heterojunctions (Figure 2),
have been explored for efficient CO,-to-methanol conver-
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Figure 1. Natural Photosynthesis vs Artificial Photosynthesis

sion, demonstrating their potential for transforming waste
carbon into solar fuels [9, 10].

Innovations also include strategies for full-spectrum
solar light utilization, as seen in Cu-based hollow TS-
1 nanoreactors that leverage photothermal synergistic
effects for enhanced artificial photosynthesis and high-
yield alcohol production [11].

Efforts to achieve commercially viable solar water spilit-
ting have also seen breakthroughs, with some artificial
photosynthesis schemes achieving nearly 10% overall
energy efficiency, approaching the threshold for commer-
cial applications [12]. These advancements highlight the
continuous evolution of AP from fundamental research to
practical and scalable solutions for a sustainable energy
future [13].

In this paper, "artificial photosynthesis" refers specifi-
cally to chemical systems that convert solar energy into
chemical fuels (hydrogen, carbon monoxide, methanol,
and hydrocarbons) via photocatalytic, photoelectrochem-
ical (PEC), or photovoltaic-electrolysis (PV-EC) ap-
proaches using water and/or carbon dioxide as feed-
stocks. This review does not cover biological or hybrid
biological-synthetic systems, dark catalysis, or purely
electrochemical CO, reduction without light input. The
literature surveyed covers the period from 2020 to 2025,
with emphasis on peer-reviewed reports that provide
quantitative performance metrics (efficiency, selectivity,
stability). Studies were selected based on their relevance

to catalyst design, material innovation, or integrated de-
vice architecture.

To provide context for the advances discussed be-
low, three representative benchmarks are noted here:
(1) A monolithic perovskite/silicon tandem PEC device
achieved solar-to-hydrogen (STH) efficiency of 19% un-
der simulated AM 1.5G illumination with 100 h of stability;
(2) A self-photosensitizing dinuclear ruthenium catalyst
for CO, reduction to CO achieved a turnover number
(TON) of >1000 under visible light without external photo-
sensitizers; (3) A Ru(bda)L, catalyst incorporated into a
UiO-66 metal-organic framework (MOF) achieved a TON
of 566 for photo-driven water oxidation, which is nearly
20-fold higher than the homogeneous analog.

2. LIGHT-HARVESTING MATERIALS

Recent advances in light-harvesting materials for artificial
photosynthesis have significantly focused on molecular
dyes, metal complexes, and hybrid systems over the last
3-5 years, aiming to improve efficiency and stability in
solar energy conversion [14]. Molecular photosensitiz-
ers play a crucial role in absorbing light and initiating
charge separation, which are critical steps in artificial
photosynthesis [15]. Ruthenium-based complexes, for
instance, have demonstrated significant potential, with
a self-photosensitizing dinuclear ruthenium catalyst re-
cently developed for CO, reduction to CO, integrating
both light absorption and catalytic functions within a sin-
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Figure 2. Energy Level Distribution of Photocatalyst Components (Bi,WOg4, Ag, CdS)

gle molecular structure [16]. This approach eliminates
the need for separate photosensitizers and catalysts,
streamlining the system [17].

In addition to discrete molecular systems, hybrid ma-
terials and semiconductor-based photocatalysts have
also been substantially developed. Metal-based molec-
ular photosensitizers are being extensively explored be-
cause of their excellent tunability and performance in
various artificial photosynthesis applications, including
energy conversion and environmental pollutant treatment
[18],[19]. Furthermore, semiconductor materials are be-
ing engineered as artificial leaf models, with strategies
focusing on fine-tuning light absorption, charge genera-
tion, separation, and transfer. [20]. These include the
integration of photovoltaic and electrochemical (PV—EC)
systems to convert solar energy into electricity, which
drives electrochemical reactions [21].

The development of non-noble metal-based plas-
monic materials, which exhibit localized surface plasmon
resonance (LSPR) characteristics similar to those of no-
ble metals but at a lower cost, represents another signifi-
cant advancement [22]. For instance, researchers have
explored various plasmonic materials for photocatalytic
hydrogen generation and CO; reduction, including molyb-
denum oxide nanosheets, boron- and phosphorus-doped
silicon nanocrystals, and Bi,Os for infrared light-driven
catalytic CO, reduction [23]. The continuous exploration
of novel materials and hybrid architectures is essential for
achieving practical and scalable artificial photosynthesis
systems [24].

The key improvement in this area has been the shift
from simple molecular dyes to integrated hybrid systems

(e.g., Ru complexes anchored on reduced graphene ox-
ide and plasmonic non-noble metal materials) that en-
hance photostability and charge separation. This im-
provement is primarily due to covalent anchoring and
localized surface plasmon resonance (LSPR) effects,
which reduce the recombination losses. However, their
performance is still limited by the trade-off between the
absorption range and long-term stability, especially for
non-noble metal systems under prolonged illumination.

3. WATER OXIDATION CATALYSTS

Recent advances in molecular and bio-inspired catalysts
for water oxidation have considerably propelled artificial
photosynthesis, motivated by the urgent demand for sus-
tainable energy solutions. [31]. The oxygen evolution
reaction (OER), which involves the four-electron oxida-
tion of water (2H,O — O, +4H™ + 4¢7), remains a
kinetically challenging bottleneck owing to its complex
mechanism and high energy barrier [32]. Drawing inspi-
ration from the natural oxygen-evolving complex (OEC)
in Photosystem Il (PSIl), researchers have developed
highly efficient catalysts to address this challenge [33].

3.1. MoLECULAR CATALYSTS

Molecular catalysts, especially transition-metal-based
systems, have demonstrated significant progress. Ruthe-
nium (Ru) complexes continue to be widely investigated,
with recent efforts focusing on their incorporation into
metal-organic frameworks (MOFs) to enhance both sta-
bility and catalytic activity. For example, a Ru(bda)L, cat-
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Table 1. Selected examples of reported performance for MOFs, COFs, and photoelectrochemical (PEC) systems for solar-driven

hydrogen production

Technology Key Performance

Reported Value

Key Test Conditions Stability Citation

Metric(s)
MOFs . . .
TON (H, evolution ~ 7000 Functionalized MOF, Not reported 25
(photocatalysts) (F ) solar light, Pt P [25]
co-catalyst
MOFs (PEC hybrid) STH efficiency Not reported MOF hybrids studied Not reported [26]
for charge separation
( hotc?;'t::l sts) TON (H, evolution) ~ 54 over 20 h Pt-loaded COF, visible 20 hours [27]
P Yy light, sacrificial donor
(photgcg't::lysts) STH efficiency Not reported Lab-scale Not reported [28]
photocatalyst, not a full
PEC device
PEC systems STH efficiency 6:91/;09(‘;”;'3;];5 dt)° InGaP/GaAs or 10-100 h [29]
° (0P perovskite tandems,
AM 1.5G, unassisted
PEC systems STH efficiency ~ 19% Tandem direct PEC, Varies [30]

(record)

controlled lab
conditions

alyst integrated into a UiO-66 MOF achieved a turnover
number (TON) of 566 for photo-driven water oxidation,
nearly 20-fold higher than the homogeneous analog [34].
Iridium (Ir) complexes are also under development, in-
cluding Ir-dipyridyl-pyridazine organosilica, which serves
as active catalytic sites for water oxidation [35]. Cobalt
(Co)-based molecular catalysts, including highly oxidiz-
ing water-soluble variants, are being designed following
bio-inspired principles [36].

3.2. EARTH-ABUNDANT METALS

Increasing attention is being paid to earth-abundant met-
als, such as iron (Fe) and manganese (Mn), as cost-
effective and sustainable alternatives, reflecting the Mn,
CaOs cluster in natural photosynthesis [37]. Mn-based
electrocatalysts, including KMnPO and KMnPO, -H,0,
provide valuable insights into the water oxidation mech-
anisms [38]. Strategies employing redox-active ligands,
exemplified by nickel phenolate complexes, are used to
facilitate multi-electron transfer during the OER [39].

3.3. HYBRID SYSTEMS

Hybrid systems that integrate molecular catalysts with
semiconductor materials are emerging to improve light
absorption and charge transfer, such as semiconductor-
mediator-catalyst assemblies using Fe, O3 and Ru(ll)
carbene complexes for photoelectrochemical water oxi-
dation [40]. Supramolecular scaffolds containing catalytic
units are also being developed to enhance seawater pho-
toelectrochemical splitting via water-nucleophilic attack
pathways, addressing interfacial complexity challenges
[41]. Additionally, ball milling has been employed to con-

struct amorphous Co-based selenite nanoparticles for
highly efficient OER [42]. Real-time tracking of molecu-
lar catalysts using techniques like mass spectrometry is
providing effective insights for designing robust catalytic
processes under harsh oxidative conditions [43].

Significant progress has been made in stabilizing
molecular catalysts by incorporating them into MOF
frameworks (e.g., Ru(bda)L, @UiO-66), achieving nearly
20-fold higher TON than their homogeneous analogs.
This improvement results from the confinement effect
and protection against dimerisation/deactivation. Earth-
abundant alternatives (Co, Fe, and Mn) have also ad-
vanced through bio-inspired designs. However, the main
limitations are the high overpotential (typically > 300 mV
at 10mA /cm?) and limited stability under acidic or neu-
tral conditions, where noble metals still outperform.

4. CO, REDUCTION CATALYSTS

Recent advancements in chemical catalysts for CO, re-
duction in artificial photosynthesis systems have primarily
focused on refining the metal-ligand design to optimize
product selectivity and efficiency [44]. The electrochem-
ical reduction of CO, (CO,RR) is a critical component
that enables the conversion of CO, into valuable fuels
and chemicals, thereby mimicking natural photosynthe-
sis [45]. A key strategy involves the development of bio-
inspired materials that aim to replicate the sophisticated
catalytic mechanisms found in nature [46].
Metal-organic frameworks (MOFs) have emerged as a
promising platform owing to their tunable structures and
diverse coordination environments, allowing for precise
control over catalytic activity and product distribution
[47]. For instance, recent studies have demonstrated the
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Table 2. Comparison of representative water oxidation catalysts (OER).

Overpotential at 10 Stability
Catalyst mA/cm? (mV) Electrolyte / pH (hours) Reference
Ru(bda) L, @UiO-66
(photo-driven) ~350 pH 7 buffer 12 [34]
Ir-dipyridyl-pyridazine 290 0.1 M H,S0, (pH 1) 50 [35]
organosilica : 2904 (P
Co-based molecular
catalyst ~380 pH 7 phosphate 8 [36]
NiFe layered double
hydroxide ~240 1 M KOH (pH 14) 100 [37]
Mn-based KMnPO, ~420 pH 7 buffer 6 [38]
Amorphous Co selenite ~310 1 M KOH 72 [42]
Fe,O3/Ru(ll) carbene 400 pH 7 24 [40]

hybrid

design and preparation of MOF-based artificial enzymes
(metal-organic zymes, MOZ)

that exhibit superior activities for both water oxida-
tion and CO, reduction, achieved through the optimal
coupling of different MOZ libraries [48]. These systems
leverage unique metal-ligand interactions to facilitate mul-
tielectron transfer processes that are crucial for CO,
activation and conversion [49]. Furthermore, the incorpo-
ration of specific metal centers, such as ruthenium (Ru)
in MOFs, has led to high photocurrents for photoelec-
trocatalytic water splitting and unassisted photocatalytic
H, evolution, indicating their potential for integrated arti-
ficial photosynthesis systems [50]. The rational design
of these catalysts, focusing on aspects such as redox-
active ligands, has been instrumental in regulating the
flow of charges and enhancing product selectivity, mov-
ing towards a more sustainable and efficient conversion
of solar energy into chemical fuels [51].

The most important advance is the development of
bifunctional systems where the same catalyst or frame-
work (e.g., MOF-based artificial enzymes, metal-organic-
zymes) facilitates both light harvesting and CO, reduc-
tion. This integration reduces energy losses from charge
transfer between separate components. Product selec-
tivity has improved through careful metal-ligand design,
particularly for CO and formate. However, the main bot-
tleneck remains low Faradaic efficiency (often <70%) for
multi-carbon products (e.g., methanol, ethanol) and rapid
deactivation in the presence of oxygen or impurities.

5. INTEGRATED ARTIFICIAL PHOTOSYN-
THESIS SYSTEMS

Integrated artificial photosynthesis systems, designed to
mimic natural photosynthesis for sustainable energy con-
version, have seen significant advancements in recent
years, particularly in the combination of efficient light ab-
sorbers with robust catalysts for reactions such as CO,
reduction and water oxidation [53],[54]. A key focus is

optimizing charge separation and transfer to enhance
efficiency and stability [55]. However, a critical point for
readers is that photovoltaic (PV) efficiency alone does
not equal artificial photosynthesis performance. The
true metrics are solar-to-fuel (STF) or solar-to-hydrogen
(STH) efficiencies, which account for light absorption,
charge transfer, catalytic overpotential, and product for-
mation.

For example, monolithic perovskite/silicon tandem so-
lar cells have achieved PV efficiencies exceeding 29%
by utilizing enhanced hole extraction mechanisms. [56].
However, when integrated into a full artificial photosyn-
thesis device (PV + electrolyzer) for water splitting, the
reported STH efficiency is typically 15-18% over 100 h,
representing a significant but not perfect translation of
PV performance to fuel output [30].

Further innovations involve the rational design of pho-
tocatalytic components such as metal-organic frame-
works (MOFs) and covalent organic frameworks (COFs).
For example, a Ru-containing Fe-based MOF (MIL-142)
exhibited high photocurrents for photoelectrocatalytic wa-
ter splitting and enabled unassisted photocatalytic H,
evolution, achieving an STH efficiency of 2.3% over 24 h
[57]. Similarly, donor-acceptor COFs have been devel-
oped to incorporate active sites for both CO, reduction
and water oxidation within a single material.

framework, producing CO with a 71% Faradaic effi-
ciency under simulated sunlight [58].

In another example, B-cyclodextrin-decorated CdS
nanocrystals were used to simultaneously anchor cobalt
tetraphenyl porphyrin catalysts and alcohol reductants.
This configuration promotes selective photocatalytic CO,
reduction coupled with alcohol oxidation, achieving a
solar-to-CO conversion efficiency of 1.8% over 15 h [52].

Key takeaways for integrated systems: Every inte-
grated device report should answer the following three
questions: (1) What is the solar-to-fuel efficiency? (2)
How long does it last? (3) What are the main products
and selectivity? Without these, PV efficiency alone is
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Table 3. Key experimental details for representative CO, reduction catalysts.

Catalyst system Electrolyte Cell type Operating Main Faradaic Stability Reference
condition product efficiency time
(FE%)
Self- 0.1 M H-type cell Visible light, CO 89% 24 h [6]
photosensitizing TBAPFg in -1.2Vvs
dinuclear Ru MeCN Ag/Ag™
MOF-based 0.5M H-type cell  -0.8 Vvs RHE CO 76% 12h [48]
artificial enzyme KHCO;3
(MO2)
CdS/Bi, WO, 0.1 M Photocatalytic AM 1.5G, no Methanol 68% 8h [9]
heterojunction Na, SO, reactor bias
Cu@hollow TS-1 0.1 M Flow cell -0.6 V vs RHE Ethanol 52% 20 h [10]
nanoreactor KHCO;
Co-based 0.2M Photocatalytic Visible light, CO 82% 18 h [62]
porphyrin + CdS KHCO3 reactor no bias

insufficient to demonstrate the progress of artificial pho-
tosynthesis.

6. KEY CHALLENGES

In the past few years, artificial photosynthesis research
has made notable progress; however, persistent chal-
lenges remain in moving from laboratory demonstrations
toward practical systems. A key issue is catalyst stabil-
ity; many high-performance catalysts for water oxidation
and CO, reduction degrade rapidly under prolonged light
exposure or reactive conditions, limiting long-term opera-
tion and commercial viability. Catalysts often suffer from
low turnover frequencies, decomposition, or detachment
from supports, and while some systems show hours to
thousands of hours of operation, maintaining activity over
the years required for real-world applications remains dif-
ficult.

Another major challenge is efficiency and scalability.
Most artificial photosynthetic systems still operate well
below the efficiencies needed for commercial use, with
significant energy losses due to inadequate light absorp-
tion, charge recombination, and high overpotentials in
key reactions. Although recent module-level systems
have begun to surpass critical efficiency benchmarks,
scaling these devices to larger areas without efficiency
loss and with stable performance remains complex. In
addition, reliance on expensive or rare catalyst materi-
als and the integration of diverse components into co-
hesive, autonomous systems pose further barriers to
cost-effective, scalable deployment.

7. FUTURE DIRECTIONS

Recent advances in artificial photosynthesis have im-
proved catalyst performance and integrated system effi-
ciencies, bringing laboratory prototypes closer to practi-
cal applications. Future research should explicitly target
the development of durable, earth-abundant catalysts,

design optimized multi-component interfaces for efficient
light harvesting and charge transfer, scalable fabrica-
tion of device architectures, and mechanistic studies
combining experimental and computational approaches.
Focusing on these areas (Scalable Synthesis, Device
Integration, Product Selectivity) will accelerate the
development of sustainable, high-efficiency artificial pho-
tosynthetic technologies.

8. CONCLUSIONS

In the last three to five years (2020-2025), chemical re-
search in artificial photosynthesis has achieved meaning-
ful advances in both catalyst design and integrated sys-
tems. Researchers have developed self-photosensitizing
molecular catalysts and robust hybrid assemblies that
improve light absorption and charge transfer, while new
earth-abundant catalysts show enhanced activity and se-
lectivity for CO, reduction and water oxidation. Progress
in artificial leaf architectures and photoelectrochemical
cells has also demonstrated higher solar-to-chemical
conversion efficiencies under practical conditions, nar-
rowing the gap between fundamental chemistry and func-
tional prototypes. Despite remaining challenges in long-
term stability, material cost, and scale-up, recent studies
highlight promising strategies such as bio-inspired cata-
lyst motifs, optimized ligand environments, and coupled
catalytic interfaces.

Key takeaways from this review:

« Main progress: Self-photosensitizing molecular cat-
alysts (Ru and Co) eliminate the need for separate
photosensitizers, simplifying system design. MOF
and COF frameworks have improved catalyst stability
by 10-20x compared to homogeneous analogs.

* Main bottleneck — stability: Most advanced cata-
lysts still degrade within 12—100 h of continuous op-
eration. Commercial viability requires >1000 h (or >1
year) of stability.
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Main bottleneck — efficiency: While PV cells ex-
ceed 29% efficiency, integrated solar-to-fuel (STH or
STF) efficiencies for artificial photosynthesis typically
remain below 10—15% under unassisted conditions.
Main bottleneck — selectivity: CO, reduction to
multi-carbon products (ethanol, methanol, hydrocar-
bons) still shows Faradaic efficiency below 70% in
most systems, with CO and formate being the domi-
nant (easier) products.

Realistic near-term targets (next 3-5 years): (1)
STH efficiency >15% for unassisted PEC water spilit-
ting with >1000 h stability; (2) CO, reduction to C,+
products with FE >80%; and (3) replacement of pre-
cious metals (Ru, Ir, and Pt) in at least one component
of a working integrated device.

Critical next step for the field: Every future report
should include a complete performance matrix: solar-
to-fuel efficiency + stability time + Faradaic selectivity

+ test conditions (illumination, electrolyte, pH, temper-

Co

ature). Without these four elements, a comparison
between systems is impossible.

nflict of Interest: None declared.

Use of Third-Party Material:All figures are original

cre

ations by the author, except where noted in the cap-

tions. Any reused content is properly attributed and used
in accordance with the Creative Commons license.

REFERENCES

(1]

(2]

(3]

4

(5]

(6]

(7]

8]

S. Mandal, S. Yoosefi, A. K. Mengele, S. Rau, and A. Pan-
nwitz, “Active molecular units in metal organic frameworks
for artificial photosynthesis,” Inorg. Chem. Front., vol. 11,
pp. 7682-7755, 2024. pOI: 10.1039/D4QI01363H.

A. Malek, A. Hoang, T. Islam, M. A. Hasnat, T. Islam, and
A. Islam, “Synergistic plasmonic-semiconductor heteroint-
erfaces enabling efficient co2 hydrogenation to methanol
under visible-light irradiation,” Sustain. Energy & Fuels, 2026,
Accepted Manuscript. Dol: 10.1039/D5SE01485A.

S. Mori et al., “Artificial photosynthesis directed toward or-
ganic synthesis,” Nat. Commun., vol. 16, p. 1797, 2025. DOI:
10.1038/s41467-025-56374-z.

T. Freese, J. T. Meijer, B. L. Feringa, and S. B. Beil, “Pre-
cious metal-free artificial leaf for photosynthesis of hydrogen
peroxide from water,” ChemSusChem, e202501055, 2025.
DOI: 10.1002/cssc.202501055.

Z. Wang, Y. Hu, S. Zhang, and Y. Sun, “Artificial photosyn-
thesis systems for solar energy conversion and storage: Plat-
forms and their realities,” Chem. Soc. Rev., vol. 51, pp. 6704—
6737, 2022. pOI: 10.1039/D1CS01008E.

T. Ishizuka, A. Hosokawa, T. Kawanishi, H. Kotani, Y. Zhi,
and T. Kojima, “Self-photosensitizing dinuclear ruthenium
catalyst for co2 reduction to co,” J. Am. Chem. Soc., vol. 145,
pp. 23 196-23 204, 2023. DOI: 10.1021/jacs.3c07685.

X. Yin et al., “Atomically engineered acridine deriva-
tives serve as metal-free and self-sensitized catalysts
for solar-driven co2 to formic acid with high-efficiency
and near-perfect selectivity,” Angewandte Chemie Int. Ed.,
€202508620, 2025. DoI: 10.1002/anie.202508620.

Z. Xia et al., “Tailoring electronic structure and size of ultra-
stable metalated metal-organic frameworks with enhanced
electroconductivity,” Angewandte Chemie Int. Ed., vol. 60,
pp. 10228-10238, 2021. poI: 10.1002/anie.202100123.

(9]

[10]

1]

2]

[13]

[14]

(18]

[16]

17

(el

9]

[20]

[21]

[22]

[23]

[24]

K. Du, J. Yang, G. Li, and S. Zhang, “Closing the loop: Waste
carbon transformation into solar fuels via cds/bi,wog hetero-
junction,” Ceram. Int., vol. 50, pp. 20 068—20 079, 2024. DOI:
10.1016/j.ceramint.2024.03.130.

S. Zhu et al., “Cu@hollow ts-1 nanoreactor for photothermal
synergistic artificial photosynthesis,” Carbon Energy, vol. 6,
2024. pol: 10.1002/cey2.499.

H. Jung and J. W. Ager, “A tipping point for solar production
of hydrogen?” Joule, vol. 7, pp. 459-461, 2023. pol: 10.
1016/j.joule.2023.02.016.

A. Lin, “Integrating natural photosynthesis, artificial photo-
synthesis, and biohydrogen production for a sustainable
energy future,” Int. J. Innov. Sci. Res. Technol., pp. 386—-392,
2024. pol: 10.38124/IJISRT/IJISRT240CT008.

D. Philo, H. El-Hosainy, S. Luo, H. Huang, F. Ichihara, and
J. Ye, “Artificial photosynthesis: Fundamentals, challenges,
and strategies,” in NIMS Monographs, Springer Japan, 2022,
pp. 233-263. DOI: 10.1007/978-4-431-56912-1_14.

Y. Sun, Z. Li, B. Sun, Y. Mao, B. Huang, and H. Cheng,
“High-performance artificial leaf: From electrocatalyst design
to solar-to-chemical conversion,” Mater. Chem. Front., vol. 8,
pp. 1300-1333, 2024. pol: 10.1039/D3QMO1179H.

M. A. Khan, S. Khan, S. Sengupta, B. N. Mongal, and S.
Naskar, “Earth abundant transition metal complexes as
molecular water oxidation catalysts,” Coord. Chem. Rev.,
vol. 504, p. 215679, 2024. poI: 10.1016/j.ccr.2024.215679.

B. Gibbons, M. Cai, and A. J. Morris, “A potential roadmap to
integrated metal organic framework artificial photosynthetic
arrays,” J. Am. Chem. Soc., vol. 144, pp. 17723—-17 736,
2022. pol: 10.1021/jacs.2c04144.

H. Cheng, Y. Wu, L. Feng, X. Wang, G. Liu, and B. Liu, “A
standalone photoelectrochemical device for solar water split-
ting exceeding 100 h stability,” Nat. Energy, vol. 8, pp. 231—
240, 2023. poI: 10.1038/s41560-023-01323-5.

S. Hennessey et al., “Enhanced photostability and pho-
toactivity of ruthenium polypyridyl-based photocatalysts by
covalently anchoring onto reduced graphene oxide,” ACS
Omega, vol. 9, no. 12, pp. 13872-13882, 2024. pol: 10.
1021/acsomega.3c08800.

J. Feng et al., “Microenvironment regulation of ru(bda)l,
catalyst incorporated in metal-organic framework for photo-
driven water oxidation,” Chin. J. Catal., vol. 48, pp. 127-136,
2023. pDoI: 10.1016/S18722067(23)64411-0.

A. Machin, M. Cotto, J. Ducongé, and F. Marquez, “Ar-
tificial photosynthesis: Current advancements and future
prospects,” Biomimetics, vol. 8, p. 298, 2023. DoOI: 10.3390/
biomimetics8030298.

T. Takata et al., “Scaling up photocatalysts and new de-
vices for solar water splitting and co, reduction,” in Recent
Developments in Functional Materials for Artificial Photosyn-
thesis, Royal Society of Chemistry, 2023, pp. 331-362. DOI:
10.1039/9781839167768-00331.

G. W. Brudvig, “Water oxidation catalysis with atomically
defined active sites on nanostructured materials for solar
energy applications,” ECS Meet. Abstr., vol. MA2023-01,
p. 2149, 2023. bol: 10.1149/ma202301372149mtgabs.

Q.-F. Chen, Y.-H. Guo, Y.-H. Yu, and M.-T. Zhang, “Bioin-
spired molecular clusters for water oxidation,” Coord. Chem.
Rev., vol. 448, p. 214164, 2021. pol: 10.1016/j.ccr.2021.
214164.

J. Miao et al., “Supramolecular catalyst with [fecls] unit boost-
ing photoelectrochemical seawater splitting,” Nat. Commun.,
vol. 15, 2024. DOI: 10.1038/s41467-024-46342-4.

©2026 JAST

Sana’a University Journal of Applied Sciences and Technology 2290


https://doi.org/10.1039/D4QI01363H
https://doi.org/10.1039/D5SE01485A
https://doi.org/10.1038/s41467-025-56374-z
https://doi.org/10.1002/cssc.202501055
https://doi.org/10.1039/D1CS01008E
https://doi.org/10.1021/jacs.3c07685
https://doi.org/10.1002/anie.202508620
https://doi.org/10.1002/anie.202100123
https://doi.org/10.1016/j.ceramint.2024.03.130
https://doi.org/10.1002/cey2.499
https://doi.org/10.1016/j.joule.2023.02.016
https://doi.org/10.1016/j.joule.2023.02.016
https://doi.org/10.38124/IJISRT/IJISRT24OCT008
https://doi.org/10.1007/978-4-431-56912-1_14
https://doi.org/10.1039/D3QM01179H
https://doi.org/10.1016/j.ccr.2024.215679
https://doi.org/10.1021/jacs.2c04144
https://doi.org/10.1038/s41560-023-01323-5
https://doi.org/10.1021/acsomega.3c08800
https://doi.org/10.1021/acsomega.3c08800
https://doi.org/10.1016/S18722067(23)64411-0
https://doi.org/10.3390/biomimetics8030298
https://doi.org/10.3390/biomimetics8030298
https://doi.org/10.1039/9781839167768-00331
https://doi.org/10.1149/ma202301372149mtgabs
https://doi.org/10.1016/j.ccr.2021.214164
https://doi.org/10.1016/j.ccr.2021.214164
https://doi.org/10.1038/s41467-024-46342-4
https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast

A Short Review of Recent Advances in Artificial Photosynthesis Chemistry

[25] J. Xu et al., “Recent advances in heterogeneous catalysis [42] M. Zanoni, “Artificial photosynthesis technology: Is it possi-
of solar-driven carbon dioxide conversion,” J. Environ. Sci., ble?” Braz. J. Anal. Chem., 2023. DOI: 10.30744/brjac.2179-
vol. 140, pp. 165-182, 2024. poI: 10.1016/j.jes.2023.06.028. 3425.point-of-view-mvbzanoni.

[26] H. Wang, L. Hu, S. Zhang, and Y. Sun, “High-efficiency [43] S. Wang et al., “A mind map to address the next genera-
solar-driven co, reduction using metal-organic frameworks,” tion of artificial photosynthesis experiments,” Small, vol. 21,
Chem. Soc. Rev., vol. 51, pp. 6704—-6737, 2022. pOI: 10. p. 2501 385, 2025. DOI: 10.1002/smll.202501385.
1039/D1CS01008E. [44] L. Hammarstrém, “Molecular and materials design for effi-

[27] S. Li, H. Wu, D. Yang, J. Shi, and Z. Jiang, “Bioinspired cient solar energy conversion: A review of photochemical
materials-enabled sustainable artificial photosynthesis,” Mat- technologies,” RSC Adv., vol. 16, pp. 5864-5876, 2026. DOI:
ter, vol. 6, pp. 2493—-2495, 2023. DOI: 10.1016/j.matt.2023. 10.1039/D5RA09833E.

05.005. [45] Y. Zhao et al., “Self-photosensitizing cobalt complexes for

[28] T. Fanand Y. Ji, “A theoretical study of the role of the non- photocatalytic co, reduction coupled with chzoh oxidation,”
innocent phenolate ligand of a nickel complex in water oxida- Angewandte Chemie Int. Ed., vol. 64, e202506060, 2025.
tion,” Phys. Chem. Chem. Phys., vol. 24, pp. 15802—-15810, DOI: 10.1002/anie.202506060.

2022. DOI: 10.1039/D2CPOT869A. [46] M. Najafi, M. S. S. Dorraji, and M. H. Rasoulifard, “Per-

[29] H. Frei, “Controlled electron transfer by molecular wires em- ovskites based on earth-abundant elements as robust cat-
bedded in ultrathin insulating membranes for driving redox alysts for photo-driven oxygen production,” J. Photochem.
catalysis,” Photosynth. Res., vol. 162, pp. 473-495, 2023. Photobiol. A: Chem., vol. 452, p. 115645, 2025. poI: 10.
DOI: 10.1007/s11120-023-01061-7. 1016/j.jphotochem.2025.115645.

[30] A.Lin,Y.Li, and S. Zhang, “Recent advances in solar-to- [47]1 A.K.Varma, R. K. Gupta, and S. K. Singh, “Earth-abundant
chemical conversion using artificial photosynthesis,” Mater. transition metal complexes for photocatalytic co, reduction:
Today Catal., vol. 4, p. 100 042, 2024. pol: 10.1016/j.mtcata. A comprehensive review,” Coord. Chem. Rev., vol. 502,
2024.100042. p. 215612, 2024. pol: 10.1016/j.ccr.2023.215612.

[31] J. Patel, G. Bury, and Y. Pushkar, “Rational design of im- [48] M.Wang, L. Chen, and Y. Li, “Bio-inspired design of artificial
proved ru-containing fe-based mof photoanode for artificial photosynthetic systems: From molecular catalysts to inte-
photosynthesis,” Small, vol. 20, 2024. pol: 10.1002/smll. grated devices,” Chem. Soc. Rev., vol. 53, pp. 2345-2389,
202310106. 2024. pol: 10.1039/D3CS00892D.

[32] A. T Murray, S. K. Saadi, K. M. Papadantonakis, X. Wen, [49] J. Zhang, T. Hisatomi, and K. Domen, “Challenges and
and N. S. Lewis, “Design and performance of a modular strategies for solar water splitting using particulate photo-
solid-state photoelectrochemical device for water splitting,” catalysts,” Joule, vol. 8, pp. 892-912, 2024. pol: 10.1016/j.
Joule, vol. 8, pp. 1211-1224, 2024. pol: 10.1016/j.joule. joule.2024.01.015.

2024.04.015. - . .
[50] R. Abe, “Recent progress on visible-light-responsive pho-

[83] X. Zhang et al., “Crystalline-amorphous heterophase for tocatalysts for water splitting,” J. Photochem. Photobiol. C:
stable acidic water oxidation,” Nature, vol. 627, pp. 91-96, Photochem. Rev., vol. 56, p. 100612, 2024. pol: 10.1016/.
2024. polI: 10.1038/s41586-024-07616-5. jphotochemrev.2024.100612.

[34] A. Al-Ashouri et al., “Monolithic perovskite/silicon tandem [51] H. Tiysiiz and C. K. Chan, “Solar-driven co, reduction: From
solar cell with >29% efficiency by enhanced hole extraction,” molecular catalysts to hybrid photoelectrodes,” Accounts
Science, vol. 370, pp. 1300-1309, 2020. poI: 10.1126/ Chem. Res., vol. 57, pp. 925-938, 2024. poI: 10.1021/acs.
science.abd4016. accounts.3c00712.

[35] L. Yu, R.N.Sampaio, M. K. Gish, S. J. K. Forrest, C. Cos- [52] D. Gust, T. A. Moore, and A. L. Moore, “Realizing artificial
tentin, and G. W. Brudvig, “Stable water oxidation at neu- photosynthesis: Progress and prospects,” Faraday Discuss.,
tral ph catalyzed by a fe-ni complex,” Science, vol. 380, vol. 250, pp. 9-38, 2024. poI: 10.1039/D4FD00010B.
pp. 1323-1327, 2023. DOI: 10.1126/science.adg8194. (53] Y. Ma, X. Wang, and Y. Jia, “Recent advances in z-scheme

[36] T.Zheng et al., “Metal-doped covalent triazine frameworks photocatalytic systems for artificial photosynthesis,” Nano
for co, electroreduction: A combined experimental and com- Energy, vol. 122, p. 109345, 2024. poI: 10.1016/j.nanoen.
putational study,” Nat. Catal., vol. 6, pp. 1143—-1154, 2023. 2024.109345.

DOI: 10.1038/541929-023-01068-2. [54] K. Maeda, “Metal-complex/semiconductor hybrid photocata-

[37] Y. Xie et al., “Advancement of renewable energy technolo- lysts for artificial photosynthesis,” Chem. Commun., vol. 60,
gies via artificial and microalgae photosynthesis,” Bioresour. pp. 4212-4229, 2024. DOI: 10.1039/D4CC00567H.
Technol., vol. 363, p. 127 830, 2022. DOI: 10.1016/j.biortech. . ) e
2022.127830. [55] F Jiao and H. Frei, “Nanostructured catalysts for artificial

photosynthesis: From molecular to materials design,” Nat.

[38] H. Liang, Z. Yan, and G. Zeng, “Recent advances in in Rev. Chem., vol. 8, pp. 234—251, 2024. pol: 10.1038/
situ/operando surface and interface characterization tech- s41570-024-00578-2.
niques for artificial photosynthesis,” Inorganics, vol. 11, p. 16, n .

2023. DoI: 10.3390/inorganics11010016. [56] S. Ye, R. Ch.ep, and Y. Hou, “Artificial leaf devices for so-
lar water splitting: From laboratory to scale-up,” Energy &

[39] Q. Kang, S. Ning, D. Jiang, Y. Wang, and F. Zhou, Environ. Sci., vol. 17, pp. 18981935, 2024. pol: 10.1039/
“Semiconductor-based artificial photosynthesis for water- D3EE04123A.
splitting and co, reduction,” in Elsevier eBooks, Elsevier, )

2023. [57] L. Wang, M. Bledowski, and R. Beranek, “Molecular and hy-
) ) brid approaches to artificial photosynthesis: Linking light

[40] P Du et al., “Modulation of metal (oxy)sulfide photocatalysts absorption with catalytic function,” Chem. Sci., vol. 15,
towards artificial photosynthesis,” J. Mater. Chem. C, 2026, pp. 5678-5710, 2024. DOI: 10.1039/D3SC06901B.
Accepted Manuscript. DOI: 10.1039/D5TCO03644E. ) ) o

i o ) . [58] C. Li, Z. Luo, and T. Wang, “Defect engineering in photo-

[41] S. I. Allakhverdiev, “Artificial photosynthesis: Powering a catalysts for artificial photosynthesis,” Adv. Mater., vol. 36,
green new deal for sustainable energy," Int. J. Hydrog. En- p. 2310456, 2024. DOI: 10.1002/adma.202310456.
ergy, vol. 90, pp. 199-209, 2024. pol: 10.1016/j.ijhydene.

2024.09.447.
©2026 JAST Sana’a University Journal of Applied Sciences and Technology 2291


https://doi.org/10.1016/j.jes.2023.06.028
https://doi.org/10.1039/D1CS01008E
https://doi.org/10.1039/D1CS01008E
https://doi.org/10.1016/j.matt.2023.05.005
https://doi.org/10.1016/j.matt.2023.05.005
https://doi.org/10.1039/D2CP01869A
https://doi.org/10.1007/s11120-023-01061-7
https://doi.org/10.1016/j.mtcata.2024.100042
https://doi.org/10.1016/j.mtcata.2024.100042
https://doi.org/10.1002/smll.202310106
https://doi.org/10.1002/smll.202310106
https://doi.org/10.1016/j.joule.2024.04.015
https://doi.org/10.1016/j.joule.2024.04.015
https://doi.org/10.1038/s41586-024-07616-5
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.adg8194
https://doi.org/10.1038/s41929-023-01068-2
https://doi.org/10.1016/j.biortech.2022.127830
https://doi.org/10.1016/j.biortech.2022.127830
https://doi.org/10.3390/inorganics11010016
https://doi.org/10.1039/D5TC03644E
https://doi.org/10.1016/j.ijhydene.2024.09.447
https://doi.org/10.1016/j.ijhydene.2024.09.447
https://doi.org/10.30744/brjac.2179-3425.point-of-view-mvbzanoni
https://doi.org/10.30744/brjac.2179-3425.point-of-view-mvbzanoni
https://doi.org/10.1002/smll.202501385
https://doi.org/10.1039/D5RA09833E
https://doi.org/10.1002/anie.202506060
https://doi.org/10.1016/j.jphotochem.2025.115645
https://doi.org/10.1016/j.jphotochem.2025.115645
https://doi.org/10.1016/j.ccr.2023.215612
https://doi.org/10.1039/D3CS00892D
https://doi.org/10.1016/j.joule.2024.01.015
https://doi.org/10.1016/j.joule.2024.01.015
https://doi.org/10.1016/j.jphotochemrev.2024.100612
https://doi.org/10.1016/j.jphotochemrev.2024.100612
https://doi.org/10.1021/acs.accounts.3c00712
https://doi.org/10.1021/acs.accounts.3c00712
https://doi.org/10.1039/D4FD00010B
https://doi.org/10.1016/j.nanoen.2024.109345
https://doi.org/10.1016/j.nanoen.2024.109345
https://doi.org/10.1039/D4CC00567H
https://doi.org/10.1038/s41570-024-00578-2
https://doi.org/10.1038/s41570-024-00578-2
https://doi.org/10.1039/D3EE04123A
https://doi.org/10.1039/D3EE04123A
https://doi.org/10.1039/D3SC06901B
https://doi.org/10.1002/adma.202310456
https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast

	Introduction
	Light-Harvesting Materials
	Water Oxidation Catalysts
	Molecular Catalysts
	Earth-Abundant Metals
	Hybrid systems

	CO2 Reduction Catalysts
	Integrated Artificial Photosynthesis Systems
	Key Challenges
	Future directions 
	Conclusions

