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Mechanochemically Engineered Functional Materials:
Advancing Photocatalysis for Sustainable Fuels
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and Daily Rodriguez-Padron*

The pressing demand for sustainable energy solutions has spurred the
development of innovative fuel production methods. Mechanochemistry has
emerged as a powerful strategy for engineering functional materials with
enhanced photocatalytic properties, offering a greener and more efficient
route to solar-driven fuel generation. This review thoroughly explores the role
of mechanochemistry in designing and optimizing visible-light-active
photocatalysts, with a particular focus on hydrogen production and CO,
photoreduction, highlighting its potential to enable energy-efficient,
solvent-free, and scalable synthesis. The mechanochemical synthesis of
advanced semiconductor-based photocatalysts, including titania-based
materials, metal-free photocatalysts, supported metal species ranging from
nanoparticles to clusters and single atoms, perovskites, Metal-Organic
Frameworks (MOFs), and bioconjugates, offers a sustainable alternative to
conventional fabrication methods, minimizing energy consumption and
solvent waste. Additionally, the final section of this manuscript provides

to its nontoxic nature, high specific
energy (120-142 MJ kg!), and zero
greenhouse gas emissions when used
in fuel cells or directly combusted, pro-
ducing only water as a byproduct.>#!

Additionally, hydrogen’s low density
makes it safer in open environments,
as it rapidly disperses upon accidental
release, minimizing ignition risks.’”’
However, hydrogen’s light weight also con-
tributes to its scarcity in molecular form
(H,) on Earth, thereby requiring efficient
production and storage methods.['%11]

Currently, ~95% of hydrogen is pro-
duced from fossil fuels, primarily via steam
methane reforming (CH, + 2H,0 —
CO, + 4H,) at high temperatures (650—
1000 °C). This is a cost-effective pro-

insights into the direct application of mechanical energy for fuel production.
Finally, this review discusses the challenges and future directions of
mechanochemically engineered photocatalysts, positioning this approach as a

key enabler of next-generation solar fuel technologies.

1. Introduction

The global energy crisis and environmental degradation have ac-
celerated the search for sustainable and renewable energy solu-
tions. The increasing energy demand, coupled with the urgent
need to mitigate climate change, necessitates transitioning from
fossil fuels to alternative energy sources.[?]

In this context, hydrogen, the most abundant element in the
universe, holds significant potential as a future energy carrier due
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cess, but it generates substantial CO,
emissions estimated at ~920 Mt year™
(2023) by the International Energy Agency
(IEA).'>181 Albeit CO, is a cheap, non-
toxic, and abundant carbon feedstock to
produce fuels and chemicals, its major
contribution to global warming makes
the control of its emissions crucial.'"2!]

To advance toward a more sustainable energy landscape, it is
therefore imperative to simultaneously improve hydrogen pro-
duction and develop efficient technologies for CO, capture and
sequestration. Various approaches, including thermocatalysis,[??]
electrocatalysis,|?3] and photocatalysis, are being explored, with
photocatalysis emerging as a particularly promising strategy
due to its ability to harness a renewable and widely available
source as solar energy, without any additional inputs.[**! Pho-
tocatalytic processes involve the absorption of light by a cata-
lyst to generate electron-hole pairs, initiating subsequent chem-
ical reactions.[>] However, the practical application of such pro-
cesses is limited by rapid electron-hole recombination and inef-
ficient charge transfer. To address these challenges, researchers
have developed diverse catalytic materials such as metal ox-
ides, graphitic carbon nitride, heterojunctions, and perovskites.
Doping these materials with heteroatoms or metals can fur-
ther enhance charge separation, prevent recombination, and
optimize the band gap for hydrogen production and CO, re-
duction. These procedures are effective for the catalyst’s syn-
thesis, but they suffer from being time-consuming and requir-
ing large amounts of solvents, often environmentally harmful
ones.

© 2025 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:selva@unive.it
mailto:daily.rodriguez@unive.it
https://doi.org/10.1002/adfm.202506860
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202506860&domain=pdf&date_stamp=2025-07-23

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Mechanochemical Solar-driven fuels Mechanochemistry
s Synthesis generation for fuels production
q .:
0833 C&O]—[} H
\ CHg COY @ CB
P CO; Hz
LA,
o0, @ & P
o) HzO
Metal oxide NPs  Bioconjugates Supported VB /

metal NPs

Perovskites

SACs and SCCs

\H+, Oz

Figure 1. Outline of the topics covered in this review on the application of mechanochemistry in photocatalyst synthesis and sustainable fuel production.

In this context, mechanochemistry has emerged as a green
alternative that aligns with the principles of sustainable chem-
istry. The International Union of Pure and Applied Chemistry
(IUPAC) defines mechanochemistry as the field of chemical re-
actions induced by direct mechanical energy absorption.!?*! Over
the past few decades, mechanochemical reactions have gained
attention for their ability to produce a wide range of materi-
als with minimal or no solvent use, classified based on an em-
pirical parameter, # (amount of liquid phase (in uL) per mg of
solid reactants).[”~?] This approach includes neat grinding (1
= 0 pL mg™') or liquid-assisted grinding (LAG) for 5 values be-
tween 0 and 1 uL mg~1.3%31 Indeed, mechanochemical synthesis
not only enables solvent-free reactions but also allows the use of
small liquid amounts, which could lead to different product se-
lectivity. This technique could be particularly advantageous for
synthesizing photocatalytic materials, particularly its scalability
and eco-friendliness make it promising for producing materi-
als that facilitate visible-light-driven hydrogen evolution and CO,
reduction.

This review will focus on this specific subject by presenting a
comprehensive analysis of the state of the art in mechanochemi-
cal synthesis of photocatalytic materials for hydrogen production
and CO, reduction under visible light, with a particular empha-
sis on developments over the last 5 years (Figure 1). The discus-
sion will address mechanochemical synthesis and photocatalytic
performance of materials such as perovskites, MOFs, supported
metal nanoparticles, bioconjugates, and metal-free materials like
graphitic carbon nitride. Other mechanochemically synthesized
materials with diverse visible-light-driven applications will be fur-
ther explored as potential candidates for photocatalytic fuel pro-
duction. Additionally, a section will be devoted to the direct gen-
eration of fuels through mechanochemical reactions.

2. Mechanochemical Synthesis: Principles and
Approaches

Unlike traditional solution-based synthesis, mechanochemical
processes do not rely on thermal activation or solvents, but in-
stead use mechanical energy to promote bond formation and
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cleavage. The fundamental basis of mechanochemistry lies on
the application of physical forces such as impact, compression,
or shear, where the repeated application of localized mechani-
cal stress generates reactive intermediates at the solid-solid in-
terface. These conditions lead to the formation of structural de-
fects (such as dislocations and vacancies), localized heating, and
enhanced diffusion, all of which lower the activation energy re-
quired for reactions to proceed.3233! As a result, mechanochem-
ical reactions often proceed under nonequilibrium conditions
and can access unique reaction pathways that are inaccessible in
solution.

Among mechanochemical methods, ball milling is the most
established. It involves the use of mechanical mills (e.g., plane-
tary, vibrational, or attritor mills) in which balls repeatedly col-
lide with the solid reactants, enabling intimate mixing and high-
energy impacts. Ball milling is versatile, scalable, and can be per-
formed under solvent-free or solvent-minimized conditions. It is
widely used for the synthesis of organic compounds, inorganic
solids, and hybrid materials.

In addition to its versatility, ball milling also plays a cru-
cial role in defect engineering at the atomic scale. The for-
mation of structural defects, such as oxygen vacancies, during
ball milling is strongly influenced by key parameters includ-
ing milling time, frequency, ball-to-powder ratio, and energy
input.®?] Several models have been proposed to quantitatively de-
scribe this relationship, often based on collision dynamics and
energy transfer between the milling media and the powder.34%]
These models typically correlate mechanical impact frequency or
accumulated energy with defect concentration, showing that de-
fect formation increases with milling energy, up to an optimal
point, beyond which excessive energy may lead to particle ag-
glomeration or structural collapse.*®! Such correlations provide
a valuable framework for tuning defect densities and optimiz-
ing photocatalytic properties through controlled mechanochem-
ical processing.*73]

A more recent and gentler alternative is resonant acoustic
mixing (RAM), which uses low-frequency acoustic energy to ag-
itate and homogenize solid mixtures without grinding media.
This technique is advantageous for materials that are sensitive to
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mechanical stress or require precise control of morphology, such
as pharmaceutical co-crystals and soft hybrid materials. RAM
provides uniform energy distribution and is free from contam-
ination by milling media.

Twin-screw extrusion (TSE) offers another mechanochemi-
cal approach, enabling continuous processing under controlled
shear and compressive forces. In this method, solid reactants are
conveyed and mixed by intermeshing rotating screws, often at
elevated temperatures. TSE is highly attractive for its industrial
scalability, short residence times, and precise control over reac-
tion parameters. It has been successfully applied to the synthesis
of polymers, inorganic nanomaterials, and is increasingly used
for solvent-free synthesis of catalytic materials.

Mechanochemistry offers a powerful and sustainable alterna-
tive to traditional solution-based synthesis. Its solvent-free or
solvent-minimized nature significantly reduces waste genera-
tion and environmental impact, while enabling reactions un-
der ambient or mild conditions with high energy efficiency.
Mechanochemical methods often lead to shorter reaction times,
enhanced selectivity, and access to unique materials or reactiv-
ity profiles that are difficult to achieve via conventional routes.
These advantages make mechanochemistry particularly attrac-
tive for the development of greener processes and innovative ma-
terials across diverse chemical domains.

3. Mechanochemically Engineered Materials for
Sustainable Fuel Production via Photocatalysis

3.1. Visible-Light-Driven H, Photoproduction
3.1.1. Mechanochemically-Modified Titania-Based Materials

Titanium dioxide (TiO,) has long been recognized as a bench-
mark photocatalyst for hydrogen (H,) production due to its sta-
bility, non-toxicity, and strong redox capabilities. However, its
wide bandgap (x3.2 eV for anatase) limits its absorption pri-
marily to the UV region, restricting its efficiency under visible
light. To overcome this limitation, the incorporation of metal
nanoparticles (MNPs) onto TiO, or the modification of its crys-
tal structure have emerged as strategies to extend light absorp-
tion and enhance charge carrier dynamics. Noble metals such as
Pt, Au, and Pd act as electron sinks, suppressing charge recom-
bination and promoting hydrogen evolution, while nonprecious
metals and alloy-based systems offer cost-effective alternatives
with promising activity. Recent advancements in material engi-
neering, including plasmonic enhancement, alloying effects, and
tailored metal-support interactions, have further improved pho-
tocatalytic efficiency. This section explores the latest advances
in mechanochemically-modified TiO, systems for visible-light-
driven H, production, with emphasis on sustainability.
Particularly, gold-modified titania has been designed as a pho-
tocatalyst for visible-light-driven hydrogen evolution, leverag-
ing the localized surface plasmon resonance (LSPR) effect of
gold nanoparticles to extend light absorption beyond the UV
region. Several examples in the literature highlight the use of
mechanochemical methods for synthesizing these materials,
ranging from Au nanoparticles to clusters. For instance, Caps
et al. described a solvent-free mechanochemical approach to syn-
thesize Au/TiO, nanocomposites through solid-state grinding,
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followed by mild heat treatment to convert gold precursors into
metallic gold nanoparticles. The authors emphasized that the
thermal treatment atmosphere plays a crucial role in determin-
ing the photocatalytic performance. Air is proving more effec-
tive than hydrogen in promoting the decomposition of the gold
complex and enhancing the Au/TiO, interface. Among the tested
compositions, the catalyst containing 0.5 wt.% Au exhibited the
highest hydrogen evolution rate of ~500 umol H, h™! g=! un-
der simulated solar irradiation with methanol as a sacrificial
agent.’?] In another investigation by the same group, Au/TiO,
nanocomposites synthesized via solid grinding demonstrated
higher photocatalytic activity than those obtained through chem-
ical reduction. The superior performance of the mechanochemi-
cally prepared catalysts was attributed to the intimate contact be-
tween gold and titania nanoparticles, particularly when subjected
to calcination at 400 °C. This treatment improved the metal-
support interaction and promoted efficient charge separation and
electron transfer, both of which are essential for enhancing pho-
tocatalytic hydrogen production.[*]

Moreover, in a study by Llorca et al., high-surface-area TiO,
lyogels were prepared and thermally transformed into defined
anatase-rutile mixtures, subsequently being decorated with Au
nanoparticles (%2 nm) preformed via ball milling. Lyogels, a
class of gel materials formed by the removal of solvent from a
colloidal network, serve as versatile precursors for high-surface-
area metal oxides. Authors found that the optimal photocata-
lyst among those prepared was obtained by calcining the lyo-
gel at 550 °C and exhibited a hydrogen photoproduction rate of
19.8 mmol H, g™' h™! under an irradiance of 80 mW c¢m™ and a
gas hourly space velocity (GHSV) of 26 000 h~!. Structural char-
acterization confirmed that this sample contained 84% anatase
and 16% rutile, a composition closely resembling commercial
P25 TiO,, widely recognized for its photocatalytic efficiency. As
an alternative synthetic strategy, Au nanoparticles were incorpo-
rated into the TiO, gel before lyophilization, followed by calcina-
tion. This method led to the formation of larger Au nanoparticles
(up to 18 nm), which exhibited a strong interaction with the TiO,
matrix and significantly delayed the anatase-to-rutile transforma-
tion. The study underscored the critical role of TiO, polymorph
control in optimizing photocatalytic hydrogen evolution.[*!]

Reducing metal particle size from nanometers to atomically
dispersed clusters is a well-established approach to enhancing
photocatalytic efficiency. However, achieving this with a simple,
rapid, and scalable synthesis method remains a challenge. In this
context, Jordi Llorca and colleagues reported a mechanochemi-
cal strategy using ball milling, which successfully facilitated the
direct synthesis and dispersion of gold clusters onto a TiO, sur-
face in a single step, eliminating the need for solvents or complex
processing (Figure 2A). The strong interaction between gold and
TiO, in the ball-milled material significantly enhanced charge
separation and photocatalytic activity, leading to a hydrogen evo-
lution rate twice as high as that of conventional Au/TiO, cata-
lysts containing larger nanoparticles. By optimizing milling con-
ditions, including ball-to-powder ratio, milling time, and fre-
quency, highly dispersed gold clusters were achieved, resulting
in lower charge transfer resistance and improved photocurrent
response. This mechanochemical method provides a fast, cost-
effective, and environmentally friendly platform for fabricating
ultrasmall metal clusters for sustainable energy applications.*?!
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Figure 2. A) Schematic illustration of the mechanochemical synthesis of Au clusters supported on TiO,, along with corresponding HRTEM images.
Reproduced with permission from ref. [42] B) HRTEM images of samples before and after the photoreaction: (a,b) Au/TiO,-001, (c,d) Au/TiO,-101, (e,
f) Pd/TiO,-001, (g,h) Pd/TiO,-101, (i,j) Pt/TiO,-001, and (k,I) Pt/TiO,-101. Scale bar: 5 nm. Reproduced with permission from ref. [44].

In addition to gold-functionalized materials, palladium
nanoparticles and clusters have also been synthesized via
mechanochemical methods for visible-light-driven hydrogen
production. A one-step ball milling approach was reported
for the formation of highly dispersed Pd clusters on TiO,,
establishing a unique metal-support interface. This interface
allowed the dynamic evolution of Pd clusters into nanoparticles
during photocatalytic hydrogen production while maintaining
stable performance over 100 h. Photoluminescence (PL) anal-
ysis revealed that Pd loading on TiO, significantly suppressed
fluorescence intensity, particularly in the Pd/TiO,-BM sample,
indicating reduced electron-hole recombination and prolonged
charge carrier lifetime. Transient photocurrent response mea-
surements further corroborated these results, demonstrating
enhanced carrier mobility in Pd-modified TiO,, with Pd/TiO,-
BM outperforming other samples. Notably, this interaction
was exclusive to ball-milled materials and disappeared upon
calcination, mirroring observations in Au/TiO, systems, where
ball milling enhanced charge separation and catalytic efficiency.
For Pd/TiO,, variations in milling parameters such as vibration
frequency (15-50 Hz), ball-to-powder ratio (13-90), and milling
time (1-120 min) were systematically explored, revealing that
fine-tuning these parameters significantly influenced cluster
dispersion and catalytic performance.l*] The authors further
expanded the application of mechanochemistry to design metal
clusters (Pt, Pd, and Au) supported on anatase TiO, nanopar-
ticles, strategically engineered to preferentially expose specific
crystal facets ({001} plates and {101} bipyramids (Figure 2B). The
stability of metal clusters depended on both the metal species
nanosheet and the TiO, facet, with Pt/TiO, showing superior
stability over Pd/TiO, and Au/TiO,, particularly on {001} facets.
In this case, mechanochemical synthesis ensured uniform
cluster distribution, preventing sintering during photocatalysis
and maintaining high hydrogen evolution performance.l**]

The incorporation of non-noble metals onto titania surfaces
via mechanochemistry has been a key focus in recent research ef-
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After Reaction

forts to reduce reliance on costly and scarce noble metals.[*2] In

this context, the exploration of copper-, nickel-, or molybdenum-
based systems deserves particular attention. In a recent study,
ball-milling-synthesized Pt-Cu-TiO, composites, featuring dif-
ferent TiO, nanoshapes (nanotubes, nanobelts, and nanowires)
and further modified with orange peel-derived reduced graphene
oxide (rGO), were investigated for hydrogen evolution from
water—alcohol mixtures (Figure 2A). Notably, the partial substitu-
tion of platinum with copper significantly reduced the cost asso-
ciated with noble-metal-based photocatalysts while maintaining
high hydrogen production efficiency (Figure 3A). Furthermore,
the integration of rGO played a crucial role in enhancing photo-
catalytic performance. The conductive nature of rGO facilitated
charge separation and electron transport, ultimately boosting hy-
drogen evolution to ~27 mmol H, g~ h=1.53

Furthermore, in a recent study using mechanochemical meth-
ods, Cu nanodots with sizes under 5 nm (Cu loading below
10 wt.%) were uniformly dispersed on TiO,.’*] The size of
the Cu nanoparticles was carefully controlled by varying the
milling environment, with nanoparticles obtained under differ-
ent conditions—Cu-ethanol, Cu-water, and Cu-drying milling—
showing distinct size distributions. Dry milling produced the
smallest Cu clusters, all under 2 nm (1 + 0.7 nm). Milling with
ethanol resulted in larger clusters (2.5 + 0.8 nm), while milling
in water formed Cu,O clusters ~2 + 0.8 nm. The optimal pho-
tocatalytic performance for hydrogen generation was achieved
with Cu/TiO, composites containing 2.0 wt.% Cu, where the Cu
nanoparticles ranged from 2 to 4 nm in size. The enhanced and
stable hydrogen evolution observed in these composites was fur-
ther supported by transient photocurrent responses for three 60 s
light-on-off cycles in 1 M Na, SO, aqueous solution under solar
light irradiation with a bias potential of 1.0 V, indicating efficient
photogenerated charge separation. Interestingly, the study found
that excessively small Cu clusters hindered the hydrogen evolu-
tion activity, despite having the same Cu loading. On the other
hand, larger Cu nanoparticles (2—4 nm) improved photocatalytic
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Figure 3. A) Schematic illustration of the mechanochemical synthesis of a TiO,-rGO composite doped with Pt and Cu for hydrogen photoproduction.
Reproduced with permission from ref. [53]. B) Schematic representation of TiO, photocatalysts—green, gray, orange, and yellow—synthesized via a

mechanochemical approach.[>7!

performance by reducing electron-hole recombination, thus en-
hancing activity. These findings highlighted the importance of
both Cu nanoparticle size and loading in optimizing the photo-
catalytic activity of Cu/TiO, composites.l>*!

Photocatalytic water splitting is a promising renewable
method for H, production, but its efficiency is limited by slow
water oxidation kinetics, electron-hole recombination, and the
undesired back reaction forming H,O. To overcome these chal-
lenges, sacrificial agents such as biomass-derived compounds
and alcohols are used to enhance electron transfer, suppress
recombination, and promote selective H, generation.l> Exam-
ples include glucose, ethanol, and glycerol, which not only
improve H, production but also offer sustainable waste val-
orization opportunities. Building on this approach, a study
by Palmisano et al. reported the use of mechanochemically
synthesized copper-titania composites as efficient photocata-
lysts for solar-to-hydrogen (STH) conversion under real condi-
tions. Systematic optimization of milling parameters, such as
time and rotation speed, further improved photocatalytic per-
formance. Among various biomass-derived sacrificial agents,
glycerol yielded the highest STH efficiency (1.71%) when
paired with the 3%Cu,O0-P25 photocatalyst (milling conditions
150 rpm, 2 h). Notably, and as expected, ball-milled compos-
ites significantly outperformed those prepared by simple hand
mixing.>°]

Mechanochemical synthesis via ball milling continues to prove
its effectiveness in engineering other metal oxide clusters on
TiO,, as evidenced by the successful fabrication of NiO/TiO, p-n
heterojunction photocatalysts. Similar to Au/TiO, and Pd/TiO,
systems,*243] the ball milling process enables the formation
of highly dispersed NiO clusters, which significantly enhance
charge separation and boost photocatalytic H, evolution under
sunlight. Notably, the NiO/P90-BM sample achieved an H, evo-
lution rate (8.85 mmol h~! g=!) over 12 times higher than that
of pristine TiO, (0.73 mmol h™" g™'), underscoring the crucial
role of mechanochemically induced interactions between NiO
and the semiconductor support. The predominance of high-
spin Ni** configurations further contributes to the improved
charge transfer properties, as corroborated by photoelectrochem-
ical measurements.>®!
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In addition, molybdenum sulfides, particularly MoS,, have
been explored as effective co-catalysts for modifying titanium-
based photocatalysts, enhancing their performance for solar-
driven hydrogen production. Mechanochemical synthesis offers
a simple and efficient route for fabricating MoS,-TiO, compos-
ites by eliminating the need for complex precursor-based reduc-
tion protocols. This was demonstrated by the work of Yanyan
Zhu and coworkers, who reported an approach that significantly
streamlined the synthesis of the composites while enhancing
their photocatalytic performance. The optimized 4.0% MoS,-
TiO, material, processed at 300 rpm for 2 h, achieved an H,
evolution rate of 150.7 umol h~!, 48.6 times higher than pris-
tine TiO,.’"! The photocatalytic stability of MoS,-TiO, compos-
ites was confirmed through repeated hydrogen evolution exper-
iments conducted over three cycles of 6 h each, totaling 18 h.
The consistent hydrogen production across all cycles indicated
excellent stability of the photocatalyst during long-term oper-
ation. Furthermore, transient photocurrent response measure-
ments showed that all MoS,-TiO, composites exhibited higher
photocurrent densities compared to pristine TiO,, suggesting en-
hanced separation and migration efficiency of photogenerated
charge carriers, attributed to the electron-accepting role of MoS,.
Notably, the sample with 4.0% MoS, loading achieved the high-
est photocurrent (~0.09 mA), nearly 20 times greater than that
of pure TiO,. This improvement was attributed to the strong in-
terfacial interaction between MoS, and TiO, induced by the ball
milling process, which facilitated efficient charge transfer across
the heterojunction.

Moreover, the modification of the crystal structure of TiO,
through defects, doping, and phase mixing can extend its
light absorption to the visible and even near-infrared (NIR)
regions. However, while enhancing absorption can improve
photocatalytic performance, excessive structural disorder may
lead to deactivation. In a recent study by Saitow and Wang, four
differently colored TiO, photocatalysts—green, gray, orange, and
yellow—were synthesized using a mechanochemical approach
(Figure 3B). The milling process, performed with or without
melamine under ambient conditions for 2 h, significantly altered
the electronic structure of TiO, by introducing controlled defect
densities and dopant levels. Dry milling in air or argon was found
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to influence the formation of oxygen vacancies and Ti** centers,
as well as the distribution of polymorphic phases, including
anatase, rutile, high-pressure TiO,-II (a-PbO, or columbite),
and amorphous phases. Characterization by spectroscopy,
microscopy, and diffraction methods revealed that green and
orange TiO,, which contained all four phases along with a high
concentration of defects and heterojunctions, exhibited a fivefold
increase in photocatalytic activity compared to commercial titania
P25. Spectroscopy analysis indicated that red light from the NIR
region played a key role in driving the photocatalytic reaction,
while the reduced band gap (E, = 2.3 eV) was critical for visible-
light activity. Additionally, specific thresholds for absorbance
and defect density were identified as necessary for enhanced
photocatalytic performance. These TiO, photocatalysts achieved
high activity without requiring metal co-catalysts or additional
promoters, highlighting the effectiveness of mechanochem-
ical synthesis in developing efficient and sustainable
photocatalysts.[>]

3.1.2. Mechanochemically-Prepared Titanate-Based Materials

While TiO, is a commonly employed semiconductor photocat-
alyst, titanates such as sodium titanate (NaTiO;), potassium ti-
tanate (K,Ti;O,;), and barium titanate (BaTiO,) possess distinct
properties that set them apart from TiO, in terms of structure,
electronic behavior, and photocatalytic performance. Titanates of-
ten demonstrate superior photocatalytic activity, exhibit varied
band gap energies, and can form different nanostructures, which
offer enhanced efficiency and versatility compared to TiO, in cer-
tain applications.

Electronic waste, particularly discarded ceramic capacitors rich
in BaTiO,, Ag, Sn, and Ni, represents a valuable but underuti-
lized resource for sustainable recycling. Conventional recovery
methods, such as pyrometallurgy and hydrometallurgy, require
significant energy input, involve multiple processing steps, and
generate liquid waste. In contrast, a recent study by Gao et al.
introduced an innovative mechanochemical approach that by-
passed the need for chemical reagents, enabling the direct trans-
formation of waste ceramic capacitors into self-doped BaTiO,
photocatalysts via ball milling. The effects of milling time and
ball-to-waste ratio on the structural, optical, and electronic prop-
erties of the resulting materials were systematically analyzed to
optimize their photocatalytic hydrogen production. Photolumi-
nescence (PL) analysis revealed that changes in ball milling pa-
rameters significantly influence the charge separation behavior
of BaTiO;-based photocatalysts. A pronounced emission peak
at ~410 nm, associated with radiative recombination of self-
trapped excitons, was observed to decrease with higher ball-to-
waste ratios, indicating improved charge separation. In contrast,
extended milling time increased PL intensity, suggesting reduced
separation efficiency. Complementary transient photocurrent re-
sponse measurements showed that the sample milled for 1 h
with a 20:1 ball-to-waste ratio exhibited the highest photocur-
rent density, confirming optimal electron-hole separation under
these conditions, and achieved an impressive H, evolution rate of
191.3 pmol g~! h~!. The findings highlight the mechanochemical
impact on both the synthesis and performance enhancement of
BaTiO;-based photocatalysts while providing a scalable and en-
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vironmentally friendly strategy for upcycling e-waste into func-
tional materials.[0]

In another example, Ilmenite (FeTiO,) concentrates, derived
from ilmenite-rich black sand through gravimetric and magnetic
separation, were modified via high-energy ball milling to develop
a cost-effective photocatalyst with enhanced hydrogen production
capabilities. Milling was performed for varying durations (1-3 h)
in the presence or absence of MgO or metallic Mg (0.5-3.0 wt.%)
to incorporate magnesium into the FeTiO; structure while simul-
taneously reducing particle size. The goal of Mg insertion was
to shift the conduction band potential to more negative values,
despite a slight increase in band gap energy. Structural charac-
terization revealed that milling induced partial amorphization of
ilmenite, with no significant changes in lattice parameters, while
substitutional doping was indicated by increased hematite peaks
in XRD patterns. The photocatalytic activity for H, evolution (un-
der UV light) improved significantly from 240.5 umol g~ h~! (un-
milled) to 296.0 umol g=! h™! (2-h milling with 1.0 wt.% MgO),
primarily due to electronic structure modifications rather than
increased surface area.l!]

3.1.3. Mechanochemically-Prepared Supported Metal Nanoparticles
on Carbonaceous Materials

Carbonaceous materials, such as graphdiyne (GDY), graphitic
carbon nitride (g-C;N,), and black phosphorus (BP), have
emerged as promising supports for metal nanoparticles due to
their unique electronic properties, high surface area, and abil-
ity to facilitate charge transfer. Mechanochemical synthesis has
been widely adopted to fabricate these materials and their com-
posites, offering significant advantages over traditional solution-
based methods.

Graphdiyne (GDY), a 2D carbon allotrope with sp and sp?
hybridized structures, has been widely explored for photocat-
alytic applications. Its adjustable electronic structure, excel-
lent conductivity, and electron delocalization properties make
it an ideal candidate for constructing heterojunction photo-
catalysts. The synthesis of GDY and its composites often in-
volves mechanochemical methods. For example, GDY can be
prepared by ball milling calcium carbide (CaC,) and hexabro-
mobenzene (C,Br,) in the presence of catalysts such as
tetraphenyl(triphenylphosphine)palladium and copper acetate.
The resulting GDY precursor is then subjected to refluxing and
calcination to obtain the final product.[’?] This approach has
been extended to fabricate GDY-based heterojunctions, such as
Cu; P@GDY, where the p—n junction between p-type Cu,P and
n-type GDY creates a built-in electric field that promotes charge
separation and enhances photocatalytic H, evolution.!®?! Electro-
chemical and photophysical characterizations confirmed the im-
proved charge separation and transfer in the Cu; P@GDY com-
posite. Transient photocurrent measurements revealed that this
material exhibits a significantly higher photocurrent response
compared to GDY and Cu,P, indicating more efficient sup-
pression of electron-hole recombination. Photoluminescence
(PL) analysis demonstrated quenched emission intensity upon
Cu,P@GDY addition, suggesting enhanced electron extraction
and reduced recombination. Time-resolved photoluminescence
(TRPL) decay analysis revealed that this composite exhibits a
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Figure 4. A) Representation of the relative energy band alignment and S-scheme charge transfer mechanism between CoS, and GDY. Reproduced
with permission from ref. [63]. B) Electron transfer dynamics between SCO and GDY prior to and following contact. Reproduced with permission from
ref. [64]. C) Schematic illustration of the synthesis pathway for MoS,-modified g-C3N,4/black phosphorus photocatalyst. Reproduced with permission
from ref. [67]. D) Illustrative representation of the mechanochemical synthesis of supramolecular MoS, nanosheets with Cgy-yCD complexes for H,

photoproduction. Reproduced with permission from ref. [70].

much faster decay than Cu,P and a similar average lifetime to
GDY (=~0.25 ns), confirming the formation of an efficient p-n
heterojunction that facilitates rapid charge transfer and limits re-
combination.

Moreover, the integration of GDY with cobalt disulfide
through mechanochemical ball milling has been reported by Jin
et al., demonstrating the formation of a S-scheme heterojunc-
tion, which significantly enhances photocatalytic H, evolution
(Figure 4A).%] The curly, thin-layer structure of GDY pre-
vents the agglomeration of CoS, nanoparticles, ensuring a well-
dispersed and tightly bonded interface. Electrochemical and op-
tical characterizations confirmed the enhanced charge separa-
tion and photocatalytic activity of the CoS,/GDY heterojunction
(CSGY-20). The composite exhibited a stronger photocurrent re-
sponse than the individual components, indicating more efficient
charge carrier separation, while PL spectra showed pronounced
fluorescence quenching, suggesting reduced recombination of
photogenerated electron—hole pairs. Moreover, TRPL measure-
ments demonstrated a significantly shortened fluorescence life-
time in the composite, consistent with a faster non-radiative elec-
tron transfer pathway between CoS, and GDY, which promotes
charge carrier mobility and accelerates the photocatalytic process.
In situ X-ray photoelectron spectroscopy and density functional
theory calculations have confirmed the S-scheme charge trans-
fer mechanism. In this case, while the synthesis of GDY goes via
mechanochemistry, the subsequent steps still rely on solution-
based methods. This aspect may require further optimization to
minimize energy and solvent consumption, as well as processing
time.[63

Similarly, the combination of GDY with strontium cobalt ox-
ide (Sr,Co,0s) has been reported to form an S-scheme hetero-
junction with exceptional stability and proton adsorption prop-
erties. The hierarchical flower-like structure of Sr,Co,Os, cou-
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pled with the layered GDY, enhances the specific surface area and
facilitates water adsorption. The charge separation capabilities
of the synthesized materials were evaluated using both steady-
state PL and TRFS. Among the samples, this composite exhib-
ited the lowest photoluminescence intensity, indicating the most
efficient suppression of electron-hole recombination. This en-
hanced separation efficiency was attributed to the presence of
GDY, whose rich chemical bonding environment facilitates pho-
togenerated electron capture. Time-resolved photoluminescence
analysis revealed that GSCO20 possessed an intermediate car-
rier lifetime (217.68 ps) relative to those of GDY (14.28 ps) and
Sr,Co,05 (385.92 ps), confirming both effective charge separa-
tion and improved transfer kinetics within the composite. In this
study, Zhengyu Zhou and colleagues carried out density func-
tional theory (DFT) calculations, revealing that both GDY and
Sr,Co,05 possess direct bandgaps, enabling efficient electronic
transitions without phonon assistance, thereby improving solar
energy conversion efficiency (Figure 4B). Although GDY synthe-
sis was performed by mechanochemical methods via ball milling,
the synthesis of both Sr,Co,Os and graphdiyne/Sr,Co,Os still
involves hydrothermal methods. Therefore, a potential improve-
ment could involve replacing or integrating the reported proto-
cols with mechanochemical approaches to further streamline the
process.[®4]

Furthermore, transition metal phosphides (TMPs), such as
nickel phosphide (Ni,P) and molybdenum phosphide (MoP),
have also been explored as cocatalysts for photocatalytic H, pro-
duction. These materials exhibit high work functions and low hy-
drogen evolution overpotentials, making them effective electron
traps and reactive centers. For instance, Ni,P-modified g-C;N,
prepared via ball milling has shown a nine-fold increase in H,
evolution activity compared to pristine g-C;N,. The combination
of phosphorus-doped (graphitic carbonitride) g-C;N, (PCN) with
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MoP further enhances photocatalytic performance by introduc-
ing mid-gap states that broaden light absorption and improve
electrical conductivity. In particular, the formation of Mo-N bonds
at the interface facilitates electron transfer, while the Schottky
barrier promotes charge separation, resulting in a H, evolution
rate up to 4917.83 umol g1 h=1.[65:66]

In addition, g-C;N,, as a well-known semiconductor, has
been utilized in the design other composite materials pre-
pared via mechanochemistry, such as those incorporating MoS,
or nickel nanoparticles.[®”%8] Additionally, its combination with
black phosphorus (BP) has also been explored, as BP exhibits
exceptional electronic properties, including a tunable band gap
and high charge carrier mobility.[®) A high-efficiency MoS,-
modified g-C;N, /black phosphorus photocatalyst was developed
using high-energy ball milling (Figure 4C).l®”] The optimized
composite exhibited a H, evolution rate of 2146.8 umol g
h=! and excellent Cr(VI) reduction activity. The type-1/Z hybrid
charge transfer mechanism promoted multistep charge migra-
tion, enhancing charge separation and preserving the reduc-
ing capacity of photogenerated electrons. In another example,
Min Wen et al. synthesized a CN/BP@Ni heterostructure by
anchoring nickel nanoparticle-decorated BP nanosheets to g-
C;N,. The tight interfacial interaction and cascaded electron-
transfer channel from CN to BP and then to Ni nanoparticles
enhanced charge separation, resulting in a H, evolution rate of
8.59 mmol h~1g1.18]

Moving beyond traditional strategies, innovative approaches,
such as supramolecular and van der Waals heterostructures, have
also been developed to enhance photocatalytic activity for H, pro-
duction. For example, a mechanochemically synthesized MoS,-
Cqp-cyclodextrin (yCD) heterostructure exhibits improved water
dispersibility and catalytic activity due to the synergistic effects of
supramolecular interactions (Figure 4D). Similarly, the integra-
tion of Cy, with MoS, via ball milling creates a van der Waals het-
erostructure that reduces the number of MoS, layers and shifts
the conduction and valence bands, leading to a remarkable H,
evolution rate of 6.89 mmol h~!g~! under visible light irradia-
tion. In this study, an agate mortar was used for mechanochem-
ical synthesis. While this was a simple and solvent-free ap-
proach, its reproducibility and scalability raised significant con-
cerns, as manual grinding may lead to inconsistencies in
efficiency when compared to automated high-energy milling
techniques.!”?]

3.1.4. Mechanochemically-Prepared Metal-Free Catalytic Systems

Metal-free photocatalysts have garnered substantial interest for
their role in visible-light-driven hydrogen (H,) production due
to their cost-effectiveness and environmental compatibility. Such
systems, including modified carbon nitride, conjugated poly-
mers, and black phosphorus, have been recently fabricated
by mechanochemical synthesis. This section highlights recent
advancements in the field, emphasizing defect engineering,
heterojunction formation, and mechanochemical synthesis ap-
proaches.

Defect engineering and heteroatom doping are crucial strate-
gies for enhancing the photocatalytic efficiency of g-C;N, by op-
timizing light absorption and charge carrier behavior.
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Mechanochemistry has provided a unique basis to prepare
bromine-doped, carbon- and nitrogen-deficient g-C;N, (CNV-
mCN-Br).

In a recent study, the ball-milling process induced the for-
mation of vacancies, facilitating Br incorporation. The resultant
material exhibited a curled nanosheet morphology, enhanced
electron-hole separation, and impressive hydrogen evolution
rates of 22.21 and 34.41 mmol g' h™! in distilled water and sim-
ulated seawater, respectively. This was corroborated by steady-
state PL and Time-resolved PL decay spectra (TRPL). The reduced
PL intensity and shortened average carrier lifetime (from TRPL)
compared to pristine CN and mCN suggest more efficient sep-
aration and migration of photogenerated charges in the modi-
fied sample. These improvements are attributed to the synergis-
tic effect of CNV and bromine doping, which enhances visible
light absorption, narrows the bandgap, and modulates charge
distribution. Additionally, the curled nanosheet morphology con-
tributes to a higher surface area and reduced diffusion distance
for charge carriers, further suppressing recombination losses
and promoting photocatalytic activity. Apparent quantum yields
reached 25.87% and 40.08% at 420 nm. These findings highlight
the synergistic effects of defect engineering and heteroatom dop-
ing in improving photocatalytic performance.l”!]

Another study demonstrated the synthesis of mesoporous g-
C;N, with nitrogen vacancies (mCNv) via mechanochemical pro-
cessing of a melamine intermediate, followed by calcination
(Figure 5A,B). The simultaneous formation of mesopores and
nitrogen vacancies resulted in enhanced surface area, improved
visible light absorption, and superior charge separation, lead-
ing to a 6.3-fold increase in photocatalytic hydrogen production
compared to bulk g-C;N,. In this case, the mechanochemical
process induced structural modifications, providing a scalable
and environmentally friendly route for the development of high-
performance, cost-efficient photocatalysts.[”?]

Pushing this concept forward, the integration of g-C;N, with
carbon-based materials such as fullerene (C,,) has also shown
promise for improving photocatalytic hydrogen evolution. Yang
and coworkers reported a mechanochemical approach to cova-
lently bond g-C;N, with C, using lithium hydroxide (LiOH) as a
catalyst. The resultant hybrid material exhibited a hydrogen evo-
lution rate of 266 umol h~'g~! under visible light, outperform-
ing pristine g-C; N, by a factor of four. The enhanced activity was
attributed to improved interfacial charge transfer and increased
surface area, demonstrating the potential of mechanochem-
ical methods in fabricating covalently bonded photocatalytic
hybrids.[”?!

A sugar-assisted mechanochemical treatment has been re-
cently developed as a cost-effective method for the delamina-
tion of g-C;N,. According to the study conducted by Liu and
colleagues, the co-grinding of g-C;N, with fructose facilitated
the exfoliation process, yielding few-layered nanoplates with im-
proved photocatalytic activity. The resulting material exhibited a
surface area six times the value of bulk g-C;N, (57.4 m?g™), in-
creasing exposure of active sites, and enhanced charge carrier
mobility (confirmed by transient photocurrent response), lead-
ing to superior performance in hydrogen evolution and pollutant
degradation.l’*]

Another investigation has shown that simply mechanochem-
ical exfoliation can effectively enhance the photocatalytic
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ref. [76].

performance of g-C;N, by reducing the layer thickness and in-
creasing the specific surface area. A solvent-free approach devel-
oped by Pokhodenko et al. enabled the synthesis of 2D g-C;N,
nanoparticles with monolayer-like structures and improved elec-
tronic properties. Compared to conventional liquid-phase exfoli-
ation, the mechanochemically processed material exhibited 1.5
times greater photocurrent response, a larger bandgap (3.07 vs
2.83 eV for bulk g-C;N,), and a higher hydrogen evolution rate
(1326 vs 605 pmol g=! h'), demonstrating the effectiveness of
this approach in enhancing photocatalytic efficiency.l”!
Conjugated polymers with donor—acceptor (D-A) architec-
tures have emerged as efficient metal-free photocatalysts. In
particular, the synthesis of D-A conjugated polymers via
mechanochemical techniques, followed by solvent-assisted exfo-
liation, has been recently explored by Tsiakaras and coworkers
(Figure 5C). This study demonstrated the construction of a phys-
ical heterojunction (PH]J) by the ball-milling of two linear con-
jugated polymers, followed by ultrasonic treatment. Steady-state
PL analysis revealed that the composite N-Py1/Py2 exhibits the
lowest fluorescence intensity among all samples tested, indicat-
ing a more efficient separation of photogenerated electron-hole
pairs and reduced recombination. Time-resolved fluorescence
spectroscopy (TRFS) further confirmed this behavior: N-Py1/Py2
displayed significantly shorter average lifetimes compared to
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the other materials, suggesting enhanced charge transfer effi-
ciency. Moreover, the instantaneous photocurrent response (IPS)
showed that N-Py1/Py2 achieves the highest photocurrent den-
sity (3.40 pA cm™2), indicating superior charge carrier mobil-
ity and separation efficiency. Electrochemical impedance spec-
troscopy (EIS) supported these findings, as the N-Py1/Py2 com-
posite exhibited the smallest Nyquist radius among the tested
samples, reflecting minimal charge transfer resistance.

Collectively, these results demonstrate that the NMP-treated
N-Py1/Py2 composite forms a favorable interfacial architecture,
enabling rapid and efficient photogenerated charge carrier trans-
port, an essential feature to enhance the photocatalytic perfor-
mance, achieving up to 26.5 mmol g~'h~! without requiring a
co-catalyst.l”¢]

Moreover, new perspectives on the use of black phosphorus as
a promising metal-free photocatalyst have been explored by Yang
and colleagues. Specifically, the authors reported a LiOH-assisted
solid-state mechanochemical synthesis of BP nanosheets, which
resulted in enhanced visible-light-driven hydrogen evolution ac-
tivity. The BP nanosheets displayed a hydrogen production rate of
512 pmol h~!g~!, significantly outperforming bulk BP and even
surpassing some g-C;N,-based materials. The enhanced photo-
catalytic efficiency was attributed to hydroxyl-terminated edges
that facilitated charge carrier separation.!’”]
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In summary, the synthesis of metal-free photocatalytic materi-
als, which are crucial for advancing renewable energy technolo-
gies, largely benefits from mechanochemical engineering, partic-
ularly for their structural and electronic properties.

3.1.5. Mechanochemically-Prepared Perovskites

Metal halide perovskites (MHPs) have gained attention as semi-
conductors due to their outstanding optical properties, including
strong visible-light absorption, tunable bandgaps, and extended
charge carrier lifetimes.l”®”°] These characteristics make them at-
tractive for applications in photovoltaics and optoelectronics.®!
More recently, their potential has expanded into the realm of
solar-driven photocatalysis, particularly for hydrogen (H,) pho-
toproduction. Unlike conventional metal oxide photocatalysts,
MHDPs feature narrower bandgaps, enabling efficient utilization
of low-energy photons. Their electronic band structures are also
well-suited for photocatalytic reactions, such as hydrogen evo-
lution and CO, reduction. However, a key challenge limiting
their practical implementation is the intrinsic instability of many
MHPs in aqueous or polar environments, which is particularly
problematic since water is essential for crucial photocatalytic re-
actions like H, O splitting and CO, reduction.®82] To address this
limitation, various stabilization strategies have been explored, in-
cluding the use of saturated halo acids, low-polarity solvents, and
encapsulation techniques.[®*] For instance, hydrogen photogener-
ation using methylammonium lead iodide (MAPbI,) has proved
successful, but only in the presence of aqueous hydrogen iodide
(HI) to maintain structural stability.®*®’] While effective, these
approaches highlight the need for more robust and environmen-
tally friendly alternatives.

A major breakthrough in this direction has been the de-
velopment of water-stable MHPs, recently achieved by in-
troducing materials such as dimethylammonium tin halides
(DMASnX;, where X = Br or I).88%] These materials retain
their structural integrity and optical properties even after pro-
longed water exposure, a stability attributed to the hydropho-
bic nature of the dimethylammonium cation. Unlike conven-
tional MHPs, these tin-based perovskites can function as pho-
tocatalysts for H, evolution in deionized water without requir-
ing strongly acidic conditions. Other water-stable perovskite
systems, such as C,,H;¢(N,(Pbl;), and hydroxyl ammonium
lead halides (OHNH,PbI,Cl, OHNH,PbCl,), have also demon-
strated remarkable resistance to degradation, with some main-
taining stability for extended periods, up to 45 days.[*8%] Lead-
free 2D perovskites, such as phenylethylammonium tin bro-
mide (PEA,SnBr,), have also shown exceptional stability in
water. Instead of dissolving, these materials remain dispersed
while preserving their structural and optical properties. Com-
putational studies suggest that the layered structure of 2D per-
ovskites contributes to their resistance against oxidation and
degradation.88:8%]

A significant advancement in perovskite synthesis was pio-
neered by Gustavo de Miguel and colleagues, who were among
the first that demonstrate the viability of mechanochemistry for
hybrid perovskite fabrication. Their study introduced a solvent-
free, scalable approach using ball milling to produce polycrys-
talline perovskite powders under ambient conditions. By milling
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lead iodide (PbI,) with organic halides such as methylammo-
nium iodide (MAI), formamidinium iodide (FAI), or guani-
dinium iodide (Gual) in equimolar ratios, a rapid, reproducible
method was developed by which the need for solvents typically
used in conventional solution-based techniques was eliminated
(Figure 6). Further characterization of these mechanochemi-
cally synthesized perovskites by X-ray photoelectron spectroscopy
(XPS) confirmed their stoichiometric integrity. Notably, XPS re-
vealed the absence of metallic Pb, a common defect in perovskites
synthesized via solvent-based routes. Since metallic Pb is linked
to iodide deficiencies, its absence suggests an improvement of
the optoelectronic properties of these materials. Scanning elec-
tron microscopy (SEM) analysis demonstrated that the resulting
particle size ranged from 10 to 200 um, indicating a reduction
in surface and bulk defects compared to their solution-processed
counterparts. This defect minimization could significantly en-
hance both the stability and performance of perovskite-based
devices.[*

Recent breakthroughs in lead-free MHPs have expanded their
potential for photocatalytic applications. For instance, coupling
DMASnBr; with g-C;N, has led to the development of com-
posite materials with exceptional photocatalytic activity for H,
evolution in aqueous environments. The mechanochemical syn-
thesis of DMASnBr; has been designed starting with the ball
milling of stoichiometric mixtures of dimethylammonium bro-
mide (DMABr) and tin(II) bromide (SnBr,) at 300 rpm for 12 h.
This process induced the formation of a crystalline perovskite
structure characterized by distorted edge-sharing SnBr, octahe-
dra, as confirmed by X-ray diffraction analysis. The ball milling
method not only simplified the synthesis but also ensured high
phase purity and crystallinity, which are critical factors for opti-
mizing the material’s optical and electronic properties. Extend-
ing this mechanochemical approach, a composite material with
enhanced photocatalytic performance was successfully fabricated
by incorporating-C;N, with DMASnBr;. The mechanical en-
ergy supplied during milling favored an intimate contact be-
tween the two components, which proved crucial to promote
efficient charge transfer and separation. The resulting compos-
ite achieved an impressive hydrogen evolution rate exceeding
1700 umol g='h~! under visible-light irradiation, driven by the
synergistic interaction between the perovskite and g-C;N,. DFT
calculations suggested that the enhanced performance arises
from favorable interfacial energy level alignment, which facili-
tated efficient charge separation and transport.!!

These studies are paving the way for the development of more
efficient lead-free and water-stable photocatalytic systems for
visible-light-driven H, production.

3.1.6. Mechanochemically-Prepared MOFs

Metal-organic frameworks have emerged as promising ma-
terials for visible-light-driven H, photoproduction, owing to
their exceptional photoactive and electroactive properties.[?293]
While numerous studies have investigated MOFs for the
hydrogen evolution reaction (HER), these materials are typi-
cally synthesized through solution-based methods rather than
mechanochemistry.*8]  Nevertheless, recent advances in
mechanochemical synthesis have demonstrated the potential to
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enhance the photocatalytic performance of MOFs by optimiz-
ing their interfacial properties, charge carrier dynamics, and
stability under visible light irradiation. This section highlights
key developments in the field, focusing on MOF-based hybrids
incorporating graphdiyne (GDY), perovskite nanocrystals, and
single-atom catalysts for sustainable H, production.

Interface engineering has proven to be a powerful strategy to
enhance the photocatalytic activity of MOFs. Zhiliang Jin et al.
investigated an interface-engineered MOF-on-MOF strategy to
construct ZIF-9(Co)/Cu,;BTC, (namely a heterojunction between
ZIF-9(Co) and Cu,BTC MOFs).[” The hydrogen evolution kinet-
ics and charge carrier behavior of the catalysts were investigated
using steady-state PL and TRPL spectroscopy. The incorporation
of GDY into this heterostructure enabled interfacial carrier mi-
gration, thereby improving photogenerated charge transfer (av-
erage lifetime of 1.1070 ns instead of 0.0288 ns) while preserv-
ing active sites and surface area (28.08 m?g~!). The formation
of an S-scheme heterojunction within the composite contributed
to strong reduction activity and accelerated charge migration via
GDY'’s electron relay effect, enhancing hydrogen evolution. This
study underscored the potential of GDY-functionalized MOFs in
sustainable photocatalysis, but the approach used largely relied
on solution-based synthesis methods.l%!

Similarly, Wang et al. developed a GDY/ZnCo-ZIF S-scheme
heterojunction photocatalyst via a low-temperature blending
method, composed of graphdiyne and ZnCo-ZIF MOF.['%I
When sensitized with eosin Y (EY), the composite achieved a
notable hydrogen production of 171.79 pmol, significantly out-
performing its individual components. The heterojunction de-
sign facilitated efficient charge separation, while the EY sensi-
tization provided an additional source of excited electrons for
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the reduction reaction. Steady-state photoluminescence (PL) and
time-resolved PL (TRPL) analyses were performed to investigate
charge carrier dynamics in the GDY/ZnCo-ZIF system. The ad-
dition of GDY to ZnCo-ZIF significantly reduced PL intensity
compared to the individual components, indicating suppressed
electron—hole recombination. TRPL measurements further con-
firmed this, as the GDY/ZnCo-ZIF composite showed the short-
est average fluorescence lifetime, suggesting accelerated charge
transfer at the interface and reduced carrier residence time in the
excited state. Despite these advantages, the synthesis of ZnCo-
ZIF and its composites was solution-based, with major issues re-
lated to solvent waste and process sustainability.['%! An alterna-
tive strategy for improving the stability and performance of MOEF-
based photocatalysts was explored by Sitong Feng et al., who
developed a CsPbX; @ZIF-8 composite via mechanical milling.
This approach enabled large-scale synthesis while enhancing
the stability of CsPbX; perovskite nanocrystals: these materials
preserved 86.7% of their photoluminescence (PL) intensity over
eight weeks. The synergy between ZIF-8 and CsPbX; improved
charge separation, leading to a substantial increase in photocat-
alytic H, evolution up to 19.63 pmol g~! after 2.5 h (Figure 7).11°!

Single-atom catalysis was explored for MOF-based H, produc-
tion. Yulu Wu et al. developed a CdS/Fe-MOF-525 composite via
ball milling, wherein Fe single atoms were anchored to MOF lig-
ands. PL and TRPL analyses demonstrated improved charge sep-
aration in CdS/Fe-MOF-525 composites, particularly in the sam-
ple with a 2.3:1 CdS:MOF ratio, which exhibited the lowest PL
intensity and the longest average carrier lifetime (22.38 ns). This
enhancement is attributed to efficient ligand-to-metal and metal-
to-semiconductor charge transfer at the interface. Complemen-
tary photocurrent measurement confirmed these findings, since
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CdS/Fe-MOF-525-2.3 showed the highest photocurrent density,
indicating more effective charge transport compared to both pris-
tine CdS and other composite ratios. The composite exhibited
a hydrogen evolution rate of 3638.6 umol g=! h™!, surpassing
the performance of its individual components. This investigation
highlights the synergistic effects of MOF-quantum dot hetero-
junctions in photocatalysis.[1%]

While significant progress has been made in visible-light-
driven H, photoproduction using MOFs, several challenges re-
main. The synthesis of MOF-based composites often involves
solvent-based methods, which are inconsistent with the prin-
ciples of green/sustainable chemistry. Mechanochemical ap-
proaches, such as ball milling or extrusion, could offer an attrac-
tive alternative.[19%194] Additionally, the long-term stability and re-
cyclability of these materials under operational conditions need
to be addressed to ensure their practical applicability. By address-
ing the current challenges and leveraging the unique properties
of MOFs, researchers can unlock the full potential of these mate-
rials for advancing renewable energy technologies.

DFT analyses have provided critical insights into charge trans-
fer mechanisms and the fundamental properties of photocat-
alytic materials, offering a robust theoretical foundation for ex-
perimental observations. In particular, DFT calculations have
confirmed the S-scheme charge transfer mechanism in hetero-
junctions such as CoS,/GDY and GDY/Sr,Co,Os, by determin-
ing work functions (GDY: 5.113 eV, CoS,: 5.312 eV, and GDY: 5.06
eV, SCO: 6.04 eV, respectively) and Fermi level differences that
drive electron migration and the formation of internal electric
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fields.[®*%4] Moreover, phosphorus doping in g-C;N, (PCN) has
been shown to narrow the band gap (from 1.23 to 1.05 eV) and in-
troduce an empty mid-gap state, thereby enhancing light absorp-
tion and electron transport.[®®) DFT simulations also revealed
electron transfer across the PCN/MoP heterojunction, confirm-
ing Schottky barrier formation and calculating a Gibbs free en-
ergy for hydrogen adsorption (AGH* = +0.129 eV) close to ther-
moneutral, indicating weak but favorable hydrogen binding ki-
netics, an essential feature for promoting efficient photocatalytic
H, evolution.[®®] Additionally, DFT studies on MoS, nanoparti-
cles have shown that the projected density of states is predomi-
nantly governed by Mo 4d and S 3p orbitals, facilitating charge
transport across the catalyst. The calculated conduction and va-
lence band edge positions (—0.39 and +1.31 V, respectively) fur-
ther align with the energetic requirements for visible-light-driven
photocatalysis, highlighting the suitability of MoS,-based het-
erostructures for efficient solar conversion.!””’

Further DFT investigations have expanded the understanding
of heterojunction behavior, dopant effects, and surface stability
across diverse photocatalytic systems. In BP-MoO;, heterostruc-
tures, DFT simulations indicated metallic character in MoO,
and predicted a substantial band gap narrowing (from 1.43 eV
in BP to 0.5 eV in the composite) due to Mo-P interactions, en-
hancing photoexcited charge mobility. These findings, combined
with plasmonic enhancement from MoO,_,, support a Z-scheme
mechanism and improved light harvesting.[*®”] In metal cluster-
TiO, interfaces, DFT revealed that Pt exhibits the highest adsorp-
tion energy and lowest aggregation tendency, particularly on the
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Table 1. Summary of mechanochemically prepared materials and their applications in H, photoproduction.

Entry Material Milling conditions Apparent quantum efficiency [%] H, evolution rate [umol g~'h~"] Refs.
(Speed/time)
1 Au/TiO, Manual/10 min nr 500 [39]
2 Au/TiO, Manual/10 min nr 500 [40]
3 Au/TiO,-550 29.5 Hz/10 min nr 19 800 41
4 Au/P90-BM 15 Hz/10 min 0.3 49 300 [42]
5 Pd/TiO, 15-50 Hz/up to 2 h 14 86 700 [43]
6 0.5%Pt-0.5%Cu-2%rGO-TiO, 15 Hz/3 min? 3.17 27 000 [53]
7 Cu/TiO, 300 rpm/15 min nr 9500 [54]
8 NiO/P90-BM 15 Hz/10min nr 8850 58]
9 4.0%MoS, /TiO, 300 rpm/4 h nr 150.7 [59]
10 self-doped BaTiO, 300 rpm/1h nr 191.3 [60]
1 MgFeTiO; 600 rpm/2 h nr 296 [61]
12 Cu;P@GDY 250 rad min~'/6 h?) 3.03 1270 [62]
13 CoS,/GDY 500 rad min~'/10 h?) 1.16 1835 [63]
14 Graphdiyne/Sr,Co,Os nr/10 h? 1.76 157 [64]
15 Ni, P/g-C3N, 400 rpm/2 h nr 129 [65]
16 g-C;N,/BP/MoS, 1000 rpm/1h 9.71 2146.8 167]
17 CN/BP@Ni 200 rpm/5 h 1.8 8590 68]
18 MoS,-Cgq-cyclodextrin Manual/10 min nr 6890 [70]
19 1%Pt-CNv-mCN-Br 500 rpm/30 min? 40.08 34410 [77]
20 mCNv 1500 rpm/6 h 5.4 529 [72]
21 g-C3N,/Ceo 500 rpm/24 h 6.97 266 [73]
22 g-C;N, 160 rpm/2.5 h nr 103.7 [74]
23 2D g-G;N, 500 rpm/1h nr 1326 175]
24 N-Py1/Py2 nr/12 h 6.9 26 500 [76]
25 BP nanosheets 250 rpm/24 h 0.47 512 [77]
26 3%Pt-DMASNnBr; @g-C; N, 300 rpm/12h 6.6 1730 [97]
27 Cu3BTC,/ZIF-9(Co)/GDY 500 rpm/10 h? nr 1126 [99]
28 GDY/ZnCo-ZIF-0.9 250 rad min~'/6 h?) 2.8 34.4 [100]
29 CsPbX, @ZIF-8 Manual/1 h nr 7.9 [101]
30 CdS/Fe-MOF-525 30Hz/2-9h nr 3638.6 [102]

% A mechanochemical step was involved only in the synthesis of one component of the reported material. nr: non-reported.

{001} facet, maintaining superior stability and HER activity even
under photoexcitation.**] For conjugated donor-acceptor poly-
mers (Pyl/Py2), DFT optimized molecular segments and iden-
tified bisulfone oxygen atoms as hydrogen adsorption sites, al-
though with high AGy, values indicating limited intrinsic cat-
alytic activity.”®! Finally, in Br-doped and C/N-deficient g-C,N,
(CNV-mCN-Br), DFT confirmed preferential Br substitution at
N, sites and demonstrated complete spatial separation of HOMO
and LUMO orbitals, correlating with reduced charge recombina-
tion and enhanced carrier dynamics.[”!!

Table 1 presents some of the key findings on mechanochem-
ically prepared materials and their applications in H,
photoproduction, along with the corresponding milling
conditions.

3.2. Visible-Light-Driven CO, Photoreduction
The utilization of solar energy to drive the photocatalytic re-
duction of CO, is among the most investigated approaches to-

ward the sustainable production of fuels.'®! This process in-
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volves the conversion of CO, into value-added hydrocarbons
such as methane (CH,), carbon monoxide (CO), methanol
(CH,;OH), and other reduced carbon species, and at the same
time, it represents a viable strategy to mitigate greenhouse gas
emissions.

The activation of a thermodynamically stable and inert species
as CO,, requires a substantial energy input that in conven-
tional processes is achieved through high-temperature and high-
pressure catalytic reactions.[106:1%7]

However, photocatalysis provides a low-energy alternative,
enabling CO, conversion under ambient conditions.'®! The
interaction of CO, with the photocatalyst surface is crucial
in determining its reduction pathway. Upon adsorption, CO,
molecules may undergo charge transfer interactions, leading
to the formation of activated intermediates (CO,~, 'COOH,
"CHO) that facilitate subsequent reduction steps.[1%] The adsorp-
tion mode, whether through monodentate carbon coordination,
bidentate oxygen coordination, or mixed coordination, directly
impacts the preferred reaction pathway and the final product
selectivity.[110111]
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In this field, mechanochemically synthesized photocatalysts
have demonstrated their potential for the CO,-to-CH, conver-
sion. The mechanochemical synthesis, which often involves
high-energy ball milling, offers several advantages, including en-
hanced crystallinity, defect engineering, and improved charge
carrier dynamics.

A crucial requirement for photocatalytic CO, reduction is the
optimization of the band structure of the photocatalyst. For an
effective charge transfer, the conduction band minimum (CBM)
must be more negative than —0.24 V versus RHE, while the
valence band maximum (VBM) must be more positive than
+0.82 V versus RHE, ensuring a driving force enough for CO,
reduction and water oxidation.['®] Rational catalyst design, in-
cluding bandgap tuning, defect passivation, and nanostructur-
ing, plays a pivotal role to improve both the activation of CO,
and the CH, selectivity.

3.2.1. Mechanochemically-Modified Titania-Based Materials

Metal oxides, including TiO,, have been widely employed as
supports for photocatalytic CO, reduction, due to their well-
established photoactivity.l'!2113] Ruofei Tang et al. utilized TiO, as
a support for synthesizing various single-atom catalysts (SACs)
through a mechanochemical approach.'*l The synthesis was
performed using a planetary ball mill, where TiO, (P25) was com-
bined with metal chloride precursors (MCl,, where M = Pd, Bi,
Y, Er, Cu, Na, etc.) in deionized water, while hydrochloric acid
(HCl) was used to adjust the pH to 0.0—4.0. To achieve homoge-
neous atomic dispersion, balls of three different sizes were uti-
lized, and the process was carried out at 400 rpm for 12 h. The use
of an agate grinding medium dissipated excess heat, maintaining
the reaction temperature below 35 °C and preventing unwanted
metal oxidation. X-ray diffraction (XRD) analysis of each mate-
rial confirmed that only TiO, diffraction peaks were present. This
indicated that metallic nanoparticles were absent and suggested
that atomically dispersed metal species formed within the TiO,
matrix. UV-vis diffuse reflectance spectroscopy (DRS) revealed
that all metal single atom supported samples (Mg, /TiO,) main-
tained strong UV absorption (x3.0-3.1 eV band gap). However,
catalytic activity was influenced by the electronic properties of the
incorporated metal sites, rather than significant changes in opti-
cal absorption. The generation and separation of photoinduced
charge carriers were assessed via electron paramagnetic reso-
nance (EPR) and TRFS measurements. EPR spectra revealed that
PdSA/TiO, exhibits a markedly enhanced generation of photo-
excited electrons under light irradiation compared to CuSA/TiO,,
indicating superior charge separation and transport efficiency.
Complementarily, TRFS measurements confirmed these find-
ings, with PASA/TiO, exhibiting the most significant quenching
of fluorescence lifetime, indicative of faster charge carrier sepa-
ration and suppressed recombination dynamics.

Among the synthesized SACs, Pd single-atom catalyst
(PASA/TiO,) exhibited the highest CO, photoreduction activity,
achieving a CH, production rate of 271.6 umol g~'h~! with ~98%
selectivity. This performance far exceeded that of previously Pd
nanoparticle-based TiO, catalysts synthesized via conventional
impregnation methods.['>] This result was explained by mech-
anistic studies using in situ Fourier-transform infrared (FTIR)
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spectroscopy and DFT calculations. These demonstrated that
single-atom Pd sites strongly adsorbed CO,, inducing significant
structural bending of the O=C=0 bond from 180° to 151°. This
strong distortion lowered the activation energy barrier for CO,
reduction, thereby facilitating its conversion into methane (CH,)
with high efficiency.l''*l Overall, the proposed mechanochemical
method offered a straightforward, high-yield, and scalable strat-
egy for fabricating single-atom metal catalysts without thermal
treatments, additives, or post-synthetic modifications, which not
only simplified the synthesis process but reduced costs.

3.2.2. Mechanochemically-Prepared Gallium-Based Materials

Among metal oxides, gallium-based materials are becoming
more and more popular as photocatalysts for energy conversion
applications. Li Qin Zhou et al. synthesized a Sr,GaCoOs sample
via a solid-state reaction method, involving ball milling of SrCO;,,
Ga,0;, and Co;0,, followed by calcination and sintering of the
resulting mixture.[''®! XRD and HAADF-STEM confirmed the
formation of a high-purity orthorhombic brownmillerite phase,
characterized by alternating CoO, octahedra and GaO, tetrahe-
dra. When integrated into a bipolar membrane-free (BPM-free)
electrolysis cell with an anodized silver cathode, Sr,GaCoO; en-
abled a remarkable solar-to-CO conversion efficiency of 13.9%.
The catalyst exhibited exceptional durability, maintaining its ac-
tivity for over 19 h of continuous operation without significant
performance loss. This result was attributed to the stabilization
of intermediate-spin Co*" (t,,’e,") states within the Brownmil-
lerite framework.['"”] This optimized electron occupancy in the
e, orbitals enhances the oxygen evolution reaction (OER) kinet-
ics and facilitates more efficient charge transfer. Additionally, the
incorporation of gallium (Ga3*) into the structure contributed to
high chemical stability, effectively preventing metal leaching and
preserving the structural integrity of the catalyst in neutral pH
environments.

Similarly, Tomomi Aoki et al. investigated the photocatalytic
performance of mixed-phase gallium oxide materials, specifically
GaOOH/f-Ga,0, and a-Ga,0,/p-Ga,0,, for CO, reduction us-
ing water as a proton source.l''® The synthesis of GaOOH/p-
Ga,0; was conducted via high-energy ball milling, using p-
Ga,0, in water at 400 rpm for various durations. This led to the
formation of GaOOH fine particles whose amount increased with
the milling time, albeit their specific surface area did not exceed
40 m? g~!. Subsequent calcination at 773 K transformed GaOOH
into a-Ga,0;. An oxide mixture comprised of a-Ga,0,/-Ga,0,
was achieved. Under UV irradiation, this material displayed a
CO, photoreduction activity up to six times higher than that of
pure f-Ga,0;. The H, evolution rate was positively correlated
with the specific surface area, indicating that both GaOOH and a-
Ga, 0, contributed to H, generation. Notably, CO formation was
significantly enhanced only in the a-Ga, 0 /f-Ga, O, system, sug-
gesting that distinct active sites within this phase mixture played
a crucial role in CO, reduction.

The authors proposed a redox-type reaction mechanism,
where GaOOH was reduced to a-Ga,0, under UV irradiation,
generating both H, and O,. In contrast, during dark conditions,
a-Ga, 0, reverted to GaOOH upon interaction with water, com-
pleting the catalytic cycle. The phase boundaries between the
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different Ga,0, phases were identified as key factors in en-
hancing charge separation and electron transfer, which are es-
sential for improving catalytic efficiency. Despite the promis-
ing CO, reduction performance, the CO selectivity of the cat-
alysts remained relatively low. The authors suggested that in-
corporating a Ag cocatalyst could further improve the selectiv-
ity and overall CO, conversion efficiency, as reported in previous
studies.['?]

This study highlighted the effect of ball milling duration on
changing/enhancing the catalytic performance of gallium-based
materials. Although this work employed UV irradiation rather
than solar light and thus did not meet the primary scope of this
review, the strategic application of mechanochemistry justified
its inclusion.2%]

3.2.3. Mechanochemically-Prepared Nano- and Atomic-Scale Metal
Catalysts on Carbonaceous Materials

g-C;N, has been recently recognized as an ideal support for
SACs.21718] Ttg gpecific surface area and the presence of lone
pairs of electrons in the N atoms facilitate strong metal-support
interactions, which may prevent the agglomeration of single
atoms. The current literature reports some remarkable contribu-
tions of mechanochemistry in the preparation of g-C;N,-based
highly dispersed SACs.

Tang et al. developed single-atom Ni catalysts on g-C;N,
(Ni/CN) for photocatalytic CO, reduction (CO,RR) via a solvent-
free, high-energy ball milling method at 400 rpm for 12 h, where
the reagents were mixed together with water and HCI (to main-
tain pH 0-3).1* This procedure ensured a uniform dispersion
of Ni atoms on the g-C;N, surface without the formation of clus-
ters or nanoparticles (Figure 8A), as confirmed by HAADF-STEM
analysis.

The optimized photocatalyst, Ni/CN-0.5 (0.5 at% Ni, 0.32
wt.%), exhibited the highest CO, reduction performance
(19.9 pmol g~' h™') under simulated solar irradiation, operating
without additional co-catalysts or sacrificial agents. The strong
Ni-N (metal-support) interaction achieved by mechanochemi-
cal synthesis enabled the activation of CO, molecules, thereby
increasing both the generation of photoexcited electrons and
charge separation efficiency.'>-128] Under illumination, the well-
dispersed Ni(II) active sites were responsible for: i) capturing
photoelectrons from g-C;N,; ii) promoting the separation of pho-
togenerated electron—hole pairs; iii) accelerating the diffusion of
charge carriers to the catalyst surface, and ultimately iv) reducing
kinetic barriers and enhancing CO, photoreduction efficiency.
DFT calculations further confirmed that Ni single atoms as ac-
tive centers lowered the reaction energy barrier and selectively
drove the CO formation.[129:130]

Furthermore, Tang et al. also synthesized single-atom Cu and
Zn photocatalysts supported on g-C;N, using a high-energy ball
milling method. To achieve atomic dispersion, CuCl, or ZnCl,
was milled with g-C;N, in the presence of agate balls, water, and
6.0 M HCl, adjusting the pH to 0.0-3.0.13!) The mixture under-
went 10-12 h of milling at 400-500 rpm, ensuring uniform metal
incorporation into the g-C;N, framework. Photocatalytic CO,
reduction tests revealed that Zn-CN-0.5 (containing 0.35 wt.%
Zn) achieved a CO production rate of ~21.1 pmol g~! h~! with
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~100% selectivity, whereas Cu-CN-0.5 exhibited a lower CO yield
(~15.2 umol g=! h~!) but a greater activity for CH, formation.
DFT calculations provided insights into the role of electronic con-
figuration in determining photocatalytic selectivity. Authors con-
cluded that Zn?* (3d'°) with a fully occupied inner electron shell
possessed a stable electronic structure, while its vacant outer or-
bitals served as electron traps to enhance charge separation ef-
ficiency and CO, adsorption and activation. This configuration
favored the breaking of intermediate bonds, directing the reac-
tion toward CO formation and improving overall catalytic perfor-
mance and selectivity.

In contrast, Cu?* (3d°) exhibited an incomplete electron con-
figuration, which made it prone to electron capture, promoting
its reduction to Cu* under light irradiation. The strong electron
affinity of Cu?* facilitated proton migration, leading to H* accu-
mulation at Cu* sites. This, in turn, promoted CH, formation
and reduced CO selectivity. The difference in electronic stability
between Zn?* and Cu?* ultimately dictated their reaction path-
ways, with Zn and Cu favoring the production of CO and CH,,
respectively (Figure 8B,C).

Although the literature reports various carbon-based materi-
als synthesized via mechanochemistry—such as graphdiyne and
reduced graphene oxide (RGO)—and some of these convention-
ally synthesized materials have also been employed in photocat-
alytic CO, reduction reactions,*?] there remains a notable gap
concerning the use of mechanochemical protocols to prepare
metal catalysts supported on carbonaceous materials other than
graphitic carbon nitride.

g-C;N, has not only been widely employed as a support for
metal catalysts, but its 2D polymeric semiconductor structure,
featuring sp?-hybridized carbon and nitrogen atoms similar to
graphene, makes it an ideal candidate for constructing Van der
Waals heterojunctions valuable for CO, photoreduction.[!33-13]
Jintao Dong et al. (2024) developed a CPDs/KCNNS heterojunc-
tion photocatalyst by integrating carbonized polymer dots (CPDs)
with potassium-doped carbon nitride nanosheets (KCNNS) us-
ing a mechanochemical ball milling approach.['**] This method
enhanced charge separation and boosted CO, reduction per-
formance without requiring additional co-catalysts or sacrificial
agents. The ball milling process involved two main steps: i) a
mixture of bulk g-C;N,,, KCl, and LiCl was milled in an agate jar
at 1200 rpm for 30 min, obtaining KCNNS; ii) then, a precise
amount of CPDs was mixed with KCNNS and 1 mL of ethanol,
and ball milling was continued at 1200 rpm for 120 min. the
resulting CPDs/KCNNS composite was finally dried under vac-
uum. The photoelectrochemical properties of the as-prepared
materials were evaluated using a combination of complemen-
tary techniques. The PL intensity was significantly quenched in
CdS/Fe-MOF-5252.3, indicating improved charge separation ef-
ficiency. This was further supported by time-resolved PL, which
showed extended average lifetimes with increasing CdS con-
tent. The photocurrent response under periodic illumination
confirmed enhanced charge transport, particularly for the 2.3:1
composite.[13¢]

The photocatalytic mechanism was investigated through DFT
calculations and in situ FTIR analysis, which identified COOH*
as a key intermediate in the CO, reduction pathway (Figure 9A).
The study confirmed the formation of a type-II heterojunc-
tion, where photoexcited electrons from CPDs migrated to the
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Figure 8. A) Schematic representation of material synthesis via high-energy ball milling and CO, photoreduction. Reproduced with permission from
ref. [124]. B,C) Schematic representation of the role of different Cu?* and Zn?* electron configurations in the CO, photoreduction mechanism. Cu sites
(B) facilitate CH,, formation via dynamic Cu?* /Cu* redox cycling and strong CO adsorption, while Zn?* centers (C) act as electronic traps with weakened
Zn—C bonding, promoting efficient CO desorption. Reproduced with permission from ref. [131].

conduction band (CB) of KCNNS, facilitating CO, reduction,
while holes transferred in the opposite direction, minimizing
charge recombination and enhancing photocatalytic efficiency.
The formation of the Van der Waals heterojunction improved
charge separation efficiency, while the incorporation of CPDs en-
hanced CO, adsorption and extended light absorption. As a re-
sult, at 400 nm, the CPDs/KCNNS-2 composite achieved a CO
evolution rate of 78.98 pmol g'h~! with 100% selectivity for
CO production in pure water, without requiring co-catalysts, hole
scavengers, or organic solvents. This performance represents a
13.71-fold increase compared to pristine KCNNS (Figure 9B).
Finally, the CPDs/KCNNS-2 composite exhibited excellent sta-
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bility and photocatalytic activity over multiple cycles, underscor-
ing its potential for long-term application in solar-driven CO,
conversion.

3.2.4. Mechanochemically-Prepared Metal-Free Catalytic Systems

Recent advancements in CO, photoreduction have expanded be-
yond metal-based materials, with increasing attention on metal-
free systems. In this context, Na Yang et al. developed an innova-
tive mechanochemical synthesis for the direct conversion of ele-
mental sulfur (S), typically considered an industrial byproduct,
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Figure 9. A) Schematic CO, photoreduction mechanism. B) Representation of the band structure of the CPDs/KCNNS-2 composite and a comparison
of the different CO production rates. Reproduced with permission from ref. [136].

into porous donor-acceptor (D-A) ladder polymer networks.!'37]
This solvent-free approach eliminated the need for complex pu-
rification processes and offered a scalable method to produce
photocatalysts for CO, photoreduction. The polymers were syn-
thesized via nucleophilic aromatic substitution (SNAr) by ball-
milling elemental sulfur (Sg) with 1,2-dihaloarenes in the pres-
ence of Cs,CO; as a base. The reaction was carried out in a zir-
conia (Zr0,) jar with zirconia balls at 30 Hz, either under nitro-
gen or ambient air. By adjusting the milling time to 2 h, the sul-
fur content, and the base concentration, the yield and the surface

area of the polymer reached 68.7% and 823 m? g!, respectively.
The resulting polymer featured bent thianthrene units, essential
for efficient charge separation (Figure 10).

The CO, photoreduction performance of the ball-milled poly-
mer (HAT-S) was compared to an analogous polymer (HAT-N),
which incorporated phenazine units instead of thianthrene and
was synthesized using a solvothermal method. Under visible-
light irradiation, HAT-S achieved a CO production rate of
306.1 umol g~th~! with ~#100% selectivity, significantly surpass-
ing HAT-N (82.7 umol g'h'). This result was attributed to

S-S,
$
+
S-S
HATNA-X, Elemental
(X=F, CL, Br) sulfur

ZrO, Balls at 30 Hz,
Base (Cs2CO03), air, 2 h.

>

Figure 10. Schematic representation of thianthrene-bridged donor—acceptor (D—A) porous ladder polymer networks synthesis through high-energy ball

milling. Reproduced with permission from ref. [137].
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Figure 11. A) Representation of 3C-SiC nanoparticle and its band structure. B) High-resolution TEM image of nanosized 3C-SiC. C) N,-physisorption
analysis of the 3C-SiC crystalline powder and 3C-SiC nanoparticles. D) Photocatalytic CH, evolution over the different materials. E) Room-temperature
steady-state PL spectra of the different materials. Reproduced with permission from ref. [142].

the ladder-type bent structure of HAT-S, which promoted direc-
tional charge transfer from the electron-donating thianthrene to
the electron-accepting HATNA units. In contrast, planar struc-
ture in HAT-N resulted in less efficient charge separation, as
the excited electrons and holes were more delocalized and inter-
twined, reducing their mobility. To further investigate the charge
carrier dynamics, transient photocurrent response, steady-state
PL, and TRPL spectroscopy were performed. HAT-S displayed a
significantly higher photocurrent density than HAT-N, indicat-
ing improved separation of photogenerated electron—hole pairs.
In addition, the steady-state PL intensity of HAT-S was notably
lower than that of HAT-N, suggesting suppressed recombina-
tion of charge carriers. TRPL analysis showed a longer average
photocarrier lifetime for HAT-S (32.10 ns) compared to HAT-N
(18.53 ns), highlighting enhanced charge mobility.

DFT calculations showed that nitrogen atoms in HAT-S cap-
ture excited electrons, while sulphur atoms capture holes, facil-
itating effective charge separation. EIS measurements revealed
that HAT-S exhibited lower charge transfer resistance, enhancing
electron mobility, while PL spectroscopy showed a longer aver-
age lifetime of photogenerated carriers in HAT-S (32.10 ns) com-
pared to HAT-N (18.53 ns), contributing to prolonged electron
availability for CO, reduction.

Cubic silicon carbide (3C-SiC) is a metal-free semiconductor
characterized by a narrow band gap of 2.36 eV. This feature en-
ables an efficient absorption of visible light and band positions
well-suited for CO, reduction and water oxidation.[**11] Hao Li
et al. developed a mechanochemical synthesis to produce 3C-SiC
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nanoparticles with enhanced surface properties that led to im-
proved charge separation and selective photoreduction of CO, to
CH, under visible-light irradiation (Figure 11A).['?] A top-down
approach was followed by using high-energy ball milling to re-
duce the particle size and introduce surface defects. Bulk 3C-SiC
powder was processed for 5 h at 500 rpm, generating an amor-
phous silica (SiO,) layer on the nanoparticle surface. This layer
played a pivotal role in preventing photoinduced corrosion, pre-
serving the integrity of Si-C bonds, and ensuring long-term cat-
alytic stability during photoreduction.

The resulting material was comprised of a thin amorphous
SiO, layer that surrounded a crystalline 3C-SiC core (Figure 11).
N,-phisisorption analysis showed that BET surface area in-
creased from 0.39 m? g™' (bulk SiC) to 15.14 m? g=! after
ball milling, improving the material's CO, adsorption capac-
ity (Figure 11C). Under visible light irradiation, the ball-milled
3C-SiC nanoparticles exhibited a CH, production rate of 4.9
pmol g~th~1, with a selectivity exceeding 90% (Figure 11D). Iso-
topic labelling experiments using *CO, confirmed that the car-
bon source for CH, production originated from CO,, and not
from the catalyst decomposition. The enhanced photocatalytic
performance of the ball-milled 3C-SiC nanoparticles was pri-
marily attributed to the structural defects introduced during the
milling process. These defects acted as electron traps, which cap-
tured photogenerated electrons and reduced their recombination
with holes. This phenomenon was confirmed through PL spec-
troscopy, which showed a substantial emission peak at 550 nm
(Figure 11E). Moreover, TRPL showed a prolonged lifetime of
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Figure 12. A) lllustration of the Mechanochemical synthesis of CsPbBr; perovskites. B) CO, CH,, and H, production rates measured on different
photocatalysts made of CsPbBr; and Cu and/or RGO. C) Schematic illustration of the charge separation and transfer mechanism for CO, reduction on
CsPbBr;-Cu-RGO nanocomposites under simulated solar irradiation. D) Reusability test of NS-Cu-RGO composite. Reproduced with permission from

ref. [143].

photogenerated charge carriers, with an average electron lifetime
(7,) of 38.9 ns, nearly six times longer than that of untreated SiC
(6.7 ns).

The reaction mechanism was explored by in situ FTIR spec-
troscopy, which allowed to identify *COOH as the key interme-
diate during CO, reduction. Then, the subsequent formation of
*CHO and *CH,;O species was noticed before the final produc-
tion of CH,. This study demonstrated the potential of ball milling
to produce high-performance metal-free silicon carbide nanopar-
ticles from cost-effective materials.

3.2.5. Mechanochemically-Prepared Perovskites

The synthesis of lead-based halide perovskites (LHP) nanocrys-
tals via mechanochemical methods allows a precise control over
particle size, morphology, and crystallinity. All these features
play a crucial role in determining the photocatalytic efficiency
of the resulting materials. For instance, Kumar et al. demon-
strated that varying ball milling parameters during the synthesis
of CsPbBr, perovskites led to distinct structural and morphologi-
cal characteristics (Figure 12A).1'¥3] In particular: i) by increasing
the milling time from 60 to 180 min, the diameter of CsPbBr,
nanorods decreased from 60-70 to 20-40 nm; ii) by prolonging
milling beyond 300 min resulted in the formation of nanospheres
(40-50 nm) due to the changing energy dynamics; iii) at 500 rpm,
by increasing the zirconia ball size from 5 to 15 mm led to the
formation of longer nanorods, iv) by switching the cesium pre-
cursor from acetate to bromide resulted in nanosheets instead of
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nanorods, highlighting the influence of precursor chemistry on
morphology.[143144]

The photocatalytic CO, reduction activity of the synthesized
CsPbBr;, perovskites was evaluated in the gas phase using wa-
ter vapor as a proton source. Three distinct CsPbBr, perovskite
samples, obtained under varying ball-milling conditions, were
tested alongside their composites with Cu-decorated reduced
graphene oxide (Cu-RGO), which was synthesized via a solvother-
mal method. The composite (labelled NS-Cu-RGO) was obtained
by adding Cu-RGO in isopropanol suspensions to the previ-
ously described CsPbBr; nanocrystal. Compared to the pristine
CsPbBr; (labelled NS), the incorporation of Cu-RGO signifi-
cantly enhanced CO,-to-CH, conversion efficiency and selectiv-
ity (Figure 12 B,C). Notably, the total electron consumption in-
creased from 8.1 to 103 umol h~'g™!, while the selectivity for CH,
improved from 42.5% to 98.5%.

Furthermore, composite materials exhibited superior stabil-
ity in humid conditions. While pristine CsPbBr; nanosheets
lost ~70% of their photocatalytic activity over three consecu-
tive reaction cycles, their Cu-RGO composites retained nearly
90% of the initial activity (Figure 12D). These nanocomposites
also demonstrated an apparent quantum efficiency of 1.10% at
523 nm, attributed to enhanced charge separation, increased
visible-light absorption, improved CO, adsorption/activation,
and a hydrophobic character that mitigates degradation in
moisture-rich environments.

However, for a fully green and scalable approach, future re-
search should focus on developing air-stable mechanochemi-
cal routes, ensuring greater feasibility for CO, photoreduction
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permission from ref. [146].

technologies. In this context, lead-free halide perovskites
(LFHPs) have emerged as an alternative, offering reduced envi-
ronmental impact and improved chemical stability. Among the
various synthesis strategies, mechanochemical synthesis, via ball
milling, has gained prominence to produce LFHP nanomaterials
with tunable properties.['%]

Kumar et al. reported the mechanochemical synthesis of Pb-
free Cs,AgBiBr, double perovskite nanoplates and their het-
erostructures with Cu-loaded reduced graphene oxide (Cu-RGO)
for gas-phase photocatalytic CO, reduction.['*] The synthesis in-
volved planetary ball milling of CsBr;, AgBr;, and BiBr; pre-
cursors in a 2:1:1 molar ratio, achieving optimal formation of
Cs,AgBiBr, at 500 rpm for 60 min. To fabricate Cu-RGO or RGO
composites, suspensions of Cu—-RGO or RGO in isopropanol
were added to the precursor mixture before milling (Figure 13A).
The resulting Cs,AgBiBr, nanoplates exhibited high thermal sta-
bility, comparable to Pb-based perovskites. At ambient condi-
tions, pristine Cs,AgBiBr, (DP) nanoplates remained stable for
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2 days, while the Cu-RGO composite maintained its structural
integrity beyond 8 days.['*] The steady-state PL intensity of this
nanocomposite was significantly reduced compared to pristine
DP, indicating suppressed radiative recombination due to im-
proved charge separation at the Cs,AgBiBr, /Cu—RGO interface.
TRPL further confirmed this behavior, with the nanocomposite
exhibiting a much shorter average carrier lifetime (0.2 ns) than
DP (1.5 ns), suggesting enhanced nonradiative pathways that
facilitate charge extraction. These findings were corroborated
by photocurrent measurements under light irradiation, where
the Cs,AgBiBr, /Cu—RGO electrode displayed a markedly higher
photocurrent response, consistent with more efficient photoin-
duced charge separation and transport across the heterostruc-
ture.

The photocatalytic performance of these mechanochemically
synthesized perovskites was evaluated for gas-phase CO, reduc-
tion using water vapor as a proton source. While Cs,AgBiBr,
alone was less effective than Pb-based perovskites such as
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CsPDbBr;, the Cs,AgBiBr, -Cu-RGO nanocomposite achieved a
CH, selectivity of 93.0 + 0.5%, with an apparent quantum ef-
ficiency of 0.89 + 0.21%. Remarkably, under simulated solar
light (1 sun), the composite reached a photocatalytic activity
of 93 mmolh™'g™!, with a 13-fold enhancement compared to
Cs,AgBiBr, alone. When the light intensity was doubled to 2
suns, photocatalytic activity increased by an additional 32%, al-
beit with a slight reduction in CH, selectivity due to an increased
H, production (Figure 13B).

The photocatalytic performance of Cs,AgBiBr,-Cu-RGO was
attributed to the formation of a well-integrated heterointerface,
which facilitated charge separation and reduced electron-hole
recombination. This occurred through electron transfer from
Cs,AgBiBr, to Cu via RGO, alongside hole migration toward the
perovskite surface or the RGO framework. Additionally, the hy-
drophobic nature of RGO enhanced the long-term reusability of
the photocatalyst, underscoring its potential as a viable Pb-free
perovskite material for sustainable solar fuel production.

Nontoxic halide double perovskite materials have many ad-
vantages over lead halide perovskite, but they usually exhibit
poor stability and very low intrinsic photocatalytic CO, reduc-
tion activity. Pi et al. developed chlorine-deficient 3D hierarchi-
cal Cs,NaBiCl, porous microspheres using a controlled solid-
state mechanochemical grinding approach.l*¢! This procedure
introduced chlorine vacancies, improved charge carrier separa-
tion, and CO, activation properties. The synthesis involved man-
ual grinding of solid precursors in an agate mortar for 25 min
in air, as shown in Figure 13C. In the first 5 min, the chlorides
adsorbed moisture from the atmosphere, forming a viscous mix-
ture. As grinding was prolonged to 20 more minutes, a dry pow-
der comprised of highly crystalline Cs,NaBiCl; nanoflakes was
obtained (Figure 13D). The mechanism underlying this trans-
formation was attributed to the hydrolysis of BiCl;, which gen-
erated Bi(OH); nanoflakes while releasing HCl in an aqueous
microenvironment. This process facilitated the rapid diffusion of
Cs*, Na*, and Cl” ions, enabling their interaction with Bi(OH), to
form oriented Cs,NaBiCl; nanoflakes (Cs,NaBiCl,-G). The latter
subsequently self-assembled into 3D hierarchical microspheres
(Figure 13E).

The synthesized Cs,NaBiCl, perovskite exhibited outstanding
performance in gas—solid CO, photoreduction without the use
of sacrificial agents, achieving a CO yield of 30.22 pmol g~ h~1.
Experimental investigations combined with DFT calculations re-
vealed that chlorine vacancies suppressed electron-hole recom-
bination, improving CO, adsorption, and reduced the energy bar-
rier for the formation of the COOH* intermediate, which is crit-
ical for CO, activation.

Steady-state PL and TRPL analyses were employed to evalu-
ate the radiative recombination and charge carrier dynamics in
Cs,NaBiCl;-based materials. The pristine sample (Cs,NaBiCl,-
H) exhibited stronger PL emission, while chlorine-deficient vari-
ants (Cs,NaBiCl;-A and Cs,NaBiCl¢-G) showed a marked reduc-
tion in luminescence intensity, suggesting that the presence of
halide vacancies promotes charge separation by trapping excited
electrons and reducing radiative recombination. Among them,
Cs,NaBiCl,-G displayed the most significant PL quenching, in-
dicating that its 3D hierarchical morphology further enhances
charge carrier separation. TRPL measurements revealed a pro-
gressive increase in average carrier lifetime from Cs,NaBiCl,-
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H to -A and -G, confirming that both chlorine vacancies and
nanostructuring play a synergistic role in extending charge car-
rier lifetimes and suppressing recombination processes.!'*] Fi-
nally, compared to pristine Cs,NaBiCl,, the engineered hierar-
chical perovskite exhibited a 12.34-fold enhancement in CO, pho-
toreduction activity. This behavior was attributed to its increased
surface area, higher density of active sites, shorter charge diffu-
sion pathways, and improved charge separation efficiency.

Tin-based halide perovskites have offered another alterna-
tive for lead-free optoelectronic applications, particularly in so-
lar cells. However, their intrinsic instability in humid environ-
ments has largely hindered their applicability in photocatalytic
CO, reduction. To address this limitation, Tsai et al. developed
mixed-cation pseudohalide tin perovskites using a solvent-free
mechanochemical approach.[?! The resulting material displayed
enhanced water stability and photocatalytic efficiency. The per-
ovskites were synthesized via ball milling of formamidinium io-
dide (FAI), tin(II) thiocyanate (Sn(SCN),), and different amounts
of dimethylammonium iodide (DMAI). The synthesis was car-
ried out inside a glove box (<5 ppm O,), where the precursor
mixture was placed into a milling jar along with zirconia balls
(® = 3 mm). The system was then subjected to mechanochem-
ical grinding at 400 rpm for 1 h at room temperature. Post-
milling, the obtained perovskite was dispersed in deionized wa-
ter, centrifuged for 5 min, and dried in a vacuum oven at 40 °C
for 12 h.

Compared to conventional solution-based synthesis, this
method enabled both lower processing temperatures and re-
duced reaction time.[147:148]

Photocatalytic evaluations identified the DMAS50 system
(where DMA:FA = 1:1, DMA and FA correspond to dimethy-
lammonium and formamidinium cations, respectively) as the
most efficient sample, achieving a CO production yield of
285 pmol g! after 12 h of light irradiation in a humid envi-
ronment, surpassing other tin-based perovskites with different
DMA-to-FA ratios. Stability assessments, including 24 h water
immersion tests, demonstrated that DMA, sFA, s preserved its
structural integrity and electronic properties, exhibiting minimal
oxidation of Sn** to Sn**. The steric hindrance of the methyl
groups and the centrally located positive charge on the carbon
atom in DMA acted as a protective barrier against hydrolysis by
water. This study represents the first successful application of
pseudohalide tin perovskites in photocatalytic systems, address-
ing the challenge of catalyst instability under humid conditions.

3.2.6. Mechanochemically-Prepared MOFs

MOFs have gained significant attention as potential photocata-
lysts for CO, reduction, owing to their high surface area, tun-
able porosity, and adaptable electronic properties.'*] The trans-
port of photogenerated charge in MOFs photocatalyst systems
can occur via three possible modes: i)Hopping conduction: elec-
tron transfer occurs between donor and acceptor sites via discrete
energy levels, ii) Through-bond conduction: charge carriers travel
through coordination or covalent bonds, influenced by metal d-
orbital coupling with organic linkers, iii) Through-space charge
transport: electrons migrate between donor and acceptor sites via
non-covalent interactions (e.g., 7—r stacking).!1>]
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Figure 14. A) Schematic illustration of Cs3Cu,ls @ZIF-9-11l mechanochemical synthesis. B) Schematic representation of CO, photoreduction at the

Cs3Cuyls @ZIF-9-111 interface. Reproduced with permission from ref. [158].

However, conventional solution-based synthesis methods of-
ten suffer from low material yield, poor structural stability, and
inefficient charge carrier separation, which significantly limit
their overall photocatalytic performance.[’>’1541 To overcome
these challenges, mechanochemical synthesis has emerged as a
scalable, solvent-free strategy that enables the precise engineer-
ing of MOFs structures.[15215]

Recent advancements have demonstrated that mechanochem-
ically synthesized MOFs exhibit greater chemical stability,
enhanced charge transport, and improved catalytic activity,
particularly when combined with complementary materials
such as perovskites, metal oxides, and conductive carbon-
based supports.['*6157] These hybrid systems leverage synergis-
tic charge transfer mechanisms, further boosting photocatalytic
efficiency and selectivity in CO, reduction pathways.

For example, Sharma et al. developed a hybrid photocatalyst
consisting of lead-free halide perovskite Cs;Cu,I; nanocrystals
integrated with 2D cobalt-based metal-organic framework ZIF-9-
[II nanosheets, aiming to enhance CO, photoreduction efficiency
and selectivity.'#15%] The hybrid material, Cs;Cu,l;@ZIF-9-111,
was synthesized using a mechanochemical one-pot grinding ap-
proach, ensuring a strong interfacial interaction between the
perovskite and the MOF. The synthesis process involved hand-
grinding the perovskite precursors (CsI and Cul) with the MOF
precursors (Co(NO,),-6H,0 and NaHCO;) in the presence of
2 mL of ethanol for 5 min (Figure 14A). The resulting powder
was then subjected to successive washing steps with water and
methanol to remove unreacted residues. PL, photoluminescence
excitation (PLE), and TRPL analyses were carried out to investi-
gate the optical behavior and charge dynamics of Cs;Cu,Is and
its composites with Co-ZIF-9(III). The pristine Cs;Cu,[; exhib-
ited intense blue PL emission ~445 nm and a high photolumi-
nescence quantum yield (PLQY) of ~90%, consistent with its
strong excitonic confinement. However, upon hybridization with
Co-ZIF-9(III), a quenching of PL intensity was observed, with
PLQY values dropping to 1.5-3.0%, suggesting efficient photoin-
duced electron transfer from Cs;Cu,I; to the MOF component.
TRPL measurements further supported this behavior: the exciton
lifetime decreased from 1.43 ms in pure Cs;Cu,I; to 1.04 ms in
the hybrid, with a more pronounced decay observed in the early
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stages of the TRPL curve. This indicates that the interfacial elec-
tron transfer primarily occurs on a sub-nanosecond timescale.

Electronic structure analysis by DFT revealed that ZIF-9-III
exhibits conduction band (CB) and valence band (VB) positions
more negative than those of Cs,Cu, I, leading to the formation of
a Type-II heterojunction. Therefore, under simulated solar irra-
diation electrons from the valence bands (VBs) of both Cs;Cu,I;
and ZIF-9-I1I are excited to their respective conduction bands
(CBs), generating electron-hole pairs; after that, the higher CB
energy of Cs;Cu, [ enables photoexcited electrons to transfer to
the CB of ZIF-9-11I where they drive the CO, reduction reaction
and, simultaneously, holes from the VB of ZIF-9-III migrate to
the VB of Cs;Cu,ls, where they interact with water molecules,
producing O, (Figure 14B). In this way, Cs;Cu,I; @ZIF-1 exhib-
ited a highly selective and efficient conversion of CO, into carbon
monoxide (CO) with a production rate of 110 umol g~'h~! and
methane (CH,), with a production rate of 5 umol g~ h™', sup-
pressing hydrogen evolution. DFT calculations confirmed that
the non-covalent interactions between Cs;Cu, I and ZIF-9-I1I fa-
cilitated efficient charge transfer, effectively lowering the energy
barrier for CO, reduction and enhancing CH, selectivity over
competing H, evolution. This charge redistribution mechanism
ensures a more efficient CO, conversion process, making the
Cs;Cu, I @ZIF-9-1IT hybrid a promising photocatalyst for solar-
driven carbon capture and utilization technologies.

Similarly, Zhao et al. demonstrated that the incorporation of
organic guest molecules, such as 9,10-bis(4-pyridyl)anthracene
(BPAN), into MOFs significantly improves charge carrier mo-
bility and enhances photocatalytic performance, leading to CO,
reduction rates exceeding those of conventional MOFs.[1>¢]
However, since the synthesis was carried out using a tradi-
tional solvothermal approach rather than a more sustainable
mechanochemical method, this study will not be examined
herein in detail.

3.2.7. Mechanochemically-Prepared Bioconjugates
Recent advances have demonstrated the potential of

mechanochemistry for the preparation of bioconjugates, such
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Figure 15. A) Schematic illustration of CO, photoreduction and carbamazepine photodegradation. B) Proposed mechanism of CO, photoreduction at
FePPc/g-C3N, interface. C) CO and H, yield after 12 h with different ratios of FePPc/g-C3Ny; the inset shows a magnified image of the indistinct data in

the graph. Reproduced with permission from ref. [165].

as hybrids based on g-C;N, and biomolecules, designed as
photocatalysts for CO, reduction, enabling the integration of
light-harvesting inorganic components with biomolecules under
mild, solvent-free conditions. g-C;N, possesses a suitable band
gap and a highly stable conjugated structure due to the strong
covalent bonding between carbon and nitrogen atoms. These
properties make it a promising candidate for photocatalytic
applications, including hydrogen generation.'®! However, its
limited visible-light absorption and high electron-hole recombi-
nation rate significantly restrict its photocatalytic efficiency.!*®!]
To overcome these limitations, strategies such as sensitization
with dyes have been explored to extend light absorption into the
visible and near-infrared regions. Metal phthalocyanines (MPc)
are particularly effective as sensitizers, as they not only enhance
light absorption but also promote charge transfer through the
formation of heterojunctions.!'®2163] However, small-molecule
MPc compounds tend to aggregate during catalysis, reducing
their efficiency. To address this issue, polymerized metal ph-
thalocyanines (MPPc) have been employed due to their extended
z-conjugation, increased metal active sites, and improved
catalytic stability. Combining the broad light-harvesting capa-
bility of g-C;N, with the catalytic activity of MPPc presents a
promising approach to developing high-performance composite
photocatalysts.[164]

Chengyu Chu et al. proposed a mechanochemical approach
to synthesize a composite photocatalyst based on polymerized
iron phthalocyanine (FePPc) and g-C;N,, exhibiting outstand-
ing performance in visible-light-driven oxidation of organic pol-
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lutants (e.g., carbamazepine) and CO, photoreduction to CO
(Figure 15A).[1] The synthesis involved ball milling FePPc and
g-C;N, (both previously prepared via thermal methods)6:1¢7]
at 400 rpm for 1 h, varying the FePPc content. Interestingly,
during milling FePPc underwent mechanical exfoliation, lead-
ing to strong z-z stacking interactions with g-C;N,, ensur-
ing uniform dispersion and improved interfacial contact. The
integration of FePPc with g-C;N, resulted in the formation
of a well-matched heterojunction, facilitating efficient electron
transfer upon light excitation. EIS confirmed this enhance-
ment, revealing improved electronic conductivity. The interac-
tion between FePPc and g-C;N, introduced electronic transi-
tion states, allowing excited electrons from the conduction band
(CB) of g-C;N, to migrate to the CB of FePPc, thereby re-
ducing charge recombination with holes in the valence band
(VB) of g-C;N, and enhancing charge separation (Figure 15B).
This effect was further validated by PL spectroscopy, which
showed a decrease in emission intensity at 380 nm in the
composite relative to pure g-C;N,, indicating lower recombina-
tion rates. Moreover, the aromatic structure of FePPc played a
key role in stabilizing charge carriers, promoting electron stor-
age and improving reactivity for CO, reduction. Transient ab-
sorption spectroscopy (TAS) analysis demonstrated prolonged
electron retention in FePPc, leading to a higher probability of
electron participation in CO, reduction reactions. Additionally,
FePPc broadened the visible light absorption range, extend-
ing it into the NIR region, further enhancing photocatalytic
efficiency.
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As aresult, the FePPc/g-C;N, composite with 10% FePPcload-
ing achieved a maximum CO yield of 3388.98 umol g~! in 12 h
under simulated solar irradiation (in water and acetonitrile as sol-
vents and triethylamine as sacrificial agent), significantly outper-
forming pristine g-C;N,. (Figure 15C). In contrast, a similar com-
posite synthesized using small-molecule FePc instead of FePPc
exhibited a much lower CO yield of only 175.59 pmol g=!, likely
due to FePc’s tendency to aggregate, which limited the number of
exposed active sites and reduced photocatalytic efficiency. These
findings highlight the importance of FePPc’s polymeric struc-
ture, which ensures better dispersion, charge transfer, and active
site availability, particularly when processed via mechanochemi-
cal ball milling.

The mechanochemical synthesis employed in this work offers
a solvent-free, scalable alternative to conventional methods. How-
ever, further optimization of the FePPc synthesis process is nec-
essary, as its preparation remains time-consuming (=24 h) and
requires multiple solvent-based steps. Additionally, exploring dif-
ferent ball milling parameters could provide valuable insights
into how processing conditions influence the composite’s struc-
tural properties and photocatalytic performance, potentially fur-
ther enhancing its efficiency.

DFT studies have provided critical mechanistic insight into
CO, photoreduction systems, particularly those involving SACs.
DFT calculations revealed that isolated metal atoms such as Ni on
g-C;N, or Pd on TiO, significantly distort the CO, molecule upon
adsorption, reducing the O—C—O bond angle and elongating
the C—O bonds, thereby lowering the activation barrier for C=0
bond cleavage.l'?*] This activation effect was much weaker on
pristine substrates or nanoparticle-based systems. Reaction path-
way analyses further demonstrated that SACs not only reduce
Gibbs free energies along the reaction coordinate but also alter
the rate-determining step and selectivity. For example, Pds, /TiO,
showed a much lower energy barrier for -CHOH reduction than
pristine TiO,, while Zn—CN favored selective CO production due
to low CO desorption energy, in contrast to Cu—CN, which pro-
moted CH, evolution.'") DFT-based electronic structure analy-
sis (e.g., PDOS) indicated that metal-nitrogen orbital hybridiza-
tion enhances charge transfer and suppresses recombination.!!31]
Furthermore, calculations of work function alignment in van der
Waals heterostructures (e.g., CPDs/KCNNS) confirmed the for-
mation of interfacial electric fields that facilitate directional elec-
tron migration and efficient carrier separation.[*%]

In the case of MOFs, DFT simulations have played a pivotal
role in elucidating structure—activity relationships and electronic
properties relevant to CO, photoreduction. Specifically, defect en-
gineering in MOFs such as UiO-66-NH, was shown to lower ac-
tivation barriers for CO, reduction pathways, enhancing photo-
catalytic efficiency.'>?] DFT calculations also enabled predictions
of band gap tunability across isoreticular MOFs and revealed
that electronic conductivity is strongly influenced by metal-linker
orbital coupling and charge carrier effective masses. In hybrid
systems, such as halide perovskites interfaced with ZIF-9(III)
nanosheets, DFT identified favorable non-covalent interactions
and the formation of type-II heterojunctions, facilitating interfa-
cial electron transfer and improving charge separation.[*8! Sim-
ulations further mapped the reaction energy landscape for CO,-
to-CO and CH, conversion, confirming that intermediate species
like COOH* preferentially adsorb on active metal sites (e.g., Co)
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and that guest molecule inclusion within MOF cavities (e.g.,
BPAN) can significantly reduce rate-limiting barriers.'**) Addi-
tionally, the formation of multilevel charge transport pathways,
through-space and hopping mechanisms, was shown to extend
carrier lifetimes and enhance overall photocatalytic performance.

For halide perovskite-based systems, DFT calculations have
similarly deepened the understanding of charge dynamics and
CO, activation mechanisms. In Cs,NaBiCl, chlorine vacancies
were found to play a critical role by suppressing charge recom-
bination, enhancing CO, adsorption, and lowering the Gibbs
free energy for key intermediates such as COOH¥, thus signif-
icantly improving catalytic performance.!'*¢] These defect states
create localized energy levels within the bandgap, primarily due
to hybridization between Bi 6p and CI 3p orbitals, resulting in
stronger light absorption and enhanced charge carrier genera-
tion. DFT simulations provided crucial insights into excited-state
charge dynamics in donor—-acceptor polymers. In HAT-N, excited
electrons and holes were spatially overlapping, indicating ineffi-
cient charge separation. Conversely, HAT-S exhibited directional
charge transfer from the thianthrene donor to the HAT acceptor,
with well-separated electron—hole distributions. This behavior ex-
plains the superior CO, photoreduction efficiency of HAT-S, as
confirmed by both theoretical and experimental results.[*3’]

The studies on CO, photoreduction described here are
summarized in Table 2, highlighting the material type,
mechanochemical processes involved, as well as the photo-
catalytic activity and selectivity.

3.3. Mechanochemistry-Driven Design of Visible-Light-Active
Photocatalytic Materials with Potential in Fuel Generation

In addition to studies where materials have been specifically de-
signed for fuel production or the generation of energy vectors
such as hydrogen, the literature also reports novel materials syn-
thesized via mechanochemistry that exhibit promising photocat-
alytic activity or possess optical and structural properties suitable
for solar-driven reactions. Although these works are not directly
focused on fuel generation, the features of the materials are well
aligned with the demands of such processes. Accordingly, this
section focuses on the properties of the mechanochemically pre-
pared materials described in these studies and discusses their po-
tential applicability in energy-related catalytic reactions.

Most relevant contributions report the development of systems
based on oxides, or containing oxides as the main component,
although materials based on graphitic carbon nitride and per-
ovskites are also relevant in the number of publications. There
are other complex structures synthesized by mechanochemi-
cal methods. Sun et al. developed ZnIn,S,/Zn-Al layered dou-
ble hydroxide (LDH) and CdIn,S,/Zn-Al LDH composites with
Z-scheme heterojunctions, demonstrating enhanced visible-
light photocatalytic performance for sodium isopropyl xanthate
degradation.!'®®] The composites described superior degrada-
tion rates compared to their individual components, with *0?~
radicals playing a dominant role. Xiao et al. investigated ball-
milled biochar for enrofloxacin degradation, finding that ball-
milling promoted reactive oxygen species (ROS) generation and
increased photocatalytic activity,!!®) while Jiang et al. synthe-
sized BiOBr ultrathin nanosheets using an ionic liquid-assisted
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Table 2. Summary of mechanochemically prepared materials and their applications in CO, photoreduction.

Entry Material Milling condition Apparent quantum Main Photoreduction products Refs.
(speed/time) efficiency [%] and yield [name, umolg='h~"]
1 Ni/CN-0.5 400 rpm/12h nr CO, 19.9 [124]
2 Zn-CN-0.5; Cu-CN-0.5 400-500 rpm/10-12 h nr €O, 21.1; CO,15.2 [131]
3 CPDs/KCNNS 1200 rpm /0.5 h and 1200 0.86 o, 78.9 [136]
rpm/2 h
4 PdSA/TiO, 400 rpm/12 h nr CH,, 271.6 [114]
5 -Ga,05/p-Ga, 0, 400 rpm/up to 16 h nr CO, 0.6 [118]
6 HAT-S 30 Hz/2h 1.1 CO, 306.1 [137]
7 3C-SiC nanoparticles 500 rpm/5 h nr CH,, 4.9 [142]
8 NS-Cu-RGO 500 rpm/1-3 h 1.26 CH,, 103.0 [143]
9 Cs,AgBiBrg-Cu-RGO 500 rpm/1 h 1.1 CH,, 10.7 [145]
10 Cs,NaBiCls-G Manual/10 min nr CO, 30.2 [146]
1 DMAS50 400 rppm/1h nr €O, 238 [25]
12 Cs,Cu, s @ZIF-9-111 Manual/ 5 min nr o, 110.0 [158]
13 FePPc/g-C3N, 400 rpm/1h nr CO, 282.4 [165]

D e non-reported.

mechanochemical method, achieving superior visible-light-
driven photocatalysis for bisphenol.[7]

Among the most notable examples of oxide-based sys-
tems are the studies that have demonstrated the synthesis
of ultrafine PVP-BiO,-x nanomaterials, TiO,-based photo-
catalysts, and CuBi,0,/Zn-Al LDH p-n junction hybrids,
all of which exhibit enhanced visible light absorption
and photocatalytic performance.>”1741721  Mechanochem-
ical processes have also been used to create Z-scheme
Bi,MoO,/Zn-Al LDH heterojunctions, reduce metal ox-
ides like TiO, and Nb,O; and prepare sulfur-doped nano-
sized TiO,.'715] These methods have resulted in ma-
terials with enhanced visible light absorption, improved
charge separation, and increased photocatalytic activity for
degrading organic pollutants. Additionally, the effect of calci-
nation temperature on Fe,0,;-ZrO, nanocomposites has been
investigated for photocatalytic applications.l'’®! These studies
highlight the potential of mechanochemical approaches in
developing efficient visible-light-driven photocatalysts. A sol-
ventless mechanochemical approach produced Pd/H,MoO,
nanoparticles with enhanced catalytic activity due to syner-
gistic optical excitations.l'”’] In this contribution, the authors
address the limitations of plasmonic photocatalysis, which has
traditionally been constrained by the high cost and scalability
issues of materials like Ag and Au. The effects of Pd interband
transitions irradiated at 427 nm, and H,MoO; localized surface
plasmon resonance (LSPR) generated using a wavelength of
640 nm, were investigated. Both excitation wavelengths led to
comparable photoenhancements, but a 110% increase in activity
was achieved under dual excitation conditions (427 and 640 nm).
Figure 16 schematically shows the synthesis procedure of the
catalysts obtained by mechanochemistry. The proposed proce-
dure was relatively simple, based on the chemical reduction of
the noble metal precursor with NaBH,. In this step, both the
deposition of palladium nanoparticles and the exfoliation of the
MoO; structure, advantageous in morphological and structural
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terms, were carried out. Additionally, according to the authors’
description, some H intercalation is obtained. The plasmonic
properties were achieved using an H, treatment that consisted
of bubbling H, in a solution containing the solid obtained by
mechanochemistry, forming the Pd/H,MoO, structure. The
intercalation of H, atoms increases the free charge carriers
with high delocalization, generating localized surface plasmon
resonance. Since H,MoO,; also has semiconductor properties,
the authors propose a scheme where a synergistic effect occurs
between photocatalytic excitations and plasmonic catalysis. The
charge management mechanism in the structure is complex but
can be schematically represented as shown in Figure 16B-E.
Under irradiation conditions at 427 nm (Figure 16B), the system
acted following a typical semiconductor scheme, leading to the
formation of active charges. At the same time, band transitions
in Pd (Figure 16C) also generate energetic electrons. These
electrons from H,MoO, and Pd can be transferred to Pd sites,
which, according to the authors’ description, enhance catalysis
by activating adsorbed molecules (phenylacetylene or H species).
When the material received radiation at a longer wavelength
(640 nm), plasmonic excitation was activated (hot electrons).
This is schematically represented in Figure 16D. Under these
excitation conditions, these electrons were transferred to the
noble metal particles, increasing catalytic activity. The combined
effect at both wavelengths is described in Figure 16E. Under
these conditions, both processes occur simultaneously, where
efficient charge management produces an effect that signifi-
cantly improves the results using only one type of radiation.
The synergistic effect that can be generated by using this type of
material opens up the possibility of harnessing solar radiation
and multi-energy excitations.

Other notable examples include WO,e2H,0 ultra-
thin nanosheets, synthesized via a one-step, solvent-free
mechanochemical reaction, exhibiting excellent photocatalytic
properties;!'8l a Z-scheme Bi,WO,/CuBi,O, heterojunction,
prepared through mechanochemical synthesis, showing high
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Modified with permission from ref. [177].

efficiency in ciprofloxacin degradation under visible light;!1””]
and Fe-doped ZnO nanoparticles, synthesized using high-energy
ball milling, demonstrating enhanced photocatalytic-related per-
formance for the degradation of malachite green and phenol
under visible light and ultrasonic waves.l® These synthesis
strategies, which involve the development of oxide-based systems
and, in some cases, the incorporation of co-catalysts (mainly
noble metals), are transferable to energy-relevant reactions
such as hydrogen production via reforming (e.g., of alcohols or
methane) or CO, hydrogenation to methane or methanol.[181:182]

As previously discussed, and well-described in the litera-
ture, g-C;N,-based materials are highly promising candidates
for the energy-related reactions addressed in this work.[183184]
Their exceptional synthetic simplicity, particularly well-suited
to mechanochemical approaches, has further stimulated inter-
est in their development and application. Deng et al. employed
mechanical ball milling to fabricate amorphous TiO,/g-C;N,
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heterojunctions with improved interfacial bonding and charge
carrier separation,!'®] while Liu et al. developed a one-step
mechanochemical treatment to produce anthraquinone-coupled
few-layered g-C;N, nanoplates, achieving 14 times better pho-
tocatalytic H,0, production compared to bulk materials.'8] In
another contribution, the authors used ball milling to increase
single-atom cobalt-hydroxyl loading on polymeric carbon nitride,
resulting in significantly enhanced oxygen evolution reaction
rates.['®”] The last-mentioned manuscript presents an advance-
ment in photocatalytic water oxidation by synthesizing single-
atom Co-OH modified polymeric carbon nitride (Co-PCN) with
a 37-fold increase in single-atom content using ball milling.[*%”]
This modification enhanced the photocatalytic oxygen evolution
reaction (OER) activity under visible light irradiation compared to
common PCN/CoO, and control samples prepared without ball
milling. The single-atom Co-N,OH structure in Co-PCN, con-
firmed both experimentally and theoretically, enhances optical
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Reproduced with permission from ref. [187].

absorption, charge separation, and serves as the active site for
OER. Co-PCN exhibited the highest OER rate of 37.3 pmol h™!
under visible light, which was 28 times higher than common
PCN/CoO,. The methodology involved ball milling PCN to ob-
tain BM-PCN with reduced particle size and increased surface
energy, adsorption of Co?* ions onto BM-PCN, followed by cal-
cination to form Co-PCN. A good summary of the character-
ization studies to evaluate relevant properties in terms of ab-
sorption and charge mobility is presented in Figure 17A-F. BM-
PCN/Co-c showed significantly higher optical absorption com-
pared to PCN, attributed to electron-rich Co and Co—OH dop-
ing (Figure 17A). Bandgaps were determined, revealing differ-
ences due to quantum size effects and doping. As described
in Figure 17C-E, photoluminescence and photoelectrochemi-
cal tests indicated that BM-PCN/Co-c has the highest photo-
generated charge separation efficiency, while Electron param-
agnetic resonance spectroscopy demonstrated that Co doping
increases delocalized electron density, enhancing charge trans-
port and photocatalytic activity (Figure 17F). In particular, Time-
resolved fluorescence spectra (Figure 17D) indicated that while
ball-milled PCN (BM-PCN) showed significantly longer lifetimes
(89.2 vs 17.9 ns for pristine PCN), suggesting faster charge trans-
fer from the bulk to the surface and reduced recombination, the
cobalt-modified samples (PCN/Co-c and especially BM-PCN/Co-
c) exhibited much shorter lifetimes (16.5 and 10.8 ns, respec-
tively). This shortening is attributed to the efficient capture of
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photogenerated holes by the Co-OH doping levels, leading to
rapid non-radiative energy transformation, essentially consum-
ing the charges for the reaction rather than wasteful recombina-
tion. Consistently, the photoluminescence (PL) intensity was low-
est for BM-PCN/Co-c, indicating the highest charge separation
efficiency (Figure 17C). Furthermore, the anodic photocurrent
density followed the order PCN < PCN/Co-c < BM-PCN < BM-
PCN/Co-c, directly confirming its superior charge separation and
transfer performance of BM-PCN/Co-c, due to both ball milling
and Co-OH modification.

Recent studies have explored solvent-free, mechanochemi-
cal extrusion methods for synthesizing graphitic carbon ni-
tride photocatalysts decorated with carbon dots (CDs). This
mechanochemical approach, in contrast to traditional high-
temperature and high-pressure synthesis methods, has been
shown to significantly influence the materials’ optical proper-
ties by increasing defects, modifying the bandgap, and altering
charge dynamics. These changes were found to enhance the pho-
tocatalytic performance of the composites, offering a more envi-
ronmentally friendly and energetically favorable alternative for
photocatalytic applications.!*%]

Recent research has explored innovative approaches to syn-
thesizing and applying covalent organic frameworks (COFs)
and metal-organic frameworks (MOFs) for catalytic purposes. Lv
et al. demonstrated a ball milling technique to produce COFs
at room temperature, significantly reducing synthesis time and
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solvent use compared to traditional methods.['®] The result-
ing COFs showed promising photocatalytic activity for degrad-
ing organic pollutants. As described in Figure 18A, an effec-
tive mechanochemical method to encapsulate both photocata-
lysts and enzymes within Zr-based MOFs, creating heteroge-
neous photoenzymatic catalysts was employed. The catalytic sys-
tem exhibited high activity and stability in asymmetric Man-
nich reactions, with a broad substrate scope. The integration
of multiple catalytic components within functional immobiliza-
tion systems, such as MOFs, emerged as a promising strat-
egy for developing photo biocatalysts with enhanced perfor-
mance and reusability.['] This study represents a significant
advancement in the integration of photocatalysis and biocataly-
sis within a heterogeneous system for enantioselective catalysis.
The mechanochemical synthesis strategy employed to simultane-
ously encapsulate a photocatalyst and wheat germ lipase (WGL)
into a Zr-based MOF proved to be highly effective. The resulting
photo biocatalysts not only exhibit high catalytic activity and op-
erational stability but also expand the substrate scope to include
N-aryl-substituted tetrahydroisoquinolines, which had not been
previously achieved through photocatalysis. The optimization of
the photosensitizer loading ratios, specifically the 1/2 and 1/3 ra-
tios of photosensitizers to 2,2’-Bipyridine-5,5’-dicarboxylic acid
ligand, resulted in the best crystallinity and performance. De-
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tailed characterization techniques, including transient photocur-
rent response curves and 3D view confocal laser scanning mi-
croscopy images, confirmed the successful incorporation of both
the photocatalyst and enzyme. The study also revealed that the
MOF shells effectively protect the encapsulated WGL from ex-
ternal disturbances such as organic solvents, hot water, and heat
treatment, thereby enhancing the enzyme’s stability and reusabil-
ity. As described in Figure 18B, the catalytic mechanism was thor-
oughly investigated, with electron spin resonance (ESR) and re-
active oxygen species probes identifying superoxide anions and
singlet oxygen as the primary active species driving the asym-
metric catalysis. This work not only provides a robust platform
for enantioselective catalysis but also opens new possibilities for
industrial applications, highlighting the synergy between chem-
istry and biosynthesis. The ability to achieve high enantioselec-
tivity (er values up to 85:15) and maintain catalytic activity after
multiple recycling (up to 88% after ten cycles) underscores the
practical potential of these photocatalysts.

Perovskites are also noteworthy materials that have been
employed in visible-light-driven photocatalytic reactions, yield-
ing promising results, and have demonstrated performance
worth considering in reaction schemes aimed at energy
applications.[12192] Although many studies only achieve an op-
tical characterization of the materials, the simple tuning of
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their optical and electronic properties, which define their pho-
tocatalytic activity, makes them strong candidates for poten-
tial use in fuel production under solar radiation. Studies re-
lated to the preparation of Cs,PbBr,I,, CsSn,Brg, Cs,AgBiBr,,
Cs;Bi,Bry, Cs,AgSbCl,, and RbSn,Brs can be mentioned.['?3-1%7]
These types of samples exhibited tunable optical properties, with
band gaps ranging from 2.12 to 3.6 eV, and have demonstrated
potential for applications in photovoltaics, optoelectronics, and
photocatalysis. In Figure 19A,B, optical data of well-crystallized
Cs,PbX; (X = Br, I), obtained via mechanochemical methods,
is presented, after a proper DFT simulation. The research high-
lights the superior stability of all-inorganic perovskites compared
to their hybrid counterparts, particularly in terms of moisture
resistance.['3] The study also uncovers the potential for ionic mo-
bility within the crystal lattice, which could be advantageous for
enhancing the material's performance in solar applications (i.e.,
solar cell or photocatalysis). The findings underscore the impor-
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tance of considering both the halide composition and the dimen-
sionality of the perovskite structure to achieve improved opti-
cal device performance. Additionally, the optical band gap (2.68-
3.36 eV) and PL emission (2.31-2.58 eV) were tunable by syn-
thesizing mixed halide compounds RbSn,Br,Cl, and RbSn,Br,I
(Figure 19F,G). The dielectric properties exhibited strong fre-
quency dependence, with the primary contribution to impedance
arising from the grain. This work highlights the potential of
Sn(II)-based metal halides as environmentally friendly alterna-
tives to lead-based materials, with promising applications in op-
toelectronics and photocatalytic schemes.['”]

In situ analysis during sample preparation by mechanochem-
istry is another line that should provide fine optimization of ben-
eficial properties for photocatalytic applications. In addition to
common monitoring based on techniques that provide struc-
tural information such as Raman, XRD, FTIR, etc., the evalua-
tion of properties in optical terms is of special interest. In this
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sense, UV-VIS measurements to identify absorption shoulders
and therefore band gap values, as well as PL measurements that
can be correlated with charge recombination, are especially rel-
evant. In this line, the study by Yonghao Xiao et. al. introduces
a novel time-lapsed in situ (TLIS) optical spectrometer designed
to monitor the mechanochemical synthesis of metal halide per-
ovskites in real-time.'®) By employing the TLIS spectrometer,
the researchers were able to observe the optical properties and
structural dynamics of FA MA, PbI, perovskites during syn-
thesis, optimizing the synthesis duration and enhancing light-
harvesting properties (Figure 20A,B). The approach developed in
terms of PL can be observed in Figure 20E,F. The authors de-
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scribe the analysis of the PL intensity of various compositions of
FASnl,Br,,. [t was observed that the PL signal of FASnI, reached
its maximum after 12 min but gradually decayed over time. With
increasing Br content, the PL peak position shifted toward the
blue. The highest PL intensity was observed for FASnl, ;Br,
which was five times higher than that of FASnl;, reaching its
peak after 7 min of milling. However, FASnl, ;Br, 5 also exhib-
ited instability, leading to a decay in the PL signal. The XRD
data indicated that the cubic Pm3m phase was retained across
the entire compositional range, with a shift to higher angles
from z = 3.0 to 0, consistent with the decrease in lattice spac-
ings due to the smaller ionic radius of Br compared to I. DFT
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calculations were employed to investigate the enhanced PL in-
tensity of FASnI, ;Br, s compared to FASnI;. The DFT-computed
band structure and partial densities of states suggested that ad-
ditional electronic states near the valence band edge increased
the transition probability from the valence band maximum to
the conduction band minimum, thereby enhancing the PL in-
tensity, which could account for the observed enhancement in
FASnlI, ;Br, s compared to FASnI; (Figure 20H,1I).

While halide perovskites have demonstrated remarkable pho-
tocatalytic performance under visible light, their long-term sta-
bility and potential toxicity issues prompt the exploration of
alternative materials. In this context, MXenes, a class of 2D
transition metal carbides, nitrides, and carbonitrides, have gar-
nered increasing attention as promising photocatalytic mate-
rials due to their intrinsic layered structure, high electrical
conductivity, and favorable band edge positions.[92%] Their
multi-layered configuration can facilitate effective charge trans-
port and suppress electron-hole recombination, which is crit-
ical for enhancing photocatalytic efficiency.?*!l Despite these
advantages, current applications of MXenes synthesized via
mechanochemical methods remain confined to fields such as
electrocatalysis, lithium/sodium-ion battery electrodes, and pol-
lutant degradation.[202-20]

To date, reports involving MXenes for photocatalytic CO, re-
duction or H, production have predominantly employed con-
ventional synthesis routes, such as solution-phase exfoliation,
acid etching, or hydrothermal treatments.[1210.211] These stud-
ies have demonstrated the potential of MXenes in light-driven
processes, yet none have investigated their use when prepared
via mechanochemical strategies.!199201212213] Nevertheless, re-
cent works have successfully developed mechanochemical pro-
tocols for MXene synthesis, indicating their synthetic feasibil-
ity without the use of hazardous etchants or energy-intensive
procedures.[2?2]

Given these considerations, the integration of mechanochemi-
cal synthesis into MXene-based photocatalyst development repre-
sents an appealing future direction. Mechanochemically derived
MZXenes could offer a more sustainable and scalable pathway to
access highly active and structurally robust catalysts for visible-
light-driven CO, reduction and hydrogen evolution. The combi-
nation of green synthesis with the promising photocatalytic prop-
erties of MXenes makes them attractive candidates for inclusion
in next-generation solar fuel systems.

Although these examples have not been directly evaluated by
the authors in reactions aimed at fuel production or the gener-
ation of alternative energy carriers such as hydrogen, the elec-
tronic and optical properties described in the selected works
demonstrate significant potential for such applications. These
features position the materials as promising candidates for fur-
ther investigation in the field of energy conversion and utiliza-
tion. In particular, their compatibility with mechanochemical
synthesis strategies reinforces their appeal, offering a versatile
platform for the development of efficient and scalable materials.

4. Mechanochemistry: A Sustainable Path to Fuel
Production

While this review primarily focuses on the role of mechanochem-
istry in the development of advanced materials, it is also im-
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portant to highlight the potential applications of this method-
ology for direct fuel production. This section explores how
mechanochemistry can be applied directly to the production
of fuels, such as hydrogen and methane, through solid/gas
reactions. It also addresses the challenges of performing
mechanochemical reactions involving gases, including the con-
trol of reaction conditions, gas—solid interactions, and the scal-
ability of such processes. By examining these aspects, we aim
to provide a broader understanding of the versatility and chal-
lenges of mechanochemical techniques in the context of energy
production.

In the context of direct fuel production, mechanochemical
force acts as more than a tool for material synthesis; it can ac-
tively drive chemical transformations by supplying the activation
energy required to initiate solid—gas reactions under mild con-
ditions. Mechanical impact, friction, and shear forces can pro-
mote bond cleavage and electron transfer processes without the
need for high external temperatures or solvents. In solid/gas sys-
tems for hydrogen or methane production, mechanochemical ac-
tivation can enhance gas—solid contact, facilitate reactant diffu-
sion, and even transiently generate localized high-pressure/high-
temperature zones at the point of impact, which are critical for
overcoming kinetic barriers. These conditions can trigger re-
dox reactions, promote defect formation, and activate inert sub-
strates, making mechanochemistry a compelling route for sus-
tainable fuel generation.

In this regard, one notable example is the wet mechanochem-
ical processing of olivine under a CO, atmosphere. Olivine
is an orthosilicate mineral with the general chemical formula
(Fe, Mg, .),Si0,, comprising a solid mixture between forsterite
(Mg,SiO,) and fayalite (Fe,SiO,), with the magnesium com-
ponent typically being the most abundant (x92%). Under
mechanochemical conditions, this mineral not only sequesters
CO, as MgCO, but also reduces CO, to methane at room tem-
perature. The milling chamber was equipped with a valve for CO,
loading and was linked to a dedicated gas line. To ensure the re-
action gas’s purity, sequential vacuum and CO, charging steps
were carried out. Following each milling process, gas samples
were extracted from the chamber and analyzed using gas-phase
FTIR and GC-FID techniques. The yield of CO, sequestration
and CH, production varies depending on milling duration and
CO, pressure.214

A further development in mechanochemical CO, utilization
involves the mechanochemical solid/gas reaction of light metal
hydrides (LiH, NaH, MgH,, and CaH,) with CO, to generate
methane and hydrogen fuel mixtures at room temperature. Ball
milling was conducted at speeds ranging from 350 to 550 rpm
for durations between 1 and 48 h using a planetary mill. To limit
temperature variations, milling was intermittently paused for 30
min after every hour of operation. While the authors stated that
the process occurred at room temperature, it is important to note
that one of the common challenges in ball milling is the diffi-
culty of maintaining precise temperature control throughout the
process. This one-pot mechanochemical reaction was highly se-
lective, with methane being the sole hydrocarbon product, and
its yield depending on the species of metal hydride, milling du-
ration, and CO, pressure.[?!]

Another noteworthy breakthrough is the mechanocatalytic
water-splitting reaction, which was serendipitously discovered
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Figure 21. A) Schematic illustration of the Si—alcohol mechanochemical reaction using a planetary ball mill. Reproduced with permission from ref. [215].
B) Mechanochemically tailored silicon particles for efficient H, production. Reproduced with permission from ref. [216].

and subsequently refined by Saitow and colleagues. In more de-
tail, six different metals and their corresponding oxides were cho-
sen for this study, including Al, Zn, Fe, and Mn—commonly used
in conventional metal-steam reactions—along with Ti and Sn.
These metals underwent mechanochemical treatment in distilled
water, while real-time monitoring tracked temperature and pres-
sure changes inside the milling chamber. The recorded tempera-
ture remained within 30-38 °C, while pressure varied between 2
and 8 bar. The highest pressure, reaching 8 bar, was observed ex-
clusively for the reaction involving Ti, attributed to the significant
hydrogen generation. Analysis of the resulting gas mixture indi-
cated it contained ~87% H,, 12% Ar, and less than 0.9% water
vapor. The process occurs under supercritical water conditions at
impact sites between the milling balls, where local temperature
and pressure are significantly elevated.(®!

Mechanochemical reactions are also being applied in the syn-
thesis of alkoxysilanes, important precursors for silicone materi-
als. In this sense, it was found that milling a mixture of Si, Cu,
and ethanol results in the efficient production of tetraethoxysi-
lane (TEOS) at room temperature, with the additional gener-
ation of hydrogen as a byproduct (Figure 21A). The use of
stainless-steel milling media as a mechanocatalyst in this pro-
cess suggests that mechanochemistry could enable green, low-
temperature, one-pot synthesis methods for high-purity chemi-
cals and fuels.2?]

In addition, mechanochemical reactions between silicon and
water offer a promising route for hydrogen production, partic-
ularly by repurposing discarded solar cells as a silicon source.
For instance, in the work by Tomoya Mizutani et al, milling sili-
con particles with water at low temperatures (30-70 °C) enables
hydrogen generation, with efficiency dependent on precise con-
trol over particle properties and milling conditions (Figure 21B).
Interestingly, two common assumptions: that higher mechani-
cal energy always improves the reaction and that larger surface
areas enhance efficiency, were disproven. The most effective hy-
drogen production was achieved with silicon particles milled for
just 3 min, without any chemical additives. Key factors such as en-
thalpy, entropy, mechanical energy input, and structural charac-
teristics of the milled particles were analyzed to define the Gibbs
free energy and activation barrier of the reaction, shedding light
on the underlying mechanism. Additionally, scaling up the pro-
cess improved its energy efficiency to levels comparable to elec-
trolysis, suggesting that mechanochemical hydrogen production
could be a viable and sustainable alternative for the future.[?1¢]

Pushing the mechanochemical-water-splitting concept for-
ward, the exploration of piezoelectric nanostructures further ex-
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tends the scope of mechanochemistry in fuel production. By con-
verting mechanical energy into electrical charges, piezoelectric
materials, such as ZnO and BaTiO;, can drive water splitting re-
actions when subjected to vibrations, stirring, or ultrasonication.
This ability to directly convert mechanical energy into chemi-
cal fuel generation offers an alternative to traditional electroly-
sis, contributing to the growing interest in sustainable energy
technologies.[?!7]

Despite the promising potential of mechanochemistry for di-
rect fuel production, the scalability of these processes remains
a major unresolved challenge. A key limitation lies in the in-
herently low throughput of conventional ball milling, which typ-
ically operates in batch mode. While extrusion offers a more
promising platform for scale-up due to its continuous nature
and higher material throughput, its application to gas-solid re-
actions is still largely unexplored. Critical bottlenecks include in-
efficient gas dosing, non-uniform gas—solid contact along the ex-
truder, and safety risks associated with operating under pressur-
ized or reactive gas environments. Moreover, most current se-
tups are designed for solid-solid or solid-liquid (LAG) processes
and are not equipped for precise control or real-time monitoring
of gas-phase reactions. These technical limitations severely con-
strain the transferability of lab-scale findings to industrial con-
texts. Thus, while the field holds long-term promise, the develop-
ment of robust, scalable reactors and new engineering strategies
is essential before mechanochemical fuel production can become
a practical alternative to established technologies.

5. Conclusions and Future Perspectives

Mechanochemistry has emerged as a powerful strategy for de-
signing and tuning photocatalysts, offering solvent-free and
energy-efficient pathways for material synthesis. Its ability to con-
trol structural and electronic properties at the nanoscale hasled to
advances in photocatalysis, particularly in hydrogen production
and CO, photoreduction. However, despite its potential, signif-
icant challenges remain before mechanochemical methods can
be fully established as a mainstream approach in solar fuel pro-
duction.

One of the primary limitations is that most reported studies
still employ hybrid synthesis approaches, where mechanochem-
istry is used for one step while conventional solution-based
methods are necessary for others. While completely eliminating
solution-based protocols is not always feasible, particularly for
surface modifications, templating, or post-synthetic treatments,
it is crucial to prioritize mechanochemical routes whenever
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possible to maximize sustainability benefits. Future research
should focus on minimizing the reliance on solvents and
optimizing solid-state reaction conditions to achieve fully
mechanochemical workflows without compromising material
quality.

A particularly promising yet underdeveloped area is the use of
extrusion as a scalable mechanochemical technique. While ball
milling has become a standard tool for synthesizing photocata-
lysts in the lab, its batch nature makes it difficult to translate di-
rectly to industrial processes. Extrusion, on the other hand, offers
a continuous approach that allows for better control over temper-
ature, shear forces, and reaction time, all of which can play a key
role in tuning the properties of the final material. This technique
has the potential to generate photocatalysts with precisely engi-
neered morphology, crystallinity, and defect structures, opening
new possibilities for large-scale applications. Given its energy ef-
ficiency, green chemistry credentials, and scalability, extrusion
deserves much more attention in future research as a platform
for producing advanced photocatalysts with industrial relevance.

Beyond synthesis techniques, the sustainability of
mechanochemically produced photocatalysts also depends
on the choice of precursors. A transition toward renewable
feedstocks, such as biomass-derived sources, could significantly
reduce the environmental impact of material production. The
development of methodologies that integrate bio-based precur-
sors without compromising photocatalytic performance will be
a crucial step toward more sustainable solar fuel technologies.

Moreover, the effectiveness of photocatalysts is ultimately dic-
tated by their optical properties and ability to efficiently utilize
solar energy. Mechanochemistry has been instrumental in tun-
ing band structures, defect densities, and surface states, yet many
synthesized materials still exhibit limited visible-light absorption.
More efforts are still required to integrate mechanochemistry
with complementary strategies, such as co-catalyst deposition,
heterojunction formation, and plasmonic enhancement, to opti-
mize light harvesting and charge separation. Additionally, the de-
termination of the local superficial /volumetric rate of photon ab-
sorption profiles must be accomplished.!*'8] The determination
of this observable, which is defined as Einstein m=2s7! (in cat-
alytic films) or Einstein cm™s™!, would allow the precise quan-
tification of activity in terms of quantum efficiency, which is rele-
vant for comparison with materials obtained by traditional meth-
ods and the subsequent scaling of reaction systems.[219-220]

An emerging frontier in this field is photomechanochem-
istry, where light and mechanical energy act synergistically to
drive chemical transformations.?21-223] While still in its infancy,
this approach holds significant potential for fuel production
by enabling light-assisted mechanochemical activation of reac-
tants, potentially lowering activation barriers and improving re-
action selectivity. The development of photocatalysts that can ef-
ficiently couple mechanical and photonic energy inputs could
lead to novel reaction pathways for solar fuel generation, mak-
ing photomechanochemistry a promising direction for future
research.[224]

Looking ahead, another exciting direction involves the integra-
tion of mechanochemistry with digital and analytical tools. For
example, using machine learning to guide the optimization of pa-
rameters, such as milling speed, extrusion temperature, or ma-
terial ratios, could significantly accelerate the discovery of new
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photocatalysts. At the same time, coupling these processes with
in situ characterization techniques, like synchrotron-based X-
ray diffraction or real-time Raman spectroscopy, could provide
valuable insights into how materials evolve during synthesis. To-
gether, these innovations could make mechanochemistry not just
more efficient and scalable, but also more predictable, repro-
ducible, and fundamentally understood, key steps toward bridg-
ing the gap between lab research and real-world applications.

Ultimately, the widespread adoption of mechanochemistry in
photocatalyst synthesis will depend on overcoming both scien-
tific and practical challenges. While its advantages in terms of
sustainability and energy efficiency are clear, its successful inte-
gration into real-world applications will require advancements in
material properties control and scalability. By addressing these
challenges, mechanochemistry could play a transformative role
in next-generation solar fuel production, contributing to a cleaner
and more sustainable energy future.
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