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Innovative engineering strategies and mechanistic
insights for enhanced carbon-based
electrocatalysts in sustainable H,O, production

Shun Li, ©2*® Zhanpeng Zhu,? Yugiao Zhang,® Yong Liu,” Xinyue Zhang*®® and
Kwun Nam Hui*®

Hydrogen peroxide (H,O,) plays a crucial role in various industrial sectors and everyday applications.
Given the energy-intensive nature of the current anthraquinone process for its production, the quest for
cost-effective, efficient, and stable catalysts for H,O, synthesis is paramount. A promising sustainable
approach lies in small-scale, decentralized electrochemical methods. Carbon nanomaterials have emerged as
standout candidates, offering low costs, high surface areas, excellent conductivity, and adjustable electronic
properties. This review presents a thorough examination of recent strides in engineering strategies of carbon-
based nanomaterials for enhanced electrochemical H,O, generation. It delves into tailored microstructures
(e.g.. 1D, 2D, porous architectures), defect/surface engineering (e.g., edge sites, heteroatom doping, surface
modification), and heterostructure assembly (e.g., semiconductor—carbon composites, single-atom, dual-
single-atom catalysts). Moreover, the review explores structure—performance interplays in these carbon elec-
trocatalysts, drawing from advanced experimental analyses and theoretical models to unveil the mechanisms
governing selective electrocatalytic H,O, synthesis. Lastly, this review identifies challenges and charts future
research avenues to propel carbon electrocatalysts towards greener and more effective H,O, production
methods.

The sustainable production of hydrogen peroxide (H,0,) is pivotal for a broad range of industrial and environmental applications, yet its current large-scale

synthesis via the anthraquinone process remains energy-intensive and environmentally taxing. This review highlights recent advances in carbon-based

electrocatalysts for decentralized, electrochemical H,O, generation—a promising alternative that operates under mild conditions with minimal environmental
footprint. The development of efficient, stable, and cost-effective carbon-based materials for electrochemical H,O, production has profound implications for

sustainable chemical manufacturing, decentralized wastewater treatment, and green energy applications. By providing a comprehensive analysis of cutting-

edge catalyst engineering strategies, mechanistic insights, and structure-performance relationships, this work lays the foundation for the rational design of

next-generation carbon-based electrocatalysts. Additionally, this review underscores critical challenges and future research directions, serving as a valuable
roadmap for the transition toward scalable, eco-friendly H,O, synthesis. The insights presented herein will not only advance fundamental scientific
understanding but also accelerate practical implementation in industrial and environmental sectors.

1. Introduction

applications, including electronics, chemical synthesis, medicine,
wastewater treatment, bleaching processes, and environmental

Hydrogen peroxide (H,0,) is an essential and environmentally
friendly chemical with indispensable roles in various industrial
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remediation.”™ Traditionally, industrial H,O, production (~95%) is
predominantly achieved through the energy-intensive anthraquinone
process,”® which involves complex reaction steps, requires toxic
solvents under harsh conditions, and generates substantial organic
waste, posing significant environmental challenges. These drawbacks
have stimulated considerable interest in developing on-site, environ-
mentally benign, energy-efficient, and cost-effective methods for H,O,
production, including direct synthesis using H, and 0,,"*
photocatalysis,”>° electrocatalysis,*' >* mechanocatalysis,** > and
thermoelectrocatalysis.** > Among these alternatives, electrochemical

This journal is © The Royal Society of Chemistry 2025
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synthesis of H,O, is particularly promising because it operates
under mild conditions, requiring only electricity, air, and inex-
pensive electrolytes, while enabling high efficiency and decen-
tralized production.*®*” However, achieving high selectivity for
the 2e” reduction pathway to produce H,0,, instead of the 4e™
pathway for producing water, is critical for this process.*®*°
While noble-metal Pt- and Pd-based alloys have demonstrated
excellent performance,*”*®*! the scarcity and high cost severely
limit their practical applications. Therefore, there is increasing
interest in developing noble-metal-free electrocatalysts with
high-efficiency and selectivity for H,0, production.

Since the pioneering work on nitrogen-doped carbon nano-
tubes for efficient electrochemical oxygen reduction reaction
(ORR) in 2009," carbon-based metal-free electrocatalysts have
garnered considerable research attention.**** Various carbon
nanomaterials, such as graphene,*® carbon nanotubes (CNTs),*®
carbon nanofibers/wires,*” carbon dots,*® fullerene,* and por-
ous carbon,’ have demonstrated great potential as catalysts for
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electrochemical production of H,0, via the 2e” ORR pathway.>"
These materials offer great advantages like low cost, abundant
availability, tunable nanostructures, excellent electrical conduc-
tivity, and adjustable electronic properties.’>* However, several
challenges remain in optimizing these catalysts for H,O, pro-
duction, including (1) high overpotential, low catalytic activity
and selectivity compared to precious metal catalysts; (2) unclear
mechanisms involving active sites and reaction pathways; (3)
poor stability and durability in acidic or alkaline environments;
(4) difficulty of integration with electrochemical systems for
scalable production.

To overcome these inherent limitations, many strategies
have been developed in the past few decades. Several important
review papers have been published on carbon-based nanomater-
ials for H,0, production.>*™’ As a rapidly growing field, recent
studies have demonstrated notable advancements in the rational
design and fabrication of carbon-based electrocatalysts. Moving
beyond traditional catalyst optimization methods, innovative
engineering strategies have been developed, such as precise
modulation of microstructures (e.g,, programed hierarchical
structure), multi-component synergistic engineering (e.g., topolo-
gical and doping effect), and the incorporation of atomically
precise catalytic centers (e.g., dual-single-atom sites). These mod-
ification strategies have led to significantly enhanced H,O,
production activity, selectivity and stability, achieving perfor-
mance levels that rival or even surpass those of the leading
catalysts reported to date. Therefore, it is timely to provide a
comprehensive overview of the latest breakthroughs in advanced
engineering strategies for carbon-based nanomaterials in electro-
chemical H,0, production (Fig. 1). First, we describe the mechan-
isms of the 2e~ ORR and water oxidation reaction (WOR)
pathways and elucidate the key factors influencing selectivity
and activity. Next, we thoroughly summarize the recent progress
in carbon-based electrocatalysts for H,O, synthesis, emphasizing
their underlying structure-performance relationships, particu-
larly in the 2e” ORR pathway. Finally, we highlight the current
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Fig. 1 Schematics of key challenges and corresponding modification strategies of carbon-based electrocatalysts for H,O, production.

challenges and propose future directions for the rational design
and large-scale utilization of advanced carbon-based electrocata-
lytic materials.

2. Fundamentals of electrochemical
H>O, production

Electrocatalytic H,O, production can be achieved through both
the ORR and WOR (Fig. 2). These processes involve multi-
electron reactions characterized by several elementary steps
and potential intermediates (e.g., *OOH and *OH).”® The
mechanisms of the ORR and WOR reactions are presented
below in detail.

2.1. Two-electron pathway via the oxygen reduction reaction
(ORR)

Generally, the ORR involves a complex multi-electron transfer
process, which can be categorized as dissociative and associa-
tive mechanisms. For the dissociative mechanism, the O-O
bond in the adsorbed O, cleaves directly, resulting in the
formation of O,4s and H,O as the final product. In contrast,
the associative mechanism involves the couple of adsorbed O,
with an electron (¢7) and a proton (H') to form the *OOH
intermediate,® which can further accept another e~ and H' to
produce H,O,. Additionally, the O-O bond in the *OOH inter-
mediate may also dissociate, yielding O,qs and OH,4s and
ultimately leading to the formation of H,0 (*OOH + H' + e~ —
*O + H,0).*° Thus, H,0, is obtained as the main product by
intervening in the dissociation of the peroxide species from the
surface, as shown in eqn (1) and (2).*> Thus, the two competitive

6020 | Mater. Horiz., 2025,12, 6018-6042

reactions involving the *OOH intermediate determine the selectiv-
ity for H,O, generation.

O, +*+H"+e - *OOH

1)
(2)

Consequently, ORR mechanisms can be divided into two path-
ways: the 2e” or 4e” pathway. The 4e™ pathway is preferred as the
cathode reaction in fuel cells and metal-air batteries to obtain
higher voltage and energy efficiency, while the electrochemical
production of H,0, relies on the 2e~ pathway (eqn (3) and (4)).

In acidic medium:

*OOH + H" + e~ — H,0, + *

0, +2H" +2¢” - H,0, (E°=0.67 Vgug) (3)
In alkaline medium (pH > 11.6):
0,+H,0 +2e — HO, +OH  (E°=0.76 Vgu)  (4)

A critical aspect in determining the pathway of the ORR is
the adsorption mode of O, molecules on the catalyst’s surface.
In particular, when O, is adsorbed in the Pauling mode, the
0-0 bond is less likely to break, thus favoring H,0, generation.®®

2.2. Two-electron pathway via the water oxidation reaction (WOR)

The WOR process can occur through 1e™, 2e”, and 4e™ oxida-
tive pathways and H,0, can be generated via the 2e™ pathway,
while the complete oxidation pathway to O, needs to be
avoided.®*"®® The specific WOR steps by the 2e” pathway for

H,0, production are as follows:
2H,0 — H,0, + 2H' +2¢~ (E°=1.76 Vgur)  (5)
(6)

*+H,0 > *OH +H + e

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Possible reduction pathways of the ORR and WOR for electrocatalysis H>,O, production (left) and a plot of theoretical limiting potential (U,)

against Gibbs free energies of binding *OOH (AGpoo+) and *OH (AGo+) for H,O, electrosynthesis (right) of different types of electrocatalysts. U, is the
least positive (anodic) or negative (cathodic) potential at which both electron transfers are downhill in free energy.? Copyright 2019, Nature Publishing
Group. (b) Schematic illustration of crucial factors and characterization techniques for investigating the electrocatalytic mechanism.

*OH + *OH — H,0, )

The key issue for determining the pathway of the WOR is the
recombination of *OH species on the catalyst’s surface. Speci-
fically, if *OH is not further oxidized to *O or °*OH, H,O,
generation is favored.

2.3. Mechanistic insights into electrochemical H,0,
production

In the electrocatalytic production of H,0, via the ORR and WOR
mechanisms, the key factors determining the efficiency and
selectivity mainly include catalyst materials and electrolyte prop-
erties. Catalysts with optimized surface electronic structures,
such as those exhibiting moderate adsorption energies for oxygen
intermediates (e.g., *OOH), favor the 2e~ pathway with low over-
potential. Additionally, surface properties like porosity, defects,
and functional groups can enhance the accessibility of active sites

This journal is © The Royal Society of Chemistry 2025

and improve mass transport, further boosting H,O, production.
In addition, the electrolyte (e.g., ion type, pH value) also plays a
critical role in tuning the reaction kinetics and selectivity. Overall,
achieving high activity and selectivity in H,O, electrocatalysis
requires a balance modulation of these factors.

The electrochemical synthesis of H,O, using carbon-based
electrocatalysts involves complex reaction mechanisms that gov-
ern their performance in terms of activity, selectivity, and stabi-
lity. Density functional theory (DFT) calculations (Fig. 2a) reveal
that certain defect configurations in carbon-based materials
appear at the pinnacle of the 2e~ ORR volcano plot,” highlighting
their role as highly active sites. Based on the fundamental
mechanisms, key engineering strategies are categorized into:
(1) modulation of materials’surface that governs selectivity and
mass transfer, (2) reaction pathways and intermediates, and
(3) selection of the electrolyte. This section provides a cohesive
framework for understanding the underlying principles of

Mater. Horiz., 2025, 12, 6018-6042 | 6021
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electrocatalysis H,O, production (Fig. 2b), which is crucial for
optimizing the reactant adsorption/activation, stabilization of
intermediates, and efficient product release.

2.3.1. Surface properties of electrocatalysts. The surface
properties of electrocatalysts, where charge and mass transfer
of electrochemical reaction occurs, have a crucial effect on the
reaction activity.’” The surface electronic structure of the elec-
trocatalyst directly determines the adsorption behavior of
oxygen-bearing intermediates (O*, OH*, and OOH¥), thereby
influencing the activity and selectivity of both the 2e” ORR and
WOR. For instance, defect engineering (e.g., edge sites, topolo-
gical defects, curvature effects, and doping) modulates surface
electronic structures and creates active sites to stabilize *OOH
and activate O,, leading to reduced reaction barriers and favor-
ing the formation of H,0,. In addition, introducing single-atom
catalysts on the surface of carbon materials provides precise
control over adsorption and binding energies. Microstructure
tailoring, such as designing mesoporous hollow nanoreactors,
can enhance mass transport and intermediate retention by
facilitating O, enrichment and H,0, diffusion.

Moreover, the wettability of the reaction interface, especially
hydrophilicity/hydrophobicity, plays an important role in regulat-
ing the adsorption/desorption dynamics of products on the elec-
trode surface.®® For instance, hydrophilic surfaces may facilitate
ion transport and reduce gas bubbles overpotential, while con-
trolled hydrophobicity can promote O, diffusion to active sites, a
crucial factor for the ORR. The balance between hydrophilic and
hydrophobic domains can be optimized through chemical func-
tionalization or micro/nanostructuring to create ideal triple-phase
boundaries for simultaneous O, supply and H,O, release.®*”*
When combined with other catalyst modifications (defect engi-
neering, heteroatom doping, etc.), wettability control creates syner-
gistic effects that enhance both the kinetics and thermodynamics
of the 2e~ pathways, bridging fundamental mechanistic under-
standing with practical catalyst optimization for efficient H,O,
production.

2.3.2. Reaction pathways and intermediates. Both the 2e™
ORR and WOR pathways enable selective H,O, production, yet
they proceed through fundamentally different reaction mechan-
isms involving critical intermediates. Theoretical studies have
established that the binding energies of AGoon+ and AGoy-
serve as main descriptors for catalysts to favour H,O, formation
from O, or H,0, respectively.

Based on the ORR mechanism, three factors are crucial to
ensure high H,0, production selectivity.”>”* Firstly, a suitable O,
adsorption model is necessary to prevent the dissociative path-
way. When the adsorption state is in Pauling mode, the O-O
bond is unlikely to break, which is favorable for the generation of
H,0,. Secondly, the catalysts should balance the strong adsorp-
tion of O, to facilitate OOH* generation, while allowing moderate
desorption to produce H,O, rather than H,O. Thirdly, it is
important to ensure rapid release of the produced H,0, from
the catalyst surface to avoid further reduction or decomposition.

As for the WOR process, the selectivity among the 1e”, 2e™,
and 4e” pathways is determined using the descriptors AG«on
and AG«o, where AG+g - 2AG~oy = 0.28 €V.”%”” The selectivity of

6022 | Mater. Horiz., 2025, 12, 6018-6042

View Article Online

Review

H,0, production depends on the recombination of two *OH
intermediates; If *OH is further oxidized to *O or *OH, the
H,0, formation is suppressed. At AG-o = 2.38 eV, *OH can
form either H,0, or *O. If the adsorption energy of *O exceeds
the production energy of H,0, (3.52 eV), the reaction favors the
4e” pathway (with AG-o < 3.52 eV and AG«oy < 1.62 eV). The
optimal condition for the target 2e” WOR occurs when AG-oy is
between 1.62 and 2.38 eV, as the standard potential is more
positive than that of H,0, oxidation (E° = 0.67 Vgyg)-.

2.3.3. Role of the electrolyte. The electrolyte also plays an
important role in the electrochemical H,O, production process,
particularly when pairing the 2e” ORR and 2e~ WOR in tradi-
tional liquid electrolytes ranging from acidic to alkaline pH. For
the 2e™ ORR, the pH of the electrolyte affects the selectivity due
to the solvation effects and surface adsorbed species (such as
*OH,4s and anions).?>’® In alkaline medium, the *OH species
are strongly adsorbed on the catalyst surface, facilitating outer-
sphere electron transfer via water-solvated molecular O,. In
contrast, acidic electrolytes promote high proton mobility,
resulting in low concentrations of adsorbed *OH species. Here,
0O, molecules are chemisorbed on the catalyst surface, receiving
electrons through the inner-Helmholtz plane (IHP) process.””

3. Engineering strategies for
carbon-based electrocatalysts

The catalytic performance of materials is intrinsically deter-
mined by the physicochemical properties of their surfaces,
which govern the adsorption and desorption of reactive species
and influence key parameters such as activity, selectivity, and
stability. Pristine carbon materials often suffer from low cata-
Iytic activity and poor selectivity due to their relatively inert
surfaces and limited active sites. To overcome these inherent
limitations, a range of advanced engineering strategies have
been developed, including microstructure design, defect
engineering, chemical doping, surface functionalization, and
introduction of heterojunction or atomic sites, to enhance the
electrocatalytic performance of carbon nano-catalysts toward
H,0, production, primarily focusing on the 2e~ ORR pathway.
The roadmap of carbon-based electrocatalysts illustrating the
key findings is summarized in Fig. 3.

3.1. Microstructure tailoring

Modifying the microstructure of carbon materials plays a vital
role in boosting their catalytic performance. Constructing various
nanostructures, such as 1D (e.g., nanotubes and nanorods), 2D
(e.g., graphene), porous architectures (e.g.;, macropores, meso-
pores and micropores), and hierarchical structures, leads to
significant improvements in surface area, exposure of active sites,
mass diffusion, and electrical conductivity. These enhanced
properties are crucial for increasing the efficiency and selectivity
of the catalyst during the electrocatalysis process.

The catalytic performance of microstructures is heavily
influenced by their dimensions and porosity, as these factors
determine the accessibility of active sites and the transport of

This journal is © The Royal Society of Chemistry 2025
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nanotubes,®* and porous 2D structures.®®

reactants and products.*>®” For example, 1D nanostructures

such as nanotubes provide excellent electron transport path-
ways, while 2D nanostructures like graphene sheets offer high
surface areas for active site exposure. Moreover, when porous
architectures are introduced, such as macropores (larger pores
that facilitate mass transport), mesopores (intermediate-sized
pores that enhance exposure of active sites), and micropores
(smaller pores that control the retention of reactants), the
material’s ability to regulate reaction intermediates and diffu-
sion kinetics can be greatly promoted.®® Moreover, the 2e~ ORR
can be regulated by controllable pore structures through adjust-
ing the coordination of reaction intermediates. By optimizing
the exposure of active sites and retention time of H,O, within
specialized pore sizes, the overall performance of the catalyst
can be finely tuned.>"® Recently, hollow structures that typi-
cally feature lower density and larger surface area have gar-
nered significant attention due to their unique properties
compared to solid counterparts, by facilitating mass transport
and enhancing the availability of active sites. The increased
surface-to-volume ratio in hollow structures further contributes
to higher utilization of the catalyst material, making them
highly attractive for electrocatalytic H,O, production.®%°092
This section will mainly focus on the key latest advances in
the rational design of high efficient carbon-based electrocata-
lysts with controllable microstructures.

Precision nanoengineering of porous 2D structures has been
emerging as a promising strategy for fine-tuning catalytic reactions.
Guided by finite element simulation (FEM), Tian et al.®* designed
and fabricated porous 2D carbon nanomaterials by introducing
mesopores with diameters of 5-10 nm to facilitate fluid acceleration
(Fig. 4a—c). The resulting mesoporous carbon nanosheets exhibited

This journal is © The Royal Society of Chemistry 2025

exceptional electrocatalytic H,O, production performance, achiev-
ing a high selectivity of >95% and a diffusion-limiting disk current
density of —3.1 mA cm ™ (Fig. 4d-f). FEM simulations revealed that
the mesoporous nanosheet significantly accelerated fluid flow
within the meso-channels due to viscosity effects and the con-
stricted flow path (Fig. 4g), validating the crucial role of mesoporous
2D structures in enhancing local diffusion. Remarkably, the
electrolysis process in a flow cell achieved a high production
rate of 14390 mmol g~* h™", yielding a medical-grade H,O,
solution. This work demonstrates an effective approach to
improving the activity and selectivity of porous carbon materials
by influencing local fluid transport behavior.

Mesoporous hollow nanoreactors (MHNS), a novel class of
rationally designed catalytic material, offer unique advantages
of complex catalytic processes due to their hollow internal
spaces and mesoporous structures.’> > The mesoporous chan-
nels can create a confined microenvironment that enhances
molecular diffusion, adsorption and surface reactions, enabling
tunable catalytic pathways. For instance, Tian et al.®* demon-
strated precisely engineered carbon spheres by integrating
micromechanics with controllable synthesis to improve their
2e~ ORR catalytic activity (Fig. 5). The mesoporous channels
accelerated the fluid flow and facilitated the transport of
generated H,0, into the solution (Fig. 5a-c), thereby minimiz-
ing electro-reduction on the catalysts’ surface. Increased flow
rates led to O, enrichment in the pore channels (Fig. 5d), while
the accumulation of OH™ ions (Fig. 5e) elevated the local pH
within the MHNs. And the surface of the MHCS, 5 electrode
demonstrated the highest OH™ concentrations among all sam-
ples (Fig. 5f). As a result, MHCS, 5 exhibited exceptional 2e™
ORR performance under neutral electrolyte conditions (pH = 7),

Mater. Horiz., 2025, 12, 6018-6042 | 6023
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Copyright 2024, the American Chemical Society.

with a diffusion-limited disk current of —2.8 mAcm 2 at 0.2V,
an onset potential of 0.6V (vs. RHE), and an H,0, selectivity
exceeding 85%, outperforming most carbon-based catalysts
reported in the literature.

3.2. Defect engineering

Defects in carbon nanomaterials, such as vacancies, rings, edge
sites, topological defects, and lattice distortion, play a crucial
role in modulating their electronic structure and surface chem-
istry. Introducing structural defects can generate abundant
active sites that enhance the adsorption and activation of
oxygen molecules, thereby improving the selectivity and effi-
ciency of the ORR towards H,0, production.”®®” For instance,
vacancies provide more exposed active sites, while edge defects
create abundant unsaturated bonds.’® Beyond enhancing cata-
lytic reactivity, defect engineering could also improve the dur-
ability and stability of the electrochemical system, making it
more suitable for industrial applications.’® In the past decade,

6024 | Mater. Horiz., 2025, 12, 6018-6042

significant efforts have been made to explore defective carbon
catalysts for electrochemical H,0, production.”®"°* In this sec-
tion, we will highlight the key advances in defect engineering of
the carbon electrocatalyst including both intrinsic defects (e.g.,
edge defects, topological defects) and chemical doping with
heteroatoms (e.g, single element and dual-element doping).
3.2.1. Intrinsic defects. Edge engineering has emerged as a
promising strategy to activate inert carbon surfaces and modify their
local electronic structure by introducing unpaired electrons. %'
For example, Jing et al.”® developed an organic-inorganic hybrid co-
assembly approach to fabricate mesoporous carbon nanofibers
(MCNFs) with tunable edge site densities and pore sizes, using
ammonia to catalyze the modular molding of SiO, and resin
(Fig. 6a). They demonstrate that the density of carbon edge sites
can be controlled to enhance ORR activity and selectivity. The
optimized MCNF catalyst exhibited outstanding 2e” ORR perfor-
mance (Fig. 6b and c), achieving high H,0, selectivity (>90%) over
a wide potential range of 0.6 V, along with a large cathodic current

This journal is © The Royal Society of Chemistry 2025
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density of —3.0 mA cm™* at 0.2 V vs. RHE. As illustrated in
Fig. 6d, the defect configurations comprised vacancies (VD1 and
VD2), topological defects (TD3), and edge defects, including
zigzag and armchair types (ZD4 and ADS5, respectively). The
introduction of these defects enhanced *OOH adsorption, with
the zigzag defect (ZD4) and armchair (AD5) defects exhibiting
free energies of 3.67 and 3.62 eV, respectively, values close to the
ideal standard free energy of 3.52 eV (Fig. 6e and f). These
results demonstrate that edge defects can effectively promote
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the 2e” ORR pathway, offering a promising route to achieving
high H,0, production activity selectivity in carbon-based
electrocatalysts.

By introducing asymmetric structures into a hexagonal
carbon lattice, the symmetry can be broken to allow rapid
electron transfer, thus promoting the electrocatalytic process.
Recently, topological defects have been recognized as effective
active sites toward catalyzing different electrochemical reac-
tions. She et al.'® investigated the curvature-dependent ORR
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Fig. 6 Edge defect engineering of ORR activity. (a) Schematic, SEM, and TEM images of different mesoporous carbon nanofibers (MCNFs); (b) LSV curves
and (c) calculated H,O, selectivity; (d) preferred *OOH adsorption configurations on pristine graphene and different carbon defects models (blue, grey,
and red represent C, H, and O atoms, respectively); (e) free-energy profiles of ORR paths at a potential of 0.7 V; (f) volcano plot for the most active
structures, with the limiting potential depicted as a function of AG+con. Reproduced with permission from ref. 98. Copyright 2023, Wiley-VCH.
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activity of surface oxidized carbon nanotubes (0-CNTs)
(Fig. 7a-d). Computation modeling suggested that the curvature
can alter the epoxy group geometry, exerting greater strain
on the C-O bond in smaller diameter o-CNTs that leads to
improved activity. Increase of R results in stronger OOH*
binding and a lower AGoon- (Fig. 7¢), and 2e-ORR theoretical
potential (Uy) approaches the equilibrium potential (E° = 0.69 V)
on a model with a greater R (Fig. 7d). As predicted, the o-CNT with
the smallest diameter (~8 nm) exhibited the highest faradaic
efficiency >85% and a mass activity of 161 A g~ " at 0.65 V. Very
recently, Wang et al.'% fabricated carbon nanomaterials with rich
topological defect sites and curved defective surface by controlling
the pyrolytic shrinkage process of precursors (Fig. 7e-i). Theore-
tical calculations demonstrated that bending the defect sites can
manipulate the local electronic structure, facilitate the charge
transfer to key intermediates, and reduce the ORR energy barrier.
Experimental results showed that a large kinetic current density of
22.5 mA cm ? at 0.8 V vs. RHE was obtained for high-curvature
defective carbon (HCDC), which is ~18 times of low-curvature
defective carbon (LCDC). Further increasing the defect densities of
HCDC results in a dual-regulated product (HCHDC), which exhib-
ited exceptional ORR activity in both alkaline and acidic media
(half-wave potentials of 0.88 and 0.74 V, respectively), exceeding
most of the reported carbon electrocatalysts. These studies high-
light the crucial role of curvature effect in promoting electrocata-
lytic activity and offer new guidance to the design of advanced
carbon nano-catalysts for H,0O, production.

3.2.2. Heteroatom doping. Incorporating non-metallic/metal-
lic heteroatoms, such as boron (B),'”'® nitrogen (N),'*>"*°

6026 | Mater. Horiz., 2025, 12, 6018-6042

oxygen (0),"*>"*? fluorine (F),""* and sulfur (S),""* into the carbon
lattice can disturb the electron symmetry in the aromatic carbon
networks, leading to inhomogeneous compositions and the for-
mation of active sites by tailoring the charge and spin densities of
carbon atoms. In addition, heteroatoms could introduce active
functional groups (oxygen-bearing functional groups) onto the
carbon matrix, which can serve as active sites for the 2e~ ORR,
to achieve high electrocatalytic activity. Although extensive studies
have been reported on this strategy, herein we only summarize the
latest achievements on heteroatom doping to enhance electroca-
talytic H,0, generation activity.

In 2021, Xia et al.®" reported a boron-doped carbon (B-C)
catalyst (Fig. 8). Compared to the state-of-the-art oxidized carbon
catalyst, the B-C catalyst presented significantly lowered overpoten-
tial by 210 mV under industrial-level currents (300 mA cm ™) while
maintaining high H,0, selectivity (85-90%) (Fig. 8e and f). DFT
calculations revealed that the boron dopant site is responsible for
high H,O, activity and selectivity due to the reduced thermody-
namic and kinetic reaction barriers (Fig. 8c and d). Integrated in a
porous solid electrolyte reactor, the B-C catalyst demonstrated
continuous generation of pure H,O, solutions with high current
density (~400 mA cm™ ) and selectivity (~95%), presenting their
great potential for practical applications in the future.

Oxygen-doped carbon quantum dots (0-CQDs) with C-O-C
surface functional groups were fabricated with tunable electronic
structures by varying isomerization precursors,''* presenting a
remarkable H,0, selectivity of 96.2% (n = 2.07) at 0.68 V vs. RHE
along with a low Tafel slope of 66.95 mV dec™ ', and maintaining
consistent production stability of H,O, over 120 h. In addition, a

This journal is © The Royal Society of Chemistry 2025
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hierarchical porous boron-doped carbon (B-DC) electrocatalyst
was synthesized from fullerene (Cgo) frameworks and boric
oxide.'"” Befitting from boron doping and abundant topological
pentagon defects, the B-DC catalysts exhibited a high ORR onset
potential of 0.78 V and a 2e™ selectivity over 95%. Remarkably,
the B-DC electrocatalyst-based device achieved a remarkable
H,0, yield rate of 247 mg L' h™' and a quantitative Faraday
efficiency of nearly 100%. For sulfur-doped defective nanocar-
bons (S-DNC), a similar high ORR onset potential (0.78 V) and
selectivity (90%) was obtained, with an superior H,0, yield rate of
690 mg L' h™"in a H cell."”® In 2023, Lu et al."* designed and
fabricated a pentagonal defect-rich N-doped carbon nanomaterial
(PD/N-C) via pyrolysis of Cg, as the precursor followed by
ammonia treatment (Fig. 9a). A great number of mesopores
and micropores were created in PD/N-C, along with abundant
irregular folds and curved edges (Fig. 9b-d). Moreover, the
aberration-corrected scanning TEM (AC-STEM) and the corres-
ponding fitting results (Fig. 9e—j) further demonstrate that the
PD/N-C sample contains rich pentagon defects. As a result, the
PD/N-C catalysts achieved excellent 2e” ORR activity, selectivity,
and stability in acidic electrolytes, even outperforming the Pt-
Hg alloy catalyst. The linear sweep voltammetry curves (Fig. 9k)
show that the PD/N-C catalyst achieves a larger ORR current
density (3.1 mA cm ™ at 0 V) along with a higher onset potential
in a wide potential range from 0 to 0.6 V, as compared to the
N-doped carbon nanomaterial dominated by hexagon graphene

This journal is © The Royal Society of Chemistry 2025

nanosheets (N-GNS). This performance is among the top of all
reported metal-free carbon-based catalysts and even superior to
some noble-metal-based catalysts and the benchmark PtHg,
alloy catalyst in acidic electrolytes (Fig. 91). By comparing a
series of samples, the synergetic effects of both topological
defects and N-doping are responsible for the superb 2e~ ORR
performance of the PD/N-C catalysts (Fig. 9m and n).

In addition to single-element doping, dual element co-doping on
carbon materials has received increased research attention toward
the electrocatalytic 26~ ORR due to the unique synergistic effect."**
For instance, a yolk-shell B/N co-doped hollow carbon nanosphere,
with oxygen-vacancy decorated reduced graphene oxide coating (B/
N-HCNS@VO-G) was reported as an efficient metal-free electrocata-
lyst for the 2e~ ORR with high durability.""> Such a dual-doping
electrocatalyst leads to excellent electrocatalytic H,O, production
performance with a high selectivity of 91% and yield of 56 ppm
(0.7 V), allowing in situ antibiotic and dye degradation for on-site
wastewater remediation. Very recently, pentagon-S and pyrrolic-N
coordinated (SNC) graphene with in-plane topological defects was
synthesized through a two-step hydrothermal and nitridation pro-
cedure (Fig. 10).” The SNC is composed of stained hexagons with
sporadic pentagons (Fig. 10d-g), suggesting that the hexagonal
topological structure of the carbon matrix is significantly distorted.
In addition, the dual-doping of S and N elements introduces
unsymmetrical dumbbell-like S-C-N motifs, which can effec-
tively tune the electronic structures of graphene (Fig. 10h and i).

Mater. Horiz., 2025, 12, 6018-6042 | 6027
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Theoretical calculations further unveiled that the defective
S-C-N motifs can effectively optimize the binding strength to
the OOH* intermediate and reduce the energy barrier for the ORR
to H,0, (Fig. 10j). As a result, the SNC catalyst exhibited ultrahigh
H,0, production rates of 8100, 7300, and 3900 mmol ¢ * h™" in
alkaline, neutral, and acidic electrolytes, respectively.

It is worth mentioning that heteroatom doping into the
carbon matrix could also induce surface functional groups. For
example, oxygen functionalization onto the parent carbon struc-
tures has been reported to be effective to improve 2e”~ ORR
performance."***""” For instance, oxygen-doped carbon dots
(O-CDs) were synthesized using a solvent engineering approach
and exhibited excellent catalytic activity."'® By tuning the ratio of

. Hydrothermal

.
Intensity @u) &

ethanol and acetone solvents during the synthesis, the surface
electronic structure of the resulting O-CDs can be precisely
modulated. The selectivity and activity of the O-CDs were strongly
dependent on the amount of edge active C-O groups, achieving
the highest H,0, selectivity of up to ~96.6% (n = 2.06, 0.65 V vs.
RHE) and an ultralow Tafel slope of 64.8 mV dec™".

Despite tremendous works on doped carbon materials for
electrocatalysis H,O, production, the dynamic structural trans-
formation of these materials during the electrocatalysis reaction
process has received less attention. Active site identification in
carbon materials is crucial for understanding the mechanism,
but resolving precise configuration of active sites remains a
huge challenge. In 2023, Wu et al.'™® manipulated the defect
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density and oxygen groups on graphene, and revealed the oxygen
group redistribution and positive correlation relationship between
the defect density and their ORR performance (Fig. 11). The
dynamic evolution processes of defects were monitored through
in situ Raman, FTIR and XPS technologies, combined with theore-
tical simulations. The results clarified the configuration of major
active sites (carbonyl on pentagon defect) and key intermediates
(*OOH), providing deep understanding of the catalytic mechanism
for doped defective carbon materials.

3.3. Hybrid systems

3.3.1. Carbon-semiconductor heterostructures. Recently,
several studies have been reported on the coupling of carbon-
based materials with metal oxides or nitrides to boost their 2e™
ORR activity."**”"*® Generally, the structural modulation of the
carbon-metal oxide nanocomposites can rapidly release *XOOH
generated by the metal oxides with high activity. For instance,
Qu et al.’ reported the integration of CNTs with g-C;N, to
improve both electrocatalytic activity and selectivity of CNTs for
H,0, production by forming a n—r interaction at their interface.
The optimal g-C;N,/CNT nanocomposite catalyst exhibited
almost unity (~97%) for H,O, production at 0.50 V vs. RHE
with a 2 times current density of the pristine g-C;N, or CNT.
The enhanced activity can be attributed to the synergistic effect,
with which g-C;N, provides active sites to activate O, while CNT
offers channels to facilitate electron transfer. In addition, Guo
et al.* designed and prepared a novel MnO,@Carbon hybrid

This journal is © The Royal Society of Chemistry 2025

electrocatalyst by calcinating polymer-manganese-metal-organic fra-
mework (polyMn-MOF) as the precursor under an N, atmosphere.
DFT calculation revealed that the optimized MnO,@Carbon sample
exhibited optimized adsorption energy of *OOH, with a high H,0,
selectivity of 96.5% and a large ORR current of 2.3 mA cm ™2,

Recently, Xue et al.'®' reported a novel p-n heterojunction
nanocomposite consisting of N-doped carbon and Co;0,
(NC@Co030,), for efficient electrocatalytic H,O, production
(Fig. 12). Increasing the Co content results in a more positive
flat band potential (Eg,), indicating a decrease of the Fermi level.
In addition, the differential charge density calculation demon-
strated that the electrons of the NC are transferred to the Co;0,
and promotes the affinity of the O atom of H,0, at the electron
deficient carbon sites in NC, which facilitates the cleavage of O-O
bonds. Consequently, the *OH generation rate catalyzed by
NC@Co30,4 was 6.5 times of that by bare NC. This work high-
lights the promising potential of constructing carbon/semicon-
ductor nanocomposites toward efficient H,O, generation.

3.3.2. Atomic-site engineered carbon hybrids. Atomically
dispersed transition metals single-atom catalysts (SACs) coor-
dinated within a carbon matrix have proven to be effective ORR
electrocatalysts, featuring a nearly 100% utilization of metal
atoms as active sites and excellent catalytic activity."**'*® The
electronic structure of the SACs can be regulated benefiting
from the strong interaction between metal atoms and the
substrate, and further modulates the adsorption energy of the
catalyst for oxygen-containing intermediates, which affects the
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2e” ORR selectivity.*°™"** As such, different SACs such as Co-
SACs, 1331357138 70_GACs,'®! Fe-SACs,'*° Mn-SACs,'*° W-SACs,'*!
Pt-SACs, **'*? Pd-SACs,?**°' Pb-SACs,'** Sn-SACs'*® and In-
SACs'*® have displayed superior 2e~ ORR performances for
H,0, production, showing large mass activity, low overpoten-
tial, and high selectivity. In this part, we emphasize the most
important achievements in this field by presenting and dis-
cussing both experimental and theoretical investigations, espe-
cially the most recent advancements on more complex systems
using dual-single atom carbon catalysts or coupled with other
synergistic effects.

Gao et al.'"’ fabricated transition metal (Mn, Fe, Co, Ni, and
Cu) SAC anchored N-doped graphene and systematically inves-
tigated their electrocatalytic performance for synthesizing H,0,
via the ORR (Fig. 13a). Theoretical simulations demonstrated
that the Co-SAC possesses optimal d-band center, activity-
volcano plot, and adsorption energy of the *OOH intermediate
among all M-SAC samples (Fig. 13b-d). As a result, the kinetic
current for H,O, production using the Co SAC catalyst can
reach up to ~1 mA ecm™? (0.6 V vs. RHE in 0.1 M HCIO,) with
Faraday efficiency over 90% (Fig. 13e and f), which even out-
performs state-of-the-art noble-metal-based electrocatalysts in

6030 | Mater. Horiz., 2025, 12, 6018-6042

acidic media. Moreover, kinetic and in situ X-ray absorption
analysis demonstrated that the N-coordinated single Co single-
atom function as the active site for the reaction, which is rate-
limited by the first electron transfer step.

Compared to well-studied SACs, dual-atom catalysts (DACs)
have received considerable attention due to the synergistic
interactions between two adjacent metal sites, leading to
remarkably enhanced activity, selectivity, and stability. The
dual sites facilitate multi-step reactions and improve binding
energies for reactants and products. In addition, DACs are
more resistant to aggregation and can offer tunable properties
through metal pair selection, making them ideal for complex
catalytic processes. Recent advancements in DAC design have
demonstrated their superior electrocatalytic performance for
H,0, production through the 2e” ORR pathway.

In-N-C DACs were proposed by Du et al.™*® as effective 2e~
ORR catalysts for producing H,0, in acidic media. The DFT
calculations indicate that the valence electron number and the
d-band center of the Co 3d orbital can be modulated by OH-
blocked In, which leads to moderate adsorption of the OOH
intermediate on neighboring Co and favors 2e~ ORR kinetics
of Co/In-N-C DACs. As a result, a partial current density of

This journal is © The Royal Society of Chemistry 2025
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1.92 mA em 2 (0.65V in the RRDE test) was obtained, with a
H,0, production rate as high as 9680 mmol g ' h™" in a three-
phase flow cell. Very recently, Yang et al.®* fabricated hetero-
nuclear CoZn DACs confined in N,0-doped hollow carbon
nanotube reactors (CoZnsa@CNTs) (Fig. 14). The differential
partial charge density calculation demonstrated that the dual-
atom centers in CoZnsy@CNTs possess more charges than
Cosp@CNTs (Fig. 14a), indicating a rearrangement of the local
charge distribution to facilitate the adsorption of OOH* after
introducing Zn. The decrease of the d-band center in CoZn-
SA@CNTs resulted in the appropriate adsorption of OOH* for
H,0, generation (Fig. 14b), while inhibiting the breakage of O-
O bond to produce H,O, ultimately facilitating the 2e~ ORR. In
addition, the CoZngy@CNT model exhibited a more favorable
AGoopn+ than Cospy@CNTs (Fig. 14c and d). The well-designed
CoZnsy@CNT nanocomposite displayed outstanding electro-
catalytic reactivity/selectivity for generating H,O, in the whole
pH range (Fig. 14e-g), with a higher 2e~ ORR selectivity for
H,0, production than Cospa@CNTs and Znsa@CNTs. In a
H-type cell, CoZnsa@CNTs/carbon fiber felt reached nearly
100% H,0, selectivity in the range of 0.2-0.65 V (vs. RHE) with
a yield rate of 1500 mmol g ' h™', surpassing most of the

This journal is © The Royal Society of Chemistry 2025

reported SACs. These studies highlight the great advantages of
using DACs/carbon for highly efficient and selective H,O,
production.

3.4. Synergistic integration of multiple effects

The integration of different effects, such as morphological control,
defect engineering, and single-atom site design, creates a syner-
gistic interplay that elevates the catalytic performance beyond
the simple sum of individual components. The coupling effect
simultaneously enhances mass transport efficiency, electronic
structure modulation, and atomic-level active site utilization,
collectively optimizing the reaction pathways and maximizing
overall catalytic efficiency. Below, we discuss key coupling
strategies to date, providing insights to guide future advance-
ments in rational design of carbon-based electrocatalysts.
3.4.1. Coupling defect/surface groups with microstructures.
Carbon materials with diverse porous structures have been
reported, with simultaneous introduction of surface functional
groups. For instance, Albashir et al.'*® fabricated mesoporous
material (Meso-PC) functionalized with a ketonic carbonyl
(-C=0) group, which exhibits outstanding 2e~ ORR selectivity
(~100%) at a potential of 0.4 Vgyg. This can be attributed to its
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Reproduced with permission from ref. 84. Copyright 2024, Wiley-VCH.

precisely tailored pore structure, which facilitates the mass
transfer of reactants and products. Furthermore, studies suggest
that the -C=O0 group serves as the primary active site for the
2e~ ORR, while a moderate surface concentration of oxygen
functionalities is crucial to enhancing electrochemical H,O,
synthesis activity.

In addition, Jing et al.®*® demonstrated that N,O co-doped
carbon nanosheets (N,0-CNS) with a hierarchical micro/meso-
porous structure can create an oxygen-rich, locally alkaline-like
microenvironment, significantly promoting the 2e” ORR pathway
in a neutral medium. Their study revealed that the hierarchical
architecture not only elevates the local pH near the active sites but
also facilitates the formation of intermediates (*O, and *OOH),
thereby enhancing H,O, selectivity and yield. Remarkably, the
optimized N,0-CNS, 5 catalyst achieved an exceptional H,O, pro-
duction rate of 6705 mmol g ' h™" in a flow cell, setting a new
benchmark for neutral-media electrocatalysis. This work high-
lights the critical role of synergistic microenvironment engineer-
ing, which combines pore structure control, heteroatom doping,
and local pH modulation, in designing high-performance electro-
catalysts for sustainable H,O, synthesis.

3.4.2. Coupling atomic active sites with microstructures.
Coupling SACs with other tailoring strategies such as micro-
structure modulation of carbon materials can lead to novel
synergistic effects to further boost the electrocatalytic perfor-
mance. A notable example involves atomically dispersed Co/Mo
sites anchored on mesoporous carbon hollow spheres (Co/Mo-
MCHS) synthesized via a template-engaged strategy, which
exhibit high selectivity for the ORR toward H,O, production in
acidic media."*® Benefitting from the electron-donating effect of

6032 | Mater. Horiz., 2025, 12, 6018-6042

Mo atoms, an enriched electron density around the Co center
for Co/Mo-MCHS is observed, resulting in optimal adsorption of
the key *OOH intermediates to approach the apex of 2e” ORR
volcano plot. Moreover, the introduction of Mo species simulta-
neously suppresses the electroreduction of as-obtained H,0, on
Co sites. Owing to the integration of mesoporous hollow merits
and the electron-donating effect, the Co/Mo-MCHS electrocatalyst
exhibits an efficient 2e” ORR pathway with a noticeable ring
current response and a high H,0, selectivity of 90-95% over the
wide potential range in acidic media. After long-term operation
over 15 h, 90% of the initial H,0, selectivity could be retained. For
large-scale electrolysis, a remarkable H,0, yield of 2102 mg for
150 h is obtained, suggesting great potential for practical applica-
tions. This study provides valuable guidance for the rational design
of more complex SACs/carbon catalysts by combing different
effects in the future.

3.4.3. Coupling electronic defects with atomic active sites.
Liu et al.*>' systematically investigated a series of metal catalysts
anchored on nitrogen-doped carbon (M-NC), including represen-
tative transition metals (Mn, Fe, Co, and Ni), 4d transition metal
(Ru), 5d transition metal (Pt), and non-transition metal (In), to
assess their activity for synthesizing H,O, (Fig. 15). Four types of
M-NC catalysts with different pyridine and pyrrole N atoms ratios
were constructed (Fig. 15a). The 2e” ORR activity volcano plots
for 40 SAC configurations were examined through DFT calcula-
tions (Fig. 15b). The coordination environment can tune the
AG+oon position in M-NCs significantly, with the highest value
occurring for MN(pg), type catalysts for each metal. Meanwhile,
the corresponding AG~on and 2e~ WOR volcano curve were also
calculated (Fig. 15c), demonstrating that pyrrolic-N affects the

This journal is © The Royal Society of Chemistry 2025
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adsorption of OH, and the free energy shift is almost consistent
with *OOH. Considering the ORR and WOR reaction pathway
together, the CoN(po)s, MNN(pa)1N(po)3 and RuN(p), show promis-
ing prospects as bifunctional SAC for H,0, generation. Consider-
ing the fitting curve of AG«on and AGsoon (Fig. 15d) and all key
factors including overpotential, reaction kinetics, transition state
energy, and thermodynamic stability, RuN(pe)s SACs are the most
promising candidates for efficient H,O, generation, and the
pyrrole N coordination can modulate the 2e” ORR/WOR kinetics
(Fig. 15e). This study provides deep theoretical insights into
regulating the coordination structure for the rational design of
highly efficient and stable bifunctional SACs/carbon catalysts for
H,0, production.

3.4.4. Multiple synergistic effects. The integration of multiple
effects creates a powerful synergistic platform that overcomes the
limitations of binary coupling, which can further maximize the
overall catalytic efficiency. A representative example involves the
rational design of highly porous open carbon nanocages with
embedded Co nanoparticles (NPs) fabricated through a template-
assisted method."”* The optimized P-Co@C-700 catalyst exhibits
several integration effects, including highest percentage of -C-O-C
group and defects, embedding Co NPs, and mesoporous struc-
tures, resulting in a high selectivity of up to 94% toward H,O,
production in 0.1 m HCIO,. Benefiting from the synergistically
modulated electronic and pore structures, the optimized open
carbon nanocages exhibit outstanding activity, selectivity, and
stability for 2e” H,O, production under acidic conditions.

This journal is © The Royal Society of Chemistry 2025

Moreover, as a notable example, Dong et al."*° developed a
novel Mn SAC-coordinated boundary-rich porous carbon-based
electrocatalyst (Fig. 16a and b), in which the secondary coordi-
nated epoxide, hydroxyl groups surrounding the Mn-N;-O
centers, and the boundary-rich morphology together lead to
the predominant selectivity and efficiency for H,O, production
through the 2e” ORR pathway. The catalysts exhibited nearly
100% faradaic efficiency and with a reaction rate up to
15100 mmol g, ' h™' (0.1 V vs. RHE), achieving the record
activity for the Mn-based electrocatalyst in the electrosynthesis
of H,0, (Fig. 16c-e). Mechanistic investigations indicate that
the epoxide and hydroxyl groups surrounding the Mn(u) centers
promote the spin state and tailor the adsorption of the *OOH
intermediate, and multiscale simulations reveal that the high-
curvature boundaries can promote adsorption and local enrich-
ment of O, (Fig. 16f-j). Such synergy highlights the importance
of holistic material design, where defects, doping, and atomic-
scale engineering work in concert to achieve greatly improved
performance.

To comprehensively evaluate the advantages and limitations
of carbon-based electrocatalysts for H,0O, production, it is essential
to compare them with non-carbon-based catalyst systems, such as
metal oxides and noble-metal catalysts. Table 1 summarizes the
critical metrics (onset potential, H,O, selectivity, production rate,
and stability) across different representative catalyst types.
Although Pt/Pd-based noble metal-based catalysts are recognized
as efficient catalysts with small overpotential and high selectivity

Mater. Horiz., 2025, 12, 6018-6042 | 6033
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Table 1 Comparison of performance with representative non-carbon-based systems

Type Catalysts Selectivity (%) H,0, production rate Electrolyte Stability Ref.
Noble metals PtP, 98.5 2.26 mmol h™* cm™> 0.1 M HCIO, 120 h 157
Pt-Hg/C >90 — 0.1 M HCIO, 8000 cycles 24
Pt,-CuS, 92-96 546 mmol g ' h™* 0.1 M HCIO, 10 h 158
Pt,/CoSe, — 110.02 mmol g~* h™* 0.1 M HCIO, 60 h 159
Oxides h-SnO, 99.9 3885.26 mmol %_1 h? 0.1 M Na,SO, 20 h 156
o-Fe,0; 80.5 546.8 mmol g ' h™* 0.1 M KOH 48 h 155
Carbon-based Single atoms-carbon 96.5 12510 mmol g ' h™! 0.1 M KOH 12 h 139
N/S-CNTs 90.0 30370 mmol g ' h™* 1.0 M KOH 200 h 160
B-doped carbon 88.7 24300 mmol g ' h™* 0.1 M KOH 100 h 161
Other systems MOF nanosheets 99 6500 mmol 0.1 M KOH 11 h 162
Boron nanosheets ~90 25100 mmol g * h™* 1.0 M Na,SO, 140 h 163

for the 2e™ ORR, their industrial-scale application is greatly limited
by scarcity, high cost, and susceptibility to poisoning.
Metal oxide electrocatalysts demonstrate excellent stability, while

6034 | Mater. Horiz., 2025, 12, 6018-6042

24,41,153,154

lent electrocatalytic activity,

156

achieving high selectivity remain challenging."> Although some
recently reported metal oxides such as h-SnO, demonstrate excel-
they still suffer from poor stability
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in electrolyte. Furthermore, synthesizing highly active metal oxide
catalysts often requires complex procedures and precise control
over their structure and composition. It is also worth noting that
the emerging MOF/COF materials show high production activity
but poor stability.

We have summarized the most representative carbon-based
materials for electrocatalytic H,O, production reported in the
past few years (Table 2), systematically classified by materials
design categories: microstructure tailoring, defect engineering
(including intrinsic and heteroatom doping), surface functional
group modulation, single-atomic site configurations, and syner-
gistic effects. In comparison, carbon-based electrocatalysts offer
distinct advantages, including low-cost and wide availability,
making them highly attractive for large-scale applications. Up till
now, the performance of carbon-based electrocatalyst is compar-
able or even outperforming those of many noble metal-based
systems, maintaining cost and environmental benefits. Carbon-
supported single-atom catalysts (SACs) achieve high production
rates of ~500-30000 mmol g ' h™". However, the activity and
stability of carbon catalysts in neutral or weakly acidic environ-
ments still need to be further improved, as well as mitigating
degradation during long-term electrochemical operation.

The stability of carbon-based electrocatalysts for H,0O, produc-
tion varies significantly across different categories, with durations
ranging from a few hours to ~250 h. Microstructure-modulated
catalysts like graphitic ordered mesoporous carbon (O-GOMC)
exhibit high stability (168 h) due to robust porous frameworks,
while defect-engineered materials such as B-doped carbon demon-
strate durability (100 h) under high current densities. Surface
modifications, including polymer coatings or metal complexes,
demonstrated relatively low stability as evidenced by CoPc-carbon
(24 h). Although single-atom catalysts generally exhibit very short
lifetime (~ 10 h), recently reported synergistic systems such as Pb
SAs/OSC (100 h) and N,S-rich carbon nanotubes (200 h) are highly
promising. Challenges still remain in standardizing testing proto-
cols and achieving long-term stability for industrial applications.
Future research should focus on elucidating degradation
mechanisms and optimizing catalyst designs for extended
operational lifetimes.

4. Conclusions and perspective

The electrochemical production of H,0, using carbon-based
nanomaterials has gained considerable research attention as an
environmentally friendly, low-cost and efficient method. Substan-
tial efforts have been made both experimentally and theoretically
on 2e~ ORR electrocatalysis, with a focus on the structure-property
relationship and design of efficient carbon-based electrocatalysts.
In this review, we summarized the key advancements in the
materials design strategy. These studies demonstrate that modify-
ing the local atomic structure of carbon materials, incorporating
functional surface groups, doping with foreign atoms, tailoring the
microstructure, and introducing semiconductor or single-atomic
sites can enhance not only the activity and selectivity for H,O,
production but also the long-term stability of these catalysts. These

This journal is © The Royal Society of Chemistry 2025
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developments open the door to more efficient and scalable
electrocatalytic processes for green H,O, production.

Despite the considerable progress achieved, challenges remain
for the industrial-scale implementation of electrocatalytic H,O,
production using carbon-based materials, including improving
electrocatalytic activity, ensuring long-term stability, and develop-
ing practical designs for carbon-based electrodes and reactors.
Therefore, advancing carbon electrocatalyst design to achieve high
activity and selectivity has become a primary focus in this field.
Furthermore, innovation in catalyst preparation, optimization of
the activity and selectivity, as well as deeper understanding of
mechanisms are crucial to further advancing H,O, production in
an environmentally benign manner more effectively. To date,
carbon-based electrocatalysts have demonstrated remarkable pro-
gress, driven by advances in engineering strategies that have
significantly improved their performance over traditional meth-
ods. In the following section, we will summarize and discuss the
challenges and future perspectives in this research area (Fig. 17),
including the rational design of carbon catalysts (e.g:, atomic level
engineering, multiple-synergistic effects), advanced synthesis
methods, in situ characterization techniques, and system-level
device design considerations for industrial applications.

The catalytic activity of carbon-based materials still has
significant potential for further improvement. Multiple synergis-
tic modification strategies can be employed, including defect
engineering (e.g., creating vacancies and edge sites to promote O,
adsorption), chemical doping (e.g, introducing N, B, or S het-
eroatoms to tune their electronic structure), facet control (e.g,
exposing specific crystal planes with optimal *OOH intermediate
binding energy), surface active site design (e.g., atomically dis-
persed metal-N, moieties), interface engineering (e.g., construct-
ing hybrid metal oxide/carbon junctions to facilitate charge
transfer), and microstructural modulation (e.g., developing hier-
archically porous architectures to improve mass transport).
Although existing strategies have made notable progress in the
electrosynthesis of H,0,, the precise control of defects and
single-atomic sties in carbon materials requires further investiga-
tion to optimize the balance between the intrinsic activity and
selectivity of active sites. To precisely engineer defects in carbon-
based materials, several methodologies can be utilized: (1)
plasma irradiation (Ar, N,, or O,) for controlled introduction of
vacancies and edge defects; (2) mechanical exfoliation techniques
such as ball-milling or ultrasonication to create strain-induced
defects; and (3) pyrolysis of metal-organic frameworks (MOFs) to
derive defect-rich carbon matrices with atomic-level precision.
Moreover, to promote the mass transfer process, tailoring the
morphology of the catalysts with well-designed 3D hierarchically
porous architectures can significantly increase the availability of
active sites and accelerate the diffusion of reactants. The pore
sizes and distribution need to be carefully designed to balance
the retention time and selective H,O, production, reactant diffu-
sion, resistance and reaction kinetics. Specific methods include
the use of sacrificial templates (e.g., mesoporous silica, PMMA
spheres, and amphiphilic block copolymers), combination with
resins (e.g, resorcinol-formaldehyde) for ordered mesopores, or
addition of macroporogen (e.g., emulsion droplets) for triple
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porosity. In addition, it is crucial to introduce surface functional
groups (e.g., -COOH or -OH) to tune hydrophilicity for improving
electrolyte accessibility and modifying intermediate binding
strength through dipole interactions. For single-atom carbon
catalysts, the uncontrollable selectivity and poor stability remain
critical challenges. The implementation of atomic layer deposi-
tion (ALD) for depositing protective layer (e.g:, Al,O; or TiO, sub-
nanolayers) can be used to enhance the stability while allowing
reactant access; creating proximal dual-atom sites is effective to
promote the selectivity by modulating the O-O bond cleavage.
Critically, the synergistic integration of these strategies represents
a pivotal research direction for achieving sustained high selectivity
in the 2e~ oxygen reduction pathway. Beyond catalyst design, the
role of the electrolyte in H,O, production also deserves attention, as
it can influence the stability of the key intermediate *OOH, thereby
regulating the overall efficiency of H,0O, formation. And the ORR
activity through the 2e™ pathway remains limited for many carbon-
based materials in neutral or weakly acidic environments.

Beyond materials design, elucidating the fundamental elec-
trocatalytic mechanisms remains a critical research priority. At
this moment, the reaction mechanisms of carbon-based electro-
catalysts remain insufficiently understood. It is worth noting that
the active sites in carbon catalysts typically undergo dynamic
evolution during electrochemical reactions, necessitating the
study of these changes to fully explore the reaction mechanisms.
To this end, a comprehensive understanding of reaction path-
ways, active site dynamics under operational conditions, and

This journal is © The Royal Society of Chemistry 2025

interfacial phenomena is essential for rationally guiding catalyst
optimization. Therefore, various in situ/operando characterization
techniques are needed to directly probe reactive intermediates,
active sites, and their interactions during the electrochemical H,O,
generation process. For instance, in situ XRD and X-ray absorption
spectroscopy (XAS) can be employed to analyze the local coordina-
tion environment, electronic structure, and oxidation state of
catalysts in real time. In addition, in situ Raman and FTIR
spectroscopy are valuable for real-time detection of reaction inter-
mediates during electrocatalysis reactions. Further improvement
in spatial and temporal resolution for in situ detection of dynamic
electrocatalytic processes is also desirable. To gain deeper insights
into electrocatalytic mechanisms, advanced theoretical calcula-
tions are needed to quantitatively correlate the energetics of
intermediates with reaction kinetics. With ongoing advances in
computational power, algorithms, and big data from both experi-
ments and simulations, machine learning could play a transfor-
mative role in predicting structure-performance relationships at
previously unattainable scales. At present, the 2e~ WOR has
received less attention and is in its early stages of development
compared to the 2e~ ORR. Thus, the development of novel
computational approaches to screen and guide the design of
advanced carbon-based 2e~ WOR electrocatalysts is essential. A
fundamental mechanistic understanding will elucidate the critical
interplay between: (1) reaction intermediate energetics, (2) surface-
dependent selectivity determinants (e.g:, *OOH binding strength,
local coordination environments), and (3) electrochemical
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microenvironment effects (pH, potential, double-layer structure),
ultimately enabling rational design of efficient H,O, production
systems.

While catalyst design has advanced significantly, it is worth
noting that the development of electrochemical reactors has
lagged behind catalyst design in the past decade. Therefore,
system-level optimization is essential for practical implementation
of carbon-based electrocatalysts. Particular emphasis should be
placed on the design of the overall electrochemical system and the
operational reliability of the industrial-grade device for practical
applications. Key considerations include O, mass transfer, device
design, electrolyte selection, ion exchange membranes, and reactor
configurations. First, the mass transfer and diffusion of reactant
species within the interface microenvironment of the carbon
electrode needs further investigation."" Specific optimization
strategies involve gas diffusion electrodes with hierarchical poros-
ity (macro/meso/micro pores) to balance O, transport and flow-
through membrane reactors with rotational cathodes. The use
of a porous solid electrolyte (PSE) reactor for producing high-
concentration and high-purity H,0, may meet the high stability
requirment.'®® In addition, optimizing local reaction environ-
ments—such as water permeation/wetting, hydrophobicity/
hydrophilicity, and reactant concentration—can enhance the
performance of carbon-based electrocatalysts. Significant
research efforts should focus on advancing reactor engineering,
particularly for flow cell configurations and dual-PEM solid
electrolyte systems. These reactor designs must simultaneously
address two critical challenges: (1) corrosion resistance against
both acidic/alkaline electrolytes and concentrated H,O, (up to
10 wt%), and (2) maintenance of stable three-phase interfaces
under industrial current densities (>200 mA cm™?). Innovative
architectures incorporating corrosion-resistant materials (e.g.,
PTFE-coated titanium flow fields, stabilized carbon-PTFE gas
diffusion electrodes) and optimized hydrodynamics are crucial
for achieving economically viable H,O, electrosynthesis on a
large scale. Furthermore, the H,O, products are typically gen-
erated in a mixture, with solutes in traditional liquid electro-
lytes ranging from acidic to alkaline pH. Extra separation
processes to recover pure H,0, solutions are therefore
required. Using a solid-state electrolyte can avoid contamina-
tion of the product solution by extraneous ions.” Producing
H,O0, in neutral solutions offers practical advantages by avoid-
ing pH-related complications, such as electrode degradation or
the need for neutralization steps. Seawater, as an abundant and
naturally neutral electrolyte, directly supports this goal by
providing a sustainable medium for electrochemical H,O,
production via the 2e~ ORR pathway. The dissolved oxygen
serves as a reactant for carbon-based electrocatalysts, which
have demonstrated high efficacy in neutral media. Moreover,
the use of seawater eliminates the costs and environmental
impacts associated with synthetic pH adjustments, enhancing
both scalability and the sustainability of the process. However,
challenges such as chloride interference may compromise
catalyst stability and selectivity, necessitating the development
of robust carbon-based materials and more in-depth mecha-
nistic studies in simulated seawater electrolytes to fully realize
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these benefits. Consequently, exploring suitable and stable
carbon-based catalysts and understanding the catalytic mecha-
nism in neutral simulated seawater electrolytes are urgent and
promising areas of research.'®” Moreover, sustainable H,0, pro-
duction coupled with the high value added chemical synthesis is
worth exploring, such as oxidative valorization of glycerol'®® and
upgrading of cellulosic biomass into valued formic acid.'*°
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