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Abstract: This article provides an overview of the photo-
electrochemistry of nano-catalysts, their advantages, mech-
anisms, and the interactions between nanostructures and
reactivity. The applications of nanomaterials in various
processes, such as dye degradation, toxicity elimination,
HER, CO,RR, and OER were found paramount. The types of
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catalysis, including homogeneous, heterogeneous, enzy-
matic, photocatalysis, and photo electrocatalysis, elucidate
their significance, and unique applications are also included.
Advanced catalysts, from semiconductor nanomaterials to
cocatalysts and surface modifications, are explored for their
ability to harness light energy and drive efficient redox re-
actions. The emerging trends in electrocatalyst design, such
as metal-free carbon catalysts, carbon nanotubes, graphene,
nanodiamond, porous carbon, metal and carbon composite
catalysts, and other metal and carbon composite catalysts
are very important for future perspectives, therefore their
consideration in this review has been focused. It also briefly
discusses the advantages and disadvantages of nano-
catalysts, including advanced catalysis, photogenerated
charge carriers, redox reactions, and cocatalysts and surface
modifications.

Keywords: catalytic performance; HER; CO,RR; OER; het-
erogeneous catalysis

1 Introduction

This review, explains the significance of nano photo/elec-
trochemistry in catalysis and its relevance in various sci-
entific and technological applications, and also a brief touch
upon the challenges and opportunities in the field. Catalysis
lies at the heart of numerous chemical processes, enabling
the efficient transformation of reactants into products. As
the demand for sustainable and energy-efficient technolo-
gies grows, the field of catalysis has expanded to explore
novel approaches that leverage the unique properties of
nanomaterials and the principles of photochemistry and
electrochemistry. This review investigates into the fasci-
nating realm of nano photo/electrochemistry for catalysis,
where the combination of nanoscale structures, light energy,
and electrochemical interfaces opens up new avenues for
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catalytic reactions with extraordinary efficiency and selec-
tivity. The current study is structured to provide a compre-
hensive exploration of nano photo/electrochemistry for
catalysis. It begins by elucidating the fundamental principles
underlying photochemical and electrochemical reactions at
the nanoscale. This foundational understanding sets the
stage for the subsequent sections that delve into the various
types of catalysis, essential catalyst features for electro-
catalysis, the role of functional nanocatalysts, advancements
in photocatalysis, and culminates in a reflective summary of
the current state and future prospects of this burgeoning
field. Intriguingly, the marriage of nanoscience, photo-
chemistry, and electrochemistry has propelled catalysis into
anew era of possibilities. As researchers continue to unravel
the intricate mechanisms governing nanoscale catalytic
processes, the applications of nano photo/electrochemistry
are poised to revolutionize industries and contribute to
sustainable technological advancements. This review
embarks on a journey through the diverse landscapes of
catalysis, shedding light on how the manipulation of matter
at the nanoscale can inspire groundbreaking solutions to the
challenges of a rapidly evolving world."™

Nano photo/electrochemistry represents an innovative
approach to catalysis that capitalizes on the intrinsic
advantages of nanomaterials and the intricate interplay
between light and electron transfer processes. The nano-
scale dimension endows catalysts with enhanced surface
area, modified electronic properties, and unique quantum
effects, all of which synergistically influence catalytic
behavior. Furthermore, the utilization of light energy in
tandem with electrochemical driving forces offers the
potential to overcome energy barriers and achieve trans-
formations that were once deemed challenging or ineffi-
cient.* While the prospects of nano-photo/electrochemistry
for catalysis are promising, several challenges must be
navigated. The design and synthesis of functional nano-
catalysts require precise control over size, shape, compo-
sition, and surface properties. Additionally, the integration
of photochemical and electrochemical processes demands
a deep understanding of the complex interplay between
light absorption, charge separation, and catalytic reaction
kinetics. However, these challenges are met with equally
exciting opportunities to engineer catalysts with unparal-
leled activity, selectivity, and specificity, enabling applica-
tions across diverse domains including energy conversion,
environmental remediation, and pharmaceutical synthe-
sis.> Since the beginning of organic synthesis, visible light
and their catalytic abilities has been considered as a ver-
satile field of research, which attract chemists.® As light is
the perfect source of renewable energy, resulting a strong
link between photochemistry and sustainability.”® Some
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chemical reactions are not possible by conventional ground
state mixing, they can only be achieved by applying pho-
tons or radiations, this is due to the difference between the
ground state and excited reactively of the molecules.” In
this rapidly growing area of synthetic chemistry, photo-
catalysis leverages metal or organic catalysts that absorb
visible light to accelerate reactions, enabling mild-
condition access to highly reactive radicals through
mechanisms like energy transfer, photo induced electron
transfer, and atom transfer, with photoredox catalysis
where light directly excites a catalytic intermediate driving
significant innovation. Not only simple molecules but the
2D-nanomaterials are applied in the catalytic process.”**
These are efforts are done for generations of new idea in
order to overcome energy crisis and develop renewable
energy resources.*® For example, Fujishima et al. devel-
oped the invention of TiO, electrodes, for environmental
remediation and sustainable energy resources.'® The
common form of catalysis is the use of semiconductors in
photocatalysis which help in the designing of hybrid elec-
trodes.”’2°

The nanomaterials epically 2D materials, are also
applicable in synthesis chemistry and molecular design, but
their performance in photocatalysis and electrocatalysis
remains low, because the efficiency of kinetics and charge
transfer are relatively low. Traditional bulk nanosheets, like
g-C3Ny, have low surface reactivity, poor solar abortively and
charge recombination. Therefore, research focuses on
developing the 2D nanomaterials catalysts which have
ability of high mobility and charge carrier dynamics. Also,
these 2D nanomaterials are consider as efficient catalysts for
generation of 3D materials.”»** However, their photo-
catalytic and electrocatalytic has been lagged, by low
transfer kinetics and in term of charge separation.”*** For
instance, bulk nanosheets have been considered in the
conventional design of materials based on graphitic carbon
nitride (g-CsN,).>** Therefore, it can be anticipated that the
dimensionality and surface features are crucial in identi-
fying the critical catalytic qualities for practical applications
as well as the best method of producing the material.
Consequently, research that tries to produce atomically thin
2D catalysts with improved mobility and charge mover
dynamics. Due high electrical conductivity and larger sur-
face area the 2D-nanomaterials are consider extremely
effective in electrophotocatalysis.”® The logical design and
fabrication of effective nanomaterial’s catalyst, as well as the
problems related to commercial applications, are still not
sufficiently well understood. Because of this, a thorough
examination is still required to offer fresh perspectives on
the development and application of current breakthroughs,
and basic research are required for unambiguous reaction
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pathways to increase catalytic performance for applications
ready for commercial exploitation. Numerous top-notch
reviews of nanomaterials for catalysis have been published
which can cover various catalytical aspects of nano-
materials,”’ > as in (Figure 1*').

2 Photo/electrochemistry of
catalyst at the nanoscale

The intricate interplay between photochemistry and elec-
trochemistry at the nanoscale has paved the way for revo-
lutionary advancements in catalysis. The fundamental
principles underlying these processes highlight their appli-
cability, and how nanomaterials’ unique properties influ-
ence their behavior as catalysts also play a very important
role. Nanomaterials, under their small size, show properties
distinct from their bulk complements. The high surface area-
to-volume ratio enhances the exposure of active sites, aug-
menting catalytic reactivity. Quantum confinement and
surface effects lead to discrete electronic energy levels,
enabling the tuning of electronic properties for specific
reactions.” These nanoscale effects drastically alter reaction
kinetics, adsorption energies, and charge transfer mecha-
nisms. Quantum confinement leads to discrete energy levels
due to the confinement of electrons and holes within nano-
scale dimensions. This influences band structures, leading to
shifts in energy states and electronic transitions that affect
reaction pathways. The dominance of surface atoms in
nanomaterials results in enhanced surface reactivity.
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Catalytic sites located on the surface play a crucial role in
reaction initiation, making surface engineering a critical
aspect of catalyst design.**

2.1 Photochemical reactions and
mechanisms

Photochemistry involves the interaction of light with matter
to induce chemical transformations. At the nanoscale, light—
matter interactions become more pronounced due to
increased surface area and confinement effects. Photo-
chemical reactions offer the advantage of providing energy
input directly from photons, allowing the activation of high-
energy reactions at lower temperatures. Nanoscale catalysts
efficiently absorb light due to their small dimensions and
tailored electronic structures. This generates photo-
generated electron-hole pairs, which can drive redox
reactions by transferring charges to the catalyst’s surface.
Photocatalysis involves a sequence of steps including light
absorption, charge separation, surface reactions, and charge
recombination. The nanoscale allows for efficient charge
separation, minimizing recombination losses and enabling
multiple redox cycles.*®

2.2 Electrochemical processes and
interfaces

Electrochemistry deals with electron transfer reactions
occurring at interfaces between electrodes and electrolytes.
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Figure 1: Photo-catalytical and electro-
catalytical applications of nanomaterials,
reproduced with permission from Elsevier,
(Copy right 2020).%
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The nanoscale structure of catalysts significantly influences
these interfaces, affecting charge transfer rates and elec-
trocatalytic activity. Nanomaterials offer a high density of
electrocatalytic sites due to their large surface area. The
electrochemical double layer at the interface plays a critical
role in facilitating charge transfer reactions and deter-
mining the overpotential required for catalysis. Common
electrochemical reaction mechanisms involve steps such as
adsorption, charge transfer, and desorption. Nanocatalysts
provide abundant sites for these processes, enabling rapid
reaction kinetics and lower energy barriers.**

2.3 Interplay between nanostructures and
reactivity

The combined effects of nanoscale size, shape, and compo-
sition create intricate nanostructures with diverse catalytic
properties. These properties emerge from the synergy
between photochemical and electrochemical phenomena.
Nanostructures exhibit synergies between photochemical
and electrochemical effects. Photoexcited charge carriers
can be directed toward electrocatalytic sites, effectively
utilizing light-induced energy to drive electrochemical
reactions. Some nanomaterials exhibit plasmon resonances,
where light interacts with free electrons on the nanoparticle
surface.®® Plasmonic effects can enhance light absorption
and provide additional energy pathways for catalytic
reactions.* In essence, the photo/electrochemistry of cata-
lysts at the nanoscale represents a convergence of principles,
where the distinct characteristics of nanomaterials syner-
gize with photochemical and electrochemical processes.
This intricate interplay opens up new horizons for tailoring
catalysts’ behavior, enabling catalytic reactions with
remarkable efficiency and selectivity.

3 Enhancement of catalytic
performance for nano-catalytic
materials

The most important concerns for enhancing photocatalysis
and electrocatalysis performance are often carrier separa-
tion and transfer kinetics,”” which can be strongly correlated
with the structure-activity of catalysts.*®* The functionality
and viability of 2D layered nanomaterials, such as graphene
and graphite-like materials, are still limited in applications
involving semiconductors, sensors, and catalysis.‘m To
design the catalyst base on layered nanomaterials with
improved electrocatalytic and photocatalytic potentials, a
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variety of numerous techniques must be investigated. In
Figure 2 some basic terminologies are diagrammatically
represented.

4 Advantages of nano-catalysts

Structure-activity correlations in 2D nanocatalysts reveal the
profound impact of geometric designs on catalytic perfor-
mance.*® This influence stems from the distinctive proper-
ties inherent to nanocatalysts.’® Nanocatalysts possess
several advantageous attributes, including expansive
surface-active sites, elevated electron mobility, tunable band
structures, electronic characteristics, and mechanical prop-
erties. Surface-active sites consist of spacious, exposed lat-
tice planes with a high density, thereby augmenting catalytic
reactions. The mechanical properties of nano-catalysts,
encompassing robust catalyst durability and the potential
for hybrid nanocatalysts to enhance catalytic performance,
further bolster the catalytic activity of nanocatalysts.*!

4.1 Surface active sites

The distinctive geometric arrangements of nanocatalysts
give rise to expansive specific surface areas, which are
directly correlated to highly dense packing and lattice
planes. These high-density surface-active sites on the mate-
rial’s surface serve to enhance catalytic processes. Another
avenue to enhance the exposure of surface-active sites
involves reducing the lateral dimensions of nanocatalysts.**
For instance, ultrasmall molybdenum disulfide (MoS,)
demonstrates superior performance in hydrogen evolution
reactions (HER) compared to bulk MoS,, ascribed to profu-
sion of HER active sulfur edges.**

4.2 Carrier mobility

The nanomaterials including black-phosphorus (BP), gra-
phene, and transition metal-dichalcogenides (also called
TMDs) exhibit profound electron mobilities or carrier mo-
bilities.** For example, for the MoS, and graphene reported
mobilities falls within the range of 102-104 cm?V~'s™ and
around 101 cm?®V's™ respectively.*’ Owing to their ultra-
thin structure characterized by ultra-short transport paths
and minimal intrinsic resistance, nanocatalysts facilitate
rapid charge migration. Yu et al. observed a distinct decline
in HER performance upon attaching an additional atomic
layer to MoS,, which are perhaps due to the electronic
mobilities along vertical direction, among material layers.*
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Figure 2: General routes for nano-catalysts used in photo/electro-catalysis, which cover certain characteristics like surface/interface, energy bands,
number of reactive sides and electronic states, alongside with multiple advance approaches ie doping, phase transition, heterojunctions and defects,

reproduced with permission from Springer link, (Copy right 2021).4'

4.3 Energy band structures

The manipulation of the layers quantity in the crystal lat-
tice enables the adjustment of the band gap across a range
of 2D layered nanomaterials. This tunable band structure
significantly influences the photocatalytic capabilities of
the materials. MoS,’s band gap, for example, can be tailored
by varying the cumulative layers; the band gaps for single
and few layered are 1.85 + 0.05 and 1 + 0.20 eV respec-
tively.*® The reported band gap of g-C;N, ranges between
1.6 and 1.1eV when referenced to a normal hydrogen
electrode (NHE).* By introducing different anions and
cations into bismuth-based 2D layered nanomaterials, the
band gap can be fine-tuned to span from 0.3 to 3.6 €V,
resulting in light response spanning from ultraviolet to
near-infrared.*®

4.4 Electronic properties

The manipulation of the electrical characteristics can be
achieved by adjusting the thickness of nanocatalysts.*’ The
electronic architectures of 2D nanomaterials play a pivotal
role in controlling the binding improve among active sites

and reactants, potentially reducing desorption kinetic
barriers.

4.5 Mechanical properties

Evident mechanical features characterize nanomaterials
imparting high catalyst durability and opening accesses to
practical applications that benefit society. Moreover, the
durability of nanomaterials paves the way for the concep-
tion of hybrid nanocatalysts aimed at catalytic
enhancement.

5 Nanocatalysts

Nano catalysts play a pivotal role in enhancing electro-
chemical and photochemical reactions due to their unique
properties and high surface area. They can be classified into
different categories based on their composition, structure,
and application. Some common classifications of nano cat-
alysts for electrochemical and photochemical reactions are
based upon composition, structure, applications, reactions,
size etc.
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Composition classification are based on metal, metal
oxides or transition metal dichalcogenides. Metal-Based
Nano Catalysts include noble metals (e.g., platinum, gold,
silver) and non-noble metals (e.g., nickel, copper) that are
often used for various electrochemical and photochemical
reactions. Metal oxide nano catalysts have metal oxides (e.g.,
titanium dioxide, zinc oxide) which are frequently used in
photocatalysis due to their ability to absorb light and
generate electron-hole pairs for catalytic reactions.’®™'
According to structure the nano-catalyst can be nano-
parcticles, nanowires, nanotubes, nonorods, nono-plate or
even nono-composite. Nanoparticles are nanoscale particles
of various shapes and sizes. They offer high surface area and
can be tailored for specific reactions. One-dimensional
nanostructures with high aspect ratios that provide effi-
cient charge transport and catalytic activity are prominent
properties of nanowire and nonotubes. Nanorods and
nanoplates structures possess anisotropic properties and
can be tuned for enhanced light absorption and charge
separation in photocatalysis. Combination of different
nanostructures or materials (nanocomposites) also syner-
gistically enhance catalytic performance. Certain nano-
catalyst are application base such as electronanocatalysts
designed for OER, HER and PRR electrochemical reactions.
Photonanocatalysts is used in photochemical reactions,
particularly in applications like water splitting, pollutant
degradation, and CO, reduction. While Bifunctional Cata-
lysts can perform both electrochemical and photochemical
reactions, often used for integrated energy conversion
systems.>>*3

Advance varieties of nono catalysts are design nowa-
days by incorporation multiple support for example carbon
support nanocatalyst using carbon nanotubes, graphene
etc that offer high conductivity and stability. Similarly,
porous materials with metal nodes and organic linkers that
can serve as supports for nano catalysts, offering tunable
properties. These classifications demonstrate the diverse
landscape of nano catalysts for electrochemical and photo-
chemical reactions, reflecting the ongoing research and
development in this field to harness their potential for sus-
tainable energy conversion and environmental applications.

5.1 Classification of nanocatalysts

The acceleration of progress in the realm of ultrathin
nanomaterials has been precipitated by the innovation
surrounding atomically thin graphene nanomaterials. The
majority of these nanomaterials can be broadly classified as
layered materials. In these materials, the stacking of layers is
driven by van der Waals interactions, while the atom layers
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within each stratum are frequently robustly interconnected
through chemical bonds.** 2D-materials normally applied
for catalysis are graphene, g-CN, MOFs, COFs, Mxenes, LDHs,
h-BN etc, where some classes of them are works as effective
nanocatalyst. Graphene often conceptualized as an atomic
monolayer of graphite.® Nanomaterials comprised of
atomically thin graphene are alluring due to their superior
performance in catalytic applications compared to tradi-
tional semiconductors. Given that graphene nanomaterials
function as zero band-gap, semi-metals, they are generally
employed as co-catalysts or as efficient catalyst supports,
rather than standalone catalysts.>®

The g-CsN, is graphene like 2D-materials® which
possess chemical inertness in harsh acidic or alkaline envi-
ronments, rendering them potential catalysts in various
redox processes.

But still there are certain problems that limit their
applicability in catalysis, some of these factors are limited
surface area, high electric carrier recombination rates, and
inadequate mass transfer. For the purpose of overcoming
these issues surface defect engineering and elemental
doping strategies has been employed. Transition metal
dichalcogenides (TMDs) generally consist of layers of chal-
cogen atoms separated by layers of transition metal atoms,
which can also act as nanocatalyst.”* > The band gap of
TMDs can be tailored by adjusting the number of layers in
the crystal. MoS,-based nanomaterials, a prototypical form
of TMD, exhibit distinctive lattice vibration properties,
notable catalytic activity, cost-effectiveness, and abundance.
Owing to these unique qualities, 2D layered MoS, nano-
particles have demonstrated considerable potential in a
wide array of applications, potentially even replacing gra-
phene nanomaterials. In a notable instance, Zhang et al.
showcased impressive catalytic properties of MoS, in N,
reduction, attaining high Faradaic efficiency and NH; yield
rates.%? Graphene-like MXenes, including mono- and double-
transition metal MXenes, are crafted through the arrange-
ment of stacked scrolls and sheets. Monolayer MXenes,
characterized by a significant concentration of electron
states proximate to the Fermi level, exhibit metallic traits. By
virtue of this electronic configuration, MXenes hold promise
as layered materials for catalytic purposes. Due to their
excellent electronic conductivity, high elastic moduli, and
favorable hydrophilic attributes, MXenes have been
employed in different catalytic reaction such as
CO-oxidation,** Water gas shift reaction,*® spanning hybrid
electrochemical supercapacitors to Li-ion battery anodes.”
Layered double hydroxides (LDHs) are crafted by juxta-
posing positively charged host layers and interlayered
structural water housing negatively charged anions.®®
Numerous reports underscore the catalytic potential of
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LDHs (Figure 3), especially those integrating transition
metals, in various processes related to oxygen and hydrogen
production.®”’

Bismuth, an environmentally benign metal, boasts a
range of intriguing characteristics that render it applicable
to diverse processes, including catalysis. The realm of 2D
layered nanomaterials founded on bismuth has reported
high performance outcomes in storage and energy conver-
sion devices.®® Manipulating the inherent structure by
incorporating diverse cations and anions can modulate the
band gap, yielding a light responsiveness spanning from
ultraviolet to near-infrared wavelengths. This instrumenta-
tion also results in enhanced mass and mobility of photo-
excited charge carriers, bolstering applications like
photochemical catalysis, photodetection, and optoelectronic
energy conversion.®® Hexagonal boron nitride (h-BN) mir-
rors a hexagonal crystal structure reminiscent of graphite’s
arrangement.”’ Owing to its exceptional resistance to
high temperatures, noteworthy thermal conductivity
(390 Wm™ K™, robust chemical stability, resistance to acid
corrosion, and superb electrical insulation, it has found
utility as a catalyst carrier or catalyst itself. To address its
intrinsic low electrical conductivity, efforts have been
invested in functionalizing h-BN monolayers through com-
binations with materials that are electrically conductive in
nature for example CNTs, rGO, etc.”” MOFs possess single-
layered lamellar structures, a mere atom thick, granting
them high aspect ratios and the potential for post-synthesis
adjustments to create tailored pores for catalysis and selec-
tive adsorption, including the incorporation of functional
groups. The inclusion of transition metals in MOFs yields
wide pore diameters, sufficient surface area, and a diverse
spectrum of MOF structures, all advantageous for catalytic
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applications.”*”® The formation of 2D metal nanomaterials,
such as nanosheets, nanodisks, nanoplates, nanoribbons,
nanorings, and nanobelts, hinges on the utilization of noble
metal®® Owing to their intriguing electrical and structural
characteristics, these 2D metal nanoparticles find use in a
multitude of catalytic processes. Notably, Huang et al.
demonstrated the remarkable catalytic improvement in the
electrocatalysis in formic acid oxidation reaction.®

5.2 Structures of nanocatalysts

Nanomaterials exhibit distinct crystal phases linked to
atomic coordination, atomic arrangement, and layered
stacking,82 which can exert substantial control over their
properties and catalytic behaviors.®* Here, we will delve into
the structures of the aforementioned nanocatalysts, while
Figure 4 showcases a diverse array of catalytic nano-
materials with various structural attributes. Graphene, for
instance, demonstrates a hexagonal or honeycomb-like
shape owing to each carbon atom’s covalent bonding with
the three neighboring atoms.®* In contrast, g-CsN, presents
specific disparities in its planar structure compared to gra-
phene. In g-C3N,, carbon and nitrogen atoms form
N-substituted graphite frameworks in a sp*hybridized
configuration. There are two primary structural types
within g-C3N,;, namely tri-s-triazine units and s-triazine
units.®> The monolayer structure of tri-s-triazine-containing
g-C3N, becomes disordered at 900 K in a vacuum, disrupting
hydrogen bonds among NH/NH, groups and causing NH/NH,
groups to twist outward, as depicted in Figure 4a.% When
exposed to visible light, these amorphous g-C3N, nano-
materials may exhibit enhanced photocatalytic hydrogen

H,0DBD plasma

-
——————t

&

Ultrathin CoFe LDH

Figure 3: Water plasma enabled exfoliation for the synthesis of CoFe LDHs ultrathin nanosheet with multiple vacancies (OER electrolysis). The inter
layered cations and anions interactions are destroyed which further enhance fast-exfoliation and resulting more vacancies. This route shows excellent
kinetic and catalytic performance. The reactor for DBD were designed with plate to plate electrode at 50 V.*
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family.&” (c) Structure of TMD.Z8 (d) Structure of COF”' (e) structure of MXene. Copyright 2017 reproduced with permission from Wiley-VCH?? (f) structure
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production compared to crystalline g-CsN,.% Layered puck-
ered honeycomb structural BP exhibits a Cmca space group
and an orthorhombic crystal structure. Each phosphorus
atom connects to three adjacent phosphorus atoms; three of
these phosphorus atoms lie in the same plane, while the
remaining one resides in a different plane. Figure 4b offers a
top view of the typical BP structure.*” Generally, van der
Waals interactions enable monolayered Transition Metal
Dichalcogenides (TMDs) to stack, forming layered TMDs. A
single monolayered TMD comprises two chalcogen atomic
layers and one interposed transition metal atomic layer. The
top and side perspectives of a TMD’s structure are illustrated
in Figure 4c, showcasing covalent bonds formed between the
metal and chalcogen atoms via trigonal prismatic coordi-
nation.*® Periodic porous Covalent Organic Frameworks
(COFs) are systematically constructed using organic building
blocks with covalent bonds.’**°Figure 4d” provides an
overview of a typical COF structure, boasting inherent high
porosity, adjustable pore size, excellent conjugation struc-
ture, extensive surface area, crystallinity, visible light
response within broad range and limited secondary pollu-
tion. A type of ternary carbides “M,;AX,, MAX” is used as
parent for the designing layered MXene “M,,;AX,” via
A-group selective etching. Geng et al. successfully catalyzed

hydrogen evolution processes using a Mo,C-on-graphene
MXene heterostructure, as illustrated in Figure 4¢,%?
showecasing the crystal structure of Mo,C. Furthermore, a
highly efficient oxygen evolution electrocatalyst, ultrathin
CoFe LDH nanosheets were fabricated through Ar plasma
exfoliation, as depicted in Figure 4f.°* Bismuth-based 2D
layered nanomaterials, possess a high-dispersion band,
resulting in photogenerated carriers with low effective
mass and high mobility. One prominent example is bismuth
oxychloride (BiOCl), which exhibits a tetragonal structure
with a P4/nmm space group. Figure 4g showcases the
layered crystal structure, where the atoms of O and Bi are
stacked in the form of sandwich between layers of
Cl-atoms.’* H-BN, belonging to the hexagonal crystal sys-
tem, shares a hierarchical structure reminiscent of
graphite, as illustrated in Figure 4h.”> Typically, sp*
hybridized B and N atoms form a regular hexagonal ring
network between separate layers, creating h-BN nano-
sheets.” The B and N atoms are strongly covalently bonded
within the layers, akin to other layered nanomaterials.
Moreover, weak van der Waals interactions between layers
facilitate material exfoliation, yielding ultrathin nano-
sheets.”® The strong coordination linkage is found among
metal clusters (nodes) and organic ligands (linkers) in
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MOFs. These components self-assemble into compounds
with periodic structures. Li and colleagues generated 2D
layered MOFs from LDHs via a straightforward ligand-
assisted approach, as depicted in Figure 4i.°” Their findings
indicated improved performance in water oxidation.
However 2D-MOFs still have low electrical conductivity,
falling below 10 S cm ™, primarily due to internal porosity
resulting from the stacking of multiple atomic layers.”®

5.3 Synthesis of nanocatalysts

Top-down and bottom-up approaches are the main tech-
niques for creating layered nanomaterials. Top-down syn-
thesis involves demixing stratified bulk materials, breaking
bonds along the layer plane and breaking weak interlayer
van der Waals interactions to produce 2D ultrathin nano-
sheets.”” Techniques include liquid/gas exfoliation,'”
mechanical cleavage,'”! shaking treatment,'* wet ball mill-
ing,'® sonication, and chemical etching are used in top down
synthesis. Liquid exfoliation introduces weakening of
interlayers, resulting in space expansion and debonding.
Mechanical cleavage prepares multiple 2D layered nano-
materials, such as graphene layers. The Scotch tape method
is credited with discovering graphene and producing func-
tional 2D monolayered nanomaterials.

It is observed that ultrathin layered MOFs with high
crystalline nature, lateral area can be produce by wet ball
milling grinds materials, with zirconia in proper solvent.
The expected thickness will be about 1 nm for synthesized
MOFs. However, top-down approaches have drawbacks,
such as unstable nanosheet production, unpredictable
layer counts, poor homogeneity, restricted use, low product
yield, and stripped nanosheets that break apart and reas-
semble.*® Further research on top-down synthesis of 2D
nanomaterials is crucial, as ongoing work is expected to

Liquid/gas exfoliation
Mechanical cleavage
Chemical etching
Shaking treatment

Wet ball milling

Top-down

Sonication

K.F. Fawy et al.: Catalytic exploration metallic and nonmetallic nano-catalysts —— 9

drive significant improvements. Alternatively, bottom-up
synthesis of 2D layered nanomaterials depends on the
directional assembly of small molecules, with growth
limited to the vertical axis. Methods like chemical vapor
deposition, surfactant-assisted synthesis, surfactant self-
assembly, template-assisted synthesis, inorganic-organic
lamellar, and solvothermal synthesis offer controlled syn-
thesis and large-scale production for bottom up method
(see Figure 5). Lang and colleagues used a bottom-up sol-
vothermal approach to create atomic layered binary MOF
nanosheets and achieved good oxygen generation. Chemi-
cal vapor deposition is a popular method for producing 2D
materials on a large scale, offering superior control over
material size and thickness.'* However, conventional
bottom-up synthesis methods often require substrates
and surfactants, making it challenging to manufacture
dispersed 2D nanomaterials and remove remaining sur-
factants, potentially limiting their applicability.*!

5.4 Catalytic applications of nanomaterials

Research shows the importance of nanomaterials, predom-
inantly for, applications in biochemical and environmental
technologies, including cancer treatment, toxicant removal,
dye degradation, OER, and CO,RR. Table 1 also provides a
comprehensive list of nanomaterial-based electrocatalysts
utilized in practical applications. It includes information on
synthesis procedures, environmental factors, unique elec-
trocatalytic performance, and the fundamental catalysis
mechanisms.'” Consequently, there is an imperative need to
exp cutting-edge technologies capable of effectively elimi-
nating organic molecules from aquatic environments. In this
context, the emerging catalytic applications of 2D nano-
materials for biochemical and environmental remediation
were investigated.

Surfactant-assisted synthesis
Surfactant self-assembly
Chemical vapor deposition
Template-assisted synthesis

Solvothermal synthesis

dn-wojpog

Inorganic-organic lamellar

Figure 5: Comparison of top-down and bottom-up approaches in nanomaterial synthesis. Top-down techniques for 2D nanomaterial synthesis.
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Table 1: List of some nanomaterials and their applications in electrocatalysis.

S.No Nanomaterials Condition Synthesis Applications Mechanism Ref.

1 CosS, Basic Physical etching  HER Abundant sulfur vacancies %

medium

2 Dg-MoS, Acidic Electrodeposition HER Surface embellish for edge site explore 106

3 MoS, Acidic Hydrothermal HER Facilitated ion diffusion by channel engineering %

4 WSe, Acidic Hydrothermal ~ HER Many exposed sites 107

5 Co-N-GA Acidic Solvothermal HER Synergetic effect of N-doped C and inner Co 108

6 NiFe-LDH Alkaline OER Ultrasonication Metal and O-vacancies 109

7 NiFe-MOF Alkaline OER Solvothermal Fe constitutes the active sites 67

8 Ni(OH), Alkaline OER Chemical etching Inside sheet holes as a permeable channel 1o

9 CoCo-LDH Alkaline OER Soft template method Active edges and low coordination numbers promote m
diffusion

10 BP Alkaline OER Liquid phase exfoliation Reduction in thickness promotes active sites for specific '
areas

11 Co-C3N4-CNT  Alkaline OER, ORR Polycondensation and M-N, coordination 55

leaching

5.5 Dye degradation

It is noteworthy that, nanomaterials are exceptionally
compatible for photodegradation oxidative reactions of
dyes, due to their optimal thickness and limited kinetic
barriers. For instance, Zhang and collaborators employed a
hydrothermal technique to synthesize BiOCl, which is a
single-layered, highly crystallized material.'** Figure 6a il-
lustrates the process of photodegradation excitation of BiOCl
nanosheet, along with the direct effect of semiconductor
degradation efficiencies of BiOCl-001 and BiOCl-010 about
99 % and 59 % respectively. Intriguingly, the photocatalytic
activity of direct semiconductors surpassed that of indirect
semiconductors, and the photoexcitation performance of
BiOCl nanomaterials was more pronounced under UV light
than visible light. Additionally, as demonstrated in Figure 6b
and c, the photocatalysts BiOCl and BiOCI-OH were devel-
oped for photocatalysis and degradation of dye named
Rhodamine-B in wastewater, upon exposure to UV-radiation
with wavelength equal to 365 nm." The increase in oxygen

vacancies induced by UV light was found to enhance the
photocatalytic activity of BiOCI-OH in comparison to pure
BiOCl. The OH-functional group in Rhodamine B dye, play a
sufficient role in the photocatalytic degradation, as revealed
by FT-IR analysis."™ In the pursuit of effective photocatalysis
for dye degradation and the generation of highly reactive
oxygen species like H,0,, a heterostructure BP/CN nonma-
terial (black porous: graphitic carbon nitride) was designed
by Zheng et al."™*

5.6 Elimination of toxicants

Phenolic compounds constitute highly detrimental organic
pollutants in water, stemming mainly from activities in
the oil refining, printing, pesticide, and pharmaceutical
industries. The presence of phenols in industrial wastewater
poses a significant risk to surface water contamination.
Consequently, the global pursuit of efficient and environ-
mentally safe degradation methods is of utmost importance.*’
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104 photoexcitation degradation — r10 _ \ 100 % 1.04
=0 % 0.8 S s
_ 8] 8 E Q1] @ 2 ~ 038
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Figure 6: Applications of nanomaterials in terms of catalytic degradation. (a) A type of degradation of pollutant by UV radiation by direct semiconductor
photoexcitation in single crystalline nanosheets of BIOCL."™ (b) BiOC, and (c) BiOCI-OH as photocatalyst for dye degradation under UV light."
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For instance, in a groundbreaking discovery, Liu and col-
leagues found that g-C3N,/Bi,WOg/rGO hetero-junctioned
photocatalysts, containing 3wt% of rGO, achieved an
impressive 86 % reduction in ibuprofen through photo-
catalytic degradation under visible light and a remarkable
98 % reduction under solar light irradiation."® Considering
the potential accumulation of antibiotics in the human body,
posing a risk of irreversible harm, photocatalytic oxidation
has emerged as a highly effective approach for removing
antibiotics from wastewater. Despite potentially lower
photodegradation rates in winter, Norvill and colleagues
demonstrated a 93 % reduction of the antibiotic tetracycline
under summer-like conditions, along with chemical oxygen
demand and sufficient biomass. The studies highlight the
superior removal capability of algal wastewater treatment
compared to traditional biological wastewater treatment
and mark a significant achievement in tetracycline removal
from outdoor wastewater environments.

5.7 Hydrogen evolution reaction (HER)

In the light of escalating environmental pollution and the
global energy crisis, the search for alternative energy sour-
ces has become imperative."” Hydrogen energy, a promising
and clean energy source, offers the advantage of high energy
density and minimal environmental impact.'® The
Hydrogen Evolution Reaction (HER), often referred to as
the second half of water splitting, involves the cathodic
reaction represented by the formula 2H* + 2¢~ — > H,.'"
The HER comprises two primary processes: proton
adsorption and hydrogen desorption, which can be elabo-
rated further in acidic solutions. These processes are rooted
in the fundamental mechanisms known as the Tafel-mech-
anism, Heyrovsky-mechanism, and Volmer—-mechanism.
The sites of adsorptions of electrocatalysts, play an essential
role in governing the HER. Extensive research is being con-
ducted to harness the appealing physicochemical charac-
teristics of 2D materials as potential catalysts for highly
efficient HER activity."® For instance, Ma and colleagues
utilized bulk black phosphorous to create ice-assisted exfo-
liated BP/g-C3N4 nanosheets, characterized by exceptional
product quality, minimal structural flaws, and substantial
lateral dimensions. Figure 7 illustrates the pertinent char-
acteristics of the BP/g-C3N, nanosheets. Upon taking
absorption spectra of g-CsN,, BP, and g-C5N,/BP nanosheets,
it was revealed that BP nanosheets exhibit a broad absorp-
tion band spanning the UV, visible, and NIR regions. In
contrast, g-C3N, and BP/g-C3N, nanosheets possess absorp-
tion edges at 466 and 474 nm, respectively. Furthermore,
various component ratios for BP/g-C3N, nanosheets were
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examined, demonstrating their superior performance
compared to individual BP and g-C3N, catalysts. The pres-
ence of BP broadens the g-CsN,/BP absorption band, and the
inclusion of g-CsN4 not only protects BP from oxidation but
also creates a shallow interface with trapped charge sites,
enhancing the separation of electric carriers in composite
photocatalysts. This results in reduced limitations on fast
carrier recombination in g-C3N, or BP nanosheets.

5.8 Oxygen evolution reaction (OER)

The OER, which makes up the second half of water splitting,
can be thought of as an oxidative process that needs four
electrons and proton transfer. This reaction also has a high
overpotential need and a slow kinetic response. Due to their
huge specific area, high surface atom density, and atomic
level thickness, 2D LDH nanosheets are able to significantly
improve catalytic performance.'” In order to improve cat-
alytic OER, Song et al.'*® used layered LDH nanosheets that
were subjected to liquid phase exfoliation. As observed in
Figure 8, the exfoliated single layer LDH nanosheets perform
better in the OER test than the bulk-layered LDHs. Addi-
tionally, Qin et al. created a 2D CoCo-LDH nanomesh as an
OER electrocatalyst, which had a mesoporous structure and
abundant high activity atoms with low ligancy, improving
the diffusion of reactants and products as shown in
Figure 8. The CoCo-LDH nanomesh’s onset overpotential
and overpotential (10) were reduced to 220 mV and 319 mV,
respectively.

5.9 Carbon dioxide reduction reaction
(CO2RR)

The CO, content in the atmosphere has now surpassed the
previous threshold of 23 million years and is rising at an
unprecedented rate. One of the most powerful greenhouse
gases is CO,, and an increase in CO, levels is directly linked to
climate change. An urgent worldwide issue is the capture
and effective use of CO,."** In order to convert CO, into non-
toxic organics, 2D-layered nanomaterials have gained
attention for applications in photocatalysis and electro-
catalysis."” According to Figure 9a and b,"® Ye and col-
leagues successfully developed a CO,RR for homogeneous
Zn-MOF nanomaterials with a 4.7 nm layer thickness that
has a 103.8 cm® g™ CO, adsorption capacity. The synergistic
effect of the increased lifespan of photogenerated electric
carriers makes it possible to use 2D layered MOF nanosheets
with optimal catalytic CO,RR activity in contrast to bulk
MOFs with low efficiency. According to Zhao’s group, 2D ZnO
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Figure 7: Nanomaterial sheets of BP/C3N, for high catalytic production of hydrogen with properties i.e. larger lateral size, high quality and lower
anomalous structural defects. A nanosheet of BP/g-C3N, for efficient catalytic hydrogen production due to properties like larger lateral size and limited

structure defects.''

was used for photocatalytic CO,RR, as depicted in
Figure 9c—e."”® The 2D ZnO nanosheets have larger surface
catalytic active sites for CO,RR, a suitable bandgap, and
optical absorbance when compared to their bulk equivalent.

6 Nanoscale effects on catalytic
behavior

Nanomaterials, owing to their reduced dimensions and
increased surface area, exhibit a plethora of unique prop-
erties that significantly influence their behavior as catalysts.
These nanoscale effects play a pivotal role in dictating cat-
alytic activity, selectivity, and overall performance. Under-
standing and harnessing these effects are crucial for
designing and optimizing nanocatalysts with enhanced
capabilities. Nanoscale materials are characterized by
quantum size effects, where the confinement of electrons
and holes within limited dimensions leads to quantized
energy levels. This phenomenon is particularly relevant in
nanocatalysts due to the discrete energy states that emerge.
Quantum size effects influence electronic band structures,
altering the density of states and the distribution of energy
levels. These changes directly impact the catalyst’s electronic

properties and reactivity.'”” Nanoscale materials can have
band gaps that differ from bulk materials due to quantum
size effects. Their tunability allows for the absorption of
photons across a broader spectrum, enabling a wider range
of photochemical reactions.””® Quantum size effects also
influence the energy landscape of catalytic reactions. As
nanoparticle size changes, the availability of energy levels
for adsorption, activation, and reaction intermediates var-
ies, leading to size-specific catalytic behavior.'” In nano-
catalysts, a significant fraction of atoms resides on the
surface due to the high surface area-to-volume ratio.
Consequently, surface reactivity plays a pivotal role in cat-
alytic processes. Active sites on the surface of nanomaterials
often exhibit distinct electronic properties compared to bulk
sites, enabling unique catalytic pathways."*° Nanomaterials
possess a larger proportion of atoms at or near the surface,
providing more available sites for adsorption and reaction.
This enhances catalytic activity by increasing the likelihood
of reactant encounters. Surface atoms experience different
coordination environments and interactions compared to
bulk atoms. This results in modified bond strengths and
reactivity, influencing catalytic selectivity and mecha-
nisms.”" Adsorption of reactants onto catalyst surfaces is a
fundamental step in catalysis. In nanomaterials, adsorption
energies can vary with particle size due to quantum size
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Figure 8: Catalytic enhancement of oxygen evaluation on CoCo-LDH nanomesh.™

effects and changes in the distribution of active sites. Quan-
tum size effects alter the electronic structure of surface atoms,
leading to size-dependent variations in adsorption energies.
This affects the strength of reactant binding and, conse-
quently, reaction rates."* Surface atoms in nanomaterials
may undergo reconstructions to minimize surface energy.
These reconstructions can create unique catalytic sites that
are absent in bulk materials, influencing reaction pathways.
The reduced dimensions of nanomaterials facilitate faster
diffusion of reactants and products to and from active sites.
This enhanced mass transport accelerates reaction kinetics
and reduces the likelihood of mass transfer limitations." The
shorter distance between the bulk and the catalyst’s surface

allows for rapid diffusion of species. This minimizes diffusion
limitations and ensures efficient utilization of catalytic sites.
Nanoparticles with porous or hierarchical structures offer
additional pathways for reactants to access active sites. This
enhances catalytic efficiency and reduces the likelihood of
surface saturation. In short words we can say that, nanoscale
effects play a pivotal role in shaping catalytic behavior. The
distinct electronic properties, altered surface reactivity, and
enhanced mass transport of nanomaterials create a dynamic
environment that significantly influences catalytic activity. By
tailoring nanocatalyst properties to leverage these effects,
researchers can design catalysts with enhanced performance
for a wide range of applications.’**
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7 Photochemical reactions and
mechanisms

Photochemical reactions, involving the interaction of light
with matter to initiate chemical transformations, are
fundamental in nanocatalysis. The nanoscale dimension of
catalysts introduces unique light-matter interactions and
charge transfer mechanisms that lead to novel and
enhanced photochemical processes.®> Nanocatalysts
possess a high surface area and unique electronic properties
that facilitate efficient light absorption. The absorbed

(c, d & e) selective photoreduction of CO, by 2D-Zno nanomaterials.

126

photons impart energy to the catalyst’s electrons, promoting
them to higher energy states and generating photogenerated
electron-hole pairs (excitons). These charge carriers are
central to driving photochemical reactions. Nanomaterials
exhibit enhanced light absorption due to their tunable
electronic structures and high surface-to-volume ratio. This
broadens the spectrum of light that can be utilized for
catalysis. Upon striking photons on the valence band, its
results excitation of electrons to the conducting band, gen-
eration pairs of electron-hole. These excitons are central to
initiating redox reactions on the catalyst’s surface.”*®
Nanophotochemistry has broad applications, ranging from
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solar fuel generation to environmental remediation. Nano-
catalysts play a pivotal role in harnessing solar energy to
drive reactions that were once thermodynamically unfa-
vorable or kinetically challenging. Photocatalytic water
splitting and carbon dioxide reduction hold promise for
producing renewable hydrogen and hydrocarbons using
solar energy. It has also the ability to break down pollutants,
toxins, and contaminants in water and air, contributing to
environmental remediation. Nano photochemistry enables
controlled and selective synthesis of complex molecules,
with applications in pharmaceuticals and fine chemicals.
nanocatalysis has revolutionized photochemical reactions
by providing an environment where light-matter in-
teractions and charge transfer are tailored for enhanced
catalytic performance. The understanding and manipula-
tion of these mechanisms are paving the way for trans-
formative applications that address energy, environment,
and chemical synthesis challenges."*’

Photocatalysis involves a sequence of steps that enable
light energy to drive chemical reactions. In nanocatalysts,
efficient charge separation, minimized charge recombina-
tion, and enhanced surface interactions play critical roles in
catalytic mechanisms. The photogenerated electron-hole
pairs are separated at the catalyst’s interface.”*® The spatial
confinement of charge carriers in nanomaterials reduces the
probability of recombination. Photogenerated charges
participate in surface reactions, where they interact with
adsorbed reactants or intermediates. These reactions can
lead to the formation of products with lower energy barriers.
Charge carriers, if not efficiently utilized, can recombine and
release energy as heat or light. The nanoscale dimensions
allow for faster charge migration, minimizing recombina-
tion losses.™*®

In many cases, nanocatalysts are paired with cocatalysts
to enhance photocatalytic activity due the effect of cocatalyst
and synergistic effect. Cocatalysts, often co-deposited on the
nanocatalyst surface, provide additional reaction sites,
facilitate charge transfer, and modify reaction pathways.
Cocatalysts can provide active sites for specific reactions,
promote charge separation, or facilitate the transfer of
charge carriers to or from the catalyst’s surface. The com-
bination of nanocatalysts and cocatalysts leads to synergistic
effects where charge carriers generated by the nanocatalyst
are efficiently utilized by the cocatalyst, leading to enhanced
overall photocatalytic activity."*® Baojun Ma et al. design
hydrothermal method for water splitting with remarkable
synergistic effect on the photocatalytic process by co-
catalysis of noble metals. He prove that upon co-loded two
cocatalyst (Pt and RuO,) on Zn,GeO, the photocatalytic
activity can be increased two to three times upon co-loading
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Pt-Ru0O,-Zn,Ge0, as compare to doping Pt-Zn,GeO, or
Ru0,-Zn,Ge0, as shown in Figure 10."*°

7.1 Electrochemical processes and interfaces
in nanocatalysis

Electrochemical processes and interfaces play a crucial role
in nanocatalysis, where the combination of nanomaterials
and electrochemistry leads to unique and efficient catalytic
reactions. The fundamental principles of electrochemical
processes in nanocatalysis, focusing on the electrocatalytic
interfaces that govern charge transfer reactions are
explored here. The interface between the nanocatalyst and
the electrode, known as the electrocatalytic interface, is
where charge transfer reactions take place.** The nanoscale
dimensions of catalysts bring about changes in the electro-
catalytic interface that influence reaction kinetics and effi-
ciency. The electrocatalytic interface includes the electrical
double layer, consisting of charged species near the elec-
trode surface. The high surface area of nanocatalysts leads to
an increased number of ions in the double layer, affecting
charge transfer kinetics. Nanocatalysts offer a greater
number of active sites due to their large surface area. These
sites are crucial for adsorption of reactants and facilitating
charge transfer processes.***

Electrocatalysis involves charge transfer reactions
at the electrocatalytic interface. Electrons are exchanged
between the electrode and the nanocatalyst, leading to redox
reactions that drive catalysis. In redox reactions, electrons
are transferred between the nanocatalyst and the electrode.
Nanocatalysts accelerate these electron transfer processes
due to their high surface area and increased availability of
active sites. Tafel slopes describe the relationship between
current density and overpotential in electrocatalytic re-
actions. Nanocatalysts can exhibit different Tafel behavior
compared to bulk materials, influencing reaction kinetics.'**
Nanoscale dimensions and composition significantly impact
electrocatalytic behavior. These effects arise from the
unique electronic and surface properties of nanomaterials.
Nanocatalysts may exhibit lower overpotentials compared
to bulk materials due to quantum size effects."** This reduces
the energy required to initiate catalytic reactions. Quantum
size effects and surface modifications influence the elec-
tronic structure of nanocatalysts. This affects charge trans-
fer rates and the reactivity of catalytic sites. Nanocatalysts
offer multiple pathways for charge transfer reactions,
enhancing catalytic efficiency and providing opportunities
for intricate reaction mechanisms. The presence of different
sites and orientations on nanocatalysts allows for parallel
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reaction pathways, accommodating various reaction in-
termediates and enhancing overall catalytic performance.'*®
Nanocatalysts may follow different reaction mechanisms
compared to bulk materials due to the unique coordination
environments of surface atoms. This can lead to the forma-
tion of unique reaction products.*®

7.2 Interplay between nanostructures and
reactivity in nanocatalysis

The behavior of nanocatalysts is profoundly influenced by
their nanostructures, which encompass size, shape, compo-
sition, and surface properties. This interplay between
nanostructures and reactivity dictates catalytic perfor-
mance, selectivity, and mechanistic pathways. Understand-
ing and manipulating this relationship are paramount in
tailoring nanocatalysts for specific applications."*’ This sec-
tion explores into the complex influences between nano-
structures and reactivity in nanocatalysis. Nanoparticles’
size dictates the distribution of surface atoms and quantum
size effects, leading to distinctive reactivity profiles.

140

Different sizes expose diverse facets and coordination
environments, leading to size-specific active sites. These
sites can exhibit varying binding affinities for reactants and
intermediates. Quantum confinement modifies electronic
energy levels, altering adsorption energies and reactivity.
This size-dependent reactivity influences reaction kinetics
and selectivity."*® Nanoparticle shape profoundly influences
catalytic behavior due to variations in exposed crystal facets
and surface curvature. Different facets possess varying
surface energies and arrangements of atoms. These facets
can act as active sites for specific reactions, impacting cata-
lytic activity. Curved surfaces on nanoparticles lead to
higher surface atom density, potentially enhancing catalytic
activity by providing more active sites."*’

7.2.1 Composition and alloying effects

The composition of nanocatalysts, including elemental
composition and alloying, plays a pivotal role in modulating
reactivity. Alloying different metals can create synergistic
effects, altering electronic properties and surface reactivity.
This can lead to enhanced catalytic activity and selectivity.
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Varying compositions enable the creation of multifunctional
catalysts with diverse reactivity, allowing for simultaneous
or sequential catalytic transformations.”

7.2.2 Surface modifications and ligand effects

Surface modifications, such as functional groups and
ligands, alter the catalytic environment by influencing
adsorption and reaction pathways. Ligands attached to
nanocatalyst surfaces can act as co-catalysts, modifying
adsorption energies and reaction intermediates. This can
lead to improved catalytic selectivity. Bulky ligands can
hinder adsorption of specific reactants, influencing reaction
pathways and favoring specific products.™

7.2.3 Synergistic interactions

The interplay between different nanostructures, such as
core—shell nanoparticles or heterostructures, can create
synergistic effects that enhance catalytic reactivity. Core—
shell nanoparticles combine the reactivity of different
materials, offering complementary catalytic functionalities.
This enhances catalytic performance by facilitating
sequential reactions. Interfaces between different nano-
structures enable charge transfer and create unique elec-
tronic environments, leading to enhanced catalytic
activity.">*

8 Type of catalysis

Various types of catalysis, including homogeneous, hetero-
geneous, and enzymatic catalysis are available in literature.
Here we will focus on how nanoscale catalysts contribute to
enhancing these different types of catalytic reactions and
their applications in industry and research. Catalysis is a
cornerstone of modern chemical processes, and the inte-
gration of nanomaterials, photochemistry, and electro-
chemistry has given rise to a diverse range of catalytic types
with unique applications. This section explores different
types of catalysis in the context of nano photo/electro-
chemistry and highlights their significance and potential.

8.1 Homogeneous catalysis with
nanocatalysts

Homogeneous catalysis involves catalysts and reactants in
the same phase. Nanocatalysts offer advantages in this
context due to their increased surface area and unique
reactivity. Homogeneously dispersed nanocatalysts possess
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active sites throughout the reaction mixture, enhancing
catalytic efficiency. Nanocatalysts in homogeneous systems
enable rapid and efficient interactions between reactants
and catalysts, resulting in higher reaction rates. Homoge-
neous catalysis with nanocatalysts finds applications in
organic synthesis, polymerization, and other fine chemical
processes.”>®

Homogeneous catalysis involves catalysts and reactants
in the same phase, often dissolved in a solvent. The inte-
gration of nanocatalysts into homogeneous catalytic systems
has opened new avenues for efficient and selective
reactions. This section explores the principles, advantages,
and applications of homogeneous catalysis using nano-
catalysts. Nanocatalysts, due to their high surface area and
unique reactivity, exhibit distinct behavior in homogeneous
catalytic systems. The increased surface area of nano-
catalysts provides more active sites for reactant adsorption
and reaction initiation, leading to higher catalytic activity.
Nanoparticle size and shape influence catalytic behavior by
modulating the distribution of active sites and quantum size
effects. The choice of solvent in homogeneous catalysis with
nanocatalysts can influence reaction rates, solubility, and
coordination to the catalyst surface.”*

8.1.1 Advantages of homogeneous catalysis with
nanocatalysts

The integration of nanocatalysts into homogeneous catalytic
systems offers several advantages. Nanocatalysts enable
rapid and efficient interaction between catalysts and
reactants due to their high surface area and unique prop-
erties. It can facilitate reactions under milder conditions
compared to traditional catalysts, leading to improved en-
ergy efficiency. The precise design of nanocatalysts allows
for the tuning of selectivity by modifying their size, shape,
and surface properties. Homogeneous catalysis with nano-
catalysts finds applications across various fields. Nano-
catalysts also facilitate selective C—C bond formation, cross-
coupling reactions, and functional group transformations in
organic synthesis. The production of specialty chemicals,
pharmaceutical intermediates, and high-value compounds
with high selectivity and enzyme-mimicking nanocatalysts
offer efficient tools for biocatalytic transformations are also
some best application of nanostructured enzymes."”

8.1.2 Challenges and future directions

Despite its potential, homogeneous catalysis with nano-
catalysts presents challenges that need to be addressed.
Separating nanocatalysts from reaction mixtures can be
challenging, requiring efficient recovery methods to avoid
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catalyst loss. Some nanocatalysts may undergo degradation
under reaction conditions, necessitating strategies to
improve catalyst stability. The translation of lab-scale ho-
mogeneous catalysis with nanocatalysts to industrial scale
presents challenges related to cost, scalability, and catalyst
recycling. Homogeneous catalysis with nanocatalysts rep-
resents a dynamic field that merges the advantages of both
homogeneous and heterogeneous catalysis."”® The high sur-
face area, tunable properties, and enhanced reactivity of
nanocatalysts enable efficient and selective reactions under
milder conditions. As research progresses, overcoming
challenges and developing practical strategies will unlock
the full potential of homogeneous catalysis with nano-
catalysts, leading to innovative applications across various
chemical processes.

8.2 Heterogeneous catalysis on
nanostructured surfaces

Heterogeneous catalysis involves catalysts in a different
phase from the reactants. Nanostructured surfaces provide
exceptional platforms for heterogeneous catalysis due to
their high surface area and tunable properties.”’*° Nano-
structured surfaces offer increased surface area for reactant
adsorption and catalytic reactions, leading to improved
activity."®* %" The specific arrangement of atoms on nano-
structured surfaces can selectively expose certain active
sites, enabling control over reaction pathways. Nano-
structured surfaces allow easy separation of catalysts from
the reaction mixture, enabling their reuse and contributing
to sustainability.'®®'*° Nanostructured surfaces introduce
new dimensions to heterogeneous catalysis by offering a
range of active sites and enhanced surface interactions.
Nanostructured surfaces provide larger surface areas for
reactant adsorption, leading to increased catalyst-substrate
interactions for heterogenous catalysis. The specific
arrangement of atoms on nanostructured allows for the
exposure of different crystal facets and active sites, influ-
encing catalytic surfaces activity. these surfaces exhibit size-
dependent properties, where nanoscale features affect sur-
face energy and reactivity which are very valuable in term
of heterogenous catalysis. There are so many benefits of
heterogeneous catalysis on nanostructured surfaces. The
integration of nanostructured surfaces into heterogeneous
catalytic systems offers numerous advantages including
high activity, selective catalysis, recycling etc.”® Nano-
structured surfaces enhance catalytic activity by exposing
more active sites, enabling efficient reactions with lower
catalyst loadings. The controlled arrangement of atoms on
nanostructured surfaces enables selectivity by favoring
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specific reaction pathways. Separation and reuse of nano-
structured catalysts are facilitated due to their enhanced
surface interactions and ease of recovery. The nano-
structured surfaces drive reactions such as hydrogenation,
oxidation, and hydrogenolysis, playing a pivotal role in
industrial catalysis. These catalysts also contribute to envi-
ronmental remediation by degrading pollutants, converting
harmful gases, and purifying water. Energy-related catalytic
processes like fuel cells, where they facilitate efficient
energy conversion are also consider as their efficient
applications.®

Despite its advantages, heterogeneous catalysis on
nanostructured surfaces poses challenges that require
addressing. The exposure of high-energy facets on nano-
structured surfaces can lead to catalyst degradation under
harsh reaction conditions. Translating lab-scale synthesis
of nanostructured catalysts to industrial-scale production
involves challenges related to reproducibility and cost-
effectiveness. Understanding the structure and dynamics
of nanostructured surfaces during catalysis requires
advanced characterization techniques.'”* Heterogeneous
catalysis on nanostructured surfaces represents a frontier
in catalytic science, blending the benefits of traditional
heterogeneous catalysis with the unique properties of
nanomaterials. The increased surface area, tailored reac-
tivity, and efficient reactant interactions make nano-
structured surfaces powerful tools for catalytic
transformations across industries. As research advances
and challenges are addressed, nanostructured surfaces will
continue to redefine and innovate the field of heteroge-
neous catalysis.

8.3 Enzymatic catalysis and nanozymes

Enzymatic catalysis, using natural or engineered enzymes,
has found synergy with nanomaterials, leading to the
concept of nanozymes. Nanozymes mimic enzymatic activity
and offer stability and reusability advantages over natural
enzymes. Nanozymes exhibit high catalytic efficiency and
can operate under a wide range of conditions, making them
versatile tools for catalysis. Nanozymes find applications in
biomedicine, including drug delivery, imaging, and thera-
peutic treatments, due to their catalytic and biocompatible
properties.'”>

Enzymatic catalysis, a biological process facilitated by
enzymes, has been augmented through the development of
nanozymes nanomaterials with enzyme-like catalytic prop-
erties. The synergy between enzymatic catalysis and nano-
zymes offers new avenues for versatile and efficient catalytic
transformations.'” Enzymes are biocatalysts that accelerate
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chemical reactions in living organisms. Enzymatic catalysis
relies on the precise arrangement of active sites, substrates,
and cofactors. Enzymes exhibit high substrate specificity,
allowing for selective reactions in complex chemical mix-
tures. Enzymatic reactions often occur under mild condi-
tions, making them suitable for biologically relevant
transformations. Enzymes often demonstrate exquisite
regio- and stereoselectivity, enabling the synthesis of com-
plex molecules with high precision.” Nanozymes are
nanomaterials that mimic enzyme-like catalytic activity,
offering advantages such as stability, reusability, and ease of
synthesis. Nanozymes can mimic a wide range of enzymatic
reactions, from oxidations and reductions to hydrolysis and
more. Nanozymes are often more stable than natural en-
zymes and can withstand a broader range of reaction con-
ditions. Some nanozymes are biocompatible and can be used
in biomedical applications, including drug delivery and di-
agnostics. The integration of nanozymes with enzymatic
catalysis combines the strengths of both approaches. Nano-
zymes can match or even exceed the catalytic efficiency of
natural enzymes, making them potent catalysts. Nanozymes
are more robust and can be easily recovered and reused,
reducing the need for enzyme regeneration. Nanozymes
expand the scope of enzymatic reactions to non-biological
substrates, broadening their synthetic applications.'”

The synergy between enzymatic catalysis and nano-
zymes has diverse applications. For example, the natural
enzymes and nanozymes find applications in green chem-
istry, pharmaceutical synthesis, and the production of bio-
fuels. Nanozymes are employed in biosensing, disease
diagnosis, and drug delivery due to their biocompatibility
and catalytic activity. Enzymes and nanozymes are used to
degrade pollutants, detoxify environmental contaminants,
and purify water."’® Despite their potential, enzymatic
catalysis and nanozymes face certain challenges. Expanding
the substrate scope of nanozymes to match that of natural
enzymes remains a challenge. Ensuring the biocompatibility
of nanozymes for biomedical applications requires careful
design and testing. The regulatory approval of nanozyme-
based products requires comprehensive safety assessment
and standardized testing."”” Enzymatic catalysis and nano-
zymes present a harmonious blend of biological and nano-
technological approaches to catalysis. The combination of
enzymatic selectivity with the robustness and versatility of
nanozymes holds immense potential for revolutionizing
catalytic transformations in both synthetic chemistry and
biotechnology. As research advances and challenges are
overcome, the collaboration between enzymatic catalysis
and nanozymes will continue to shape the landscape of
modern catalysis.
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8.4 Photocatalysis and
photoelectrocatalysis

Photocatalysis utilizes light energy to drive catalytic re-
actions, while photoelectrocatalysis combines light-induced
charge transfer with electrocatalysis. Photocatalysis utilizes
sunlight to initiate reactions that were previously energeti-
cally unfavorable, such as water splitting or pollutant
degradation. Photoelectrocatalysis combines the advantages
of both photochemistry and electrochemistry, allowing for
efficient charge separation and reaction initiation. Photo-
catalysis and photoelectrocatalysis hold potential in
renewable energy conversion processes, like hydrogen
generation from water or carbon dioxide reduction.'”® The
integration of nano photo/electrochemistry with different
types of catalysis opens up a realm of possibilities in various
fields, from energy to environmental remediation and
beyond. Each type of catalysis leverages the unique prop-
erties of nanomaterials and the principles of photochemistry
and electrochemistry, offering unprecedented control over
reaction outcomes and catalytic efficiency. The synergy be-
tween these approaches is poised to redefine how we
harness light and electron transfer processes for a sustain-
able and innovative future.

8.4.1 Essential features of catalyst for electrocatalysis

The fundamental characteristics that make a catalyst effec-
tive in electrocatalytic reactions are tried to explain here,
like overpotential, electrocatalytic activity, and selectivity.
Electrocatalysis involves using catalysts to facilitate and
accelerate electrochemical reactions, such as those occur-
ring in fuel cells, electrolyzers, and metal-air batteries. The
design of effective'” electrocatalysts requires careful
consideration of several essential features that influence
their performance and efficiency.'®

Catalytic Activity and Selectivity: The primary function
of an electrocatalyst is to enhance the rates of desired elec-
trochemical reactions while avoiding unwanted side
reactions. High catalytic activity ensures rapid reaction
kinetics, while selectivity ensures that the desired reaction
pathway is favored over competing pathways."®" Electro-
chemical Stability: Electrocatalysts must maintain their
structural integrity and catalytic activity over extended
periods under the often harsh conditions of electrochemical
reactions.'” Stability is crucial to ensure the longevity of the
catalyst and prevent performance degradation. Efficient
Charge Transfer: Electrocatalysts should facilitate efficient
charge transfer between the electrode and the reactants.
This requires optimal electron conductivity and facile
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pathways for charge transport. Large Surface Area: A higher
surface area provides more active sites for reactions to
occur, leading to increased catalytic activity. Nanostructured
or porous catalysts often exhibit larger surface areas,
enhancing their electrocatalytic performance. High Surface
Reactivity: Active sites on the catalyst surface should be
exposed and accessible for reactant adsorption and subse-
quent reaction. Enhancing surface reactivity ensures effec-
tive utilization of the catalyst’s active sites."®* Tunable
Surface Chemistry: Controlling the surface composition and
properties of the catalyst allows tailoring of its catalytic
behavior. Surface modifications can optimize adsorption
energies, reaction intermediates, and selectivity. Electronic
Structure: The electronic structure of the catalyst influences
its interaction with reactants and charge transfer processes.
A well-matched electronic structure between the catalyst
and reactants can enhance reaction rates.®® Catalyst-
Substrate Compatibility: The catalyst should be compatible
with the substrate and the reaction environment. This in-
cludes considerations of the electrode material, electrolyte
composition, and temperature range. Availability and Cost:
Commercial viability of electrocatalysts depends on their
availability and cost-effectiveness. Developing catalysts
that utilize abundant and low-cost materials is crucial for
scalability. Catalyst Synthesis and Processing: The ease of
synthesis and processing of the catalyst affects its repro-
ducibility, scalability, and applicability. Catalysts should be
producible with controlled properties for consistent per-
formance. Catalyst-Substrate Attachment: In some cases,
catalysts need to be securely attached to electrode surfaces
to prevent detachment during operation. Strong and stable
catalyst-substrate interaction is essential for long-term per-
formance. Environmental Impact: Considering the envi-
ronmental impact of catalyst synthesis and use is crucial for
sustainable electrocatalysis. Developing greener and more
eco-friendly synthesis routes is an important consider-
ation.”® The development of efficient electrocatalysts
involves a delicate balance of multiple factors, from activity
and stability to electronic structure and environmental
impact. Successful catalyst design requires a multidisci-
plinary approach that combines materials science, surface
chemistry, and electrochemistry. As researchers continue to
explore and engineer catalysts with these essential features,
electrocatalysis will play an increasingly pivotal role in
advancing energy conversion and storage technologies.

8.4.2 Overpotential and faradaic efficiency in
electrocatalysis

In electrocatalysis, understanding the concepts of over-
potential and Faradaic efficiency is crucial for optimizing
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catalytic performance, energy efficiency, and reaction
selectivity. These parameters provide insights into the effi-
ciency of electrochemical reactions and the effectiveness of
catalysts."® This section delves into the significance and
implications of overpotential and Faradaic efficiency in
electrocatalysis. Overpotential, often denoted as n, repre-
sents the additional potential applied to drive an electro-
chemical reaction beyond its thermodynamic equilibrium
potential.’®® It’s the difference between the applied potential
(Eappiied) and the thermodynamic equilibrium potential (Ecq)
for a given reaction: 1) = E;ppiieq — Eeq Overpotential serves as
a measure of the energy required to initiate a reaction. It
reflects the activation energy needed for charge transfer
across the electrode-electrolyte interface and any kinetic
barriers that might hinder the reaction.

Several factors that contribute to the magnitude of
overpotential are catalyst activity, reaction kinetics, surface
area of electrodes, and composition of electrolyte etc. The
more active catalysts can achieve the same reaction rate at
lower overpotentials, improving energy efficiency. Simi-
larly, faster reaction kinetics often result in lower over-
potentials since the energy barrier for charge transfer is
reduced. A larger surface area provides more active sites,
potentially reducing the overpotential, while ionic conduc-
tivity and reactants concentration in the electrolyte can also
influence overpotential."®’

8.4.3 Faradaic efficiency

Faradaic efficiency (FE) measures the fraction of electrons
involved in the desired electrochemical reaction compared to
the total number of electrons transferred during the entire
process. It is expressed as a percentage: [FE (%) = (Ngesired/
Niota) X 100], Where Ngesireq is the number of electrons
involved in the desired reaction and Ny, is the total number
of electrons transferred during the process. Faradaic
efficiency quantifies the selectivity of the electrochemical
reaction and indicates the proportion of electron flow
contributing to the desired product formation. Several fac-
tors that impact faradaic efficiency are catalyst selectivity,
competing reactions, electrolyte composition etc. A selective
catalyst favors the desired reaction pathway, leading to
higher Faradaic efficiency for the target product. The
unwanted side reactions can reduce the overall Faradaic
efficiency by diverting electrons to undesired pathways
and the electrolyte components can influence reaction
selectivity and hence Faradaic efficiency. While the sig-
nificance of overpotential and faradaic efficiency are
measured in term of energy efficiency, yield of products,
selective nature of reactions. Optimizing overpotential and
Faradaic efficiency is crucial for various electrocatalytic
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applications. Minimizing overpotential reduces energy
consumption in electrochemical processes. High Faradaic
efficiency ensures a higher yield of the desired product and
reduces waste. Faradaic efficiency provides insights into the
selectivity of competing reaction pathways, aiding in catalyst
design. Overpotential and Faradaic efficiency are funda-
mental concepts in electrocatalysis that impact the energy
efficiency, selectivity, and overall performance of electro-
chemical reactions. Balancing these parameters through
catalyst design, reaction conditions, and electrode engi-
neering is essential for advancing the field and enabling
sustainable and efficient electrochemical processes.'®®

8.4.4 Active sites and surface reactivity in
electrocatalysis

Active sites and surface reactivity are critical aspects of
electrocatalysis that determine the efficiency and selectivity
of electrochemical reactions. These concepts are central to
understanding how catalysts interact with reactants at the
electrode-electrolyte interface. This section explores the
significance of active sites and surface reactivity in electro-
catalysis and their influence on reaction mechanisms and
performance.'® Active sites are specific locations on a cat-
alyst’s surface where reactants adsorb and undergo elec-
trochemical reactions. These sites possess unique electronic,
geometric, and chemical properties that facilitate charge
transfer and reaction initiation. Active sites dictate the
reactivity and selectivity of electrochemical reactions.
Understanding and engineering these sites are essential for
enhancing catalyst performance and designing efficient
electrocatalysts. Identifying active sites involves various
experimental and theoretical approaches, including: Surface
characterization techniques such as scanning tunneling
microscopy (STM) and X-ray spectroscopy provide insights
into surface structure and composition and computational
modeling density functional theory (DFT) calculations pre-
dict the energetics of adsorption and reaction pathways on
different surface sites.

Surface reactivity refers to the propensity of a catalyst’s
surface to interact with reactants, leading to adsorption,
charge transfer, and reaction initiation. Several factors are
their which impact surface reactivity in electrocatalysis
process. For example, different crystallographic facets and
sites on the catalyst surface can exhibit varying reactivity
due to their distinct electronic and atomic arrangements.
The availability of vacant or partially occupied surface sites
affects the likelihood of reactant adsorption and reaction
initiation. Variations in electron density at different surface
sites influence adsorption energies and reaction kinetics.'"
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Active sites and surface reactivity are fundamental consid-
erations in electrocatalysis. Understanding how catalyst
surfaces interact with reactants provides insights into re-
action mechanisms and guides catalyst design for enhanced
performance. The ability to engineer active sites and surface
reactivity enables the development of efficient and selective
electrocatalysts, with implications spanning energy con-
version, environmental remediation, and beyond.

8.4.5 Nanocatalyst morphology and composition in
electrocatalysis

The morphology and composition of nanocatalysts are
pivotal factors influencing their catalytic performance in
electrochemical reactions. Tailoring these attributes allows
for precise control over surface properties, active site dis-
tribution, and charge transfer kinetics. This section explores
the significance of nanocatalyst morphology and composi-
tion in electrocatalysis and their impact on reaction mech-
anisms and catalytic efficiency.'%*

Engineering nanocatalyst morphology involves control
synthesis, templating and shpe/size effect. Precise synthesis
conditions can lead to specific nanoparticle sizes, shapes,
and facets. While the templates and surfactants can guide
the growth of nanoparticles, enabling control over
morphology. Size-dependent properties and quantum effects
become prominent at the nanoscale, influencing reactivity.
Nanocatalyst composition refers to the elemental composi-
tion and chemical nature of the catalyst material. It dictates
the electronic structure, surface energy, and interaction
with reactants. Composition is very important because the
composition significantly affects electrocatalytic perfor-
mance, for example different elements and compositions
lead to varying electronic configurations, influencing charge
transfer kinetics. It also affects the strength of reactant
adsorption, determining reaction rates and selectivity.
Certain compositions can enhance catalyst stability under
harsh electrochemical conditions.'”® Sometime we need
certain Strategies for tuning nanocatalyst composition for
efficiency like alloying, doping. The creation of bimetallic or
multi-component nanoparticles by alloying different ele-
ments can enhance catalytic properties and introducing
dopants into the catalyst lattice can modify its electronic
structure and reactivity. Similarly, core-shell nanoparticles
with different compositions offer unique catalytic synergies.

The combination of morphological and compositional
control maximizes catalytic performance are very consid-
erable. Morphological changes can influence the distribu-
tion and reactivity of active sites, while composition
influences electronic properties. Tailoring both morphology
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and composition can lead to optimized active site distribu-
tion and reactivity. Morphology and composition engineer-
ing are key considerations in nanocatalyst design for
electrocatalysis. These attributes directly influence surface
properties, charge transfer kinetics, and reaction pathways.
By precisely tailoring nanocatalyst morphology and
composition, researchers can develop catalysts with
enhanced activity, selectivity, and stability, paving the way
for efficient and sustainable electrochemical processes
across various applications.'**

8.4.6 Strategies to enhance electrocatalytic activity

Enhancing the electrocatalytic activity of catalysts is essen-
tial for improving the efficiency and performance of elec-
trochemical reactions. Various strategies have been
developed to optimize catalysts for faster reaction kinetics,
higher selectivity, and improved stability."”® The key
approaches to boost electrocatalytic activity and their
applications in diverse fields are morphology, composition
engineering, surface medication or functionalization, sup-
porting materials, alloying, heterostructures, substrate and
computational screening.

1) Morphology and Composition Engineering: Tailoring
the size, shape, and composition of catalyst nano-
particles can significantly impact their electrocatalytic
activity. By optimizing these factors, researchers can
increase the surface area, expose specific active sites,
and fine-tune electronic properties for improved charge
transfer kinetics. This strategy finds applications in fuel
cells, electrolyzers, and metal-air batteries, where cat-
alysts with enhanced activity lead to more efficient
energy conversion and storage.

ii) Surface Modifications and Functionalization: Intro-
ducing functional groups, ligands, or surface modifiers
can modify the electronic structure and reactivity of
catalysts. Surface functionalization enhances adsorp-
tion of reactants, stabilizes intermediates, and alters
reaction pathways.'*® This approach is relevant in fuel
cells and sensors, where controlled surface modifica-
tions improve catalyst performance and selectivity.

iii) Nano structuring and Support Materials: Using nano-
structured materials as catalyst supports or carriers
can enhance electrocatalytic activity. Nanostructured
supports provide higher surface area, while tailored
interactions between the catalyst and support improve
stability. Nanostructured catalysts find applications in
water splitting, where efficient oxygen and hydrogen
evolution reactions are crucial for renewable energy
conversion.
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iv) Alloying and Bimetallic Catalysts: Creating bimetallic
catalysts by alloying two different metals can induce
synergistic effects, such as enhanced adsorption prop-
erties, modified electronic structure, and improved
reactivity. Bimetallic catalysts are vital in electro-
chemical CO, reduction, as they can facilitate the for-
mation of specific products by optimizing adsorption
energies."’

Heterostructures and Interfaces: Combining different
materials to form heterostructures or interfacial
regions can lead to charge transfer, coupling of
reactions, and localized electric fields, boosting catalytic
activity. Heterostructures are applied in photo-
electrochemical cells, where light-driven reactions are
coupled with electrochemical processes for efficient
solar fuel generation.

Catalyst-Substrate Interactions: Optimizing the inter-
action between the catalyst and substrate (electrode)
enhances electron transfer, stabilizes intermediates,
and reduces overpotential. This strategy is crucial in
improving catalytic performance in electrochemical
water splitting, where minimizing overpotential is
essential for efficient energy conversion.'*®

Rational Design and Computational Screening: Using
computational methods, such as density functional
theory (DFT), researchers can predict and design cata-
lysts with specific properties, aiding in the discovery of
high-performance materials. Rational design is widely
employed in catalyst development for various applica-
tions, including CO, reduction, water oxidation, and
organic synthesis. Enhancing electrocatalytic activity is
essential for advancing energy conversion, environ-
mental remediation, and chemical synthesis. Employing
strategies such as morphology engineering, surface
modifications, and rational design enables the creation
of efficient catalysts with improved performance and
selectivity. As researchers continue to innovate in this
field, electrocatalysis will play a central role in
addressing critical challenges in sustainable energy and
beyond.?*1%°
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9 Functional catalysis for
electrocatalysis

This section will explore into specific examples of functional
nanocatalysts designed for electrocatalytic reactions. We are
tried to discuss the role of nanomaterials such as metal
nanoparticles, metal-organic frameworks (MOFs), and
carbon-based materials in electrocatalysis and to highlight
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recent advancements and breakthroughs in this area.
Functional catalysis is a strategic approach that integrates
catalysts with specific functional groups, ligands, or modi-
fiers to enhance their electrocatalytic performance. This
strategy leverages tailored interactions between the catalyst
and reactants, optimizing charge transfer kinetics, selec-
tivity, and stability. This section explores the concept of
functional catalysis in electrocatalysis and its applications in
various electrochemical reactions.””® Functional groups or
ligands are introduced to catalyst surfaces to alter their
electronic properties, adsorption behavior, and reactivity.
These modifications can enhance catalytic activity and
selectivity by fine-tuning interactions with reactants and
intermediates. Functional groups and ligands are commonly
used in electrochemical reduction reactions, such as the
electrocatalytic reduction of CO, to valuable chemicals,
where precise control over adsorption energies is essential
for selective product formation.””* Functional catalysis can
stabilize catalysts by creating protective layers on their
surfaces. These layers prevent degradation and enhance
catalyst durability under harsh reaction conditions. Surface
modification is crucial in oxygen evolution and reduction
reactions in metal-air batteries, where catalyst stability is
essential for prolonged device lifetime.?*

Incorporating redox-active ligands or mediators into
catalyst designs enables electron transfer between the
catalyst and reactants. These redox species facilitate charge
transfer and can mediate multi-step reactions. Redox-active
mediators are used in dye-sensitized solar cells and photo-
electrochemical cells to enhance charge transfer between
the photoactive material and the electrode, improving
overall energy conversion efficiency.’®® Co-catalysts and co-
reagents work in synergy with the main catalyst to enhance
specific reaction steps. They can facilitate intermediate for-
mation, increase reaction rates, and improve overall effi-
ciency. Co-catalysts are employed in water splitting
reactions to enhance the kinetics of hydrogen and oxygen
evolution, enabling efficient and rapid electrochemical
energy conversion.”**

Functional catalysis can be implemented in both het-
erogeneous and homogeneous systems. In heterogeneous
catalysis, functional groups are attached to the catalyst
surface, while in homogeneous catalysis, they are incorpo-
rated directly into the reaction solution. Homogeneous
functional catalysis finds use in advanced oxidation pro-
cesses for wastewater treatment, where specific functional
molecules generate reactive species to degrade pollutants.?%®
The advantages of functional catalysis can be seen in terms
of tailored reactivity, selectivity, stability, and versatility.
Functional groups allow precise control over catalyst-
reactant interactions, enabling targeted reaction pathways.
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The functional modifications can guide reactants toward
desired products, reducing unwanted side reactions. At the
same time, layers and modifiers enhance catalyst stability,
extending their lifespan in harsh electrochemical environ-
ments. Functional catalysis can be applied to various
reactions and catalyst types, making it a versatile strategy.
Functional catalysis offers a powerful tool for optimizing
electrocatalytic performance by designing catalysts with
tailored interactions and reactivity. Through the incorpo-
ration of functional groups, ligands, and modifiers,
researchers can achieve enhanced selectivity, improved
charge transfer kinetics, and prolonged catalyst lifetimes.
This approach holds promise for addressing challenges in
sustainable energy conversion, environmental protection,
and chemical synthesis through efficient and controlled
electrochemical reactions.”

10 Noble metal nanoparticles in
electrocatalysis

Noble metal nanoparticles, including platinum (Pt), gold
(Au), and palladium (Pd), are widely utilized in electro-
catalysis due to their unique properties that make them
efficient catalysts for various electrochemical reactions. This
section explores the significance of noble metal nano-
particles in electrocatalysis, their catalytic mechanisms, and
their applications in different energy conversion and storage
technologies. Noble metals exhibit remarkable electro-
catalytic activity owing to their high conductivity, stability,
and unique electronic structure.’’® These properties make
them suitable for reactions involving charge transfer, such
as oxygen reduction, hydrogen evolution, and other redox
reactions. Pt-based nanoparticles are widely used as cathode
catalysts in fuel cells and metal-air batteries due to their high
ORR activity, which is essential for efficient energy conver-
sion. Noble metal nanoparticles, particularly Pt and Pd,
exhibit high HER activity, making them crucial for electro-
lyzers and photoelectrochemical cells.?”” The catalytic
activity of noble metal nanoparticles stems from their ability
to adsorb reactants and intermediates on their surfaces,
allowing efficient charge transfer reactions. The interaction
between reactants and metal surfaces, as well as the
arrangement of atoms at the nanoparticle surface, play
critical roles in catalytic mechanisms.?”® Noble metal nano-
particles are applicable as catalysts in both anode and
cathode reactions, enhancing fuel cell efficiency and power
output. Similarly, they facilitate water splitting by catalyzing
both hydrogen evolution and oxygen evolution reactions.
Noble metal nanoparticles serve as catalysts in oxygen
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reduction and evolution reactions in metal-air batteries,
improving energy density and overall performance, and also
employed in sensors for detecting various analytes due to
their high sensitivity and selectivity.

Among the major challenges and future directions high
cost of noble metals limits their widespread usage. Devel-
oping cost-effective alternatives and improving catalyst
durability are ongoing challenges. Similarly, they can
undergo degradation during prolonged electrochemical
reactions, reducing their long-term stability.”®® Further-
more, transitioning from lab-scale synthesis to large-scale
production of noble metal nanoparticles with controlled
properties poses challenges. The emerging trends related to
them includes their alloying, and surface engineering.
Bimetallic and multimetallic nanoparticles are being
explored to enhance catalytic activity and reduce the
amount of expensive noble metals via alloying. Using non-
noble metal supports, such as carbon or metal oxides, can
improve stability and reduce catalyst loading. Tailoring the
surface properties of noble metal nanoparticles through
functionalization and engineering can further enhance their
performance in surface engineering. Noble metal nano-
particles play a pivotal role in advancing electrocatalysis,
offering high catalytic activity, stability, and versatility for
various electrochemical reactions. While challenges related
to cost, durability, and scalability remain, ongoing research
is focused on developing innovative strategies to address
these issues. With the integration of emerging trends such as
alloying, support materials, and surface engineering, noble
metal nanoparticles continue to drive progress in energy
conversion, storage technologies, and electrochemical
sensing applications.*'”

10.1 Functionalized noble metal
nanocrystals for electrocatalysis

The excessive utilization of fossil fuels leads to energy
depletion, environmental degradation, and climate change,
posing significant threats to both human security and the
development of sustainable energy sources.”"! The foremost
priority of nations worldwide is to accelerate the establish-
ment of a dependable, enduring, and state-of-the-art energy
supply system. Electrochemical technologies play a pivotal
role in generating, converting, and storing clean, renewable
energy, exemplified by technologies such as fuel cells and
water electrolysis. These methods offer efficient solutions to
reduce our dependence on fossil fuels and address the
challenges of global energy scarcity and environmental
pollution.”* Nevertheless, there remains a critical need for
highly efficient and dependable electrocatalysts to facilitate
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the sluggish cathode and anode reactions essential for fuel
cell and water electrolysis applications.”®

Noble metal nanocrystals exhibit a unique electronic
structure, characterized by incompletely filled d orbitals,
and possess a high degree of chemical inertness. These at-
tributes contribute to their remarkable electrocatalytic ac-
tivity and stability. The electrocatalytic performance of
noble metal nanocrystals is intricately linked to surface and
interface parameters, in addition to their shape, composi-
tion, and crystal facets. In theory, the chemical functionali-
zation of the electrocatalyst surface holds great significance
as it can alter the structure of the electrode-electrolyte
interface, resulting enhancing activity.”® Various tech-
niques, including electrochemical reduction, atmospheric
heat treatment, and wet chemical procedures, have been
developed to produce noble metal nanocrystals with
controlled morphology and structure. Among these, the
wet chemical approach stands out due to its distinct
advantages, offering a homogeneous environment and
greater tunability in the liquid phase. During wet chemical
synthesis, surfactants play a dual role, acting as stabilizers to
reduce nanoparticles to nanoscale sizes and preventing
agglomeration through electrostatic stabilization and steric
hindrance mechanisms.****

Furthermore, surfactants exhibit varying adsorption
states on different metal crystal planes, consequential in
steady growth rates on several crystal planes, thereby
foremost the favored alignment development of noble
metal-nanocrystals.”> Polyethyleneimine (PEI, Figure 11(a))
and polyallylamine (also known as polyallylamine hydro-
chloride, PA/PAA/PAH, Figure 11(b)) are two typical poly-
meric amine surfactants (PAM) frequently employed in our
research. Their excellent hydrophilicity, strong coordination
ability, and inherent electrostatic repulsion make them ideal
surfactants and complexing agents.?' In general, it is widely
accepted that producing uniformly shaped noble metal
nanocrystals in an aqueous solution presents greater chal-
lenges compared to oil phase synthesis.**®

The PAMs can make coordination complexes with
metals like Rh(III), Pt (II), Pd(I), and Ag(I). This is due to
the existence of lone pairs on N-atom within NH, and -HN-
groups ,’ which help in nanocatalyst formulation. Conse-
quently, anisotropic nanostructures such as nanocubes,
nanowires, nanosheets, and nanonetworks are produced
under varying reaction conditions, as nanospheres with low
surface free energy are no longer favored in the final shape
of noble metal nanocrystals. The UV-vis absorption peaks of a
combined solution of PAH and Rh(IIl) differ from those of
RhCl; (Figure 11(c)), providing evidence of the formation of a
RhIII-PAH complex.?” Electrochemical measurements reveal
that the formation of the RhIII-PAH complex substantially
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via PAM-assisted growth mechanism.?"”

lowers the reduction potential of RhIII precursors, enabling
kinetic control over the reduction and crystallization pro-
cess (Figure 11(d)).?" Initially, Rh(II)-PAH complexes are
reduced to nearly spherical Rh seeds at the start of the re-
action. The high adsorption of PAH prevents the formation of
Rh (111) planes, ultimately resulting in ultrathin nanosheets
exposing the Rh (111) plane.?"” Subsequent epitaxial growth
of these nanosheets gives rise to three-dimensional Rh
nanosheet nanoassemblies. Variations in atomic deposition
and diffusion rates can significantly influence the ultimate
morphology of the nanocrystals. While the rate of deposition
can be controlled by varying the reduction rate of the metal
precursor, the rate of diffusion is closely linked to nano-
crystal surface characteristics. Hence, modifications in
chemical kinetics parameters like temperature, reaction
time, pH, reducing agent, metal ion precursor, PAM molec-
ular weight, etc., can dramatically alter the rate of metal
precursor reduction, thereby influencing the final nano-
crystal morphology.® In recent years, an array of noble
metal nanostructures has been synthesized by investigating

the PAM-assisted synthesis mechanism of noble metal nano-
crystals. Examples include Pt nanocubes, Pd icosahedrons, Pt
tripods, and Pt/Pd nanodendrites***'® (Figure 11(e)). Impor-
tantly, these anisotropic noble metal nanocrystals have
exhibited significantly improved catalytic activity across
various electrochemical reactions.

11 Non-noble metal nanocatalysts
in electrocatalysis

Non-noble metal nanocatalysts have gained significant
attention in recent years as promising alternatives to
expensive noble metals like platinum and palladium. These
catalysts offer unique properties that make them attractive
for various electrochemical reactions, addressing challenges
related to cost, availability, and scalability. The significance
of non-noble metal nanocatalysts in electrocatalysis, their
catalytic mechanisms, and their applications in sustainable
energy technologies are taking focus of research.



26 —— KF. Fawy et al.: Catalytic exploration metallic and nonmetallic nano-catalysts

Global warming caused by greenhouse gas emissions
and the depletion of nonrenewable fossil resources are two
developing crises that can be directly linked to the expand-
ing usage of fossil fuels as the primary source of energy in
the globe. In order to achieve environmental sustainability,
it is crucial to develop clean and renewable energy sour-
ces.” In this sense, the aforementioned problems might be
resolved by capturing sunlight and subsequently turning
solar energy into fuels (i.e., artificial photosynthesis). In this
method, a semiconductor (SC) photocatalyst interacts with
incident solar light that has photon energy equal to or
greater than the bandgap of the semiconductor to form
electron-hole pairs (Figure 14A, path a).

Examples include the conversion of water into
hydrogen fuel and the conversion of CO, into chemical
feedstocks with added value such CO, CH, and CH;OH
(Figure 12A, path c). The holes in the valence band (VB), on
the other hand, can cause water to oxidize to produce OH
and O,, which are then used for the degradative oxidation of
pathogens and pollutants in water or for other advantageous
oxidation reactions (Figure 12A, path d).?* Artificial photo-
synthesis that is powered by sunlight has some advantages
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CH;0H, CH,efc.
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0,& CO,
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Catalytic
functions
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Figure 12: Photocatalysis and Functionalized NPs. (A) The proposed
mechanisms of semiconducting photocatalytic process under visible
radiation. (B) Photocatalytic properties of functionalized plasmonic
nanoparticles.??*
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for the sustainable generation of energy, but it also has some
drawbacks. First, due to low absorption cross sections and
the fact that most photocatalysts are only responsive to ul-
traviolet (UV) light, which accounts for only about 5 % of the
total solar flux, their ability to absorb light is constrained.
The strong Coulombic force between the photo-
generated electrons and holes (Figure 12A, path b) and the
lack of a specific driving force to drive their separation and
delivery to the active sites where they are consumed are the
causes of the photogenerated electrons and holes’ tendency
to recombine immediately after their production, respec-
tively. This obstructs their advantageous function in redox
processes, evidently. Third, many of the processes that take
place at the photocatalyst surface are thermodynamically
unfavorable, and uphill energy barriers make it more diffi-
cult to drive these reactions without the right charge carriers
and redox potentials. Fourth, the catalytic efficiency is made
worse by the kinetically slow photocatalytic processes and
other competitive surface side reactions.”"*** The plas-
monic nanostructures may serve as catalysts to speed up
chemical reactions at the interface or cocatalysts to accom-
modate photogenerated electrons from the SC (electron sink
function). All of these advantages give plasmon-based pho-
tocatalysts a promising future in terms of realistic grid
integration for applications involving the conversion of
sustainable energy and environmental cleanup. The func-
tion of plasmonic nanostructures in the hybrid metal/pho-
tocatalyst systems is summarized in Figure 12B.**
Non-noble metal nanocatalysts offer several advantages
for example non-noble metals are abundant and more cost-
effective than noble metals, making them viable for large-
scale applications similarly tailored nanostructures and
compositions can achieve comparable or even superior
catalytic activity to noble metals. Furthermore, non-noble
metals are more readily available and can be synthesized in
larger quantities, enabling scalable production. Non-noble
metal nanocatalysts exhibit catalytic activity through
mechanisms similar to noble metals. The arrangement of
atoms on the nanoparticle surface, the interaction between
reactants and metal sites, and the modification of electronic
properties contribute to their activity. Their contribution in
various chemical reactions like hydrogen evolution
reactions, oxygen evaluation reaction, and electrocatalytic
reduction are considerable. Nickel (Ni) and cobalt (Co), are
used in electrolyzers and photoelectrochemical cells for
HER due to their cost-effectiveness and reasonable activity.
Cobalt oxide (Co30,) and manganese oxide (MnOx), are uti-
lized as catalysts for OER in water splitting and metal-air
batteries. Copper (Cu) and other non-noble metals are
explored for electrocatalytic CO, reduction, aiming to
convert CO, into valuable fuels and chemicals. Iron (Fe) are
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investigated for nitrogen reduction reactions, which have
potential applications in fertilizer production.”

Achieving high activity and selectivity comparable to
noble metals remains a challenge, requiring precise control
over catalyst composition and structure. Some non-noble
metal catalysts suffer from poor long-term stability due to
corrosion and restructuring during electrochemical
reactions. Non-noble metal catalysts may have slower kinetics
and mass transport limitations that need to be addressed.
Alloying non-noble metals with other elements or incorpo-
rating them into hybrid structures can enhance catalytic ac-
tivity and stability. Combining non-noble metals with other
catalysts, such as carbon materials, can exploit synergistic
effects for improved performance. Similarly Utilizing
advanced characterization methods helps understand the
active sites and interactions in non-noble metal nanocatalysts.
Non-noble metal nanocatalysts represent a promising avenue
for advancing electrocatalysis, particularly in cost-sensitive
applications such as renewable energy conversion and stor-
age. As research continues to address challenges related to
activity, selectivity, and durability, these catalysts have the
potential to play a pivotal role in achieving sustainable and
efficient electrochemical processes for a variety of energy and
environmental applications.?*°

12 Carbon-based nanomaterials as
electrocatalysts

Carbon-based nanomaterials have emerged as versatile and
promising electrocatalysts due to their exceptional proper-
ties, including high surface area, good electrical conductiv-
ity, chemical stability, and tunable surface functionalities.
The significance of carbon-based nanomaterials in electro-
catalysis, their catalytic mechanisms are nowadays center of
research. For example, a single layer of carbon atoms
arranged in a two-dimensional hexagonal lattice
“Graphene” has high conductivity and large surface area
make it an excellent electrocatalyst support.??’ Similarly the
carbon nanotubes (CNTs), a type of cylindrical carbon
structures with unique electronic properties and function-
alized CNTs can also act as both catalysts and supports. The
carbon nanofibers (CNFs) a more disordered structure is
important for their high conductivity and mechanical
strength. The carbon dots have fluorescent nature with
tunable surface properties, offering potential for catalytic
and sensing applications.””® The catalytic activity of carbon-
based nanomaterials is attributed to various mechanisms.
Structural defects and edges on graphene, CNTs, and CNFs
provide active sites for adsorption and reaction initiation.
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Introducing heteroatoms (e.g., nitrogen, sulfur) into the
carbon lattice alters electronic properties, enhancing cata-
lytic activity. Ordered graphitic regions on carbon-based
materials facilitate charge transfer and electrochemical
reactions.”*

Graphene-based materials and nitrogen-doped carbon
catalysts exhibit ORR activity, making them potential alter-
natives to platinum in fuel cells and metal-air batteries.
Carbon-based materials can serve as supports for non-noble
metal catalysts in HER applications. Carbon-based nano-
materials functionalized with metal nanoparticles or
co-catalysts show promise for electrochemical CO, reduction
to value-added products. These nanomaterials, when
coupled with metal oxides or other electrocatalysts, can
enhance water splitting efficiency.””>*° There are various
advantages of carbon base nanomaterials, as carbon is more
abundant and inexpensive, making carbon-based nano-
materials a sustainable choice for electrocatalysis. Surface
functionalization and doping allow tailoring of electronic
and chemical properties for specific reactions. Carbon-based
nanomaterials can serve as supports for other catalytic
species, enhancing their stability and activity. Alongside
with their advantages there are some challenges as well for
example carbon-based nanomaterials may undergo degra-
dation under harsh electrochemical conditions, affecting
long-term stability, achieving high catalytic activity compa-
rable to noble metals requires precise control over structure
and defects, and diffusion limitations in porous carbon
structures can impact reaction Kkinetics. Carbon-based
nanomaterials offer a versatile platform for electro-
catalysis, with applications ranging from energy conversion
and storage to environmental remediation. By harnessing
their tunable properties, researchers are working to
enhance catalytic activity, stability, and selectivity. As
advances in material synthesis, characterization, and func-
tionalization continue, carbon-based nanomaterials are
poised to play a pivotal role in enabling sustainable and
efficient electrochemical processes.”!

The advantageous characteristics of carbon materials,
including high electrical conductivity, cost-effectiveness,
and robust chemical and mechanical durability, position
them as excellent candidates for electrocatalytic reduc-
tion.?*? Carbonaceous materials such as graphite, graphene,
carbon nanotubes, and porous carbon have emerged as
effective options for electrocatalytic CO, reduction, along-
side other materials.”*® Notably, carbon-based materials
exhibit a higher onset potential for the hydrogen evolution
reaction (HER) compared to metal materials, which helps
suppress H, evolution and enhance CO, reduction activity.
Furthermore, in aqueous solutions at negative potentials,
carbon materials exhibit chemical inertness.”**
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12.1 Metal free carbon-based catalysts

Pure carbon compounds, due to their electroneutral nature
with low CO, adsorption capacity and high energy barriers
for CO, activation, are not considered effective for CO,
reduction.”® To enhance a carbon framework’s ability to
activate CO,, the incorporation of heteroatoms is a prom-
ising approach. The introduction of heteroatoms disrupts
the electroneutrality of pure carbon structures, leading to
charge redistribution and the creation of reactive sites for
CO, adsorption and activation. Heteroatoms like boron (B),
nitrogen (N), and sulfur (S) exhibit distinct electronegativ-
ities compared to carbon atoms, influencing their reac-
tivity.”* In addition to heteroatom incorporation, the
crystalline structures of carbon materials, characterized by
unique binding energies of CO,-related intermediates, play
a significant role in determining selectivity and activity in
CO, reduction.”®® Various carbon materials represent
different dimensional structures, including OD, 1D, 2D, and
3D porous carbons (Figure 13).2*%3423¢ Metal-free carbon
materials can be modified to reduce CO, into C** oxygenates
through controlled heteroatom doping and structural
engineering. The following section introduces several
metal-free carbon materials suitable for converting CO,
into C** oxygenates.”**

Carbon i 0
nanotubes \ quantum dot
\ / 1.1
2D 3D o
Q7 \f\d
Dianﬁnds
Graphene Porous carbon

Figure 13: Various carbon architectures, OD, 1D, 2D and 3D carbon base
materials.>*
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12.2 Carbon nanotubes

Carbon nanotubes (CNTSs) consist of a graphitic honeycomb
structure composed of sp2-hybridized carbon atoms, form-
ing a cylindrical structure akin to a rolled-up graphite sheet.
CNTs feature a unique architecture with layered inner and
outer wall structures.”*’ The introduction of oxygen through
acid treatment can lead to the formation of oxygenated
carbon nanotubes (O-CNTs), generating a variety of oxygen-
containing groups. O-CNTs demonstrate the ability to
convert CO, into formic acid (HCOOH) and acetic acid
(CH5;COOH) at rates of 0.51mol/h and 0.32 mol/h, respec-
tively. CH3COOH production exhibits significantly higher
Faradaic selectivity (71.5%) compared to HCOOH (28.5 %).
Oxygen functional groups on O-CNTs provide electron
trapping sites, aiding in the reduction of adsorbed
intermediates. However, the precise mechanism of CO,
reduction leading to CH3;COOH production on O-CNTs
remains uncertain.”®® CNTs, with their abundant function-
alization sites, hold promise as electrocatalysts for CO,
reduction.”**

12.3 Graphene

Graphene, a two-dimensional (2D) material composed of sp>
hybridized carbon atoms arranged in a hexagonal lattice,
boasts a high surface area, exceptional chemical stability,
and excellent electrical conductivity.”° Pristine graphene is
typically inert towards CO, reduction due to its ineffective
CO, activation, and ability to adsorb certain intermediates
like COOH and CO. The undoped zigzag edge of graphene
presents a significant energy barrier of approximately 1.3 eV
for CO, adsorption. Consequently, surface modification and
heteroatom doping are employed to alter graphene’s elec-
tronic structure, enhancing its CO, electroreduction activity.
Nitrogen (N) doping is a common and effective method to
modify graphene’s electronic structure and boost CO,
reduction activity for C** product synthesis.*® Nitrogen-
doped graphene quantum dots (NGQDs), featuring nano-
scale dimensions, have been developed for the electro-
catalytic conversion of CO, into C** products (Figure 14).%*°
NGQDs yield primarily formic acid (HCOOH) and carbon
monoxide (CO) at an applied potential of 0.26 V versus
reversible hydrogen electrode (RHE). However, when the
applied potential shifts negatively, CO, conversion extends
to include oxygenates like CH3COO, C,HsOH, nC3H,OH, as
well as hydrocarbons like CH, and C,H,. The highest faradaic
efficiency (FE) for C** oxygenates reaches 26 % at an applied
potential of 0.78 V, with C,HsOH accounting for 16 % of the
total.*>**
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Figure 14: NGQDs for electrocatalysis and their characterization. (a) Mechanism of electrocatalytic conversion of CO, on nitrogen doped graphene
quantum dots.>*' (b) TEM images of NGQDs. (c) The faradaic efficiency of reduced product on the surface of NGQDs. (d) The current densities of reduced
products (CoHa, CHa, CHsOH, CO, CH3CO0™, C3H,0H) on the surface of NGQDs.?*°

12.4 Nanodiamond

Diamond nanocrystals exhibit tetrahedral bonding units
with sp>-hybridized carbon atoms.?* When heteroatoms are
introduced as dopants into diamonds, they experience a
significant improvement in their electrical conductivity
compared to their unaltered state. Heteroatom-doped di-
amonds offer several advantages, including a wide electro-
chemical potential window, a strong H, evolution
overpotential, and exceptional long-term stability, making
them effective catalysts for electrochemical reactions. The
unique sp3 bonding in diamonds plays a crucial role in
facilitating C—C coupling and demonstrating remarkable
selectivity in generating C** oxygenates through CO, reduc-
tion.?***** Nanodiamond structures can enhance their elec-
trochemical activity for CO, by incorporating nitrogen (N).
Our team achieved this by depositing N-doped nanodiamond
(NDD/Si RA) on a Si rod array substrate using microwave
plasma-enhanced chemical vapor deposition, as shown in
Figure 15a—c.”** NDD/Si RA exhibits an onset potential of
0.36 V versus reversible hydrogen electrode (RHE) for
reducing CO, to CH;COOH. At the potential range 0f 0.8-1.0 V,
the total faradaic efficiency (FE) for CO, reduction is
impressively high, ranging from 91.2 % to 91.8 %, effectively

suppressing the H, evolution reaction. Specifically, at 0.8V,
the FE for CH3;COOH production reaches approximately
77.3-77.6 %, surpassing the FE of HCOOH (13.6-14.6 %) under
similar conditions. Notably, the CH;COOH generation rate
peaks at 96.1 mg L' h™ at a potential of 1.0 V. These findings
underscore the advantages of NDD/Si RA in achieving C-C
coupling and CH3COOH production, outweighing the chal-
lenges associated with low C, selectivity in CO, reduction.
Our analysis suggests that CC coupling occurs when two CO,
radicals dimerize, forming OOCCOO, which subsequently
undergoes hydrogenation to yield CH;COOH. The N-sp*-C
species on NDD/Si RA serve as reactive sites for CO, reduc-
tion and are positively correlated with CH3;COOH
formation.”*

Additionally, we employed a hot filament chemical
vapor deposition method to create boron and nitrogen
co-doped nanodiamond (BND) on a Si substrate, as depicted
in Figure 15d-f. BND exhibits the ability to transform CO,
into HCOOH, HCHO, CH;0H, CH3COOH, and C,HsOH, with
CHs0H Dbeing the predominant product, boasting a
maximum FE of 93.2% at 1.0 V versus RHE. The increased
presence of N in BND enables the synthesis of C,H;OH.
Density functional theory (DFT) calculations indicate that
the synergistic effect between B and N dopants significantly
contributes to the enhanced capacity for C,HsOH production
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Figure 15: Doped/undoped nanodiamonds (NDDs) and their role in catalytic reduction reactions. (a) NDD SEM images. (b) The rate of production of
reduced products, on the surface of NDD. (c) The faradaic efficiencies (for formate and acetate) in the production on the surface of NDD.?** (d) SEM
images of boron and nitrogen doped nanodiamonds (BND). (e) The rate of production of reduced products, on the surface of BND. The faradaic
efficiencies (for formate and acetate) in the production on the surface of BND.?**

on BND. The connection of an oxygen (O) atom to a boron
(B) atom enhances CO, adsorption, while nitrogen (N) atoms
serve as active sites for H transfer, expediting hydrogenation
during CO, reduction.

12.5 Porous carbon

In addition to traditional graphite and diamond structures,
porous carbon materials featuring hierarchically structured
3D pores present an enticing option as electrocatalysts for
CO, reduction. These materials offer extra active sites for
CO, capture and reduction due to their large specific surface
areas and diverse porous topologies. Porous carbon can be
categorized based on pore size, such as microporous (pores
smaller than 2nm), mesoporous (pores between 2 and
50 nm), or macroporous (pores larger than 50 nm). The pore
size, distribution, and hierarchically porous structure
influence the accessibility of CO, to reactive sites and the
dynamics of electrolyte diffusion. Thus, tailoring the porous
structure, in conjunction with heteroatom doping, plays a
pivotal role in enhancing CO, reduction capacity.>****> By
manipulating the macro-, meso-, and microporous 3D carbon
structures, we can create distinctive surfaces and electronic

properties. Additionally, porous carbon typically contains
both sp* and sp* hybridized carbon, benefiting from the
unique characteristics of both carbon atom types. Therefore,
by optimizing the concentrations of sp*/sp* and porous dis-
tribution, the CO, reduction activity of porous carbon can be
finely tuned. The customization of porous structures,
alongside heteroatom doping, represents a critical element
in enhancing CO, reduction capability. Song and colleagues,
for instance, developed metal-free nitrogen-doped meso-
porous carbon with an ordered cylindrical channel struc-
ture, as shown in Figure 16a—c.**® The resulting catalysts
efficiently and selectively convert CO, into C,Hs;OH, with a FE
of 77% at 0.56 V versus RHE. The uniformly distributed
pyridinic-N and pyrrolic-N in the inner layer of the cylin-
drical channel play a pivotal role in facilitating electron
transfer for the dimerization of CO intermediates and the
subsequent C—C coupling in electrochemical CO, conversion.
Furthermore, the cylindrical structural configuration of
nitrogen-doped mesoporous carbon proves essential for
electrochemical CO, conversion. However, the rate of
C,H50H synthesis in N-doped mesoporous carbon remains
limited due to significant kinetic barriers in C-C bond for-
mation.”* To alleviate these limitations and enhance
important intermediate coupling, Song and colleagues



DE GRUYTER

introduced catalysts with carefully tailored designs, result-
ing in the creation of nitrogen-doped ordered mesoporous
carbon (Figure 16d-f).*** This modification led to an
increased C,HsOH generation rate of up to 2.3mmolg 'h™.
The medium microporous structure, combined with high
electron density in pyrrolic and pyridinic N, simplifies CO,
activation and C—C bond formation. The presence of medium
micropores in the channel wall, along with the cylindrical
structural configuration, enables the accumulation of elec-
trolyte ions, resulting in high local electrical potentials that
drive desolvation during electrochemical CO, conversion.?*®

12.6 Metal and carbon composite catalysts

The development of metal and carbon composite electro-
catalysts represents another design strategy for achieving
CO, reduction to C** oxygenates. These composite materials,
comprising carbon and metal components (like Cu, Fe, Ni,
Pt), that have ability to reduce CO, to C** oxygenates at lower
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overpotentials compared to metal-free carbon catalysts and
to CH3COOH, C,HsOH, CH3;COCH;, and CsH;OH. The syner-
gistic effects between metals and carbon materials appear
to be responsible for the high catalytic activity and selec-
tivity observed in these composite catalysts.”*® The activa-
tion and adsorption of CO, are facilitated by metal particles,
given their high CO binding energies and low H, evolution
overpotentials. The high surface area and flexible porous
structure of carbon materials provide an extensive electro-
chemically active area for CO, reduction, reducing resis-
tance to reactant and product diffusion and, thereby,
facilitating CO, reduction.

13 Emerging trends in
electrocatalyst design

The field of electrocatalyst design is constantly evolving,
driven by the need for more efficient, cost-effective, and
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Figure 16: Synthetic route and properties of N-doped mesopore/micropore porous carbon mateirals for catalytic CO, reduction, resulting catalysts
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sustainable energy conversion and storage technologies.
Several emerging trends are shaping the development of
electrocatalysts, revolutionizing their performance and
expanding their applications. This section explores some of
these cutting-edge trends that are shaping the future of
electrocatalyst design. Single-Atom Catalysis: Designing cat-
alysts at the single-atom level offers unprecedented control
over catalytic activity and selectivity. Single-atom catalysts
(SACs) provide maximized atom utilization and minimized
use of expensive materials. They can exhibit unique elec-
tronic and geometric properties that lead to enhanced
reactivity and improved stability.*** Hybrid and tandem
catalysis are the results of combining multiple catalytic
materials in a single system can achieve synergistic effects,
enabling multi-step reactions or improving catalytic per-
formance. Tandem catalysis involves sequential reactions
within the same catalytic system, reducing intermediate
separation and improving overall efficiency.° Similarly in
cooperative catalysis, two or more catalysts work together to
facilitate complex reactions that might not be achievable by
a single catalyst. Cooperative electrocatalysis leverages in-
teractions between different catalysts to enhance reaction
rates and selectivity.”®! Advances in machine learning and
computational techniques enable the rapid screening and
design of potential catalysts. Data-driven approaches predict
catalytic activity, selectivity, and stability based on known
catalyst properties, accelerating the discovery of promising
candidates.”* The material structure also alter the rate of
reactions, for example two-dimensional (2D) materials, such
as transition metal dichalcogenides (TMDs), offer high surface
area and unique electronic properties compare to other
relevant materials. Combining different 2D materials into
heterostructures allows tailoring of catalytic sites and elec-
tronic interactions.”® Drawing inspiration from biological
systems, biomimetic electrocatalysts mimic enzymatic pro-
cesses to achieve high catalytic efficiency and selectivity. This
trend explores the integration of natural motifs and synthetic
catalysts.>** Similarly the designing of electrocatalysts with
dynamic or responsive properties allows adaptability to
changing reaction conditions. Stimulus-responsive catalysts
can enhance activity and selectivity under specific triggers.”>
Real-time in situ characterization techniques provide insights
into catalyst behavior under working conditions. Operando
studies offer a deeper understanding of catalytic mechanisms,
aiding in catalyst optimization.”*® Expanding the applications
of electrocatalysis beyond energy conversion and storage in-
cludes areas like electrochemical synthesis, environmental
remediation, and electrochemical sensing.>’ Emerging trends
in electrocatalyst design are reshaping the landscape of
energy conversion, storage, and beyond. From advanced
computational techniques to novel materials and innovative
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catalytic mechanisms, these trends are driving the develop-
ment of more efficient, sustainable, and versatile electro-
catalysts. As research progresses, these trends will continue
to shape the future of electrochemistry, enabling break-
throughs in clean energy technologies and addressing global
challenges.

14 Photocatalysis
14.1 Strategies for improving photocatalysis

Utilizing an innovative substance known as a nano-
composite, specifically designed to address certain short-
comings within the field of photocatalysis, offers an efficient
solution. This approach is particularly promising for over-
coming limitations associated with various substrates such
as carbon-containing materials,”® silica,”® and primarily
assisted polymers,”*® which have been previously reported
as suitable for attaching nanoparticles. Among these sub-
strates, polymer hosts stand out as a compelling choice for
long-term applications due to their capacity to anchor
nanoparticles, their virtually limitless architectural versa-
tility, sophisticated and multifunctional surface chemistry,
and robust mechanical strength, all of which are conducive
to practical applications. The key driving force behind the
growing interest in inorganic functional polymer compos-
ites, which combine novel optical, electrical, and catalytic
capabilities of nanoparticles with the flexibility and trans-
parency of the polymer matrix, lies in their ability to offer
unique environmental processes, chemical inertness,
excellent durability, and long-lasting stability. Additionally,
these polymers facilitate the attachment of target organic
molecules to their surfaces, leading to an overall enhance-
ment in photocatalytic efficiency.”®" Photocatalysis, as a
versatile technique, can facilitate various reactions, ranging
from the mineralization of organic contaminants to complex
organic processes. Its fundamental advantage lies in the
conversion of light energy into chemical energy, thereby
reducing energy consumption and providing a sustainable
and cost-effective solution to pollution. Consequently, pho-
tocatalysis aligns with the principles of sustainable chemis-
try and green organic synthesis. However, it is worth noting
that current photocatalytic materials predominantly rely on
semiconductors, primarily TiO,.”%*

14.2 Doping process

Doping is an important technique used to enlarge the pho-
toactive zone, which prevents recombining of the electrons
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and holes produced during photogeneration, in addition to
broadening the response spectrum range of the photo-
catalyst.”* It is common practice to modify the photocatalyst
by doping in order to improve its photocatalytic perfor-
mance. An example of this is the use of nitrogen doping to
alter and improve the performance of photocatalyst ox-
ides.”®* Different from cation doping, which produced more
unfavorable recombination locations for the electron-hole,
is anion doping. It has been discovered that nitrogen doping
has a greater visible light response and is more significant
than carbon and sulfur doping. Due to its potent capacity to
oxidize and significant reactivity to visible light. Since 2001,
interest in the nitrogen-doped TiO, photocatalyst has
increased. In addition, vanadium and chromium doping of
TiO, lengthens its wavelength in the region of visible light.
The photocatalytic effectiveness is nonetheless impacted by
the recombination of the electrons and holes that occurs
during the fusing of metal ions.”** Doping, however,
considerably lowers the bandgap, improving the photo-
catalytic characteristics. For instance, only absorption in the
ultraviolet (UV) range (which includes 5% of the solar
spectrum) can result in the creation of electron-hole pairs.
The observed band gap varies with the TiO, polymorphs and
is greater than 3.0 eV for rutile, 3.2 eV for anatase, and 3.13 eV
for brookite,”®* indicating that the majority of solar energy
cannot be converted into a reaction that uses photocatalysis.
This restriction has been studied by narrowing the bandgap
by doping pure TiO, with an impurity element as N, S, or
Fe.?®® Ti0, activity can be increased by visible light by
absorbing more energy through doping. While the electron-
hole recombination site may be trapped by intermediate
energy states created by newly added atoms and defects,
which reduces the effectiveness of the photocatalytic pro-
cess.”®” Additionally, it has been noted that elemental doping
of ZnO can compensate for the limited surface area and
insufficient optical absorption of Zn0.%%®

The bandgap energy of TiO, can be reduced by syner-
gistic co-doping, resulting functional visible light photo-
catalyst. Similarly, the co-doping of Fe** and graphene can
also boost the photo-efficiency of semiconductors.”® There-
fore, according to Zhang et al. ,*’° the co-doping of Ni** and
Ti** caused a notable drop in the TiO, anatase band, as
demonstrated in Figure 17.%”° It is possible to increase pho-
tocatalytic activity in the visible light area by using a number
of nonmetal atoms with high energies for ionization and
electronegativity, such as I, Br, CL, F, S, O, and N.”* This is
accomplished by narrowing the bandgap and shifting
edge absorption. These heteroatoms with doped carbon
skeletons have recently been employed to improve the cat-
alytic process that led to the electron-induced regulation of
carbon atoms.””* Co-doping will undoubtedly increase the
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photocatalytic effectiveness by two or more atoms. By
lowering the development of recombination centers and
inactivating the impurity bands, it will increase the solubi-
lity of dopants.

14.3 Semiconductors immobilization on the
surfaces of polymers

Due to the advantages of immobilizing TiO,, researchers
worldwide are focusing on efficient methods to anchor TiO,
onto suitable substrates. The ideal polymer matrix should
meet several criteria, including strong catalyst-substrate
affinity, compatibility with the chosen linkage method, pre-
cise surface properties, good contaminant adsorption
capacity, and prevention of photocatalyst leaching. One
notable example is the use of 3,5-dinitrosalicylic acid/chito-
san/MnFe,0, (DNSA/Cs/MnFe,;0,) nanocatalyst, which
significantly enhances adsorption and photodecomposition.
The addition of DNSA/Cs as an interface connector between
MnFe,0, and methylene blue (MB) accelerates photo-
degradation and enhances catalytic efficiency, providing a
promising method for water purification as show in
Figure 18.7

15 Semiconductors conducting
polymers hybrid photocatalysts

Conducting polymers like polypyrrole (PPy), polyaniline
(PANI), and polythiophene (PTh) have high charge mobility
and absorb light from visible to near-infrared regions. These
polymers can be used as photosensitizers to enhance the
photocatalytic activity of semiconductor materials. New
composite materials, such as PANI and TiO,NPs, show sig-
nificant catalytic activity for dye degradation, offering the
potential for effective pollutant treatment.”’*

16 Advantages and disadvantages
of nanocatalysts

Nanocatalysts have demonstrated effectiveness in room
temperature mineralization of harmful organic compounds,
making them valuable for water purification. They are
often cost-effective, environmentally friendly, chemically
stable, and exhibit excellent photoactive properties at the
nanoscale. However, some nanocatalysts may suffer from
photo-corrosion, limiting their chemical stability. To over-
come these issues, researchers are exploring alternative
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nanocomposites with reduced toxicity and improved sta-
bility, such as magnetic nanocatalysts that enable catalyst
recovery and reuse.”®’ Despite significant progress in
nanocatalytic materials, there is a need for the development
of reactors tailored to nanocatalyst modifications.””> Micro-
fluidic reactors, operating with small amounts of reactants,
offer advantages such as high surface-to-volume ratios and
enhanced mass transfer, promising improved catalytic per-
formance. Additionally, the creation of unique nanomaterial
structures with superior characteristics, such as nano-
flowers, nanorods, nanocones, nanospheres, and nano-
fibers, opens new avenues for research.?’® The development
of novel nanocatalysts with enhanced stability, cost-
effectiveness, and efficiency remains a key focus for future
studies in the field of photocatalysis. Co-doping, the
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Figure 17: General scheme of photocatalytic
reaction for Ti** and Ni** co-doped TiO,, where
organic contaminations can converted into
CO; and H,0.7°

integration of various thermodynamic processes, and the
development of effective water treatment methods will
continue to shape the future of nanocatalysis.”*!

16.1 Advanced catalysts for photocatalysis

Photocatalysis, the use of light energy to drive chemical re-
actions, holds significant promise for sustainable energy
production, environmental remediation, and synthesis of
valuable compounds. Advanced catalysts play a crucial role
in enhancing the efficiency and selectivity of photocatalytic
processes.””” Semiconductor photocatalysts, such as tita-
nium dioxide (TiO,) and metal oxides, harness light energy to
generate electron-hole pairs, initiating redox reactions.
Advances in semiconductor design, including bandgap
engineering and surface modifications, enhance their pho-
tocatalytic activity.’® Plasmonic materials, like gold and
silver nanoparticles, exhibit surface plasmon resonance,
enabling localized electromagnetic fields that enhance light
absorption and catalytic activity. Plasmonic nanoparticles
can facilitate reactions that are not easily achievable with
traditional catalysts.””® Similarly the two-dimensional
materials, such as graphene, transition metal dichalcoge-
nides (TMDs), and black phosphorus, offer high surface area
and tunable electronic properties. They can be used as
photocatalysts themselves or as co-catalysts to enhance
activity and selectivity. MOFs and COFs exhibit high porosity
and tunable structures, making them ideal candidates for
photocatalysis. Their pore structures can facilitate reactant
adsorption, while metal nodes can act as active sites for
redox reactions.”® Integrating homogeneous catalysts into
heterogeneous photocatalytic systems enables the exploita-
tion of both light-induced charge carriers and solution-phase
catalytic intermediates. This synergy enhances reaction
efficiency and selectivity.”® likewise the introduction of
co-catalysts, such as noble metal nanoparticles or
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co-catalytic species, onto photocatalyst surfaces can also
facilitate charge separation and enhance reaction kinetics.
Rational design and precise loading are crucial for opti-
mizing their effects. Hybrid systems can tailor light
absorption and charge transfer processes. Using light-
harvesting molecules, quantum dots, or dye-sensitized sys-
tems can expand the light absorption range of photo-
catalysts. These systems transfer energy to the catalyst,
initiating photochemical reactions.”®” Developing catalysts
that enable multi-electron transfer processes and cascade
reactions can facilitate complex transformations, making
photocatalysis a versatile tool for organic synthesis.?®®
Beyond water splitting, advanced photocatalysts are being
explored for carbon dioxide reduction, pollutant degrada-
tion, and fine chemical synthesis. Tailoring catalyst proper-
ties for specific reactions is a key focus. Advanced catalysts
are pivotal in advancing the field of photocatalysis, unlock-
ing its potential for sustainable energy conversion and
environmental remediation. From innovative materials to
synergistic co-catalysts and tailored structures, these cata-
lysts enable more efficient light-driven reactions with
applications ranging from hydrogen generation to pollutant
removal and organic synthesis. As research continues, the
development of advanced photocatalysts will contribute to
addressing pressing global challenges and creating a greener
and more sustainable future.

16.2 Semiconductor nanomaterials for
photocatalysis

Semiconductor nanomaterials have revolutionized the field
of photocatalysis by enabling the conversion of light energy
into chemical reactions. These materials, through their
unique electronic properties and tunable surfaces, have
found applications in various domains, from environmental
remediation to energy production. The significance of
semiconductor nanomaterials in photocatalysis, their
mechanisms, and their diverse applications are very
valuable 2®*

16.3 Photogenerated charge carriers and
redox reactions in photocatalysis

Photogenerated charge carriers serve as the driving force
for redox reactions in photocatalysis, enabling a wide range
of applications from water splitting to environmental
remediation. Understanding and optimizing charge carrier
dynamics and their interaction with the catalyst’s surface
are key factors in enhancing the efficiency and selectivity of
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photocatalytic processes. As researchers continue to unravel
these intricate mechanisms, the field of photocatalysis holds
promise for contributing to clean energy production and
sustainable chemical transformations. The efficient utiliza-
tion of photogenerated charge carriers is a fundamental
aspect of photocatalysis, enabling redox reactions that drive
various chemical transformations. This interplay between
light-induced charge separation and subsequent redox
processes is essential for the success of photocatalytic
reactions.”®

16.4 Photogenerated charge carriers

When semiconductor nanomaterials absorb photons with
energy greater than their bandgap, electron-hole pairs (e-h
pairs) are generated. Upon promotion of electron from the
valence band (VB) to the conduction band (CB), mobile
charge carrier is generated, which result the corresponding
positive charge, or holes, left in the VB (as shown in
Figure 17). The spatial separation of these charge carriers is
crucial for initiating redox reactions. The efficient charge
carrier dynamics involve in the charge separation, transport
and charge recombination. In the charge separation the
photo-generated e-h pairs should be separated quickly,
typically within femtoseconds to picoseconds, to prevent
recombination. Then the separated carriers move towards
the material surface or interface where redox reactions
occur and lastly the undesirable e-h recombination can lead
to energy loss and reduced photocatalytic activity.**®

16.5 Redox reactions in photocatalysis

The photogenerated charge carriers participate in redox
reactions at the catalyst’s surface. In the oxidation reactions,
the photogenerated holes (h*) can oxidize molecules adsor-
bed on the catalyst surface, leading to the removal of elec-
trons and the generation of radical cations. While the
photogenerated electrons (e—) reduce adsorbed species,
leading to the formation of radical anions. But sometimes
the radicals generated during oxidation and reduction can
further react to form intermediate species crucial for the
final products. The applicability photogenerated charge
carrier is more prominent in water splitting, degradation of
pollutants, reduction of carbon dioxide etc, In water split-
ting, photogenerated holes (h*) are involved in water
oxidation, while photogenerated electrons (e-) reduce pro-
tons to form hydrogen. Charge carriers participate in the
oxidation of organic pollutants adsorbed on the catalyst’s
surface which help in the degradation of pollutants.
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Photogenerated charge carriers also reduce carbon dioxide
to valuable chemicals such as hydrocarbons and alcohols. In
some cases, the efficiency of charge carrier utilization is not
very good, so we need to improve via various available
techniques for example using cocatalysts, surface modifi-
cations and tandem catalysis. Co-catalysts can trap and
transfer charge carriers more efficiently, preventing
recombination and enhancing redox reactions. Tailoring the
catalyst’s surface properties can also improve charge sepa-
ration and favor certain redox reactions. In the same way
combining multiple catalysts can facilitate charge carrier
transfer between different materials, enhancing overall
efficiency.”’

16.6 Cocatalysts and surface modifications
in photocatalysis

Cocatalysts and surface modifications play a crucial role in
enhancing the efficiency, selectivity, and overall perfor-
mance of photocatalytic reactions. These strategies involve
tailoring the surface properties of semiconductor nano-
materials to improve charge separation, redox reactions,
and reactant adsorption. Cocatalysts are secondary mate-
rials integrated with semiconductor photocatalysts to facil-
itate charge transfer, prevent recombination, and enhance
catalytic activity. Common types of cocatalysts include noble
metal nanoparticles, co-catalytic metal oxides, and organic
molecules. Various mode of mechanisms is available in
literature including charge carrier transfer, surface reaction
sites, and energy level alignment. Cocatalysts can act as
electron or hole acceptors, preventing recombination and
prolonging the lifetime of photogenerated charge carriers.
Cocatalysts also provide additional active sites for reactant
adsorption and redox reactions, accelerating overall reac-
tion rates. When the energy levels of cocatalysts match with
those of the semiconductor, it promote efficient charge
transfer across the interface.”*®

Cocatalysts like platinum (Pt) or nickel oxide (NiOy)
enhance the efficiency of hydrogen evolution and oxygen
evolution reactions in water splitting. They improve the
degradation of organic pollutants by facilitating radical
generation and surface reaction sites. Also they aid in the
reduction of carbon dioxide to valuable chemicals by pro-
moting specific reaction pathways.”*® Surface modifications
involve altering the surface properties of semiconductor
nanomaterials to enhance photocatalytic performance.
Common surface modifications include doping, functionali-
zation, and heterostructure. Surface modifications can alter
the band structure of semiconductors, leading to improved
light absorption and charge separation. Functional groups
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introduced through surface modifications can enhance the
adsorption of reactants, facilitating redox reactions. Surface
defects introduced by modifications can act as charge traps,
reducing charge carrier recombination.”® Surface-modified
photocatalysts can efficiently produce hydrogen or other
solar fuels by enhancing reaction rates and charge carrier
dynamics. Modified photocatalysts can effectively remove
pollutants from water and air by enhancing their adsorption
and degradation. Tailored surface properties enable the
synthesis of complex molecules, mimicking natural photo-
synthesis. Still the optimization of cocatalyst loading to
achieve the desired effect without blocking active sites
is challenging. Ensuring the stability of cocatalysts and sur-
face modifications under harsh reaction conditions is crucial
for long-term performance. Developing cocatalysts and
surface modifications specific to each photocatalytic reac-
tion requires a deep understanding of reaction mechanisms.
Cocatalysts and surface modifications serve as effective
strategies to enhance the performance of semiconductor
photocatalysts. By improving charge transfer, reaction
kinetics, and surface properties, these approaches unlock
the full potential of photocatalysis for various applications.
Asresearchers continue to innovate in cocatalyst design and
surface modification techniques, the field of photocatalysis
is poised to contribute significantly to sustainable energy
production, environmental protection, and green chemis-
try.”! A short comparison between photocatalysis and
electrocatalysis is given in Table 2.

17 Nanostructured
photoelectrodes for enhanced
photocatalysis and
photoelectrochemical reactions

Nanostructured photoelectrodes represent a pivotal
advancement in the realm of photocatalysis and photo-
electrochemistry. These engineered materials combine
the benefits of high surface area, efficient charge transport,
and light absorption to optimize light-induced reactions.***
This section explores the significance of nanostructured
photoelectrodes, their design principles, mechanisms, and
applications in driving efficient photocatalytic and photo-
electrochemical processes. The design of nanostructured
photoelectrodes are also depend upon high surface area,
effective charge transport, cocatalyst etc. Photoelectrodes that
are nanostructures offer a large surface-to-volume ratio,
maximizing the area available for reactant adsorption and
catalytic reactions also they can enhance light absorption by
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Table 2: The correlation, comparisons and characteristics of photocatalysis and electrocatalysis.

Photocatalysis

Electrocatalysis

Catalysts characteristics ~ Type Nanomaterials powders or composites thin - Thin films of nanomaterials or powder loaded
films electrodes
Hydrophilicity Hydrophilic Hydrophilic or hydrophobic
Recyclability Feasible for thin films, complex for powder Feasible
Condition of reaction Energy input Solar energy Externally applied voltage
system configuration Single reaction chamber One or two reaction chambers with membrane
Benefits Pathway for charge Relatively short Relatively long
transfer
Efficiency Low High
Cost Low High

trapping and guiding photons within the material, thereby
increasing the efficiency of charge generation. Similarly
provide efficient pathways for charge carriers to move to
the electrode surface, minimizing recombination and can
accommodate co-catalysts, promoting charge separation
and facilitating surface reactions.”® Nanostructured
photoelectrodes exemplify the synergy between material
engineering and light-driven reactions, offering signifi-
cant advancements in both photocatalysis and photo-
electrochemical applications. By leveraging high surface
area, light absorption enhancement, and efficient charge
transport, these innovative materials hold promise for sus-
tainable energy conversion, environmental remediation,
and the synthesis of valuable chemicals. As research con-
tinues to refine design strategies, address challenges, and
uncover new possibilities, nanostructured photoelectrodes
are poised to reshape the landscape of light-induced chem-
ical processes.”*

18 Challenges and opportunities in
nano photo/electrochemistry
for catalysis

The integration of nanomaterials, photochemistry, and
electrochemistry to build advanced catalysts introduces a
realm of both challenges and opportunities. Navigating these
aspects is essential for unlocking the full potential of nano
photo/electrochemistry in catalysis.

The precise control of nanomaterial properties, such as
size, shape, composition, and surface chemistry, remains a
challenge. The development of reproducible and scalable
synthesis methods is necessary to tailor nanocatalysts for
specific reactions. Efficient utilization of photo-generated
charge carriers requires a deep understanding of their

behavior, including recombination pathways and transport
mechanisms. Balancing charge separation and recombina-
tion is critical for achieving high catalytic activity. Many
catalytic reactions involve harsh conditions that can degrade
nanomaterials over time. Designing catalysts that withstand
chemical and electrochemical stresses while maintaining
their activity is a significant challenge. The efficient coupling
of photochemical and electrochemical processes demands
precise control over catalyst-electrode interfaces. Achieving
optimal charge transfer and avoiding undesirable side
reactions at these interfaces is nontrivial. While nano-
catalysts offer increased surface area and reactivity,
achieving high selectivity and specificity in complex reaction
networks remains challenging. Developing catalysts that can
selectively guide reactions to desired products is a key goal.
Unraveling the intricate mechanisms of nano photo/elec-
trocatalysis requires advanced experimental techniques and
theoretical models. Bridging the gap between fundamental
understanding and practical application is a continuous
challenge.”® The high surface area and unique electronic
properties of nanomaterials offer opportunities to signifi-
cantly boost catalytic activity. This is particularly relevant
for energy-intensive reactions such as water splitting and
carbon dioxide reduction. Nanocatalysts can be precisely
engineered to exhibit specific properties, enabling fine-
tuning of catalytic performance. Tailoring these properties
allows researchers to optimize catalysts for desired
reactions. The combination of photochemical and electro-
chemical pathways can lead to synergistic effects, where the
strengths of both processes complement each other. This
opens up new reaction pathways and facilitates the activa-
tion of otherwise inert molecules. Nano photo/electro-
catalysis holds immense potential for renewable energy
conversion, such as solar fuel production. By harnessing
solar energy to drive catalytic reactions, these processes
could contribute to a sustainable energy future. The
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photocatalytic degradation of pollutants and contaminants
presents an environmentally friendly approach to water and
air purification. Nano photo/electrocatalysts offer efficient
ways to address pressing environmental challenges. The
unique reactivity of nanocatalysts can enable precise control
over reaction pathways, leading to highly selective synthesis
of complex molecules. This has implications in pharmaceu-
ticals and fine chemicals production. Advances in spectros-
copy and microscopy techniques allow for real-time
monitoring of catalytic processes at the nanoscale. This
provides insights into reaction mechanisms and aids catalyst
design. The complexity of nano photo/electrochemistry
bridges disciplines, encouraging collaboration between
chemists, physicists, material scientists, and engineers. This
multidisciplinary approach fosters innovation and acceler-
ates progress. In short, the challenges posed by nano photo/
electrochemistry for catalysis are matched by the exciting
opportunities it presents. Overcoming these challenges will
require a concerted effort from researchers across different
fields, driven by the potential to revolutionize how we
approach energy conversion, environmental protection, and
chemical synthesis. As advancements continue to unfold,
the journey towards harnessing the power of nanoscale
interactions for catalysis promises a transformative impact
on science, technology, and society as a whole.

19 Conclusions

The integration of nano photo/electrochemistry with various
types of catalysis has ushered in a new era of efficient and
sustainable chemical transformations. The review intro-
duced the convergence of nano photo/electrochemistry and
catalysis, highlighting their importance in various applica-
tions. It set the stage for understanding the interplay
between nanomaterials, photochemistry, and electrochem-
istry. The challenges and opportunities in the field were
discussed, including the need for improved catalytic effi-
ciency, selectivity, and understanding of complex reaction
mechanisms. The potential to address global challenges
through innovative catalytic processes was emphasized. The
current study elucidated the intricate relationship between
nanomaterials and catalytic behavior. It explored the ways
nanoscale properties influence catalytic activity, selectivity,
and mechanisms, emphasizing the importance of surface
effects and electron transfer processes. The influence of
nanoscale effects, such as size, shape, and surface structure,
on catalytic behavior was examined. These effects were
shown to modify reaction kinetics, adsorption properties,
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and the distribution of active sites. The mechanisms of
photochemical reactions and their significance in initiating
otherwise thermodynamically unfavorable transformations,
the importance of excited states and energy transfer pro-
cesses in catalysis, and the role of electrochemical processes
in catalysis, including electron transfer reactions and double-
layer effects, were explored. The interaction between nano-
structures and reactivity was examined, emphasizing how
nanoscale features influence reaction pathways and surface
reactions. Various types of catalysis were found very serious,
including homogeneous and heterogeneous catalysis, enzy-
matic catalysis, photocatalysis, and photoelectrocatalysis for
nanoscale chemistry. Each type was presented with its sig-
nificance and unique applications in chemical trans-
formations. The role of advanced catalysts in enhancing
photocatalysis was explored. Semiconductor nanomaterials,
plasmonic nanoparticles, and 2D materials were discussed for
their ability to harness light energy for efficient redox re-
actions. Cocatalysts and surface modifications were high-
lighted as strategies to improve photocatalytic performance.
Their influence on charge transfer, surface reaction sites, and
energy level alignment were presented as critical factors in
optimizing catalytic efficiency. The design principles, mech-
anisms, and applications of nanostructured photoelectrodes
were discussed. Their ability to enhance light absorption,
charge transport, and reaction kinetics in both photocatalysis
and photoelectrochemistry was emphasized. The integration
of nano photo/electrochemistry and catalysis has opened up
novel avenues for efficient and sustainable chemical trans-
formations. By understanding the nanoscale effects, photo-
chemical and electrochemical processes, and the interplay
between different catalyst types, researchers can tailor cata-
lytic systems for specific reactions and applications. Advanced
catalysts, including semiconductor nanomaterials and co-
catalysts, offer the potential to revolutionize energy conver-
sion, environmental remediation, and chemical synthesis.
Looking ahead, the continued exploration of advanced cata-
lysts, the development of novel materials, and the optimization
of surface modifications hold the promise of even greater
achievements in nano photo/electrocatalysis. Emerging trends
such as single-atom catalysis, machine learning-assisted cata-
lyst design, and dynamic catalytic systems will likely drive
breakthroughs in the field. As this interdisciplinary field ad-
vances, it will play an increasingly vital role in addressing
global challenges and shaping a sustainable and innovative
future. The fusion of nano photo/electrochemistry with catal-
ysis represents a dynamic field where nanomaterials, light
energy, and redox reactions converge to enable transformative
chemical processes with far-reaching implications.
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