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Nanozymes for clean energy catalysis: unlocking potential, progress
and perspectives

This work highlights the emerging role of nanozymes—engineered
nanomaterials that mimic enzymes in enabling next-generation
clean-energy reactions. The review explores biomimetic nanozymes
that unite biological inspiration with nanoscale engineering to achieve
selective and efficient catalytic transformations for sustainable
energy applications. By emulating key features of natural enzymes
while offering superior stability and tunability, nanozymes open new
pathways for methane upgrading, biofuel production, hydrogen and
oxygen electrocatalysis, and CO2 conversion. The work showcases
how controlled, robust and bio-inspired mechanisms can advance
cleaner and more sustainable catalytic technologies.
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The growing need for sustainable and efficient energy conversion has driven the development of
advanced catalytic materials. In this quest, nanozymes—nanomaterials that mimic the catalytic functions
of natural enzymes emerge as promising candidates due to their tunable catalytic properties, high oper-
ational stability, and cost-effectiveness. This review presents recent advancements in the applications of
nanozymes for clean energy technologies, focusing on their mechanistic roles and engineering strategies
within the scope of key reactions, including hydrogen evolution reaction (HER), oxygen evolution and
reduction reactions (OER, ORR), CO, reduction, biofuel production, and methane-to-methanol conver-
sion. The fundamental classes of nanozymes, their structure—activity relationships, and how their fine-
tuned properties aid energy conversion in systems such as biofuel cells, electrolyzers, and fuel cells are
also discussed. To underscore their practical advantages, nanozymes are benchmarked against conven-
tional catalysts using key performance metrics such as turnover frequency, cost, and stability. Additionally,
the review addresses challenges associated with limited selectivity, incomplete mechanistic understand-
ing, and scalability while also highlighting emerging technologies such as nanostructuring, doping,
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hybridization, and 3D printing. By mapping recent advances and identifying critical research gaps, this
review underscores the potential of established nanozymes and nanozyme-inspired catalytic systems as
next-generation catalysts for clean energy applications and their role in advancing the transition toward a

rsc.li/nanoscale carbon-neutral and circular energy economy.

warming to below 1.5 °C will require rapid and far-reaching

1. Introduction
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1.1 Clean energy transition and key technological challenges

As nations race to decarbonize their economies, clean energy
has emerged as both a scientific frontier and a societal impera-
tive, driving the development of power sources that emit little
to no greenhouse gases while meeting the world’s growing
energy demands. Clean energy technologies—including solar,"
wind,? hydropower,® geothermal,* and bioenergy’—are widely
adopted to reduce dependence on fossil fuels, improve energy
security, and support economic growth.® According to the
International Renewable Energy Agency (IRENA), renewable
resources accounted for approximately 33% of global electricity
generation in 2024, up from around 30% in 2023, where
various sources are highlighted in Fig. 1.” This upward trend
indicates a clear global shift towards sustainable energy. The
transition to renewable energy is essential for mitigating
greenhouse gas emissions, reducing pollution, and curbing
fossil-fuel depletion.®® The Intergovernmental Panel on
Climate Change (IPCC, 2021) indicates that limiting global
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changes in global energy systems, including large-scale substi-
tution of fossil fuels with renewable sources, widespread elec-
trification, and significant improvements in energy
efﬁciency.10 However, persistent scientific, technical, econ-
omic, environmental, and political challenges, as illustrated in
Fig. 2, continue to impede large-scale deployment of clean
energy technologies.

Clean energy systems such as batteries, fuel cells, and solar
panels depend heavily on a narrow set of critical raw materials
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Fig. 1 Global electricity generation by source, 2024.
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Fig. 2 Overview of multifaceted challenges and key solutions in the clean energy transition.

—lithium, cobalt, platinum, and rare-earth elements, raising
concerns about supply security, price volatility, and intensified
mining activities."* Furthermore, converting renewable energy
into storable chemical or electrochemical forms involves multi-
step processes with substantial energy losses, lowering overall
system efficiency.”> Overcoming these barriers requires the

development of advanced materials and catalytic systems
capable of enabling faster, more efficient, and low-energy-
input conversion pathways.**
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Intermittency is another major technical challenge: solar
and wind availability varies with weather and time, introdu-
cing fluctuations that affect grid reliability."* Integrating smart
or Al-enabled grid systems with advanced storage and power-
balancing mechanisms has been proposed as one pathway to
mitigate these fluctuations."®

Yet such solutions require complementary advances at the
materials, catalysis, and reaction-engineering levels to ensure
efficient conversion and storage of harvested energy. Finally,
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the energy transition is shaped by global coordination chal-
lenges, as unequal technological capacity, infrastructure, and
financial resources create disparities in adoption and
implementation.'®'” Alongside these system-level barriers, a
central scientific challenge lies in improving the efficiency of
fundamental energy-conversion reactions—an area where cata-
lysts play a decisive enabling role.

1.2 Catalysis as a central enabler of efficient energy
conversion

When considering the scientific challenges in clean energy,
efficient energy conversion stands out as a major issue. Several
barriers in energy conversion can be addressed through cataly-
sis, most notably reducing energy losses, improving efficiency,
and enabling sustainable pathways for fuel and electricity
production.'®'® By lowering activation energies, catalysts allow
reactions to proceed more efficiently and under milder con-
ditions, enhancing both kinetics and thermodynamics while
reducing system costs and enabling scalable, commercially
viable technologies.”®

These catalytic enhancements are critical for renewable
energy processes including water splitting, CO, reduction,
oxygen reduction, and fuel oxidation, all of which involve
multi-electron transfers, high energy inputs, and inherently
slow kinetics. Catalysts are indispensable for the Hydrogen
Evolution Reaction (HER) and Oxygen Evolution Reaction
(OER), where highly active and stable electrocatalysts are
required to reduce overpotentials and accelerate reaction rates;
without them, these reactions proceed too slowly and demand
excessive electrical input.”’ Similarly, the Oxygen Reduction
Reaction (ORR), a four-electron process, governs the perform-
ance of proton exchange membrane fuel cells and metal-air
batteries, necessitating catalysts with high activity and selecti-
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vity to reach commercial performance. Furthermore, in CO,
reduction and biomass-derived fuel production, redox reac-
tions dominate, steering product selectivity and mimicking
metabolic pathways, while maintaining industrial robustness.
These objectives can only be achieved through the strategic
design and application of advanced catalytic systems.

1.3 Emergence of nanozymes as enzyme-mimicking catalysts

In response to the limitations of conventional catalysts and
natural enzymes, such as poor stability, high cost, or limited tun-
ability, researchers have increasingly turned to emerging
materials known as nanozymes: engineered nanomaterials that
exhibit intrinsic enzyme-like activity while offering enhanced
physicochemical robustness. Nanotechnology has enabled this
shift by leveraging the unique features of materials at the
1-100 nm scale through precise control over composition, struc-
ture, and surface chemistry.*® As a result, nanozymes have rapidly
advanced to the forefront of renewable energy research due to
their tunable catalytic properties, excellent stability under harsh
conditions, and cost-efficiency relative to both natural enzymes
and traditional metal-based catalysts.>® Unlike conventional nano-
catalysts, nanozymes specifically mimic the function of natural
enzymes—such as substrate activation, redox cycling, or inter-
mediate stabilization—with some systems even exhibiting sub-
strate specificity or cascade-type catalytic behavior. Nanozymes
are often inspired by structural or functional motifs present in
natural enzymatic active sites.>* Although the definition retains
some “fuzzy boundaries”, nanozymes are broadly recognized as
nanomaterials that exhibit intrinsic and quantifiable enzyme-
mimicking activity, rather than simply acting as supports for
immobilized enzymes or catalytic ligands.>® Importantly, while all
nanozymes are nanoscale materials, not all nanoparticles qualify
as nanozymes, a distinction that becomes essential when differ-
entiating them from conventional or purely structural catalysts.

Recent literature further recognizes that nanozymes encom-
pass a broader class of catalytic systems, including certain single-
atom catalysts (SACs), dual single-atom catalysts (DSACs) and
structurally well-defined porous materials such as zeolites,
MOFs, and COFs, due to their resemblance to biological and
homogeneous single-site catalytic centers.>**° SAC-based nano-
zymes, often referred to as single-atom nanozymes (SANs), have
demonstrated oxidase-, peroxidase-, and dehydrogenase-like be-
havior in  biocatalysis and electrochemical energy
applications.>*> Likewise, zeolite and MOF catalysts featuring
isolated metal nodes, confined reaction pockets, and substrate
pre-organization have been described as “nanoenzyme-like”
materials, reflecting mechanistic parallels with natural enzymatic
catalysis.’*> Taken together, these developments highlight that
nanozymes represent an evolving continuum of biomimetic cata-
Iytic systems rather than a single mechanistic category.

As detailed in the later sections, nanozyme activity spans
diverse mechanisms, including peroxidase-, oxidase-, catalase-,
and superoxide dismutase-like functions, enabled by material
platforms such as transition metal oxides, MOFs, carbon nano-
materials, and M-N-C frameworks. Beyond mimicking enzyme
behavior, nanozymes offer practical advantages in clean-
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energy systems: enhancing biomass conversion in biofuel
cells,*® improving hydrogen and oxygen evolution in electroly-
zers, facilitating oxygen reduction in fuel cells, and maintain-
ing durability under operational stress. Collectively, these fea-
tures position nanozymes as a promising class of catalytic
materials for next-generation sustainable-energy technologies.

1.4 Advantages of nanozymes over conventional catalytic
systems

Compared with conventional homogeneous or heterogeneous
catalysts, nanozymes possess unique catalytic behaviours
arising from their nanoscale structural tunability and control-
lable surface chemistry.>”*® Their activity can be modulated
through parameters such as composition, morphology, coordi-
nation environment, and defect engineering, enabling precise
adjustment of reaction pathways and catalytic performance.
Nanozymes demonstrate superior stability, tolerance to
extreme reaction environments, and resistance to deactivation
compared with both natural enzymes and traditional metal-
based catalysts.>® Their nanoscale architecture allows straight-
forward surface functionalisation, integration with co-catalysts,
and recyclability, while typically maintaining lower production
costs and better storage stability.’>*® These attributes make
nanozymes particularly attractive for clean-energy transform-
ations where high selectivity, durability, and controllable reac-
tion pathways are required. A detailed benchmarking of nano-
zymes against natural enzymes and conventional catalysts is
provided in section 5.1.

1.5 Scope, framework and objectives of this review

In the global quest for transitioning towards sustainable and
clean energy, the development of cost-effective, durable, and
efficient catalysts to facilitate energy conversion and storage
has gained significant attention. Nanozymes, a promising
class of synthetic catalysts that are not only highly specific and
efficient like natural enzymes, but also tunable and robust due
to their nanomaterial-based design, offer an effective solution
to many of these challenges. With the recent surge in research
on nanozymes for clean energy, a systematic synthesis of
current knowledge and future directions is both timely and
necessary.

This review aims to comprehensively explore the fundamen-
tals, design strategies, and catalytic applications of nanozymes
within the context of clean energy reactions. By delving into
structure-activity relationships and mechanistic insights, we
highlight the role of nanozymes in key reactions, namely
hydrogen evolution, oxygen reduction and evolution, carbon
dioxide reduction, biofuel production, and methane oxidation.
The objective is not only to highlight the contribution of nano-
zymes in renewable energy systems but also to identify their
potential in overcoming the limitations posed by traditional
catalysts and biological enzymes.

In addition to established nanozymes, this review also
examines a set of nanozyme-inspired catalytic systems—
including selected MOFs, COFs, SACs, DSACs, and composite
materials—that were not explicitly labelled as nanozymes in
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their original publications but nonetheless exhibit key features
consistent with emerging nanozyme design principles. These
systems display attributes such as isolated metal centers,
enzyme-like coordination environments, substrate pre-organiz-
ation, confined catalytic pockets, or cascade-type reaction path-
ways, positioning them conceptually along a continuum
between conventional catalysts and established nanozymes.
Throughout this review, the term “established nanozymes” is
used to denote catalytic systems explicitly identified in their
original sources as exhibiting intrinsic enzyme-mimetic
activity, whereas catalytic systems not originally labelled as
nanozymes but demonstrate defining biomimetic catalytic fea-
tures are referred to as “nanozyme-inspired” catalytic systems.
Their inclusion is not intended to retroactively reclassify these
materials, but rather to highlight the expanding scope and
evolving boundaries of nanozyme research and to provide a
comparative baseline for identifying future candidates suitable
for rational nanozyme design.

Additionally, this review systematically surveys recent
advances in nanozyme engineering, including nanostructur-
ing, doping, defect manipulation, and hybridization with co-
catalyst or natural enzymes, to enhance catalytic ability, selecti-
vity, and stability altogether. The integration of nanozymes
into reactor systems and scalable synthetic approaches is also
discussed, with an emphasis on pathways toward real-world
applications. A holistic view of nanozyme performance is pro-
vided by comparing them with other catalytic materials in
terms of turnover frequencies and economic feasibility.
Moreover, the knowledge gaps and challenges contributing to
mechanistic ambiguities and product selectivity control are
highlighted, helping to lay the foundation for targeted future
research efforts.

While most existing research on clean energy catalysts and
nanozymes remains confined to specific applications, this
review adopts a broader lens - charting future opportunities
for clean energy conversion, cross-disciplinary directions, and
pathways toward transformative impact. It discusses emerging
trends in nanozyme research, including innovative fabrication
techniques like 3D printed catalyst architectures, and explores
the potential impact of nanozymes on the commercialization
of clean energy technologies. This provides a roadmap for
advancing nanozymes from mere laboratory curiosity to indus-
trial reality. In essence, this review serves as a bridge between
fundamental principles and applied science, providing a mul-
tidimensional view of how nanozymes can shape the future of
sustainable energy technologies. It aspires to inform and
inspire researchers and engineers who seek to leverage nano-
zymes in advancing global sustainable energy outcomes.

2. Fundamentals of nanozymes
2.1 Definition, discovery, and mechanisms

Nanozymes are a class of nanomaterials that inherently exhibit
enzyme-like catalytic behavior, distinguishing them from
systems in which natural enzymes or catalytic ligands are

This journal is © The Royal Society of Chemistry 2026
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merely immobilized on nanomaterials. Mechanistically, a
major distinction between nanozymes and protein-based
enzymes is that nanozyme activity is strongly influenced by
surface valency, coordination environment, and electronic
structure. Recent efforts to formalize the definition of nano-
zymes, including the perspective by Robert et al (2022),
propose that a nanoparticle should be considered a nanozyme
only when it demonstrates intrinsic catalytic activity analogous
to natural enzymes—for example, the peroxidase-like behavior
first observed in Fe;O, nanoparticles.”’ This definition has
played an important role in establishing rigorous activity-
based criteria. However, it is now widely recognized that this
framework is intentionally narrow and does not encompass
the broader range of biomimetic catalytic behaviors reported
across emerging nanozyme systems. Many modern nanozymes
derive their functionality not only from peroxidase-like activity,
but also from enzyme-inspired coordination environments,
substrate pre-organization, confined reaction spaces, redox
cycling, or cascade-like reactivity—features that extend beyond
a strict activity checklist. Consequently, the term “nanozyme”
continues to evolve in parallel with advances in nanoscale cata-
lyst design.

The term “nanozymes” was initially introduced by Manea
et al. in 2004, referring to the transphosphorylation activity

Nanozyme Timeline

2004 2010-2015 2020- present
"Nanozyme" Expansion and Advanced
term ?olned Diversification Apphclatmns
l —
| |
2007 2016-2019
Fe:0: Mechanistic
nanozyme Understanding
breakthrough and Design

Fig. 3 Timeline showing key milestones in the development of
nanozymes.
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displayed by
nanoparticles.*?

However, the concept gained broader recognition following
the 2007 discovery of Fe;O, nanoparticles possessing intrinsic
peroxidase-like activity as seen in Fig. 3.*

It was demonstrated that Fe;0, nanoparticles could facili-
tate the oxidation of conventional peroxidase substrates, such
as diazo-aminobenzene (DAB), 3,3',5,5-tetramethylbenzidine
(TMB), and o-phenylenediamine (OPD) in the presence of
hydrogen peroxide, resulting in observable colorimetric
changes. These findings highlighted their peroxidase-mimick-
ing properties. Subsequent kinetic studies identified a ping-
pong catalytic mechanism, also called a double-displacement
mechanism, in which the catalyst temporarily forms an inter-
mediate state before regenerating to its original form during
the reaction process. Compared to horseradish peroxidase
(HRP), Fe;0, nanozymes displayed a higher catalytic turnover
(Keat = 8.58 x 10" s7') but a lower substrate affinity (Ky =
154 mM). This led to the formulation of catalytic activity units
and standardized evaluation methods, enabling quantitative
comparison of various nanozyme systems.**

Since the initial discovery of Fe;O,’s peroxidase-like pro-
perties in 2007,*® the field has expanded rapidly, with over 200
research groups worldwide contributing to the development of
nanozymes based on diverse nanomaterial platforms.*>*® The
surge in related publications reflects growing scientific interest
and the wide-ranging potential applications of these materials.

triazacyclononane-functionalized gold

2.2 Types and catalytic functions

Nanozymes have garnered significant attention because of
their promising catalytic capabilities. This section provides an
overview of the underlying mechanisms and kinetic behaviors
of representative nanozymes exhibiting distinct enzyme-like
activities (Table 1).

2.2.1 Peroxidase-like activity. Peroxidase-mimicking nano-
zymes operate mainly through two catalytic pathways: the

Table 1 Overview of enzyme-mimicry in nanozymes: functions and energy relevance

Enzyme type Reaction catalyzed Example nanozyme Mechanism Application (energy/other)

Peroxidase- H,0, + AH, - 2H,0 + A C0;0, % Fenton-like mechanism Fuel cell cathodes, biosensing,

like oxidative pollution degradation, lignin
valorization, oxidative desulfurization

Oxidase-like 0, + AH, —» H,0, + A CeO, *8 Surface Ce*'/Ce*" redox Oxygen activation (methane-to-

Superoxide 20, +2H" - H,0, + O, Tris-malonic acid
dismutase- derivative of fullerene
like Ceo (C5)™*°

Catalase- 2H,0, — 2H,0 + O, CeO,*°

like

Reductase- A+e +H — AH Fe;0,/poly m-phenylene-
like diamine (PmPD) **

This journal is © The Royal Society of Chemistry 2026

cycling to generate super-
oxide anion from O,

methanol), oxygen reduction in metal-
air batteries, photocatalytic fuel
production, aerobic biomass
conversion

Protection of active sites in oxidative
catalysis, redox balancing in the O,
evolution reaction

Electron-deficient zones
attract O, " anions,
enabling surface-based
dismutation
Surface-mediated
decomposition of H,O,

H,O0, stabilization in biofuel cells, O,
generation in photo/electrochemical
water splitting.

Electrocatalytic CO, or nitrate
reduction, hydrogenation of renewable
feedstocks, and detoxification of
aqueous Cr (VI)

Electron relay through the
metal centre
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Fig. 4 Schematic representation of peroxidase-like activity of
nanozymes.

generation of reactive oxygen species (ROS) and electron trans-
fer mechanisms.’>*® A widely accepted mechanism involves
Fenton or Fenton-like reactions.*? Initially, hydrogen peroxide
(H,0,) is adsorbed onto the nanozyme’s surface (Fig. 4), facili-
tating cleavage of the O-O bond and yielding hydroxyl radicals
('OH). These radicals are stabilized by partial electron
exchange interactions with the nanozyme surface®">® and sub-
sequently oxidize the substrate to generate colored intermedi-
ates or products, which may further dimerize or decompose
into carbon dioxide, water, and salts.”®

Distinct from the Fenton mechanism, certain nanozymes cat-
alyze peroxidase-like reactions via direct electron transfer
without the production of hydroxyl ("OH) radicals.”’”*® In this
process, the nanoparticle acts as a mediator, enabling electron
flow between H,0, and the substrate. Moreover, upon excitation
by localized surface plasmon resonance, hot electrons are pro-
duced and injected into H,O, orbitals, promoting its decompo-
sition into hydroxyl radicals and hydroxide ions.”’
Simultaneously, holes generated during this process are neutral-
ized by OH", water, or other electron donors, preventing recom-
bination and accelerating the catalytic breakdown of H,0,.””®

2.2.2 Oxidase-like nanozymes. Oxidase enzymes catalyze
substrate oxidation using molecular oxygen (O,) as the electron
acceptor. These enzymes are often named based on their
target substrate, such as glucose oxidase, lactate oxidase,
alcohol oxidase, and uric acid oxidase, which facilitate the oxi-
dation of glucose, lactate, ethanol, and uric acid, respectively.
Recently, nanomaterials such as gold (Au) nanoparticles,’**°
manganese dioxide (MnO,),*" and cerium oxide (CeO,)*® have
been identified as oxidase mimics. Moreover, oxidase-mimick-
ing nanoparticles are being increasingly applied in colori-
metric detection assays, where they catalyze the oxidation of
substrates using O,, often producing H,0, as a byproduct®>**
(Fig. 5). These catalytic processes depend on both the struc-
tural and electronic characteristics of the nanoparticle and the

{ Subs(rate

Substrate

Substrate | /

+

Molecular Oxygen Oxidase-like

Nanozyme

S|de Products

Fig. 5 Schematic representation of oxidase-like activity of nanozymes.
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substrate. However, in contrast to natural oxidases, most nano-
zymes exhibit broader substrate ranges and often lack the high
substrate specificity of their biological counterparts, making
the enhancement of selectivity an ongoing research challenge.

2.2.3 Superoxide dismutase-like activity. Numerous nano-
particles have shown the ability to mimic superoxide dismu-
tase (SOD) activity by converting superoxide radicals (0,7)
into H,0, and O, (Fig. 6). The underlying mechanisms,
however, vary depending on the nanozyme’s structure. For
example, Cgo[C(COOH),];-based nanozymes feature electron-
deficient zones that electrostatically attract O, " anions,
enabling surface-mediated dismutation. The carboxyl groups
on the nanozyme contribute protons, aiding the catalytic
cycle.”® For cerium oxide (CeO,), SOD-like activity arises from
Ce**/Ce*" redox cycling, supported by oxygen vacancies on the
nanoparticle surface.”® Here, superoxide anions interact with
surface vacancies and, in the presence of protons, are trans
formed into H,0,, a mechanism analogous to that observed in
Fe and Mn-based SOD mimics.®?

2.2.4 Catalase-like activity. Catalase-mimicking nanozymes
catalyze the conversion of H,0, into water and oxygen (Fig. 7).
Similar to their SOD-like function, cerium oxide-based nano-
zymes perform this reaction through Ce*/Ce** redox cycling.
In this mechanism, the O-O bond of adsorbed H,0, is cleaved
with proton assistance, leading to water release from the nano-
zyme’s surface.>°

2.2.5 Reductase-like activity. Nanozymes with reductase-
like (R-like) catalytic activity have been widely reported for the
reduction of various substrates (Fig. 8).°>°” For example, hexa-
valent chromium (Cr(v1)) can be reduced to the less toxic triva-
lent chromium (Cr(ur)) using magnetite-based or cobalt oxide-
based nanocomposites.”"®® Similarly, peroxynitrite can be

Superoxide Dismutase- + +
. like Nanozyme
2x Superoxide radicals  (\i_metal center)

Fig. 6 Schematic representation of superoxide-dismutase-like activity
of nanozymes.

Catalase-like Nanozyme
2 x Hydrogen Peroxide {retal catar)

- + a
molecules | @ ‘

Side Products

Fig. 7 Schematic representation of catalase-like activity of nanozymes.
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representation of reductase-like activity of

reduced by graphene-hemin hybrids,*® while zeolitic imidazo-
late frameworks (ZIFs) encapsulated in polyethylenimine cata-
lyze the reduction of cytochrome ¢ (Cyt c).®® Several nanozymes
also facilitate the reduction of 4-nitrophenol to 4-aminophenol
in the presence of sodium borohydride, a widely used model
reaction for benchmarking reductase-like activity. This has
been demonstrated using gold (Au) and silver (Ag) nano-
particles, cobalt oxide-reduced graphene oxide composites,
platinum nanoparticles, and iron oxide incorporated in algi-
nate-bentonite hydrogels.”®

2.3 Structure-activity relationships

2.3.1 Composition. The composition of nanozymes is a
primary detriment to their catalytic activity, largely governed
by the density and accessibility of metal active centers.”””* For
instance, Wu et al.,”” employed a salt-template technique to
synthesize a Cu-N-C nanozyme featuring atomically dispersed
copper with high loading, which exhibited outstanding peroxi-
dase-like activity. Moreover, the size of nanozymes also signifi-
cantly affects their catalytic efficiency.”*””

Another strategy to boost catalytic functionality is the incor-
poration of additional metals.”® The group led by Ma et al.””
developed a dual single-atom Mo/Zn nanozyme, where syner-
gistic interactions between Mo and Zn atoms resulted in K, =
40.32 mM, a remarkable peroxidase-like performance.
Designing nanozymes with high metal loading or multiple
active centers is an exciting and promising direction. Surface
engineering further boosts catalytic and biological
performance.”®# For example, Xin et al.®' created polyethyl-
ene glycol-coated Fe single-atom nanocatalysts (PSAF NCs),
with improved stability and biocompatibility, enabling
efficient H,0,-to-hydroxyl radical conversion under acidic con-
ditions for targeted tumor cell destruction.

2.3.2 Coordination number. The catalytic efficiency of
nanozymes is strongly influenced by the coordination environ-
ment surrounding their active metal centers. Cui et al. devel-
oped a suite of single-atom Fe-based nanozymes utilizing Fe-
NX coordination structures. Their studies demonstrated that
altering the coordination number can fine-tune the nano-
zyme’s oxidase-like performance. Notably, nanozymes with Fe—
N; coordination showed superior oxidase-mimicking activity,
suggesting promising applications in tissue repair.®” Building
on this, Zheng’s group synthesized Mo-based nanozymes with
Mo-NX-C structures and evaluated how variations in coordi-
nation number impacted peroxidase-like behavior.®*** Both

This journal is © The Royal Society of Chemistry 2026
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simulations and lab results confirmed that the Mo-N;-C
single-atom configuration provided exceptional catalytic capa-
bility. Additionally, when compared with other M-Nj; type
nanozymes (including Fe-N3;, Co-N3, and Ni-N;), Mo-N;-C
demonstrated superior activity and specificity. However, a
common limitation of single-atom catalysts is the absence of
neighboring active sites. To address this, an atomically dis-
persed copper cluster nanozyme (Cuz) was recently devel-
oped.®® Advanced characterization using Aberration-Corrected
High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (AC-HAADF-STEM) and Extended X-ray
Absorption Fine Structure (EXAFS) confirmed the successful
synthesis of this Cu; cluster nanozyme. Unlike traditional
single-atom or bulk nanoparticle systems, these cluster-type
nanozymes contain adjacent copper atoms, which contribute
to a denser electron environment at the active sites. This
enhances both oxygen adsorption and O-O bond cleavage,
yielding significantly stronger oxidase-like activity.*® Therefore,
modifying the coordination number, either through metal-
metal interactions or metal-support interfaces, emerges as a
powerful strategy for tailoring the catalytic performance of
atomically dispersed nanozymes.

2.3.3 Heteroatom doping. Heteroatom doping has emerged
as a crucial method for enhancing the catalytic efficiency of
nanozymes.” *° Fan et al®® introduced nitrogen-doped carbon
nanospheres exhibiting multiple enzyme-mimicking behaviors.
X-ray Photoelectron Spectroscopy (XPS) revealed pyridinic N
(N-6), pyrrolic N (N-5), quaternary N (N-Q), and pyridinic
N-oxide (N-OX) species, which serve as anchoring sites for metal
active centers. Wu et al.’" developed Fe-N-C (FeNGR) nano-
zymes that mimic the function of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase. In another study, Xu’s
group®® synthesized a single-atom Zn nanozyme, ie., carbon
nanospheres consisting of a zinc-centered porphyrin-like struc-
ture (PMCS) by pyrolyzing mono-dispersed ZIF-8 at high temp-
eratures. The graphitized nitrogen altered the electronic struc-
ture around the Zn sites, thereby enhancing the peroxidase-
mimetic behavior of PMCS. Their comparative study, based on
the coordination configuration of Zn sites, revealed that PMCS
containing Zn-N, unsaturated coordination displayed the most
pronounced catalytic efficiency. Beyond nitrogen, other hetero-
atoms doped into carbon frameworks also refine nanozyme
activity. Jiao et al.>® designed boron (B)-doped single-atom Fe
nanozymes where charge modulation by B reduced reaction bar-
riers near the Fe active site and improved peroxidase-like activity.
A near-linear correlation was also found between the energy
required to form hydroxyl radicals and the local positive charge
at Fe centers, offering insights for rational nanozyme design.
Furthermore, Ji’s group” reported a FeN,P-based single-atom
nanozyme (FeN;P-SAzyme), wherein phosphorus (P) and nitro-
gen (N) atoms coordinated precisely with Fe to tune its electronic
environment. The presence of phosphorus (P) as an electron-
donating dopant increased electron density at the Fe site,
improving catalytic performance. Computational data indicated
that FeN;P-SAzyme exhibited stronger peroxidase-like activity
than both FeN,-SAzyme and Fe;O, nanozymes.
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3. Applications of nanozymes in
clean energy conversion

Nanozymes, owing to their structural versatility, tunable active
sites, and robustness under harsh conditions, have emerged
as promising catalysts for advancing clean energy techno-
logies. They play key roles in processes such as carbon dioxide
reduction and valorization into fuels, as well as in water split-
ting reactions, including the Hydrogen Evolution Reaction
(HER), Oxygen Evolution Reaction (OER), and Oxygen
Reduction Reaction (ORR). In particular, nanozymes have been
explored as electrocatalysts for fuel cell applications, enabling
efficient conversion of chemical energy into electrical power.
Additionally, nanozymes facilitate the transformation of
organic matter and biogas into renewable energy carriers such
as biofuels. The following subsections highlight how nano-
zymes contribute to these clean energy pathways across several
key reactions. Fig. 9 provides an overview of these applications
and serves as a roadmap for the discussion that follows.

3.1. Hydrogen evolution reaction (HER)

The rapid depletion of fossil fuel reserves and the growing
global energy demand present significant challenges, prompt-
ing the pursuit of alternative, earth-abundant energy sources
and efficient energy storage systems. Among these, electro-
chemical water splitting has emerged as a highly promising
approach, enabling the production of clean hydrogen fuel.”
Hydrogen is a vital clean energy option and a sustainable sub-
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stitute for fossil fuels. The Hydrogen Evolution Reaction (HER)
is a crucial process in water splitting and ranks among the
most significant processes for the generation of sustainable
energy, leading to the design and discovery of numerous active
catalysts. It occurs in three elementary steps: Volmer, Tafel,
and Heyrovsky. In acidic media, the Volmer step includes the
reduction of a proton to form adsorbed hydrogen on the active
site. In the Tafel and Heyrovsky steps, two adsorbed hydrogen
atoms recombine chemically, and a single adsorbed hydrogen
atom reacts electrochemically with a proton and an electron to
release hydrogen gas, respectively. Whereas, in alkaline media,
water molecules are first dissociated to produce hydrogen, as
depicted in Fig. 10.°>'°" An efficient catalyst is characterized
by high intrinsic performance, a large surface area, and rapid
electron transfer. Fabrication method, whether intrinsic (com-
position-related) or extrinsic (structural tuning), generally does
not affect the structural or electrical properties of the catalytic
materials; instead, they often enhance both aspects simul-
taneously. For example, nanomaterials with a narrow size dis-
tribution expose a greater number of catalytic sites (an elec-
tronic impact) and increase the interfacial area (a structural
impact), both of which are important for electrocatalytic
effectiveness.’®>'%  Notably, nanozymes have emerged as
promising HER catalysts, offering both structural tunability
and catalytic versatility. The synthesis of nanozymes is often
complex, making it difficult to achieve consistent reproducibil-
ity and uniformity.’® Moreover, their industrial application
under different pH and temperature conditions remains
insufficiently explored and requires further research.*’
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Fig. 9 Schematic overview of nanozyme applications in clean energy conversion covered in this review.
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Fig. 10 Schematic representation of the Volmer-Tafel and Volmer—
Heyrovsky reactions taking place on nanozyme surface in both acidic
and alkaline environments.

3.1.1 Mechanistic pathways of nanozymes in HER. The
catalytic mechanism of most nanozymes consists of two main
steps: an electron transfer pathway and a reactive oxygen
species (ROS)-induced pathway (Fig. 11). In the electron trans-
fer pathway, the electrons are transferred by nanozymes from
biomolecules to the oxygen molecule (O,) or hydrogen per-
oxide (H,O,). The biomolecules work as electron donors,
where O, or H,0, act as electron acceptors.'*'® The ROS-
driven pathway can be further categorized into two distinct
types: free ROS and bound ROS. The kinetic mechanism of the
free ROS pathway involves the interaction of H,0, with peroxi-
dase (POD)-like nanozymes, resulting in the formation of
hydroxyl radicals. These radicals oxidize the substrate by
abstracting a proton (H') from the biomolecule, which serves
as the hydrogen donor.**'°°

In the bound ROS pathway, a single H,0, molecule reacts
with a POD-like nanozyme to form a metal-oxide intermediate,
which abstracts a proton (H') from the substrate and drives

Dual- Step Catalytic Pathway

1. Electron Transfer Pathway

°\Q// \ e (0]

Electron acceptors Reactive-Oxygen
Nanozyme Species

2. ROS- Induced Pathway

Metal-oxide intermediate

Fig. 11 Schematic representation of a dual-step catalytic mechanism
followed by nanozymes.
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the catalytic peroxidase reaction.'®”'°® The main difference
between these two pathways lies in how the substrate interacts
with the nanozyme: in the bound ROS pathway, the substrate
engages directly with the ROS intermediate; whereas in the
free ROS pathway, the reaction proceeds through freely
diffusing ROS in solution.'®®'°® Due to the structural inhom-
ogeneity of nanozymes, it is difficult to determine the geome-
try of active sites, which substantially hinders mechanistic
elucidation.

3.1.2 Design strategies for efficient and stable HER nano-
zymes. Over the years, a broad array of nanomaterials has been
investigated and designed for their enzyme-mimicking capa-
bilities, following general design principles. This progress has
stimulated interest in catalytic nanomaterials, including noble
metals like silver, platinum, and gold,"**''! metal oxides such
as Co304'"? and metal-organic frameworks (MOFs).'">!*
Nevertheless, challenges remain, especially relating to water
stability and the potential release of toxic metal ions."** These
limitations underscore the ongoing need for new nano-
materials that can effectively mimic natural enzyme functions.

Single-atom catalysts (SACs), featuring atomically dispersed
metal active sites and optimal atom utilization, serve as ideal
models to study catalytic mechanisms. In some studies, where
single metal atoms are dispersed on a support, they have
shown superior HER activity.''® Another promising direction
is the design of hybrid nanozymes, especially those built
around multi-metal centers. For example, Bar-Hen et al.''”
developed a hybrid catalyst made from Ag, Ag,S, and MoS,,
measuring 610 mV and 455 mV overpotential in 0.5 M KOH
and 0.5 M H,S0,, respectively. Many catalytic systems tend to
suffer from poor stability. To address this, Zhang et al''®
adopted a different approach, introducing a bioinspired
sulfur-Fe-heme nanozyme designed to enhance both activity
and stability. These examples illustrate how composite metal-
based nanozymes represent promising steps toward practical
and scalable HER catalyst development. Table 2 highlights
representative examples of established nanozymes and nano-
zyme-inspired catalytic systems developed for efficient HER
catalysis.

3.2 Oxygen evolution and reduction reactions (OER & ORR)

The oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) play pivotal roles in artificial energy conversion
technologies. Central to these processes are the formation and
cleavage of H-H and O-O bonds, which are critical reaction
steps (Fig. 12). In natural systems, the intermediates involved
in these bond transformations are typically highly reactive and
transient, making their detection and study particularly chal-
lenging. In artificial catalytic systems, achieving these reac-
tions at practical rates and near their thermodynamic equili-
brium remains a significant hurdle. As such, uncovering the
underlying reaction mechanisms and establishing clear struc-
ture-function relationships is crucial for advancing catalyst
design and improving efficiency."*°

3.2.1 ORR and oxidase-like (OXD-like) catalysis. Motivated
by the catalytic parallels between natural enzymes and syn-
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Table 2 Representative examples of established nanozymes and nanozyme-inspired catalytic systems for HER

Catalyst Pathway/reaction conditions Highlights Ref.
NiCo,0,@Al-Sn “ Sea water (4 wt% NacCl solution), Room Hydrogen production rate-915 L h™" per gram of nanozymes 119

Temperature Mimics hydrogenase-like activity.
NiCo,S, “ 0.5 M Na,SO, Decorated on CaTiO;, hydrogen production rate-307.76 pmol g~* h™" 120
FeSe,, FeS, ¢ 0.5 M H,SO, (pH-0.8) FeSe, depicts lower onset potential than FeS, 121
NiCo,0, “ Room temperature Hydrogen production rate —0.61 L min™" g™* 122
OVs-TiO,/Pd Photocatalytic Hydrogen production rate —22.15 mmol h™' g™* 123
HNSs “
Au-Rh ¢ Hydrolysis of B,(OH), Au-Rh nanoparticles encapsulated in a “click” dendrimer 124

TOFs = 6000 moly, Mol ' min™"

Tip1Cp To—Ptga Volmer-Heyrovsky mechanism

Thickness effects catalytic performance 116

Best performing catalyst-Ti,CF,~Ptss and Ti,CH,O,-Ptsa

Ag@MoS, b Ar-saturated 0.5 M H,SO, and 0.5 M KOH

Higher activity in alkaline media. 117

Ag drives water dissociation, MoS, drives hydrogen recombination.

Ni,Co,-BTC” 1 M KOH

Requires only —0.203 V vs. RHE @ 10 mA cm™> 125

Best performing catalyst-Ni, gCog ,-BTC

“Established nanozymes: explicitly identified as nanozymes with experimentally verified intrinsic enzyme-mimetic activity in the original publi-
cation. ? Nanozyme-inspired catalytic systems: not originally labelled as nanozymes but consistent with emerging nanozyme design principles.
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00
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Fig. 12 Typical representation of oxygen evolution and oxygen
reduction reactions.

thetic catalysts, researchers have examined various natural oxi-
dases as promising electrocatalysts for ORR.”” From a
mechanistic standpoint, ORR electrocatalysts typically demand
high electrical conductivity to ensure efficient electron transfer
from the electrode to the catalyst surface and ultimately to
oxygen molecules. Whereas, in nanozyme-catalyzed oxidase
reactions, electron transfer occurs directly between the oxygen
species and substrates confined on the catalyst surface,
without requiring long-range conductivity. Combining the dis-
tinct kinetic characteristics of ORR and oxidase-like (OXD-like)
catalysis offers a promising strategy to enhance reaction
selectivity. In ORR electrocatalysis, electrons are continuously
delivered from the working electrode, making H,0, selectivity

130 | Nanoscale, 2026, 18, 1121-1156

largely dependent on the intrinsic electronic and structural
properties of the catalyst. In contrast, in enzyme-like systems,
electron donation is limited by the dehydrogenation of sub-
strate molecules. Each catalytic site typically abstracts only two
electrons per substrate molecule, thereby limiting oxygen
reduction to the 2e” pathway and enabling H,O0,
production.'?®

3.2.2 Role of OER and ORR nanozymes in electrolyzers and
fuel cells. The oxygen reduction reaction (ORR) is a critical
electrochemical process underpinning the performance of fuel
cells and related energy technologies."*®'*° Similar to the
oxygen evolution reaction (OER), the ORR entails a series of
multi-electron transfer steps, resulting in inherently slow kine-
tics (Fig. 13). Platinum-based electrocatalysts currently exhibit
the highest ORR activity, but their limited availability and high
cost restrict widespread practical applications. One partial
solution lies in enhancing the atomic utilization efficiency of
platinum. For instance, Pt single-atom catalysts (SACs) sup-
ported on carbon black have been developed with power den-
sities reaching up to 680 mW cm™> at 80 °C in acidic fuel
cells.

Beyond noble metals, significant attention has turned to
non-noble metal SACs for the ORR. Zhang et al."**> developed a
modular synthesis strategy to embed isolated cobalt centers
into a multichannel carbon matrix (Co@MCM). Han, et al.**?
introduced chlorine ligands to FeN, centers (FeCl;N,/CNS),
which significantly enhanced the catalytic performance. The
modified catalyst achieved a half-wave potential (E;/,) of 0.921
V in alkaline media, surpassing both unmodified FeN,/CN and
commercial Pt/C catalysts.

Owing to their outstanding catalytic activity in the oxygen
reduction reaction (ORR), single-atom catalysts (SACs) have
been extensively investigated as cathode materials for zinc-air
batteries. In one study, Chen et al."** synthesized Fe-based
SACs by anchoring isolated iron atoms onto a hollow carbon
matrix co-doped with nitrogen, phosphorus, and sulfur

This journal is © The Royal Society of Chemistry 2026
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Fig. 13 Schematic representation of the role of nanozymes in OER and
ORR.

(Fe-SAs/NPS-HC). This catalyst exhibited a peak power
density of 195 mW em™ at a current density of 375 mA cm ™.
Density functional theory (DFT) calculations suggested that
this high efficiency and favorable reaction kinetics stem
from electron donation by coordinated S and P atoms to the
Fe centers. This electron transfer reduced the positive charge
on iron (Fe’"), thereby weakening the adsorption of inter-
mediate 'OH species and facilitating the overall ORR
process.
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The oxygen evolution reaction (OER) involves a complex
four-electron transfer process, which imposes high energy bar-
riers.”*®> Ru- and Ir-based oxides are recognized as benchmark
OER electrocatalysts, but their practical applications in acidic
media are hindered by their limited stability due to surface
degradation. To address this, researchers have explored
anchoring isolated Ru or Ir atoms onto acid-resistant supports
to simultaneously enhance their catalytic efficiency and dura-
bility.*® Other transition metal SACs have also shown strong
OER activity."”” Drawing inspiration from the natural oxygen-
evolving complex CaMn,Os in chlorophyll, researchers have
also developed mononuclear manganese embedded in nitro-
gen-doped graphene (Mn-NG), which achieved a turnover fre-
quency (TOF) exceeding 200 s~*."*® Table 3 summarizes repre-
sentative examples of established nanozymes and nanozyme-
inspired catalytic systems developed for ORR and OER across
electrolyzers, fuel cells, zinc-air batteries, etc.

3.3 CO, reduction reaction

Following the critical role of nanozymes in the HER, OER, and
ORR, another frontier lies in CO, utilization, which not only
addresses greenhouse gas emissions but also provides sustain-
able routes to fuels and value-added chemicals. CO, is a
thermodynamically stable compound with a standard enthalpy
of formation of 393.5 k] mol "."*° Its linear and symmetric
molecular geometry contributes to its kinetic inertness,
making activation more challenging. Consequently, converting
CO, into value-added products (Fig. 14) necessitates effective
activation strategies and substantial energy input, either from
high-energy substrates or through external sources such as
light or electricity.

3.3.1 Mechanistic pathways in electrochemical CO,
reduction. The CO, reduction reaction (CO,RR) is inherently
complex, involving multiple electron and proton transfer steps

Table 3 Representative examples of established nanozymes and nanozyme-inspired catalytic systems for ORR and OER

Catalyst Reaction conditions Active site Performance metrics and selectivity =~ Ref.
Rh,/NC* 125 mM H;PO; + 125 mM KH,PO, Rh-N, 0.48 Mol Zeatarys - h™", 100% 139
NiFe-P,,@PNTA ¢ 1 M KOH NiFe-Zn>*" 300 mV@100 mA cm ™ 140
C0,0,“ 1 M KOH Co,0, TOF was 0.0117 at | of 400 mV 141
NFCL(70)-LDH@NF “ 1 M KOH NiFe-LDH 224 mV@100 mA cm™? 142
FeCu-DA/NC“ 0.1 M KOH, 0.5 M H,SO, FeN,CuN, Ey, gap of 20 mV to Pt/C in an acid 143
Fe-N-C*“ 0,- and N,-saturated HAc-NaAc buffer FeNC Fe-N-C > N-C 144
solution (0.1 M, pH 5)
FeN; SAs ¢ Three-electrode electrochemical system FeNjg Kn=42x10"M 145
Pt@PMOF ¢ 0.1 M PBS with N2 Pt NPs Not stated 146
O-CNTs” 0.1 M KOH or 0.1 M phosphate-buffered ~ Quinone type ~3950 mg L' h™' @ 0.4-0.65 V, 147
saline C=0 90%
h-Pt,~CuS, ” 1.1V, 0.1 M HCIO,, 1600 rpm Pt—CuS 35+4 A g @ 0.4V, 96% 148
Pt-supported sulfur-doped zeolite- 0.1 M HCIOy, Vg = Vagiagct + 0.287 V, Pt nanoparticles  97.5 pmol h™@0 V, 96% 149
templated carbon” 900 rpm
Ru-N-C” 0.5 M H,SO, Ru-N, 3571 A @metal ', TOF-3348 O, h™, 136
HCM@Ni-N? 1 M KOH electrolyte at 25 °C Ni-N Overpotential-403 mV, current 137

density-10 mA cm™?

“Established nanozymes: explicitly identified as nanozymes with experimentally verified intrinsic enzyme-mimetic activity in the original publi-
cation. ? Nanozyme-inspired catalytic systems: not originally labelled as nanozymes but consistent with emerging nanozyme design principles.
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Fig. 14 Schematic representation of CO, valorization products.

that give rise to a diverse range of products. Establishing a
definitive reaction mechanism, therefore, remains a significant
challenge. As reported by Kuhl et al.,">" up to 16 distinct pro-
ducts, including alkanes, alkenes, aldehydes, ketones, alco-
hols, and carboxylic acids, have been observed from CO,RR on
copper-based catalysts. This intricate reaction network arises
because many products share common intermediates.
However, despite substantial progress, many elementary steps
and mechanistic details remain incompletely validated
experimentally.

Adding to the complexity is the wide array of possible inter-
mediates in CO,RR. In contrast, the hydrogen evolution reac-
tion (HER), which often competes with CO,RR, it is kinetically
more favorable and can be predicted using the Sabatier prin-
ciple. This principle qualitatively states that optimal catalytic
performance occurs when the interaction between a catalyst
and its substrate is balanced - neither too weak nor too
strong."*?

Achieving selective CO,RR toward specific value-added pro-
ducts is particularly difficult due to the linear scaling relation-
ships among the binding energies of similar surface inter-
mediates."? For example, the transformation of *CO to *CHO,
an essential step in CH, formation, has the largest free energy
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barrier (0.75 eV), making it the rate-determining step.
Improving this transformation would require a catalyst surface
that binds *CHO more strongly than *CO, which is inherently
challenging due to the scaling constraints.">*

3.3.2 Nanozyme strategies for selectivity and product
control in CO2RR. Activation through thermal, photo-, or
electrocatalytic routes is essential for CO, utilization. To date,
homogeneous catalytic systems have been extensively studied
for CO, transformations through the formation of activated
intermediates. Insights gained from these homogeneous
systems have guided the development of heterogeneous cata-
lysts, which address key issues like poor thermal stability and
lack of recyclability. Among various fabrication approaches,
immobilizing molecular catalysts onto nanomaterials has
proven particularly effective due to its straightforwardness.
Alternatively, designing nanostructures with inherent catalytic
activity presents a robust and promising strategy.'>> Selectivity
and stability are therefore vital parameters when evaluating
catalysts for CO,RR.

A coordination-number-dependent trend was noted for
copper-based catalysts,">® where catalytic activity and product
distribution varied significantly with particle size.
Nanoparticles of 1.9 and 2.3 nm exhibited abrupt increases in
activity, showing 2-fold and 1.5-fold higher current densities
compared to Cu foils at —1.1 V vs. RHE. This trend also
extends to other metals. Gao et al."> revealed a size-affected
divergence in the adsorption energies of *COOH and *H, for
Pd NPs, which favored CO production over HER. Unlike Au
and Cu NPs, where HER often dominates, Pd NPs selectively
promoted CO generation due to these altered adsorption
characteristics. Table 4 provides an overview of representative
classes of established nanozymes and nanozyme-inspired cata-
Iytic systems designed for the effective valorization of CO, into
high-value products.

3.4 Biofuel and bioenergy production

3.4.1 Enzyme mimicry in Dbiological energy systems.
Enzymes, which are nature’s catalysts, are generally classified
into six distinct categories according to the type of catalytic
reaction they facilitate: oxidoreductases, transferases, hydro-
lases, lyases, ligases, and isomerases. In the context of bioe-
nergy, nanozymes that mimic natural enzymes such as glucose

Table 4 Representative examples of established nanozymes and nanozyme-inspired catalytic systems for CO, valorization

Catalyst Type of catalysis Performance metrics Product targeted Ref.
PPF-100“ Electrocatalysis Faradaic Efficiency-72.4% Carbon monoxide 158
Cu,-Cotpy “ Photocatalysis Yield-740.7 pmol g~ h™* Carbon monoxide 159
Co@ZIF-8/Ag * Hydration/dehydration 44.4% yield compared to the CO;>” and HCO;~ 160
catalysis control group ions
Au NPs@Si0, ” Electrocatalysis Faradaic Efficiency-90% Carbon monoxide 161
Cdin,S,” Photocatalysis Yield-41.1 pmol g " h™! Carbon monoxide 162
[CugM(u-adeninato)e(p;-OH)g(u-H,0) >+ 2 Thermocatalysis Yield-114 mmolgo g™ ' h™* Carbon monoxide 163

“Established nanozymes: explicitly identified as nanozymes with experimentally verified intrinsic enzyme-mimetic activity in the original publi-
cation. ? Nanozyme-inspired catalytic systems: not originally labelled as nanozymes but consistent with emerging nanozyme design principles.
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Enzyme Mimicry in Glucose Biofuel Cells
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Fig. 15 Schematic representation of enzyme mimicry types in glucose
biofuel cells.
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Fig. 16 Schematic representation of enzymes involved in the operation
of a biofuel cell.

oxidase, catalase, and laccase, play a pivotal role in powering
glucose biofuel cells (Fig. 15). This section highlights their
catalytic behavior and design principles.

3.4.1.1 Glucose oxidase-like activity. Glucose oxidase is
essential in biofuel cells, as it facilitates electron production
by catalyzing glucose oxidation (Fig. 16). In theory, complete
oxidation of a single glucose molecule can release up to 24
electrons; however, achieving this requires a series of catalytic
processes. Specifically, in glucose oxidase-mediated reactions,
the oxidation of one glucose molecule generates two electrons
through the formation of one gluconolactone molecule and
one molecule of H,O,. Due to its research and practical signifi-
cance, a variety of nanomaterials, e.g., Au NPs, have been
explored as nanozymes that emulate glucose oxidase
activity.”®'**'% Beyond gold, other nanomaterials, comprising
noble metals and metal oxides (CeO,), also exhibit glucose
oxidase-like activity, making them promising candidates for
biofuel cell applications.'®® These nanozymes can be employed
to catalyze glucose oxidation at the anode, generating electrons
for glucose biofuel cells. However, challenges such as low cata-
lytic performance and substrate specificity remain unresolved.

This journal is © The Royal Society of Chemistry 2026
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3.4.1.2 Catalase-like activity. Natural glucose oxidase and
its nanozyme counterparts produce H,O, as a by-product.
Accumulated H,0, can damage electrode surfaces, resulting in
diminished catalytic performance, reduced power output, and
shorter operational lifespan. To address these drawbacks, cata-
lase, which decomposes H,0, into oxygen and water, is crucial
in designing glucose biofuel cell anodes (Fig. 16). Its activity
not only protects glucose oxidase but also enhances the
anode’s current density by enabling the electrochemical
reduction of H,0,."®” Cerium oxide (CeO,) nanoparticles rep-
resent a prominent example of catalase-like nanozymes.>**®
While catalase-like nanozymes alone cannot form complete
glucose biofuel cells, dual-function nanozymes that possess
both glucose oxidase and catalase-like activities have been
developed for use as anodes in these systems.'®’

3.4.1.3 Laccase-like activity. Laccase enzymes catalyze the
reduction of molecular oxygen to water by accepting electrons.
A natural laccase enzyme features an active site with four
copper ions categorized into three types: T1, T2, and T3.'”°
Inspired by this structural motif, recent efforts have focused
on designing laccase-mimicking nanozymes that replicate
these molecular architectures."””® Within biofuel cell systems,
laccase-like nanozymes are employed at the cathode, and
metals such as Pt, Fe, Mn, Co, and Ni are typically effective in
cathode fabrication."””™"”> When selecting laccase-like nano-
zymes for cathodes, a crucial consideration is maximizing the
open circuit voltage (OCV), which depends on the specific
nanozymes employed at the anode to achieve optimal power
output. Therefore, advancing the design of laccase-like nano-
zymes with both excellent catalytic ability and high electrical
conductivity is pivotal for the next generation of glucose
biofuel cell technologies.

3.4.2 Advances in nanozyme integration for bioelectro-
chemical sensing. The integration of nanozymes into bioelec-
trochemical devices has emerged as a transformative advance-
ment in biosensing technologies. In comparison to natural
enzymes, nanozymes offer numerous advantages, including
superior stability and durability, lower production costs,
tunable catalytic characteristics, and remarkable electrical con-
ductivity.'”> Nanozymes can also function as electrode
materials for specific analyte recognition while simultaneously
serving as labels for signal enhancement. Their large surface
areas offer numerous adsorption sites, thereby increasing the
loading of electroactive species and facilitating electrochemical
reactions. Recent classes of nanozymes, including metal-
organic frameworks (MOFs)'’* and two-dimensional
MXenes,'”® have shown remarkable success in electrochemical
sensing applications. Their performance is attributed to excel-
lent electrical conductivity, expansive surface areas, and unique
physicochemical properties.'’® Table 5 summarizes some
examples of established nanozymes and nanozyme-inspired
catalytic systems integrated into various fuel cell systems.

3.5 Methane oxidation to methanol

Methane serves as a crucial feedstock for producing various
valuable chemicals, including methanol, acetic acid, aromatic
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Table 5 Representative examples of established nanozymes and nano-
zyme-inspired catalytic systems used in bioelectrochemical devices
(anode/cathode)

Anode Cathode Application Ref.

Fe-N-S-C* 3D carbon Bioelectricity generation 177
brush in microbial fuel cells

Au nanozyme* BOD-N,,,,-CDs  Glucose/oxygen fuel cell 178

Alumina-polished  Cu,O Laccase-mimic in a 179

carbon electrode Nanocubes” biofuel cell

Cus(PO,), (HNF)/ Cu;(PO,), Mediatorless glucose 169

biofuel cell
Hydrogen peroxide fuel ~ 180
cell

ACF* (HNF)/ACF
Ni/PDI-Au NP ? PDI/FePc

“Established nanozymes: explicitly identified as nanozymes with
experimentally verified intrinsic enzyme-mimetic activity in the orig-
inal publication. ” Nanozyme-inspired catalytic systems: not originally
labelled as nanozymes but consistent with emerging nanozyme design
principles.

hydrocarbons, olefins, and dimethyl ether, among others."®"
Efficient utilization of methane holds substantial promise for
mitigating both energy shortages and environmental pol-
lution. However, methane (CH,) is the most inert hydrocarbon,
with a high C-H bond dissociation energy (AH C-H = 104 kcal
mol™" or 4.55 eV at 298 K), and its initial bond cleavage
demands significant energy (approximately 435 kJ mol™") due
to its low polarizability (2.84 x 107*° C*> m* J")."®> Designing
catalysts that can selectively activate the C-H bond to produce
desirable products, therefore, remains a vital area of research,

") 104Kcal/mol i

) —

Methane
Methanol

Fig. 17 Schematic representation of methane to methanol oxidation.
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with direct implications for both energy sustainability and
climate change.

While biological enzymes such as soluble and particulate
methane monooxygenases (SMMO and pMMO) are capable of
selectively activating methane to methanol under ambient con-
ditions, their scalability and stability outside biological environ-
ments remain limited. A range of catalytic systems, including
metal complexes based on Pd, Hg, Au, Pt, Ru, Rh, and V, mole-
cular sieves (e.g, ZSM-5), and metal-organic frameworks
(MOFs)'®7'% have been studied for methane oxidation to
methanol (Fig. 17). However, these systems suffer from draw-
backs such as low activity, poor selectivity, reliance on corrosive
reaction conditions, and difficulties in product separation.'8%'%”
Reducing the size of transition metal catalysts to the nanometer
scale has shown improved catalytic performance by increasing
the surface energy and exposing more active sites. However,
maintaining such nanoparticles is problematic due to their ten-
dency to agglomerate, which leads to deactivation.'®®

In conventional catalytic systems, activating methane’s C-H
bonds typically demands high temperatures. The methanol pro-
duced under these conditions is highly susceptible to further
oxidation, yielding thermodynamically more stable by-products.
Moreover, the inherent polarity of methanol, in comparison to
non-polar methane, leads to its stronger adsorption on catalyst
surfaces, making it more prone to overoxidation. Thus, an ideal
catalyst must promote methane activation while simultaneously
suppressing methanol overoxidation.'®*>'*° In order to address
this challenge, various approaches have been explored across
biological, homogeneous, and heterogeneous catalysis (Table 6).

3.5.1 Reaction pathways and selectivity control. A major
hurdle in the catalytic transformation of methane to methanol
lies in the reaction’s stoichiometry, which operates on a 1:1
ratio."®® This challenge has led to the development of the
“stepped conversion” technique. In this method, initial catalyst
activation is performed using an oxidant at elevated tempera-
tures. Subsequently, methane is introduced at a lower tempera-
ture to facilitate methanol formation, after which steam is
employed to extract the methanol product. This sequential
exposure ensures that the catalyst interacts separately with the

Table 6 Comparative overview of various catalytic systems reported in the literature

Reaction conditions

(pressure,

Catalytic mechanism of ~ Challenges in temperature,
Catalyst system Catalyst name action oxidation reaction oxidants) Limitations Ref.
Heterogenous Fe-Cu-ZSM-5 Activation of methane Overoxidation of 50 °C, atmospheric ~ Expensive H,O, oxidant, 191
catalysis via Fe-oxo and Cu methanol to CO,, pressure, H,O, catalyst deactivation over

species in the zeolite H,O0, instability oxidant time

framework
Homogeneous Bipyrimidyl- Electrophilic activation High acidity of the 220 °C, 35 bar, SO;  Requires oleum (sulfuric =~ 192
catalysis Pt complex of methane to form medium; potential oxidant in concen- acid with SO3); methyl

methyl bisulfate in overoxidation of trated sulfuric acid  bisulfate needs hydrolysis

sulfuric acid medium methanol to yield methanol
Enzyme-based sMMO Diiron active site Difficulty in isolation, =~ Ambient Enzyme degradation, low 193
catalysis (sSMMO) activates O, to form a instability outside the  temperature, scalability

reactive species that oxi-  natural environment requires NADH as a

dizes methane cofactor
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oxidant and methane, thereby enhancing methanol selectivity.
However, significant obstacles persist, as industrial-scale pro-
cesses still demand substantial energy input due to the high
activation barriers inherent in methane conversion, making
these methods energy-intensive and less feasible for large-scale
applications.™

Temperature and pressure are critical variables influencing
methane’s partial oxidation to methanol, both for catalyst acti-
vation and the C-H bond cleavage process. Apart from the econ-
omic burden associated with maintaining high temperatures, the
risk of methanol overoxidation under these conditions poses
another significant challenge. A promising alternative for achiev-
ing methane conversion at moderate temperatures is photocataly-
sis. Photocatalysis offers a viable solution by utilizing high-energy
photons to generate reactive intermediates capable of cleaving
the C-H bond under milder conditions. Such an approach miti-
gates the agglomeration and sintering of active sites that typically
occur at high temperatures. Fig. 18 illustrates how biological
inspiration from methane monooxygenase enzymes informs the
design of nanozyme platforms, enabling photocatalytic methane
conversion through selective C-H activation.

For instance, Sastre et al.'®® observed that photoirradiation
leads to the dissociation of surface O-H bonds in silica-zeolite
structures, producing siloxyl radicals capable of forming
methyl radicals from methane. The choice of oxidant is
equally vital in photocatalytic methane conversion. Therefore,
gaining precise control over reaction pathways and selectivity
is not only fundamental to catalytic efficiency but also central
to designing nanozyme materials rationally. This has driven a
growing interest in highly tunable platforms such as metal-
organic frameworks (MOFs) and single-atom nanozymes
(SAzymes), discussed in the next section.

3.5.2 Robust nanozyme platforms for methane conversion.
Metal-organic frameworks (MOFs) are crystalline porous
materials composed of metal ions or clusters coordinated with
organic ligands, forming multidimensional lattices.'®” Single-
atom catalysts (SACs), featuring isolated metal atoms dispersed
on active supports, have emerged as highly promising alterna-
tives to conventional catalytic systems, primarily due to their dis-
tinctive geometric structures, enhanced reactivity, and high
product selectivity.*""**® The specific coordination of metal atoms
with the support matrix also contributes to the thermal and
chemical robustness of these catalysts via ensemble effects.'*®
Metal nanoparticles have increasingly attracted attention in cata-
lytic applications in recent years. Nevertheless, their high surface
energies render them thermodynamically unstable and prone to

Nanozyme 4 P 1
Biological Platforms Photocatalysis . Outcome
e pathway Selective
Inspiration MOFs, . R C-H Renewable
(sMMO/pMMO SAzymes, Light-driven, Methanol

activation and Green
(CHa>CH;0H) Energy

enzymes) Hybrids(mimic stable
active site and intermediates,
electronic ROS
structure)

Fig. 18 Schematic representation of the enzyme-inspired nanozyme
pathway for methane conversion.
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aggregation during catalytic processes. An effective strategy to
stabilize these nanoparticles involves embedding them within
porous materials,"*>*° for which MOFs have emerged as highly
suitable host materials. Several studies employing established
nanozymes and nanozyme-inspired catalytic systems for
methane oxidation are highlighted in Table 7 below.

The main objective in recent studies has been to mimic the
activity of soluble methane monooxygenase (sMMO) by stabiliz-
ing isolated redox-active centers within MOF nodes. For
example, Chauhan et al.>"* studied monomeric Fe(OH), catalyst
within DUT-5 (Al-MOF) frameworks. Their study reported high
turnover frequencies of 38 592 pmolyew, gre - h™" using oxygen
as an oxidant at 125 °C and 30 bar methane pressure. Methane’s
low solubility in water, highlighted in studies involving Pt/poly-
oxometalate-loaded Ui0O-67,°°* hampers conversion efficiency
unless addressed by alternative solvents or gas-phase conditions.

In the context of methane oxidation reactions (CH,OR),
SAzymes share mechanistic similarities with cytochrome P450
enzymes and have demonstrated the capability to promote
room-temperature oxidation of methane to oxygenates.
Photoactive SACs offer an appealing alternative, as they can
generate H,0, directly from water oxidation, enabling in situ
CH,OR using sunlight as the energy source.**? Likewise, Cu
single atoms stabilized within the nitrogen cavities of hepta-
zine frameworks have achieved selective oxidation of methane
to methanol with a high TOF of 6.7 h™ at 25 °C.>'° A new
class of catalysts, homonuclear and heteronuclear Dual Single-
Atom Catalyst (DSACs), is also emerging, featuring two or
more isolated metal centers working cooperatively. For
instance, Fe,Ng dimers anchored on graphene have shown the
capacity to activate molecular oxygen through a peroxo-like
adsorption configuration.”’* Despite significant progress, het-
eronuclear DSACs remain largely unexplored in methane oxi-
dation, offering considerable opportunities for future research.

4. Engineering and optimization of
nanozyme catalysts

Optimizing the catalytic activity, specificity, and practical
utility of nanozymes relies on precise engineering of their
structural and compositional characteristics. Various engineer-
ing strategies such as nanostructuring, doping, alloying, defect
engineering, and hybridization have been widely applied
(Fig. 19). Recent advances show that nanozymes can be ration-
ally designed to mimic natural enzymes (peroxidase, catalase,
etc.), supporting applications in biosensing and environmental
remediation.*'®> Furthermore, data-driven approaches, includ-
ing machine learning (ML) techniques, have opened new
avenues for optimizing nanozyme synthesis and performance.

4.1 Nanostructuring and surface modification

Despite significant advances in nanozyme research,*'®>'®
several obstacles still hinder their advancement. One major
limitation lies in the narrow spectrum of reactions they cata-
lyze, which are primarily redox processes. Since catalytic
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Nanostructuring

; Defect Engineering

\/ Hybridization
/\\

Fig. 19 Engineering strategies employed for nanozyme optimization.

first integrated the chiral molecule r-histidine (i1-His) into a
COF structure, significantly enhancing the catalytic perform-
ance of the resulting nanozyme beyond that of natural horse-
radish peroxidase. Furthermore, the inherent porosity of COFs
can provide a favorable environment for other materials by
improving substrate diffusion and preventing enzyme aggrega-
tion, thereby supporting more efficient catalytic processes.*””

4.2 Doping, alloying, and defect engineering

4.2.1 Doping. Elemental doping is a powerful strategy to
modulate the coordination environment of active metal
centers in single-atom enzyme mimics (SAzymes), thereby sig-
nificantly affecting catalytic performance. For instance, Jiao
et al.*® synthesized a boron-doped Fe SAzyme (FeBNC) by pyro-
lyzing a precursor mixture of FeCl, (iron source), dicyandia-
mide (nitrogen source), and boric acid (boron source). Boron
introduction induced charge redistribution around Fe centers,
altered their coordination environment, and significantly
enhanced peroxidase (POD)-like activity, demonstrating a
novel approach to tuning SAzyme functionality. Similarly, Feng
et al.**® produced a boron-doped Zn SAzyme (ZnBNC), where
boron incorporation improved nitrogen and oxygen content,
water dispersibility, and POD-like activity. Boron doping also
introduced structural defects, which further contributed to
catalytic enhancement. Wang et al>*° developed a copper-
based single-atom catalyst, with Cu single-atom sites
embedded in nitrogen-doped porous carbon (Cu SASs/NPC)
using a pyrolysis—etching-adsorption-pyrolysis sequence. Cu
incorporation boosted POD-like activity, enhanced glutathione
(GSH) depletion, and improved photothermal properties.
Overall, doping strategies during synthesis modulate the
coordination environment of active sites in SAzymes, allowing
rational tuning of enzymatic activity. This principle forms the

This journal is © The Royal Society of Chemistry 2026

basis for developing more advanced strategies for regulating
SAzyme activity and broadening their potential applications.**°

4.2.2 Alloying. Alloying is an effective strategy to fine-tune
the catalytic behavior of noble metals by modifying their elec-
tronic and geometric configurations through the incorporation
of additional elements.”*' To achieve this, a variety of syn-
thesis methods have been employed, including chemical co-
reduction,>*? replacement,**?
growth,”** and thermal decomposition.>** Alloy nanozymes
are typically classified into three main categories: random
alloys, intermetallic alloys, and high-entropy alloys (HEAs)
(Fig. 20), each offering distinct structural characteristics and
catalytic properties.

4.2.2.1 Random alloys. Random alloys, also known as solid-

galvanic seed-mediated

solution alloys, are characterized by the random atomic distri-
bution within their crystal lattice.”** Compared to monometal-
lic counterparts, multi-metallic alloy nanozymes often exhibit
superior chemical stability and enhanced enzyme-mimicking
activity. For example, Meng et al.>*’ synthesized AuPd alloy

Intermetallic Alloys

High-entropy Alloys
Multicomponent (>5) Highly ordered

Random Alloys
Disordered

Alloying Elements

A B C D E F

Fig. 20 Schematic representation of alloying categories.
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nanozymes that showed markedly improved superoxide dismu-
tase (SOD)- and myeloperoxidase (MPO)-like activities com-
pared to pure Au or Pd. These nanozymes also maintained
their activity over a broad temperature range (25-80 °C),
demonstrating robust thermal stability.>*”

The performance enhancement arises mainly from elec-
tronic structure modulation through alloying.*®**°  Yan
et al*® investigated PdSn nanozymes and confirmed a
uniform distribution of Pd and Sn atoms via EDS mapping.
Projected density of states (PDOS) analysis revealed strong p-d
orbital hybridization, which raised the d-band energy level,
improved substrate adsorption, and reduced antibonding elec-
tron filling. As a result, PdSn nanozymes showed remarkable
peroxidase (POD)-like activity, exhibiting high maximum reac-
tion velocities (Vinax) for both hydrogen peroxide (H,O,) and
3,3',5,5"-tetramethylbenzidine (TMB) substrates. Notably, they
also displayed substrate specificity, with low activation ener-
gies (1.03 k] mol ™" for POD-like activity and —4.64 k] mol ™" for
oxidase-like behavior), underscoring their catalytic efficiency
and selectivity.

An effective approach to engineering multifunctional alloy
nanozymes involves incorporating functional elements into
noble metal frameworks to tailor their physicochemical pro-
perties.>*" For instance, oxophilic metals such as bismuth (Bi),
tin (Sn), and nickel (Ni) are commonly alloyed with noble
metals to enhance activity by promoting the formation of
surface-bound oxygen species.”** Xia et al>** demonstrated
that the peroxidase-mimicking activity of PdBi nanozymes was
closely linked to the surface Bi content, which enhanced H,0,
adsorption and significantly reduced the decomposition
barrier. In another study, PtSn nanozymes benefited from
oxygen vacancy sites derived from SnO,_, phases. These
vacancies promoted H,0, adsorption and decomposition into
reactive oxygen species such as O, and hydroxyl radicals,
further enhancing catalytic performance.>*>

4.2.2.2 Intermetallic alloy. Intermetallic alloys are metallic
compounds with well-ordered atomic structures that signifi-
cantly impact their catalytic behavior through unique elec-
tronic and geometric configurations.>**>*® A recent study by
Zhu et al*" introduced a high-indexed intermetallic Pt;Sn
nanozyme, synthesized through a one-step solvothermal
approach. High-resolution structural analysis confirmed the
formation of the intermetallic phase, showing lattice spacings
of 0.283 nm and 0.179 nm, indicative of a high-index crystal-
line structure. The resulting nanozyme (H-Pt;Sn) exhibited the
strongest absorbance of oxidized TMB (ox-TMB) at 371 nm and
652 nm when compared with cubic Pt;Sn, monometallic Pt,
and other control samples, highlighting its superior peroxi-
dase (POD)-like activity. Notably, its specific activity (345.32 U
mg ™) was nearly double that of the monometallic Pt counter-
part (190.12 U mg ).

In another example, intermetallic Pd,Sn nanorods (NRs)
were engineered as multifunctional nanozymes for cancer
immunotherapy applications.>*® Modified with soybean phos-
pholipid and glucose oxidase (GOx), these NRs exhibited excel-
lent colloidal stability, maintaining a consistent hydrated size
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for seven days in phosphate-buffered solution. The incorpor-
ation of plasmonic Pd imparted strong light absorption and
efficient photothermal conversion. This localized surface
plasmon resonance (LSPR) effect enabled Pd,Sn NRs to func-
tion not only as catalytic agents but also as effective contrast
agents for photoacoustic imaging (PAI), demonstrating the
dual utility of intermetallic nanozymes in therapy and
diagnostics.

4.2.2.3 High-entropy alloys (HEAs). High-entropy alloys
(HEAs) have recently emerged as promising candidates in
various domains, including energy, engineering, and catalysis,
due to their unique compositional and structural
characteristics.*****® Unlike conventional alloys, HEAs typi-
cally comprise five or more principal elements in near-equi-
molar ratios (5-35%).>>"***> This multicomponent configur-
ation offers greater tunability of the local coordination
environment, enabling precise modulation of catalytic activity.
Additionally, their high configurational entropy imparts excep-
tional structural and thermal stability.>**

In nanozyme research, HEAs have shown great potential as
high-performance artificial enzymes.”>**>*> For instance, Ai
et al. synthesized ultra-small PtPdRuRhIr HEA nanoparticles
(HEANPs) using a metal-ligand cross-linking strategy.>** These
nanoparticles, averaging (~1.5 nm in size), consisted of uni-
formly distributed Pt, Pd, Ru, Rh, and Ir. The resulting HEA
nanozymes (HEAzymes) exhibited exceptional peroxidase
(POD)-like activity, evidenced by a low Michaelis constant (Ky)
and high maximum reaction velocity (Vinax) with H,O, and
TMB. Their superior enzymatic activity was attributed to the
synergistic effects arising from atomic-level random mis-
matches and variable site occupancies, which facilitated
efficient electron transfer. The sluggish diffusion kinetics and
enhanced conformational entropy of the HEAs further contrib-
uted to their remarkable structural stability. Importantly,
HEAzymes are not limited to noble metal-based systems. More
cost-effective and diverse elemental combinations, such as Fe,
Cu, Ag, Ce, and Gd**® and Mn, Fe, Co, Ni, and Cu,**® have also
been developed. These examples highlight both the versatility
and the expanding application space of HEAs in nanozyme
catalysis.>*”

4.2.3 Defect engineering. Defect Engineering is a powerful
strategy to enhance the catalytic performance by selectively
generating and manipulating structural imperfections. For
instance, Wan et al.>*® developed a single-atom gold (Au) cata-
lyst anchored on TiO, nanosheets, containing abundant
oxygen vacancies, as confirmed by electron paramagnetic reso-
nance (EPR) spectroscopy. The atomic dispersion of Au was
stabilized via Ti-Au-Ti coordination, and the catalyst exhibited
significantly lower CO oxidation temperatures than Au on
defect-free TiO,, highlighting the role of surface defects in
enhancing catalytic activity.

Metal-organic frameworks (MOFs), with their complex
porous architectures, naturally possess structural defects due
to their complex architectures,”>® making them ideal candi-
dates for defect-engineered single-atom enzyme mimics
(SAzymes). Zirconium (Zr)-based MOFs, such as UiO-66,
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Ui0-67, and Ui0-68,2°° are especially attractive due to the
robust carboxylate-Zr bonds and high connectivity of Zrs clus-
ters*®! conferring excellent thermal,?®* solvent,*®® and pressure
stability.’®* Defects in MOFs typically fall into two categories:
missing-linker ~ defects and  missing-cluster  defects
(Fig. 21),°>?%° which can be introduced either during syn-
thesis (de novo) or through post-synthetic modification.>®”->*®

De novo synthesis involves altering reaction parameters,
often via addition of modulators, such as water,?*® hydrochloric
acid (HCI),””® acetic acid (HAc),””" or trifluoroacetic acid
(TFA).?”> These modulators possess stronger coordination
affinities toward metal clusters than organic linkers, leading to
competitive binding and defect formation. The defect concen-
tration can be precisely tuned by varying the type and amount
of modulator used.”’®?”® Post-synthetic treatments offer
additional control. Post-synthetic exchange (PSE), also called
solvent-assisted exchange, allows for the substitution of metal
ions*”* or linkers,?”” introducing desired defects without alter-
ing the overall framework. Alternatively, etching methods,
which employ acids, bases, or salts, can generate defects and
even create meso- or macroporous architectures within MOFs,
thereby enhancing mass transport and  catalytic
properties.>” %77

A study conducted by Li et a employed HCI and HAc as
modulators to synthesize defective NH,-UiO66 nanoparticles,
referred to as HCI-NH,-UiO66 and Ac-NH,-UiO66, respect-
ively. Incorporation of Fe®" ions into defect sites produced
SAzymes with superior peroxidase-like activity effective for
detecting trace H,0,.

The amount of modulator added during synthesis signifi-
cantly influences defect concentration and, consequently, cata-
lytic performance.””® Despite these advances, robust strategies
for reliably fine-tuning the catalytic performance of defect-
engineered SAzymes remain limited. Currently, most reported
applications are focused on industrial catalysis, with limited
progress in other domains. Nevertheless, defect engineering
presents a promising, energy-efficient, and cost-effective route
for the rational design of SAzymes.

l 270

4.3 Hybrid systems with natural enzymes or co-catalysts

Electrocatalysis is an effective method for interconverting elec-
trical and chemical energy, making it a cornerstone of sustain-

&
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Fig. 21 Schematic representation of defect-engineering strategies in
MOFs.

e = Ligand/Linker
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able energy systems.”’® Covalent organic frameworks (COFs)
have emerged as suitable candidates in this context due to
their structural tunability. By extending conjugated systems
and modifying band structures, COFs enhance light absorp-
tion and increase the efficiency of visible-light-driven photoca-
talysis. Additionally, the integration of functional moieties
into COF frameworks or pores facilitates efficient separation
and migration of photo-induced charge carriers.”®* While
these features have driven the growing use of COFs in energy
conversion technologies, to improve catalytic efficiency and
enhance enzyme specificity, researchers frequently combine
covalent organic frameworks (COFs) with metal nanoparticles
and natural enzymes, creating hybrid systems. COFs serve as
excellent immobilization carriers due to their structural versa-
tility and compatibility.**"*** Similarly, integrating COFs with
metal-organic frameworks (MOFs) not only improves enzy-
matic performance but also provides a novel pathway for
designing advanced nanozymes.

A notable example is the pioneering work by Zhang et al.,
who developed a nature-inspired MOF@COF hybrid nanozyme
(NMCrp_rra).>®? Building on this innovation, COF-based nano-
zymes have rapidly advanced since their application as hetero-
geneous biomimetic oxidation catalysts in 2014.>%* For
instance, the covalent triazine framework CTF-1 was reported
to mimic peroxidase activity.”>® In 2020, a chiral COF-based
nanozyme was introduced, outperforming natural enzymes in
catalytic performance.**® In 2021, a light-responsive COF nano-
zyme with a donor-acceptor structure was developed.*®*> Most
recently, in 2022, researchers synthesized an ultrathin two-
dimensional COF nanosheet with oxidase-like activity.>*®

4.4 Immobilization strategies and reactor-level integration

Enzyme immobilization refers to the confinement of enzymes
within a defined spatial domain using either physical or
chemical approaches. This approach not only protects
enzymes from external environmental influences but also
improves their operational stability.”®” Widely used immobiliz-
ation techniques include adsorption,>®®*2°° encapsulation,>*
and cross-linking.>*>?%® In recent years, nanomaterial-based
strategies have garnered considerable
attention.”***%> These strategies utilize nanocarriers, charac-
terized by simple synthesis protocols, gentle reaction con-
ditions, shorter processing durations, and reduced enzyme

immobilization
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Fig. 22 Schematic representation of various enzyme immobilization
strategies.

Nanoscale, 2026, 18, 121-1156 | 1139


https://doi.org/10.1039/d5nr04138d

Published on 05 Dezember 2025. Downloaded on 06.03.2026 22:14:19.

Review

inactivation. Among the most innovative strategies are
organic-inorganic hybrid nanoflowers and metal-organic
frameworks (MOFs) (Fig. 22), which are discussed in the fol-
lowing subsections.

4.4.1 Organic-inorganic hybrid nanoflowers. Nanoflowers
are nanostructured materials recognized for their distinctive
flower-like shapes at the nanoscale. Their unique morphology
and high surface-to-volume ratio have positioned them as
promising candidates for diverse applications, including cata-
lysis, energy conversion and storage, sensing technologies,
and biomedical imaging. The specific architecture of nano-
flowers enhances their catalytic performance, optical features,
and detection sensitivity. Notably, their petal-like structures
provide an extended surface area that facilitates effective bio-
molecular interactions. Depending on their chemical compo-
sition, nanoflowers can be categorized as inorganic,”*®>?
organic,”*®?? and hybrid organic-inorganic.>®” A significant
breakthrough came in 2012 when Ge et al.>° reported the for-
mation of hybrid nanoflowers by co-incubating proteins with
copper ions and phosphate. This process led to protein-
directed precipitation and assembly of inorganic materials,
yielding flower-like structures approximately 100-500 nm in
diameter, known as organic-inorganic hybrid nanoflowers
(HNFs).>*

Typically, the formation of enzyme-based HNFs involves
three sequential steps: coordination, precipitation, and self-
assembly.**2%? Initially, metal ions interact with phosphate
ions, forming metal phosphate seeds. Functional groups on
the enzyme (such as amide, hydroxyl, or carboxyl groups) coor-
dinate with metal ions, providing nucleation sites that anchor
initial crystal growth. These nucleation sites promote the
growth of metal phosphate petals through repeated enzyme-
ion interactions. Finally, anisotropic growth culminates in the
formation of the complete flower-like nanostructure.

4.4.2 Metal-organic frameworks. MOFs have gained con-
siderable attention as carriers for enzyme immobilization
recently. A widely studied approach is in situ immobilization
via bottom-up synthesis.>*>*** In this method, enzyme mole-
cules function as nucleation centers that direct the growth of
MOF frameworks, resulting in a stable and ordered MOF shell
that encapsulates the enzyme.’®> This strategy effectively
immobilizes enzymes during MOF growth, preserving their
catalytic function while providing structural protection.>*® The
structural characteristics of MOFs, such as surface area, pore
size, shape, and volume, can be precisely tailored.*”’
Furthermore, the MOF shell functions as a protective barrier,
increasing enzyme resistance to extreme conditions and
enhancing long-term stability during storage, temperature
shifts, pH variations, and solvent exposure.

The enhanced stability of enzymes within MOFs can be
attributed to several factors: (1) the confinement of enzymes
within the MOF’s porous structure stabilizes their active con-
formation and minimizes leaching during reuse; (2) the selec-
tive pore architecture can regulate substrate access, protecting
the enzyme and improving catalytic efficiency; and (3) the
physical encapsulation prevents enzyme aggregation.’*® The
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bottom-up method (in situ encapsulation) is further classified
into co-precipitation and biomimetic mineralization tech-
niques, depending on whether auxiliary co-precipitants are
used during enzyme immobilization.**

4.5 Synthesis optimization for enhanced performance

In recent years, metallic and single-atom nanozymes have
gained significant attention as a new class of catalysts due to
their superior catalytic activity and selectivity.*'>*'" Their syn-
thesis typically involves the strategic selection and combi-
nation of metal elements, enabling synergistic interactions
that enhance overall catalytic performance. Despite their
potential, the development of metal-based nanozymes is often
hindered by their intrinsic thermodynamic instability, which
creates challenges for establishing robust and scalable syn-
thesis techniques. This section highlights the principal fabri-
cation methods for nanozymes, including conventional wet
chemistry approaches, ultrafast synthetic techniques, and
machine learning-assisted strategies (Fig. 23).%%*'?

4.5.1 Wet chemistry approach. In a study by Xu et al,*"?
AuPtCu alloy nanoparticles were synthesized in aqueous
media using ascorbic acid as both a reducing and stabilizing
agent, leading to the formation of AuPt;Cux alloys upon Cu
incorporation. These Cu-doped alloy nanoparticles exhibited
multifunctional enzyme-like behaviors, mimicking oxidase
(OXD), peroxidase (POD), and catalase (CAT). In another study,
Qu et al.*"* developed MnO,@PtCo nanoparticles using a self-
assembly technique, where pre-synthesized PtCo nanoparticles
served as templates for the controlled growth of MnO,. By
tuning the reactant ratio, the resulting MnO,@PtCo nano-
structures demonstrated outstanding catalytic properties, with
PtCo acting as an oxidase mimic and MnO, as a catalase
mimic. Zhang et al.*'® used a hot injection method to produce
a flower-like Co-FeSe, nanomaterial (~113 nm in diameter),
which exhibited strong glutathione-degrading ability and pro-
moted reactive oxygen species (ROS) generation.

Traditional thermal decomposition remains a commonly used
strategy for fabricating multi-metallic nanozymes.*'®*'” In this
approach, metal precursors are decomposed under heat to yield
nanoparticles with desired compositions and morphologies. The
selection of solvents and ligands plays a critical role in controlling
particle shape, size, and alloy distribution.**®** For instance,

Slowest

' Wet Chemistry Approaches

' Machine Learning Strategies

Quickest

Fig. 23 Infographic of
optimization.

techniques for nanozyme synthesis
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Yang et al®®® synthesized Mn-doped VSe, nanosheets
(180-250 nm) via a high-temperature organic solution method.
These nanosheets were further modified with chitosan to
enhance water solubility and biocompatibility, producing VSe,/
Mn-chitosan nanosheets. Similarly, Deblin®** utilized a wet
chemical route to create ultrasmall trimetallic PdCuFe nano-
zymes, further improving their biocompatibility through Dopa-
pimapeg surface modification using a ligand exchange technique.
The dopamine groups provided a strong affinity to Fe and Pd sur-
faces. The resulting PdCuFe nanozymes served as pH-responsive
Fenton-like catalysts, mimicking glucose oxidase (GOx) and per-
oxidase (POD) activities to generate hydroxyl radicals. A
recent study by Ai et al®** explored the synthesis of ultrasmall
high-entropy nanozymes composed of Pt, Pd, Ru, Rh, and Ir fab-
ricated via a straightforward and scalable metal-ligand cross-
linking reaction through aldol condensation. The resulting par-
ticles displayed exceptional peroxidase-like activity, efficiently con-
verting endogenous hydrogen peroxide (H,O,) into hydroxyl
radicals.

Among available synthesis techniques, the wet chemical
method is widely regarded for its versatility, scalability, and
control over particle properties. It enables precise control over
particle size, morphology, and uniform dispersion, all of
which are essential traits for enhanced catalytic activity. A
major advantage lies in its ability to form alloys from elements
with similar or slightly mismatched miscibility. However, it
faces limitations with strongly immiscible elements, often
leading to phase separation and heterogeneity.******
Addressing these challenges may require advanced high-
energy synthesis techniques or stabilizing agents to maintain
homogeneity and catalytic efficiency.

4.5.2 Ultrafast synthesis approach. Ultrafast synthesis strat-
egies, which utilize rapid energy input such as thermal shock-
waves and immediate quenching, enable the fabrication of
multi-metallic nanomaterials. Yao et al®*® and Cui et al.>*®
pioneered an efficient approach known as the facile and ultra-
fast high-temperature carbon shock method. Their technique
enables the synthesis of multi-metallic nanoparticles within
just 55 milliseconds, reaching temperatures of nearly 2000 K
with heating ramp rates around 10> K s~ . The extremely high
temperatures facilitate salt decomposition and promote
uniform elemental mixing, allowing the formation of nano-
particles with a narrow size distribution and uniform dis-
persion within the carbon matrix.

Beyond the carbon shock strategy, other approaches such as
microwave-assisted synthesis, ultrasonication, laser ablation,
arc discharge, and flame-assisted strategies have gained promi-
nence for their speed and effectiveness in nanoparticle
fabrication.”*”"**° While these high-speed methods offer
promising advantages, they also pose challenges, most notably
the need for precise control and monitoring of reaction temp-
eratures, which are essential for ensuring reproducibility and
scalability. Despite these limitations, ultrafast synthesis tech-
niques remain highly attractive due to their ability to generate
nanomaterials with superior catalytic performance across a
wide range of applications.

This journal is © The Royal Society of Chemistry 2026
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Fig. 24 Flowchart depicting various steps in ML-driven nanozyme
design workflow.

4.5.3. Machine learning approach. Machine learning (ML)
has emerged as a transformative tool in the development of
nanozymes. It enhances their efficiency by predicting critical
parameters such as particle size, morphology, and surface pro-
perties, thereby reducing the time and resources required for
experimental optimization (Fig. 24). ML is particularly valuable
for forecasting key nanozyme attributes, including catalytic
activity, substrate specificity, and environmental stability.***
These data-driven insights play a crucial role in guiding the
rational design and optimization of nanozymes.

For instance, regression-based ML models are often
employed to predict optimal catalytic conditions, such as pH,
temperature, and reactant concentrations, to maximize enzy-
matic performance.*** By identifying the most favorable para-
meters from a vast range of possibilities, these models stream-
line the experimental workflows and reduce reliance on time-
consuming trial-and-error methods.*** They have also enabled
researchers to accurately determine the ideal nanoparticle
dimensions and surface features needed to tailor nanozymes
for specific catalytic applications. In another example, a com-
bination of clustering and regression analysis was employed to
improve the environmental stability of gold nanozymes under
varying pH and temperature conditions, leading to the devel-
opment of more durable and reliable biosensors.***

In addition, reinforcement learning has emerged as a
promising method for optimizing the synthesis conditions of
carbon-based nanozymes. This approach iteratively adjusts
parameters such as reaction time, precursor concentration,
and temperature based on feedback from previous synthesis
cycles.****3¢ Together, these advances underscore the pivotal
role of ML in shaping the future of nanozyme
development.**”**® Incorporating ML into this domain rep-
resents a paradigm shift, enabling the tailored design of nano-
zymes for catalysis, biotechnology, environmental monitoring,
and medical diagnostics. As algorithms grow more sophisti-
cated and computational capabilities expand, the scope of ML
applications in nanozyme research will continue to broaden.

5. Comparative assessment of
nanozymes with other catalytic
systems

5.1 Benchmarking

Nanozymes have emerged as one of the most widely studied
and practically relevant classes of artificial enzymes (AEs).

Nanoscale, 2026, 18, 1121-1156 | 1141


https://doi.org/10.1039/d5nr04138d

Published on 05 Dezember 2025. Downloaded on 06.03.2026 22:14:19.

Review

While AEs in general have gained growing interest as alterna-
tives to conventional catalysts, nanozymes stand out due to
their structural tunability, robustness, and versatility across
applications. AEs comprise a diverse array of organic and in-
organic substances designed to function within nanoscale
architectures, such as nanoparticles or nanocoatings, and are
capable of replicating the catalytic behaviour of natural
enzymes under defined conditions.?** Comparable in size and
catalytic mechanism to natural enzymes, AEs also exhibit mul-
tivalency, a critical feature that facilitates strong substrate
interactions, enhancing both selectivity and specificity.>*
Based on composition, AEs are generally categorized into two
types: nanozymes and semi-artificial enzymes (SAEs).**!
Among these, nanozymes are particularly important as they
effectively bridge the functional gap between traditional
chemical catalysts and biological enzymes (Fig. 25).

5.1.1 How nanozymes outperform traditional catalysts.
Traditional catalytic systems often rely on noble metals or tran-
sition metal oxides, which, although effective, frequently suffer
from poor durability and limited adaptability under variable
environmental conditions. Nanozymes, by contrast, not only
deliver comparable or superior catalytic activity but also provide
exceptional structural tunability and operational robustness. For
example, gold nanoparticles (AuNPs) supported on graphitic
carbon nitride (g-C3N,) have shown higher catalytic efficiency
than unsupported particles due to increased active site exposure
and enhanced charge transfer at the interface.**> Similarly,
Fe;0, nanoparticles and porous 3D graphene frameworks have
been tailored for oxidase- or peroxidase-like behavior, maintain-
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ing activity across a broad pH range and under extreme
temperatures.®®*** These properties are especially beneficial in
energy conversion technologies such as fuel cells, electrocatalytic
reactors, and pollutant degradation modules, where convention-
al catalysts often suffer from low activity or deactivation.
Nanozymes also play an important role in advanced oxi-
dation processes (AOPs), where the catalytic decomposition of
hydrogen peroxide (H,0,) generates hydroxyl radicals ("OH),
capable of breaking down organic pollutants into harmless
byproducts. Iron-based nanozymes, particularly when inte-
grated into porous carbon or metal-organic frameworks, are
highly effective in degrading compounds like phenols, syn-
thetic dyes, lignins, and melamine, contaminants often found
in industrial wastewater or agrochemical residues.****°
Beyond chemical activation, nanozymes can also be activated
by light, ultrasound, or electric fields, enabling multimodal
strategies for clean energy and environmental remediation.
5.1.2 How nanozymes overcome the limitations of natural
enzymes. Natural enzymes such as catalase, horseradish peroxi-
dase (HRP), and superoxide dismutase (SOD) show significant
catalytic efficiency; however, under extreme physiological con-
ditions, they present significant limitations. Many lose activity in
the presence of organic solvents, high temperatures, or oxidative
stress, all of which are common in industrial, biomedical, and
energy-related processes. On the other hand, nanozymes retain
activity under such harsh conditions and can be readily syn-
thesized from cost-effective, abundant materials. Hybrid con-
structs that combine enzymatic and inorganic functions are par-
ticularly promising. For instance, AuNPs@MIL-101, when com-
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Fig. 25 Schematic representation of nanozymes bridging the gap between natural enzymes, semi-artificial enzymes, and traditional catalysts.
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bined with enzymes such as glucose oxidase or lactate oxidase,
display a substantial increase in catalytic output. This is attribu-
ted to efficient electron mediation between the enzyme and the
nanozyme component.**® Another strategy involves encapsulat-
ing natural enzymes within nanoparticles to stabilize their ter-
tiary structure, shield them from denaturation, and extend oper-
ational lifetime while broadening their functional range.**’

Many nanozyme reactions occur at the particle surface, and
dense ligand coatings used for bioconjugation can obstruct
access to active sites. This has been observed in oxidase-type
nanozymes, where excessive surface functionalization leads to
notable activity loss.>*® Some progress has been made using
polysaccharide coatings, such as dextran-functionalized nano-
ceria, which balance colloidal stability with active site accessi-
bility.**® Similarly, encapsulating homogeneous catalysts
within polymer or hybrid matrices is emerging as a method
for preserving reactivity in biologically or chemically complex
environments.>***** Overall, the adaptability of nanozymes to
different types of substrates, reaction mechanisms, and harsh
environmental conditions makes them well-suited for future
deployment in clean energy, environmental remediation, and
smart biomedical devices. Intriguingly, some nanozymes are
also capable of catalyzing non-natural biological reactions,
such as bioorthogonal catalysis.>**** A comparative overview
of various catalytic systems can be seen in Table 8.

5.2 Economic and environmental viability

In the context of growing environmental concerns, nanozymes
serve as green catalysts that support the creation of more sustain-
able products and eco-friendly processes. The circular economy
concept challenges the traditional linear production model by
emphasizing waste reduction and efficient resource manage-
ment. Nanozymes function as ‘circular catalysts’, maintaining
catalytic activity over multiple cycles and enabling closed-loop
systems in manufacturing. Their robustness and reusability
make them particularly valuable in areas such as pharmaceutical
synthesis and environmental remediation, such as pollutant
degradation and wastewater treatment, where they facilitate
greener reaction routes.*®® Nanozymes also offer benefits such as
reduced energy consumption, minimal chemical usage, safer
processing conditions, and the use of renewable resources.**
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The nanoscale physicochemical properties of Fe-doped and
carbon-based nanostructures are especially important in replicat-
ing peroxidase-like activities, enhancing the performance of
microbial electrochemical technologies (METs). However, environ-
mental concerns such as metal toxicity, dissolution, excessive
reactive oxygen species generation, and oxidative stress-induced
toxicity have raised questions about the sustainability and safety
of conventional doping and synthesis strategies.’®’ As a result,
there is growing interest in developing simpler, cost-effective, and
friendly methods suitable for industrial-scale implementation.
One such approach involves the use of the electroactive bacterium
Geobacter sulfurreducens combined with an oxygen evolution reac-
tion (OER) - active element such as iron, and further integration
with reduced graphene oxide (rGO). This hybrid nanoelectrocata-
lyst demonstrated enhanced bioelectric performance, reduced
overpotential, and improved operational stability. Specifically, the
system achieved a geometric current density of 10 mA cm™> at
270 mV during a 10 hour stability test, because of the peroxidase-
like behavior of the Fe sites.>**

In another study, a bioanode modified with a magnetite-
carbon nanotube (Fe;0,/CNT) yielded a power density of
1050 mW m™> in a microbial fuel cell (MFC) catalyzed by
Escherichia coli. The magnetic field generated by Fe;O, enhanced
microbial adhesion to the electrode surface, promoting faster
electron transfer and delivering a 30% increase in power output
compared to traditional mediated MFCs. Fe;0, preserved the
integrity of the biocatalytic layer, while CNTs formed microchan-
nels that improved electron transport at the biofilm-electrode
interface.’®® Additionally, coating electrodes with a reduced gra-
phene oxide/tin oxide (rGO/SnO,) nanohybrid boosted power
density to 1624 mW m™> due to the promotion of electroactive
biofilm formation, which facilitated extracellular electron
transfer.?¢*3%

6. Challenges and knowledge gaps
6.1 Selectivity and reaction control

Achieving selectivity in reactions that yield multiple products
remains one of the major challenges in catalysis, as it depends
on numerous factors, including the applied potential or

Table 8 Key performance metrics: natural enzymes vs. traditional catalysts vs. nanozymes

Metrics Natural enzymes®®® Traditional catalysts®>® Nanozymes®®®
Operational Low; denatures under extreme pH/ High; thermally stable but may Very high; withstand broad conditions
stability temperature deactivate in harsh media®*’
PH tolerance Narrow (optimum pH only) Broader (metal oxides tolerant) Wide (material-dependent)
Temperature Limited (optimum ~37 °C; denature Stable >1300 °C Stable 4-90 °C
stability >40 °C)
Substrate Very high (lock-and-key model) Low Moderate; tunable via ligand/dopant
specificity engineering
Scalability Low; requires bioproduction and Limited to high; mature industrial Good; scalable synthesis
purification processes
Cost High; low yield Low to high (metal/rare earth cost) Low
TOF, Ky, Km =3.7 MM; Vo =3.34 X 108 M s™ K, = 2.3 mM; Koo =33 57 for 8-formyl- K, = 154 MM Vi = 9.78 X 107 M s

for native HRP**®
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current, the catalyst’s properties, and the pH. A comprehensive
understanding of the reaction mechanisms and the influence
of specific parameters is essential for effective selectivity
control, as these processes often involve multiple pathways
and intermediates. A well-known example is the electro-
chemical reduction of CO,, which can yield up to 16 distinct
products.’® The initial mode of CO, adsorption and activation
plays a crucial role in determining the overall product
outcome. Among these, carbon-rich products (C,,) are con-
sidered particularly valuable. However, their formation typi-
cally occurs at potentials that also favor the hydrogen evolution
reaction (HER), which competes with CO, reduction. Thus,
suppressing HER is key to steering the process toward multi-
carbon product formation. The synthesis of C,; products is
associated with reaction pathways that enable C-C coupling,
which is strongly catalyst dependent.

Copper (Cu) has remained the most extensively researched
catalyst for CO, reduction, owing to its unique capability to
support C-C coupling mechanisms, producing high-value
chemicals like ethylene and ethanol.?*® Strategies to enhance
Cu’s performance have focused on altering its structural and
chemical properties through alloying and controlled nanos-
tructuring. However, a limitation of these strategies, and
similar approaches that prioritize identifying catalysts with
high faradaic efficiency before tailoring their selectivity, is that
they may overlook catalysts with inherently high selectivity but
low faradaic efficiency.

Recent advancements have introduced novel -catalyst
systems capable of selectively producing C,, C3, and C, pro-
ducts. For instance, boron-doped copper achieved ~79%
efficiency in reducing CO, to C, products, attributed to
boron’s role in stabilizing the Cu®/Cu’ surface ratio.*®’
Similarly, a tandem Au/Cu catalytic system efficiently converted
CO, into C, alcohols such as ethanol and n-propanol. This
system operates via a two-step cascade where CO, is first
reduced to CO at gold sites, which is then further converted
into alcohols at adjacent Cu sites.>®®

In comparison to natural enzymes, which exhibit high sub-
strate selectivity (for example, glucose oxidase specifically targets
glucose), gold nanoparticles (AuNPs) tend to oxidize multiple
reducing sugars indiscriminately.®*® This broad reactivity is
largely due to the absence of defined substrate-binding pockets
on nanozyme surfaces, allowing multiple substrates to interact
freely and undergo reactions, as can be seen in Fig. 26. One strat-
egy to address this issue involves incorporating substrate-
binding ligands like antibodies or aptamers. Although feasible
in principle, these ligands are limited by high cost and poor
stability, undermining the practical advantages of nanozymes.

To overcome these challenges, one approach utilizes mole-
cularly imprinted polymers (MIPs).>**>*”° For example, when
the substrate TMB was first adsorbed onto iron oxide nano-
zymes, a hydrogel layer was synthesized around it. Upon
removing TMB (serving as the template), the resulting cavities
exhibited nearly 100-fold selectivity for TMB. MIPs present a
compelling solution due to their robustness, cost-effectiveness,
and compatibility with the synthetic nature of nanozymes.
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Fig. 26 Schematic representation depicting active sites of natural
enzymes and nanozymes.

To advance specificity, one promising direction involves
mimicking the three-dimensional substrate-binding pockets
found in natural enzymes. However, rationally engineering
such structures on nanozyme surfaces remains a difficult chal-
lenge. Another viable strategy to improve specificity is the use
of biorthogonal nanozymes, which define both the catalyst
and the substrate, often relying on synthetic compounds for
highly specific reactions.’”* For instance, palladium-based
bioorthogonal nanozymes have been employed in prodrug acti-
vation within tumor microenvironments, enabling localized
chemotherapy with minimal off-target toxicity.*”

These examples highlight the importance of deepening our
understanding of catalyst materials and the mechanisms
through which they promote product formation. A shift in
focus toward achieving high product selectivity rather than
merely enhancing faradaic activity could offer practical
benefits such as reducing the cost of product separation.
However, predicting product selectivity remains complex even
with computational methods, due to the significant influence
of multiple catalyst features, including particle size, mor-
phology, crystal structure, and exposed facets.*”>*’* A funda-
mental change in catalyst design philosophy appears necessary
to drive significant advances.

6.2 Mechanistic understanding and active site identification

While current research on nanozymes has largely focused on
their observed enzymatic activities and practical applications,
the continued advancement of this field requires a deeper
investigation into the underlying reaction mechanisms that
govern their behavior. A much-detailed mechanistic under-
standing would not only strengthen and refine the definition
and classification criteria for nanozymes but also reveal oppor-
tunities to exploit enzyme-like catalytic principles in emerging
or as-yet unrecognized materials. Such insights could expand
the library of nanozyme candidates and accelerate their trans-
lation across diverse clean-energy and environmental appli-
cations. At their core, nanozyme-catalyzed reactions are
surface-mediated and typically proceed through a series of
steps, including substrate adsorption, diffusion, chemical
transformation, and subsequent product desorption. These
steps have been well-characterized in gas-phase catalytic
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systems involving crystalline surfaces. However, in aqueous
media, often containing buffers and electrolytes, the reaction
environment becomes significantly more complex (Fig. 27). So
far, elucidating the precise mechanisms of electron transfer in
redox reactions has proven to be a major challenge. Among the
various nanozymes studied, nanoceria remains one of the
most thoroughly investigated. Peng et al.>’> proposed that its
catalytic behavior occurs through a dissolution-based mecha-
nism. Other mechanistic models include the interconversion
between Ce** and Ce*" oxidation states,” and its functioning
as an “electron sponge”.***?”® These differing views highlight
the lack of consensus and underscore the complexity of defin-
ing a clear, unified mechanism.

Going forward, bridging the gap between experimental con-
ditions in wet chemistry and conventional surface characteriz-
ation techniques (often conducted under ultrahigh vacuum)
will be critical to ensure their relevance to reactions occurring
in solution-phase environments. Operando techniques, such
as operando spectroscopy and in situ Transmission Electron
Microscopy (TEM) or Atomic Force Microscopy (AFM), are
emerging as powerful tools to monitor active site behavior and
track reaction mechanisms in real time under realistic con-
ditions. In addition, using nanomaterials as scaffolds for
homogeneous catalysts has enabled more detailed mechanistic
insights. A notable example is the work by Cao-Milan et al.>”’
who employed ~2 nm gold nanoparticles coated with protec-
tive ligand shells to immobilize a bioorthogonal ruthenium
catalyst. By altering the ligand structures, they observed vari-
ations in kinetic behavior, indicating that the ligand shell sig-
nificantly influenced the catalytic process. This study shed
light on the effect of the local environment on reactivity and
provided a framework for the systematic study of nanozyme
mechanisms and their rational design.

6.3 Scalability and integration into practical systems

Recent progress in nanozyme-based systems has revealed con-
siderable potential for energy and environmental applications.
Nevertheless, multiple obstacles must be addressed before
their full potential can be realized. One major challenge is
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Fig. 27 Schematic representation of solid-state and aqueous catalytic
mechanisms.
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scaling up nanozyme technologies while maintaining consist-
ent quality and performance.’'%*’® Shifting from laboratory-
scale procedures to industrial-scale production is complex,
particularly when aiming to meet the stringent quality bench-
marks for each formulation.>”®?%® Another critical limitation is
the lack of unified protocols for nanozyme synthesis, evalu-
ation, and validation.*®' % Developing standardized pro-
cedures would ensure experimental reproducibility, improve
cross-study comparisons, and simplify regulatory approval pro-
cesses, all of which are crucial for commercial applications.

A major issue lies in achieving consistent synthesis and
characterization of nanozymes. Factors such as the synthesis
method, reaction conditions, and post-synthesis surface modi-
fications can significantly influence the final catalytic perform-
ance. Even minor deviations may lead to substantial variations
in activity. In addition, scalability is a significant hurdle. Many
nanozyme synthesis techniques involve intricate procedures
that are labor-intensive and time-consuming.’***%> Moreover,
certain synthesis routes rely on costly or hazardous reagents,
which not only raise production costs but also present environ-
mental and safety concerns (Fig. 28).***%” Addressing these
issues will be critical for translating nanozyme technologies
from laboratory research to commercial and clinical use.

As highlighted by Mohamed’s research group,**®**° existing
regulatory systems are not yet fully equipped to accommodate the
complexity of nanoparticle-based applications, creating a major
obstacle to product development and regulatory approval.
Techno-economic analysis (TEA) and life-cycle assessment (LCA)
are essential tools to provide a holistic view of both economic
competitiveness by assessing cost, scalability, economic feasi-
bility, and environmental responsibility across the entire product
life-cycle. Screening synthesized materials using these tools
together can guide the optimization of nanozyme design and
manufacturing. Thus, future research efforts must focus on resol-
ving challenges related to production scalability and method
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Fig. 28 Graphical representation of approximated costs of traditional
enzymes, noble-metal nanozymes, and bio-derived nanozymes.
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standardization. These developments will pave the way for nano-
zyme-based applications that are accurate, dependable, and com-
mercially viable.

7. Future perspectives
7.1 Emerging trends in nanozyme research

The landscape of enzyme immobilization is undergoing a sig-
nificant transformation, shifting from traditional immobiliz-
ation methods toward dynamic, responsive systems that inte-
grate artificial intelligence, innovative nanocarriers, and bio-
printed scaffolds. These next-generation systems offer refined
control over enzymatic behavior, spatial organization, and
catalytic reactivity. Designed for high selectivity, sensitivity,
and cost-effectiveness, nanomaterials serve multiple critical
roles, including acting as support matrices for enzymes,
enhancing signal transduction, or functioning directly as
enzyme mimics (nanozymes).>*® Notably, artificial intelligence
(AI) and machine learning (ML) tools are increasingly being
employed to predict interactions and forecast catalytic per-
formance based on structural and physicochemical features.
These models accelerate nanozyme design and optimization
by enabling rapid screening of enzyme-support combinations
and reaction conditions.*®’

In a study by Pandey et a a-amylase was immobilized
onto Halloysite nanotubes (HNTs), which markedly improved
the enzyme’s thermal stability and reusability, attributes that
make it suitable for industrial applications. Shin et al.*** devel-
oped a hydrogen peroxide biosensor by encapsulating horse-
radish peroxidase in protein nanoparticles and integrating it
with a reduced graphene oxide-coated gold electrode to
improve both the catalytic stability of the enzyme and the elec-
trical conductivity of the electrode. This resulted in a sensor
with excellent accuracy, low detection limits, and a wide detec-
tion range. While these studies demonstrate significant
improvements in stability and functionality, a major limitation
remains the lack of standardized metrics, such as turnover fre-
quency, half-life under operational conditions, and number of
reuse cycles, for quantitatively benchmarking immobilized
enzyme performance. Establishing consistent evaluation cri-
teria would not only enhance comparability across different
immobilization platforms but also accelerate the translation of
these biocatalysts into industrial and clinical applications.***

Beyond sensing, immobilized enzymes play a vital role in
environmental applications such as wastewater treatment,
where they efficiently break down organic pollutants. Their
contribution to bioremediation is equally impactful, aiding in
the degradation of oil spills and hazardous chemicals, thus
supporting environmental sustainability. In industrial cataly-
sis, immobilized enzymes such as cellulases are essential for
the efficient production of bioethanol, while lipases are instru-
mental in biodiesel synthesis. Their use in the manufacture of
active pharmaceutical ingredients further highlights their
importance in green chemistry and environmentally friendly
manufacturing practices.*®%39>7397
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7.2 3D-printed catalyst architectures

Recent advancements in 3D printing technology have intro-
duced innovative approaches for fabricating microarchitec-
tures that facilitate enzyme immobilization, improving reac-
tion specificity and catalytic efficiency (Fig. 29). These benefits
stem from the enhanced surface-to-volume ratios and custo-
mizable geometries achievable through 3D printing. A widely
adopted method involves designing 3D-printed scaffolds with
functionalized polymer surfaces, which enable enzyme immo-
bilization through covalent bonding or physical entrapment.
Notably, enzymes such as Esterase 2 from Alicyclobacillus acido-
caldarius and Candida antarctica lipase B have been success-
fully immobilized on polymer-grafted 3D architectures,
showing marked improvements in stability and reusability,
particularly in solvent-rich environments.>*® The enzyme
systems demonstrated up to 0.61 U g~ " support, no observable
leaching, and stable performance across at least five consecu-
tive reuse cycles.*®

Hydrogels and polymer-based substances yield structures
with extensive surface areas that stabilize enzymes, promote re-
usability, and enhance catalytic efficiency.*** A prominent
strategy involves entrapping enzymes in 3D-printed hydrogel
matrices. For example, researchers designed a 3D-printed
hydrogel using poly (ethylene glycol) diacrylate (PEGDA) that
preserved around 95% of initial enzymatic activity after 35
days at 4 °C.**° Shen and colleagues,**® further showed that
3D gel printing for immobilizing enzymes like lipase, glucose
oxidase, and horseradish peroxidase produced engineered
porous structures with a threefold increase in catalytic
efficiency compared to non-printed controls, owing to
improved substrate access and enzyme activity. The synergy
between 3D printing technologies and innovations in material
design continues to drive the development of cutting-edge bio-
catalytic platforms.

7.3 Roadmap to commercial deployment

Scaling up nanoparticle production while maintaining control
over their structural and functional attributes remains a core
technological barrier.*”" Moreover, the high cost of materials,
particularly for noble-metal-based nanoparticles like gold, con-
tinues to limit widespread industrial adoption. To address
this, researchers are actively exploring biodegradable and cost-
effective alternatives to traditional materials. However, striking
the right balance between cost-efficiency and functional per-
formance is essential to ensure that the technology meets both
industrial practicality and regulatory standards.’®' Addressing
additional concerns, such as biodegradability, bioavailability,
and economic viability of enzyme-conjugated -carriers, is
necessary to pave the way for real-world implementation.**?
The industrial-scale production of enzymes is also central to
advancing nanozyme applications and supporting commercia-
lization. This growth is driven by major international firms
such as DuPont (USA), Sunhy Biology and Shandong Longda
Biology Engineering (China), Novozymes (Denmark), and AB
Enzymes (Germany), all of which are investing heavily in
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Fig. 30 Flowchart depicting the roadmap towards the commercializa-
tion of nanozymes.

enzyme technologies and anticipate rapid market expansion.
These companies are developing enzyme-based solutions for
diverse biotechnological and industrial applications. Fig. 30
shows a brief overview of the commercialization pathway for
nanozymes. Overall, the unique catalytic properties of nano-
zymes position them as highly valuable across multiple
domains. With sustained research, innovation, and the estab-
lishment of standardized production methods, nanozyme-
based systems hold tremendous potential for industrial
deployment.*®

8. Conclusion

In conclusion, nanozymes have established themselves as a
potent class of catalytic materials by bridging the gap between
nanotechnology and enzymology. Their future in clean energy
applications is highly promising owing to their extraordinary

This journal is © The Royal Society of Chemistry 2026

enzyme-mimicking properties, versatile structural designs,
tunable activity, and robustness under harsh conditions.
These features make nanozymes suitable for diverse sustain-
able energy production pathways, including hydrogen pro-
duction, water splitting, oxygen electrocatalysis, biofuel gene-
ration, CO, reduction, and methane-to-methanol conversion.
With ongoing research addressing limitations in long-term
operational stability, cost-effectiveness, and compatibility with
existing infrastructure, their commercial potential can be sig-
nificantly enhanced.

Through strategic design and engineering approaches, such
as doping, nanostructuring, and hybridization, nanozymes can
achieve higher selectivity, efficiency, and operational stability
compared to both traditional catalysts and natural enzymes.
Despite considerable progress in nanozyme research, signifi-
cant challenges remain, particularly in achieving precise
control of active sites, advancing mechanistic understanding,
enhancing scalability, and integrating nanozymes into real-
world industrial systems. Furthermore, the field suffers from a
lack of standardized benchmarking protocols, deeper struc-
ture-activity insights, synthetic
approaches. Moreover, there remains an urgent need for

and more sustainable
clearer and more universally accepted definitions and categor-
izations of nanozymes, particularly as the field continues to
evolve rapidly. Many nanomaterials that exhibit enzyme-like
activities—here referred to as nanozyme-inspired catalytic
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systems—are still not formally recognized as nanozymes. With
further mechanistic study, these materials may reveal valuable
catalytic principles and significantly broaden the scope of
nanozyme applications.

Looking ahead, novel immobilization strategies based on
3D printing, bio-hybrid materials, and reactor-level engineer-
ing are paving the way for large-scale applications and unlock-
ing their potential in transformative green energy projects.
Interdisciplinary research combining materials science, cataly-
sis, and systems engineering will be critical to bridging
current knowledge gaps and deployment hurdles in the clean
energy field. With their adaptability and multifunctionality,
nanozymes are poised not only to enhance existing catalytic
systems but also to open new avenues of innovation in the
global transition toward decarbonization.
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