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ABSTRACT
Oxygen electrocatalysis, involving the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), is central to
rechargeable metal-air batteries, fuel cells, and electrochemical H2O2 production. Fluorine (F)-doped nanocarbon-based
materials (F-DNCMs) have emerged as promising alternatives to noble-metal electrocatalysts because the high electronegativity
of the F atom enables strong modulation of the electronic structure of carbon frameworks. F incorporation can polarize adjacent
carbon atoms, redistribute charge density, regulate the adsorption energetics of oxygen intermediates, and generate defects/edge
sites, thereby improving ORR/OER kinetics. Despite these advantages, a comprehensive review of F-doped nanocarbon-based
materials (F-DNCMs) for oxygen electrocatalysis remains lacking. This Review systematically summarizes recent progress in the
synthesis, structural regulation, catalytic mechanisms, and applications of F-DNCMs. Representative fluorination strategies are
presented and compared in terms of their characteristics, advantages, and limitations. F-DNCMs are further classified into F
single-doped carbons, F-based dual-doped and multidoped carbons, and F-doped carbon-based hybrids, with emphasis on the
effects of C−F bonding configurations, charge polarization, defect engineering, interfacial coupling, and heteroatom synergy on
ORR/OER performance. Besides, their applications in metal-air batteries, fuel cells, and electrochemical H2O2 production are also
highlighted. Finally, key challenges in precise control of F species, identification of active sites, scalable synthesis, and device
integration are discussed. This Review aims to establish structure-property-activity relationships and provide practical guidance
for the rational design of high-performance F-DNCM electrocatalysts.

KEYWORDS
oxygen electrocatalysis, energy storage and conversion, nanocarbon-based materials, fluorine-doping, electrochemically
active sites

1 Instruction
Advanced and sustainable electrochemical energy
conversion technologies are increasingly important for
addressing the growing demands for efficient energy
utilization and ameliorating environmental pollution.
Among them, rechargeable metal-air batteries (MABs),
fuel cells (FCs), and electrochemical hydrogen peroxide

(H2O2) production have attracted considerable attention
because of their high theoretical energy efficiency,
environmental compatibility, and potential for large-scale
applications.[1-10] Oxygen electrocatalysis plays a central
role in these technologies. Specifically, the oxygen
reduction reaction (ORR) governs the cathodic process in
FCs and the discharge process of MABs, whereas the

© The Author(s) 2026. Published by Tsinghua University Press. The articles published in this open access journal are distributed under
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits
use, distribution and reproduction in any medium, provided the original work is properly cited.
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oxygen evolution reaction (OER) is crucial for the charging
process of rechargeable MABs.[11] In addition, the
two-electron ORR provides an attractive electrochemical
route for decentralized and sustainable H2O2 production.
However, the intrinsically sluggish kinetics of oxygen
electrochemistry generally require highly active
electrocatalysts. Recently, state-of-the-art oxygen
electrocatalysis still relies heavily on noble-metal-based
materials, such as Pt/C for ORR and IrO2/RuO2-based
catalysts for OER, whose high cost, limited abundance, and
insufficient long-term durability severely restrict
large-scale deployment.[12-16] Developing efficient,
earth-abundant, and robust oxygen electrocatalysts is
therefore of both fundamental and technological
importance.

Over the past decade, extensive efforts have been
devoted to developing alternatives to noble-metal
catalysts, including single-atom catalysts, transition-metal
oxides/hydroxides/sulfides, high-entropy alloys,
metal-free nanocarbons, porous organic polymers, and
their composites.[17-40] Among these candidates,
heteroatom-doped carbon nanomaterials have emerged as
a particularly attractive class of oxygen electrocatalysts
because of their high electrical conductivity, large specific
surface area (SSA), structural tunability, tunable surface
chemistry, and excellent chemical stability.[41-47]
Incorporating heteroatoms such as N, S, B, P, O, Se, and F
can break the electronic symmetry of the carbon lattice
and regulate the local charge distribution and spin density,
thereby creating active sites and modulating the
adsorption of oxygen-related intermediates.[48-51] Thus,
these characteristics make heteroatom engineering an
effective strategy for tailoring the intrinsic oxygen
electrocatalytic properties of carbon materials.

Among various heteroatoms, fluorine (F) is
particularly intriguing because of its exceptionally high

electronegativity (3.98), which enables strong modulation
of the electronic structure of neighboring carbon atoms.[52]
F incorporation can redistribute the electron density
within carbon frameworks and generate polarized carbon
sites, thereby influencing O2 adsorption and the
adsorption/desorption energetics of oxygenated
intermediates.[53] Meanwhile, F doping can induce
structural defects, expose additional edge sites, and
promote interfacial polarization, all of which may
contribute to enhanced oxygen electrocatalysis.[54]
Importantly, the coexistence of ionic, semi-ionic, and
covalent C−F bonding configurations offers additional
degrees of freedom for regulating the electronic structure,
surface chemistry, and catalytic behavior of the carbon
matrix.[55-57] Consequently, F-doped nanocarbon-based
materials (F-DNCMs) have emerged as promising
platforms for oxygen electrocatalysis (Figure 1) in
cutting-edge energy conversion technologies.
Nevertheless, F single-doping alone often provides only
moderate enhancement in catalytic activity and may be
insufficient to meet the requirements of practical energy
devices.[58] F has increasingly been combined with other
heteroatoms or metal-containing active species.[56]
Heteroatom co-doping can generate synergistic electronic
effects through more pronounced charge redistribution
and optimized adsorption energies of oxygenated
intermediates,[59] whereas coupling F-doped nanocarbons
with metal-based active sites can further increase
active-site density, regulate metal-support electronic
interactions, and facilitate charge transfer.[60, 61] These
strategies have substantially broadened the structural and
functional diversity of F-DNCMs, allowing them to serve
not only as metal-free electrocatalysts but also as versatile
supports and functional components in hybrid oxygen
electrocatalytic systems.
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Figure 1. Schematic illustration of the applications and reaction pathways of F-DNCMs in oxygen electrocatalysis.
Since the pioneering report by Sun et al., in which

F-doped carbon blacks (CBs) exhibited remarkable ORR
activity and delivered a maximum power density
exceeding that of commercial Pt/C in alkaline FCs,
F-DNCMs have attracted increasing attention for the
design and application of F-DNCMs in oxygen
electrocatalysis (Figure 2).[61-69] Subsequent studies have
demonstrated substantial progress in controlling F
bonding configurations, defect structures, heteroatom
interactions, metal-carbon interfaces, and hierarchical
architectures, leading to continuously improved ORR/OER
performance and expanded applications in
energy-conversion devices. However, despite these
advances, a systematic review that connects the synthesis,
structural chemistry, catalytic mechanisms, and practical
applications of F-DNCMs in oxygen electrocatalysis
remains lacking. In this Review, therefore provide a

comprehensive overview of recent progress in F-DNCMs,
with particular emphasis on their
structure-property-activity relationships. We first
elucidate the fundamental roles of different F species and
local coordination environments in regulating ORR/OER
processes, followed by a summary of representative
synthetic strategies for constructing F-DNCMs with
controllable compositions, bonding configurations, defect
structures, and porous architectures. We then discuss
recent advances in F-DNCM-based electrocatalysts and
their applications in relevant electrochemical energy
conversion technologies. Finally, the major challenges and
future opportunities in this rapidly developing field are
outlined, with the aim of providing mechanistic
understanding and practical design principles for
next-generation F-DNCM oxygen electrocatalysts.

Figure 2. Recent research progress on F-DNCMs for oxygen electrocatalysis over the past decade.[61-69]

Ju
st

 A
cc

ep
te

d



ISSN 2791-0091 (print); 2790-8119 (online)
https://doi.org/10.26599/NRE.2026.9120278

R
ev
ie
w
Ar
tic
le

2 Fundamentals of oxygen electrocatalysis
on F-Doped nanocarbons
Oxygen electrocatalysis constitutes the fundamental
reaction basis of FCs and MABs and largely determines
their energy efficiency, reaction kinetics, and long-term
durability.[70] As illustrated in Figure 3a, the cathodic ORR
and anodic OER define the polarization behavior of air
electrodes. For rechargeable MABs, bifunctional oxygen
electrocatalysts are particularly required to promote ORR
during discharge and OER during charge (Figure 3b). A
mechanistic understanding of the reaction pathways and
intermediate adsorption/desorption is therefore essential
for the rational design of high-performance F-DNCMs.
Both ORR and OER involve multistep interfacial reactions
associated with the adsorption, transformation, and
desorption of oxygen-containing intermediates,
particularly *OOH, *O, and *OH. The binding energy of
these intermediates critically determines the reaction
pathway, rate-determining step, catalytic activity, and
product selectivity. An excessively weak interaction may
hinder O2 activation, whereas excessively strong
adsorption can impede intermediate conversion and
product desorption. Therefore, rational regulation of the
local electronic structure and surface chemical
environment of active sites is essential for optimizing
oxygen electrocatalysis.

In this circumstance, F-DNCMs provide a distinctive
platform for regulating oxygen-intermediate adsorption
because the strong electronegativity of F can perturb the
local charge/spin distribution of carbon frameworks,
generate polarized carbon sites and structural defects, and
produce diverse C−F bonding configurations. These
structural and electronic effects establish an intrinsic
connection between F doping and the key steps of
ORR/OER.[54] Accordingly, a clear understanding of the
fundamental oxygen electrocatalytic pathways is
necessary before discussing how F species, dopant
configurations, and local coordination environments
determine the catalytic behavior of F-DNCMs. In the
following sections, we first introduce the fundamental
mechanisms of ORR and OER and subsequently discuss
the structure-activity roles of F doping in regulating these
processes.
2.1. Mechanism of oxygen reduction reaction
The ORR typically proceeds through either a four-electron
(4e−) or two-electron (2e−) pathway, depending on the
reaction environment, the nature of the catalytic sites, and
the binding strength of oxygenated intermediates. The 4e−
pathway is preferred for FCs and MABs because it enables
the complete reduction of O2 to H2O in acidic media or OH−

in alkaline media, thereby delivering higher energy
efficiency and suppressing peroxide-related side reactions.
The corresponding reactions can be presented as follows:

O2 + 4H+ + 4e−→ 2H2O
O2 + 2H2O +4e−→ 4OH−

By contrast, the 2e− pathway yields H2O2 or peroxide

species as intermediates/products, which are undesirable
for FCs and MABs because it decreases energy conversion
efficiency and can accelerate catalyst degradation. In this
regard, it is valuable for disinfection and environmental
remediation applications.[71] In certain cases, ORR may
also proceed through an indirect 4e− pathway, where H2O2
is first formed and subsequently reduced to H2O or OH−.

For the direct 4e− ORR pathway, two representative
mechanisms have been proposed: the dissociative
mechanism and the associative mechanism.[72] The
preferred pathway is governed primarily by the O−O bond
cleavage barrier and the adsorption strength of
oxygenated intermediates on the catalyst surface. In the
dissociative pathway, O2 is first dissociated into adsorbed
oxygen species, followed by stepwise proton/electron
transfer steps:
Dissociative pathway:

* + O2→ 2*O (1)
*O + H+ + e−→ *OH (2)
*OH + H+ + e−→H2O (3)

In contrast, in the associative pathway, O2 remains
intact in the initial adsorption stage and is gradually
hydrogenated before O−O bond cleavage:
Associative pathway:

* + O2→ *O2 (4)
*O2 + H+ + e−→ *OOH (5)
*OH + H+ + e−→H2O (6)
*O + H+ + e−→ *OH (7)
*OH + H+ + e−→ *+ H2O (8)

Here, * represents an active site on the catalyst
surface. The above elementary steps describe the ORR
process in acidic electrolyte and alkaline media, where H+

is replaced by H2O and/or OH− as the proton source or
product.[73] As illustrated in Figure 3c, the key *O
intermediate can be generated through two distinct routes:
direct O2 dissociation at the active site or conversion from
the *OOH intermediate. This distinction is crucial because
the adsorption energies of *O, *OH, and *OOH critically
govern the ORR kinetics and selectivity. For F-doped
nanocarbons, F-induced charge redistribution and defects
can greatly tune the binding strength of these key
intermediates, thereby modulating the preferred ORR
pathway.
2.2. Mechanism of oxygen evolution reaction
As the reverse counterpart of the ORR, the OER proceeds
through multistep proton-coupled electron transfer
involving a series of surface-adsorbed oxygenated
intermediates.[74] Similar to ORR, the OER pathway is
highly dependent on the surface chemistry of the catalyst
and the reaction environment. In acidic media, a
representative OER route involves the formation of *OOH
from *O, followed by O2 release:

*O + H2O→ *OOH + H+ + e− (9)
*OOH→ * + O2 + H+ + e− (10)

Alternatively, OER may proceed through sequential
formation of *OH and *O intermediates, followed by direct
coupling of two adsorbed oxygen species:
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* + H2O→ *OH + H+ + e− (11)
*OH→ *O + H+ + e− (12)
2*O→ 2* + O2 (13)

In alkaline media, the corresponding elementary
steps are as follows:

*O + OH−→ *OOH + e− (14)
*OOH + OH−→ * + O2 + H2O + e− (15)

Or
* + OH−→ *OH + e− (16)
*OH + OH−→ *O + H2O + e− (17)
2*O → 2* + O2 (18)

Therefore, O2 evolution involving the *O intermediate
can proceed through two typical routes (Figure 3d): direct
O−O bond formation via coupling between adjacent *O
species, or sequential formation of a *OOH intermediate
followed by O2 release.[75] The relative preference for these
pathways is highly sensitive to the electronic structure of
the catalyst and the adsorption thermodynamics of *OH,
*O, and *OOH. In this regard, F-doped nanocarbons are

attractive because F incorporation can regulate electron
density, defect configuration, and surface polarity, thereby
modulating intermediate adsorption and lowering the
energy barriers of key OER steps.

Therefore, both ORR and OER are governed by the
adsorption, transformation, and desorption of oxygenated
intermediates at catalytically active sites. Consequently,
the central challenge in designing carbon-based oxygen
electrocatalysts is to appropriately regulate the binding
strengths of *OOH, *O, and *OH while maintaining efficient
electron transfer and structural stability. For F-doped
nanocarbons, these requirements can be addressed
through F-induced electronic polarization, defect
engineering, and local C−F coordination, which collectively
modify the electronic states of neighboring carbon atoms
and their interactions with oxygenated intermediates.
These mechanistic principles provide the basis for
understanding the structure-activity relationships
discussed in the following section.

Figure 3. (a) LSV curves of the electrocatalytic ORR and OER processes. (b) The energetics of oxygen redox intermediates.[75] Reproduced with
permission from ref. 75. Copyright Royal Society of Chemistry, 2026. (c-d) ORR and OER mechanisms in acidic and alkaline electrolytes,
respectively.[74] Reproduced with permission from ref. 74. copyright Elsevier, 2021.
2.3. Structure-activity role of fluorine doping in
nanocarbons for oxygen electrocatalysis
Based on the ORR/OER mechanisms discussed above, the
catalytic performance of nanocarbon materials primarily
depends on their ability to regulate oxygen-intermediate
adsorption and interfacial electron transfer.[76] However,
pristine carbon frameworks generally possess
electronically neutral sp2-carbon environments, which
provide limited intrinsic activity toward oxygen
electrocatalysis. Introducing F into carbon frameworks,
including graphene, carbon nanotubes (CNTs), porous
carbons, and carbon dots, etc., provides an effective
strategy for breaking the electronic symmetry and

generating catalytically active local environments.[52]
Benefiting from its extremely high electronegativity, F can
profoundly perturb the electronic environment of the
carbon matrix, thereby regulating charge distribution,
surface chemistry, and oxygen-intermediate adsorption
behavior.[70] Meanwhile, F-doped nanocarbons retain the
intrinsic advantages of carbon-based materials, such as
tunable porosity, high conductivity, and stability, which are
essential for efficient oxygen electrocatalysis.

As illustrated in Figure 4, the promotional effects of F
doping arise from several complementary contributions:
(a) the incorporation of F atoms breaks the
electroneutrality of the carbon lattice and creates
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polarized carbon sites, facilitating O2 adsorption and
activation; (b) F species located at edge or defect sites can
modulate the binding strength of oxygenated
intermediates, suppress carbon corrosion, and improve
catalytic durability; (c) fluorination may weaken interlayer
interactions in graphitic domains, expand the interlayer
spacing, and exposed more accessible active sites; (d) F

can act synergistically with other heteroatoms or
metal-containing active components to further optimize
the electronic structure and electrocatalytic
environment.[77] These features establish F doping as a
versatile approach for tuning the activity, selectivity, and
stability of nanocarbon-based oxygen electrocatalysts.

Figure 4. Schematic optimization mechanism of F-DNCMs in ORR.
A key factor governing the catalytic behavior of

F-doped nanocarbons is the chemical nature of the C-F
bond. In general, three types of C-F species have been
identified in F-doped nanocarbon materials, namely ionic,
semi-ionic, and covalent C-F bonds.[78] Among them,
semi-ionic C-F bonding is considered particularly
favorable for oxygen electrocatalysis because it offers an
effective balance between structural stability and
electronic conductivity. In ionic C-F configurations, the C-F
interaction is relatively weak, allowing the carbon
framework to largely retain its sp2-hybridized character.[79]
In contrast, covalent C-F bonding is stronger and usually
produces a more stable but less conductive carbon
structure. Semi-ionic C-F bonds, which are positioned
between these two extremes, can maintain sufficient
charge polarization while preserving efficient electron
transport, thereby contributing to enhanced catalytic
activity and durability. In addition, fluorinated
nanocarbons generally exhibit stronger
electron-withdrawing characteristics and more acidic
surface features, which further influence the adsorption
energetics and interfacial charge transfer of
intermediates.[80]

Beyond the bonding configuration, the catalytic
activity of F-doped nanocarbons is closely associated with
F-induced charge/spin redistribution and defect
engineering. F doping-induced intrinsic defects and edge

sites can strongly perturb the surface electronic structure
of sp2 carbon frameworks.[81] In particular, F-doped
defective regions can disrupt π-conjugation and induce
pronounced charge polarization on neighboring carbon
atoms, thus strengthening interactions with oxygenated
intermediates during ORR and OER. These effects are
highly dependent on the local atomic configuration, and
density functional theory (DFT) studies have provided
important insights into the nature of active sites,
intermediate stabilization, and pathway preference of
F-doped nanocarbons.[75]

For example, Chang et al. constructed three stable FG
configurations and evaluated the ORR activity of F species
located at armchair edges, basal planes, and zigzag edges
(Figure 5a-c). Their results showed that edge fluorination,
particularly at graphene edges, is more effective for
promoting ORR than fluorination in the basal plane,
highlighting the importance of local atomic configuration
in determining catalytic activity.[82] In a related study,
fluorinated graphene nanoribbons were found to exhibit a
much lower bandgap than undoped graphene
nanoribbons, indicating substantially improved electronic
conductivity (Figure 5d-e).[83] This enhancement was
attributed to the strong electronic perturbation induced
by F, which facilitates charge transfer within the carbon
network. Furthermore, DFT calculations suggested that F
sites on graphene can moderately activate O2 and favor the
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associative 4e− pathway, thereby accelerating ORR kinetics
(Figure 5f).[84]

Another important function of F doping is its ability
to regulate the local environment of neighboring
heteroatoms, especially the N atom. Previous studies have
shown that the incorporation of F into
pyridinic-N-containing carbon frameworks can markedly
increase the charge and spin densities of adjacent carbon
atoms, thereby enhancing ORR activity. F doping can also
influence the N configuration itself. For instance, it may
break graphitic bonding and increase the proportion of
pyridinic-N and pyrrolic-N species,[85] or induce structural
rearrangement that converts less active N species into
more catalytically favorable
pyridinic-N/graphitic-N-dominated motifs.[86]
Experimentally, Zhang et al. demonstrated that F
promoted the formation of pyridinic-N and improved the
charge/spin density of neighboring Lewis basic carbon
sites, enabling the resulting catalyst to deliver a great
half-wave potential (E1/2) of 0.89 V and 0.75 V vs. RHE in
alkaline and acidic media, respectively.[87] Similarly, Li et al.
provided atomic-level evidence that F incorporation
during synthesis can direct N reconfiguration toward a
pyridinic-N/graphitic-N-dominated structure with a lower
theoretical ORR overpotential.[86]

F can also play a more complex role in
metal-containing F-doped nanocarbon systems. On the

one hand, F incorporation has been reported to optimize
the electronic structure of Fe−Nx active centers and
weaken the adsorption of ORR intermediates. For instance,
Tao et al. showed that F atoms on graphitic carbon
modulated nearby Fe−Nx sites, resulting in a 30 mV
positive shift in E1/2.[88] On the other hand, the influence of
F is not universally beneficial. Cherif et al. reported
through DFT calculations that fluorination may poison
Fe−Nx moieties by strongly coordinating with Fe centers,
thereby suppressing ORR activity in certain stacked
graphene environments. Notably, this poisoning effect
could be reversed after heat treatment at 900 °C,
indicating that F-induced deactivation is highly
condition-dependent and potentially removable.[89] These
observations emphasize that the role of F in hybrid
catalysts is highly sensitive to local coordination
environment, F content, and structural characteristics.

Beyond activity enhancement, F doping can also
modulate ORR selectivity, particularly in the competition
between the 2e− and 4e− pathways. Zeng et al. showed that
covalent CF2 moieties can selectively activate O2 and
facilitate *OOH desorption, thus favoring H2O2 production
through a 2e− route with a selectivity of 95.7%.[90] This
result highlights that different F species not only modulate
catalytic activity but also steer product distribution by
tuning the adsorption strength of key intermediates.

Figure 5. (a) DFT-calculated *OH adsorption energies for various sites and their corresponding locations on the theoretical ORR volcano plot.
Purple, black, and orange squares denote the sites related to B-F, A-F, and Z-F, respectively. (b) Overall catalytic activities of A-F, B-F, and Z-F. (c)
Structural illustration of A-F, B-F, and Z-F.[82] Reproduced with permission from ref. 82. Copyright Elsevier B.V., 2021. (d, e) Electronic density of
states and band gap of GNR and F‑ GNR.[83] Reproduced with permission from ref. 83. Copyright American Chemical Society, 2021. (f) A portion
of the minimum energy path for the elementary steps of ORR in an alkaline medium on C8F graphene at zero potential.[84] Reproduced with
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permission from ref. 84. Copyright Elsevier B.V, 2016. (g-j) atomic configurations and Mulliken charge distributions of (a1) pyN, F-G, (a2) pyN-G,
(a3) gN, F-G, and (a4) gN-G.[91] Reproduced with permission from ref. 91. Copyright Royal Society of Chemistry, 2017.

Beyond ORR, F-mediated electronic regulation also
contributes to OER catalysis.[12] Previous studies have
suggested that F is mainly incorporated into nanocarbons
in covalent and semi-ionic forms, and the neighboring
carbon atoms are often identified as the active sites for
OER.[92] The electron-withdrawing effect of F increases the
positive charge density of adjacent carbon atoms, which
can strengthen the adsorption and subsequent
transformation of oxygenated intermediates. For example,
DFT calculations revealed that graphitic-N and F
co-modified graphene exhibited the highest carbon atomic
charge density among several model structures, which is
favorable for optimizing transition state energetics and
improving OER activity (Figure 5g-j).[91] In some cases, the
coexistence of F with graphitic or pyridinic-N can further
activate paramagnetic centers and reduce the OER
reaction barrier.[55] More recently, Li et al. combined
experimental analysis with theoretical calculations to
show that F/pyridinic-N codoping activates neighboring
carbon atoms for acidic OER and shifts the
potential-determining step from *OOH formation to *O
generation, leading to improved reaction kinetics.[93]

Porous architecture is also a key structural parameter
governing the oxygen electrocatalytic performance of
F-DNCMs, as it directly affects mass transport, active site
accessibility, and interfacial reaction kinetics.[47] Generally,
hierarchical porous structures integrating micropores,
mesopores, and macropores are more advantageous than
architectures dominated by a single pore size. Micropores
(<2 nm) provide high specific SSA and abundant
defect/edge sites favorable for F incorporation, but
excessive microporosity may restrict electrolyte
penetration and O2 diffusion, leaving part of the active
surface electrochemically inaccessible. Mesopores (2-50
nm) improve electrolyte infiltration, shorten diffusion
pathways, and enhance the utilization of F-related active
sites, whereas macropores (>50 nm) serve as rapid
transport channels for O2, electrolyte, and reaction
products, particularly under high-current-density
conditions. The benefit of hierarchical porosity therefore
arises from the synergistic integration of active-site
enrichment and multiscale mass transport.
Three-dimensional (3D) interconnected pore networks
are especially attractive because they can reduce diffusion
resistance, minimize isolated pores, and maintain effective
gas-liquid-solid interfaces. For F-DNCMs, pore architecture
is further coupled with fluorination chemistry, since F
incorporation can alter defect density, surface polarity,
wettability, and electrical conductivity. Excessive
fluorination or uncontrolled pore generation may increase
structural disorder while disrupting the sp2-conjugated
network, indicating that catalytic performance should not
be correlated solely with Brunauer-Emmett-Teller surface
area. The optimal pore structure also depends on the
targeted reaction. Interconnected meso/macroporous

channels are favorable for sustaining O2 supply during the
4e− ORR, while open porous frameworks can facilitate
electrolyte transport and O2-bubble removal during the
OER.[82] For the 2e− ORR toward H2O2, appropriate
mesoporous accessibility may promote rapid product
desorption and suppress further reduction or
decomposition. Thus, rational pore engineering should
focus on maximizing the electrochemically accessible
density of F-related active sites while maintaining efficient
mass transport. Hierarchical porous F-DNCMs with
defect-rich microporous domains interconnected by
meso/macroporous transport channels therefore
represent a particularly promising architecture for
high-performance oxygen electrocatalysis.

In a word, these studies demonstrate that the
electrocatalytic role of F cannot be described solely by the
total F content. Instead, catalytic activity and selectivity
arise from the combined effects of C−F bonding
configuration, dopant location, neighboring heteroatoms
or metal sites, defect/porous structure, and the resulting
interfacial microenvironment. Notably, these structural
descriptors are strongly dependent on the fluorination
route and processing conditions. Therefore, establishing
controllable synthetic strategies capable of regulating F
content, bonding state, spatial distribution, and defect
configuration is essential for translating the above
mechanistic understanding into rational catalyst design.
The following section consequently focuses on the major
synthesis strategies for constructing F-DNCMs with
tailored physicochemical and electrocatalytic properties.

3 Synthesis strategies for Fluorine-doped
nanocarbons
Pristine nanocarbons generally exhibit limited intrinsic
activity toward the ORR and OER in aqueous electrolytes.
F incorporation offers a practical route to overcome this
limitation by disturbing the electroneutrality of the carbon
lattice, creating polarized carbon sites, and promoting O2
adsorption and activation. To date, a variety of synthetic
approaches have been developed to introduce F into
nanocarbon frameworks and tailor their surface chemistry,
electronic structure, and defect configuration. As
summarized in Figure 6, the preparation of F-DNCMs can
be classified into five categories: gas-phase fluorination,
hydrothermal/solvothermal fluorination, plasma-assisted
fluorination, thermal fluorination, and sustainable
fluorination. These strategies differ markedly in the nature
and reactivity of the fluorinating species, reaction
temperature, fluorination depth, achievable F content, and
degree of structural damage to the carbon framework.
Consequently, the choice of fluorination route not only
determines the amount of incorporated F but also strongly
influences the distribution of ionic, semi-ionic, and
covalent C−F species, defect density, electronic
conductivity, and accessibility of catalytic sites. For oxygen
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electrocatalysis, an appropriate synthesis method should
therefore balance efficient F incorporation with
preservation of the conductive sp2-carbon network and
controlled generation of catalytically favorable defects.

The following sections discuss these representative
methods, focusing on their synthetic characteristics,
underlying fluorination processes, key controlling
parameters, advantages, and remaining limitations.

Figure 6. Various strategies for the synthesis of F-DNCMs.
3.1. Gas-phase fluorination

Gas-phase functionalization is widely regarded as an
effective and reliable strategy for tailoring the surface
properties of nanocarbons.[94] In particular, F-containing
gases such as XeF4,[95] F2,[96] CF4,[97] and SF6,[98] have been
extensively used as fluorination agents for the synthesis of

F-DNCMs. Due to the high reactivity of gaseous F species,
this approach enables efficient surface fluorination and
relatively precise regulation of the F content and C−F
bonding configuration by adjusting the fluorinating-agent
concentration, reaction temperature, pressure, and
exposure time. The fluorination process generally involves
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adsorption of reactive F-containing species on the carbon
surface, followed by reaction with exposed carbon atoms,
defect sites, edges, or unsaturated bonds. Because edges
and structural defects possess higher chemical reactivity
than basal-plane carbon atoms, fluorination preferentially
occurs at these sites during the initial stage. With
increasing fluorination severity, F species can
progressively functionalize the basal plane and convert
sp2-hybridized carbon into more strongly fluorinated
configurations. Thus, the extent of fluorination must be
carefully controlled because excessive formation of
covalent C−F bonds may disrupt the conjugated π-electron
network and decrease electrical conductivity, whereas
moderate fluorination can generate polarized and
defect-rich carbon sites favorable for oxygen
electrocatalysis. The diffusion of gaseous fluorinating
species into porous carbon architectures is another
important factor, particularly for materials with high
surface areas or tortuous microporous structures.

For instance, Yazami et al. prepared F-doped carbon
nanofibers (CNFs) by exposing CNFs to pure F2 at 380-
480 °C for 16 h, followed by Ar annealing at 1800 ℃.[99]
Wheeler et al. employed XeF2 to fluorinate epitaxial
graphene and investigated its suitability for atomic layer
deposition of high-κ dielectrics.[100] In their study, the F
dose was controlled by varying the number and duration
of XeF2 pulses. Robinson et al. further showed that XeF2
could simultaneously etch the Si substrate beneath
CVD-grown graphene and fluorinate the graphene film,
enabling double-sided fluorination.[101] They also
demonstrated that the fluorinated graphene films could be
chemically defluorinated using hydrazine, indicating the
reversible nature of fluorination under certain conditions.

Overall, gas-phase fluorination offers several
attractive features, including high fluorination efficiency,
good controllability, and compatibility with graphitic
carbon materials. It is especially useful when uniform
surface functionalization or controlled modification of
two-dimensional (2D) carbon materials is required. In
addition, post-treatment conditions can be used to
partially remove weakly bound F species or reconstruct
the carbon framework, providing another means of
tailoring the final bonding environment. However, the use
of highly reactive, hazardous F-containing gases and the
requirement for specialized equipment remain a major
obstacle to large-scale and safe production. Moreover,
excessive fluorination may cause substantial loss of
electrical conductivity, while the penetration depth of
gaseous species can become limited in densely packed or
highly microporous carbon materials. Therefore, achieving
a balance among fluorination degree, C−F bonding state,
structural integrity, and conductivity remains a key
challenge for this strategy.
3.2. Hydrothermal/Solvothermal fluorination

Compared with gas-phase fluorination, hydrothermal
and solvothermal methods provide milder and more
accessible routes for introducing F into nanocarbons.

Given the toxicity, corrosiveness, and operational
complexity of many gaseous fluorinating reagents,
liquid-phase fluorination under sealed
hydrothermal/solvothermal conditions is often more
practical for laboratory and scale-up synthesis.[102] In
these methods, the carbon precursor and F-containing
reagent are dispersed in a liquid medium and reacted in a
sealed autoclave, where elevated temperature and
autogenous pressure enhance mass transfer and promote
interactions between the fluorinating species and reactive
carbon sites. Oxygen-containing functional groups,
vacancies, edges, and other defects in precursors such as
graphene oxide (GO) can serve as particularly reactive
sites for F incorporation. Compared with direct gas-phase
reactions, solution-based processing also provides
intimate contact between the fluorinating reagent and
dispersed carbon sheets or nanoparticles. The fluorination
degree can generally be tuned through parameters such as
F-source concentration, solvent composition, reaction
temperature, reaction time, and the chemical state of the
starting carbon material.

Hydrofluoric acid (HF), despite its strong
corrosiveness, remains a low-cost and effective F source.
Wang et al. synthesized FG by dispersing GO in HF solution
and tuned the C/F ratio by adjusting the reaction
conditions.[103] The as-obtained FG exhibited a sheet-like
morphology with a thickness of one to two layers and a
tunable bandgap in the range of 1.82-2.99 eV. Zhao et al.
reported a mild liquid-phase fluorination of GO using
diethylaminosulfur trifluoride, where oxygen-containing
groups on GO were converted into different C-F species
during the reaction.[104] Samanta et al. further developed a
solvothermal route to produce F-doped reduced graphene
oxide (FrGO) from GO, BF3·etherate, and
1-heptanethiol.[105] This process enabled simultaneous
reduction and fluorination, affording FrGO with an F
content as high as 38 wt%. An important feature of
hydrothermal/solvothermal fluorination is that
fluorination can occur simultaneously with reduction,
defect reconstruction, or heteroatom incorporation,
depending on the precursor and reaction medium. This
provides opportunities for one-pot construction of
multifunctional F-containing carbon materials. However,
these coupled chemical processes also make it more
difficult to independently control F concentration, carbon
reduction degree, defect density, and individual C−F
configurations. In addition, incomplete removal of
fluorinating reagents or reaction by-products may
influence the surface chemistry of the resulting carbon
materials and therefore requires careful purification and
characterization.

These studies demonstrate that
hydrothermal/solvothermal fluorination can provide good
solution processability, relatively mild conditions, and
tunable F incorporation. The method is particularly
suitable for solution-dispersible carbon precursors and
offers advantages for batch processing and compositional
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modification. Nevertheless, the use of corrosive
F-containing liquids and the limited control of specific C-F
bonding states remain critical challenges for further
optimization. Future development should therefore focus
on safer F sources, improved F utilization efficiency, and
reaction systems capable of independently regulating F
content and bonding configuration while minimizing
structural degradation of the carbon matrix.
3.3. Plasma-assisted fluorination

Plasma-assisted fluorination has emerged as a
versatile technique for surface functionalization of carbon
nanomaterials. In this approach, reactive F radicals and/or
F-containing ionic species are generated in plasma and
subsequently bonded to carbon surfaces, allowing
fluorination that is often confined to near-surface regions.
This feature makes the method particularly attractive for
thin carbon nanostructures, where short treatment times
and controllable fluorination levels are desirable. Unlike
conventional thermal or solution-based fluorination,
plasma treatment is a nonequilibrium process in which
energetic electrons activate F-containing gases and
generate highly reactive species at relatively low bulk
temperatures. These species interact primarily with
exposed surface carbon atoms, allowing rapid
functionalization without prolonged high-temperature
treatment. The fluorination degree and surface structure
can be regulated by plasma power, gas composition, gas
pressure, exposure time, substrate position, and treatment
temperature. The use of CF4, SF6, F2-containing mixtures,
or other F-containing plasma sources can also alter the
relative populations of reactive F and CFx species and
thereby influence the resulting surface chemistry.

Plasma fluorination is commonly carried out in a
reactive ion etching system. Previous studies have shown
that monolayer graphene is more readily fluorinated than
bilayer or few-layer graphene, indicating a strong
dependence on layer number and surface accessibility.
Notably, fluorinated monolayer graphene prepared by
plasma treatment can recover its original structure after
vacuum thermal annealing at 970 °C for 1 h, suggesting
partial reversibility of the plasma-induced C-F bonding.
Similarly, Yang et al. synthesized F-doped few-layer
graphene via plasma treatment.[106] Yu et al. prepared
FrGO using CF4 plasma, where the F content was
conveniently tuned by adjusting the exposure time.[107]
Tahara et al. further demonstrated controllable
fluorination with Ar/F2 plasma, where XPS analysis
confirmed the formation of C-F bonds in the resulting
FG.[108] In addition to F incorporation, energetic plasma
species may create vacancies, edge defects, and lattice
disorder through ion bombardment. The obtained defects
can provide additional active sites and facilitate
subsequent fluorination, but excessive plasma power or
prolonged exposure may overetch the carbon surface and
deteriorate structural integrity and electrical conductivity.
Thus, plasma treatment provides a particularly effective
means of simultaneously controlling surface fluorination

and defect engineering, provided that the treatment
severity is carefully optimized.

Thus, plasma-assisted fluorination offers rapid
processing, high surface sensitivity, and tunable
fluorination degrees. It also provides spatial and temporal
control over surface modification and avoids the need for
large quantities of liquid fluorinating reagents. However, it
remains limited to near-surface modification and may be
less effective for bulk fluorination of thick or densely
packed carbon materials. Furthermore, plasma equipment
increases processing complexity and cost, while treatment
uniformity can become challenging for powders or 3D
porous electrodes. These characteristics make plasma
fluorination particularly attractive for films, graphene
sheets, carbon fibers, and electrode surfaces rather than
for high-throughput bulk synthesis.
3.4. Thermal fluorination

Thermal fluorination is one of the most widely used
methods for preparing F-doped nanocarbons for oxygen
electrocatalysis. In this strategy, F-containing precursors
decompose, diffuse, or react with the carbon matrix at
elevated temperatures, enabling F species to be
incorporated into the carbon framework. Because of its
operational simplicity, broad applicability, and relatively
facile control over F content, thermal fluorination has
become a mainstream route for synthesizing F-DNCMs.
Depending on the synthetic design, thermal fluorination
can be implemented either by pyrolyzing a carbon
precursor together with an external F source or by directly
carbonizing an F-containing organic/polymeric precursor.
During pyrolysis, decomposition of F-containing
compounds generates reactive F species that interact with
the evolving carbon framework. Simultaneously,
carbonization, graphitization, heteroatom doping, defect
formation, and pore evolution may occur, making thermal
fluorination particularly suitable for constructing
multifunctional electrocatalysts in a single synthetic step.

For carbon materials, this process can couple F
incorporation with mild surface etching, thereby
increasing surface roughness, generating defect sites, and
forming active C-F species for ORR/OER. Various
F-containing compounds, such as NH4F, NH4PF6,
polytetrafluoroethylene (PTFE), polyvinylidene fluoride
(PVDF), and F-containing covalent organic polymers, have
been used as F sources in this approach.[109] The final F
content and chemical state are strongly dependent on the
pyrolysis temperature, heating rate, reaction time,
precursor ratio, atmosphere, and thermal stability of the
selected F source. In general, insufficient temperature may
lead to incomplete carbonization or inefficient precursor
decomposition, whereas excessively high temperature can
promote the release of volatile F-containing species and
reduce the retained F content. Therefore, optimization of
the temperature window is essential for balancing F
retention, graphitization degree, defect formation, and
electrical conductivity. The spatial distribution of F can
also be influenced by whether the F source is molecularly
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integrated into the carbon precursor or externally mixed
with it. Self-doping precursors containing covalently
bound F generally provide more intimate precursor-level
mixing, whereas external fluorinating agents offer greater
flexibility in adjusting the F-source dosage.

For instance, Zheng et al. developed a simple
pyrolysis strategy using a stable N, P, and F-containing
covalent triazine polymer as a self-doping precursor.[53]
This design avoided complicated post-fluorination steps
and yielded N, P, F-tridoped nanocarbons containing
semi-ionic and ionic C-F species, which were beneficial for
bifunctional ORR/OER electrocatalysis. Despite these
advantages, conventional thermal fluorination often
requires prolonged heating for sufficient F
incorporation.[110] Moreover, simultaneous carbonization
and fluorination make the reaction pathway relatively
complex, and F loss at elevated temperatures may lead to
discrepancies between the precursor composition and the
final F content. Nevertheless, compared with gas-phase
and plasma methods, thermal fluorination is generally
more compatible with bulk powder production and a
wider range of carbon precursors, making it particularly
attractive for scalable electrocatalyst synthesis. To
overcome the limitation of long processing times, ultrafast
deflagration-based synthesis has recently attracted
increasing attention. Using a NaN3/C5F5N deflagration
system, Liu et al. synthesized highly graphitized
N/F-codoped carbon hollow nanospheres within an
extremely short reaction period.[111] The optimized
catalyst displayed excellent ORR activity and long-term
stability, even outperforming commercial Pt/C. These
ultrafast processes provide transient high-temperature
environments that can simultaneously promote precursor
decomposition, carbon-framework reconstruction,
heteroatom incorporation, and hollow-structure
formation, thereby greatly shortening the overall
synthesis time. Nevertheless, controlling local reaction
temperature, product uniformity, and F retention during
such rapid reactions remains important for reproducible
synthesis.

These results indicate that thermal fluorination is
highly versatile with a broad range of precursor systems.
Future advances in this area may focus on shortening
processing time, improving F utilization, and achieving
finer control of F-containing species during pyrolysis.
Particular attention should also be paid to correlating
precursor chemistry and thermal history with the final
C−F bonding configuration, because these parameters
directly determine the electronic structure and catalytic
microenvironment of F-DNCMs.
3.5. Sustainable fluorination

Although the above methods have advanced the
synthesis of F-DNCMs, many of them still rely on toxic,
corrosive, or environmentally problematic fluorinating
agents. F2 and XeF4 used in gas-phase fluorination, HF and
NH4F used in hydrothermal/solvothermal processes, and
SF6 used in plasma treatment all raise concerns regarding

safety, cost, and environmental impact.[102] These
challenges increasingly motivate the development of
sustainable fluorination strategies that use more
environmentally friendly F sources. Green fluorination
chemistry is therefore becoming an important direction
for the synthesis of F-doped nanocarbons. Notably, the
sustainability of a fluorination process should not be
evaluated solely by the toxicity of the F source. Energy
consumption, solvent usage, F atom utilization, generation
of corrosive or greenhouse-gas by-products, purification
requirements, and process scalability should also be
considered. Accordingly, sustainable fluorination aims to
replace hazardous fluorinating reagents with stable salts
or solid reagents, reduce reaction temperature and
processing steps, and improve the utilization efficiency of
F-containing precursors.

Aguilar-Bolados et al. reported a feasible graphene
fluorination route using a diethylaminodifluorosulfinium
salt as a stable solid fluorinating reagent.[112] In this
process, deoxyfluorination occurred through stirring the
fluoride salt with graphite oxide at low temperature,
offering a safer alternative to conventional fluorination
reagents. Zhou et al. further developed a one-step
electrochemical exfoliation route to fabricate FG in a
two-electrode system using NaBF4 as the F source.[113]
This approach not only simplified the synthesis process
but also provided a safer and potentially scalable route for
FG production. Electrochemical routes are particularly
attractive because exfoliation and fluorination can
potentially be integrated into a single process, while the
applied potential/current provides an additional
parameter for controlling reaction kinetics. Moreover, the
use of stable inorganic fluoride salts can reduce direct
handling of highly reactive fluorinating gases or
concentrated HF. However, the actual environmental
advantage of a given process depends on the overall
energy input, electrolyte recovery, product yield, and
waste-treatment requirements. Therefore, quantitative
evaluation of energy consumption and environmental
impact will be necessary for meaningful comparison with
conventional fluorination technologies.

Compared with conventional fluorination methods,
sustainable strategies are more compatible with the
principles of green chemistry and hold considerable
promise for large-scale synthesis. However, further work
is still needed to enhance F incorporation efficiency,
precisely control F bonding configurations, and expand
the range of nanocarbon substrates. In addition,
developing recyclable fluorinating media,
low-temperature processes, and F sources derived from
less hazardous and more readily handled compounds will
be important for translating these approaches from
laboratory demonstrations to practical manufacturing.
3.6. Summary and outlook on synthetic methods

In summary, the synthesis of F-DNCMs is
fundamental to the development of high-performance
oxygen electrocatalysts, yet no single fluorination strategy
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can simultaneously optimize F incorporation,
bonding-state control, conductivity, safety, cost, and
scalability. Thermal fluorination is the most widely used
owing to its versatility and scalability, whereas gas-phase,
hydrothermal/solvothermal, plasma-assisted, and
sustainable approaches provide complementary
advantages in reactivity, processability, surface selectivity,
and environmental compatibility, respectively. Therefore,
the optimal fluorination route should be tailored to the
carbon architecture, fluorination depth, F content and
bonding configuration, defect structure, conductivity, and
targeted ORR/OER function. Despite substantial progress,
challenges including low F utilization, limited control over
F bonding states and distribution, processing constraints,
and safety concerns remain. Future efforts should focus on
safer and more controllable fluorination strategies and on
establishing quantitative synthesis-structure-performance
relationships to enable the rational and scalable design of
next-generation F-DNCM electrocatalysts.

4 Applications of F-Doped
Nanocarbon-Based Oxygen
Electrocatalysts
A wide range of F-DNCMs have been explored as efficient
ORR/OER electrocatalysts, including single F-doped
carbons, dual F-doped carbons, multiple F-doped carbons,
and F-doped carbon-based hybrids (Figure 7). Single
F-doped and F-based dual-/multi-heteroatom-doped
nanocarbons are classified as metal-free carbon
frameworks, whereas F-doped carbon-based hybrids are
integrated with metal-containing active components.
Among these materials, F incorporation not only modifies
the intrinsic electronic structure of the carbon matrix but
also reshapes interfacial properties, including wettability,

defect distribution, and adsorption behavior of
oxygen-containing intermediates. Both theoretical and
experimental studies indicate that the strong
electronegativity of F enhances the interaction between
nanocarbon surfaces and dissolved O2, thereby promoting
oxygen electrocatalysis. In addition, fluorination can
induce surface wrinkling, alter
hydrophilicity/hydrophobicity, and expose more
accessible active sites, all of which are beneficial for
electrocatalytic performance.[114] Another important
feature of F-DNCMs lies in the highly polarized C-F bond,
which can interact strongly with metal cations through
electrostatic effects.[115] The interactions help reinforce
the coupling between nanocarbons and metal-containing
components, while also influencing the morphology of
transition-metal compounds on carbon surfaces.[116] These
characteristics provide a versatile foundation for the
rational design of advanced oxygen electrocatalysts with
enhanced activity and durability. Building on this
understanding, the following sections discuss
representative applications of different categories of
F-DNCMs in oxygen electrocatalysis. The catalysts, test
conditions, and corresponding oxygen electrocatalytic
performances reported in the literature are summarized
in Table 1-3. It should be noted that the reported data
were obtained under non-identical experimental
conditions, including variations in electrolyte, catalyst
loading, rotation rate, and measurement configuration.
Thus, the performance metrics listed in these tables
should be interpreted as reference values for
semi-quantitative comparison rather than as absolute
criteria for direct catalyst ranking. These data are
primarily intended to identify broad
structure-performance relationships and guide the
rational design of F-DNCM-based oxygen electrocatalysts.
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Figure 7. Different types and chemical structures of F-DNCMs.
4.1. Single F-doping nanocarbons
Single F-doping has emerged as an effective strategy for
activating nanocarbons toward oxygen electrocatalysis.
Although F was once less commonly considered than N, S,
or B for doping, its strong electronegativity makes it an
effective regulator of both the electronic structure and the
interfacial microenvironment. The activity enhancement
mainly arises from charge polarization of neighboring
carbon atoms, which creates favorable sites for O2

adsorption and intermediate conversion, while also
influencing surface wettability and mass-transport
behavior.

For the 4e− ORR pathway, CB-derived materials
provide a representative platform because of their
low-cost, high conductivity, and structural robustness. Sun
and co-workers first reported metal-free F-doped
mesoporous CBs through pyrolysis of a mixture of CB with
NH4F.[62] The optimal BP-18F catalyst exhibited excellent
ORR activity, durability, and methanol tolerance in alkaline

media, even outperforming commercial Pt/C catalysts.
Different from conventional N-doped carbons, the
enhanced ORR activity was primarily attributed to the
F-induced charge redistribution, which polarized adjacent
carbon atoms and generated active sites. After that, a
variety of single F-doped carbons, including F-doped BP
2000,[117] mesoporous F-doped carbon,[118] F-doped
carbon nanoparticles,[57] and FG [119], were reported and
exhibited promising ORR activity. In a representative study,
Parthiban et al. developed a F-enriched mesoporous
carbon (F-MC) as an efficient metal-free ORR catalyst for
alkaline FCs.[120] The optimized F-MC (5:1)-950 exhibited
an onset potential (Eonset) of -0.10 V vs. SCE and a limiting
current density (JL) of 4.87 mA cm-2 in 0.1 M KOH, with an
E1/2 only ~50 mV lower than that of commercial Pt/C.
Notably, after 10 000 CV cycles, the E1/2 showed only a
10 mV negative shift and excellent methanol tolerance,
highlighting the durability advantages of F-doped carbon
frameworks.

Table 1. F-doped nanocarbon-based materials for ORR electrocatalysis.

Catalyst Electrolyte Eonset
(V vs. RHE)

E1/2
(V vs. RHE)

Tafel slope
(mV dec−1) Ref.

BP-18F 0.1 M KOH - - [62]
BP-NF 0.1 M KOH 0.77 0.83 - [54]
BP-18F 0.5 M H2SO4 0.9 0.63 - [117]
N-F-GNF 0.5 M HClO4 - 0.63 - [63]
NFC@Fe/Fe3C-9 0.1 M KOH - 0.87 57 [121]
FNC 0.1 M KOH 0.98 0.87 76 [122]
F-N-AC-1000 0.1 M KOH 1.04 0.89 - [87]
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F-NPC 0.1 M KOH 0.97 0.86 82 [58]
N, F-Carbon-1000 0.1 M KOH 0.97 0.84 129 [109]
N-F/MWCNTs 0.5M HClO4 0.80 0.55 - [123]
N-F/CTC 0.1 M KOH - 0.86 - [124]
BP2000-NF 0.1 M KOH 0.97 0.89 68 [81]
N, F-MCFs-A-1 0.1 M KOH 0.94 0.81 - [125]
NF@CB 0.1 M KOH 0.95 0.81 73 [126]
GNF-H/N-F 0.1 M KOH - 0.90 - [127]
FN-OMC-1000 0.1 M KOH 0.90 0.78 - [128]
NFCANs-18-1000 0.1 M KOH 0.91 0.83 - [129]
N-F/RGo 0.1 M KOH - 0.81 63 [130]
N/F-HC-2 0.1 M KOH 0.82 0.70 - [111]
NF-4.84 0.1 M KOH - 0.81 - [131]
NFPC-800 0.1 M KOH 0.96 0.85 - [55]
MnPc/FCNT800 0.1 M KOH - 0.9 60 [132]
F-FeNC-2 0.1 M HClO4 - 0.83 - [88]
C@PVI-(TPFC)Co-800 0.1 M KOH 1.05 0.88 58 [133]
Fe-Co/NF-GNF 0.5 M HClO4 0.93 0.77 - [134]
NFC@Fe/Fe3C-9 0.1 M KOH - 0.87 57 [135]
CNF-800-5 h-recarb 0.1 M KOH - 0.87 - [136]
PtZn i-NPs/F-CNT 0.1 M KClO4 - 0.89 - [137]
Fe@NFC700 0.1 M KOH 0.98 0.83 79 [138]
Fx-Fe/N/C 0.1 M HClO4 - 0.81 - [139]
NiTPP@F-MWCNT 0.1 M KOH 0.86 0.75 62 [140]
F@NC 0.1 M KOH - 0.9 50 [86]
PFePc/FC 0.1 M KOH - 0.93 73 [141]
Pt-E6F350 0.1 M HClO4 - 0.92 56 [67]
NFS-700 0.1 M KOH 0.83 0.66 75 [142]
CS12-650 0.1 M KOH 0.91 0.82 - [143]
BNFC-800 1 M KOH - 0.84 56 [144]
IFeNC-2 0.1 M KOH 1.06 0.92 80 [145]
FCNP-4 0.1 M KOH - 0.85 - [57]
IM-900 0.1 M KOH 0.9 0.64 - [146]
F/P-N-C-950 0.1 M KOH - 0.85 52 [147]
FN3SG 0.1 M KOH 0.99 0.80 96 [148]
NFS-CNF-0.5-1000 0.1 M KOH 0.98 0.91 75 [66]
Co/NSF-C700 0.1 M KOH - 0.86 90 [149]
SNF-Carbon-1000 0.1 M KOH 0.98 0.86 - [69]
Tri(Fe/N/F)-doped MCNFs 0.1 M KOH 0.9 0.82 - [85]
FG-1100 0.1 M KOH 0.91 0.69 - [119]
FC-900 0.1 M KOH 0.97 0.85 - [82]
F-CHNS-900 0.1 M KOH 1.06 0.97 - [150]
Co/FN-C 0.1 M HClO4 0.92 0.70 - [151]
MPFe1Cu1-850 0.1 M HClO4 - 0.73 - [152]
HeNFePt 0.5 M HClO4 - 0.78 56 [153]
FeN4-NFS-CNF 0.1 M KOH - 0.90 55 [154]
Pt@C/F-COOH 0.1 M HClO4 1.01 0.91 74 [155]
N/S/F-CNTs 0.1 M KOH 0.9 0.82 - [156]
NFPC 0.1 M KOH - 0.82 - [157]
GO-PANi31-FP 0.1 M KOH - 0.80 - [52]
C-F-1000 0.1 M KOH 0.94 0.74 - [118]
Pt/F-GNR 0.1 M KOH - 0.85 - [83]
F-MC (5:1) 0.1 M KOH 0.85 0.73 - [120]
F-FeNC 0.1 M KOH - 0.82 - [158]

In another study, Chang et al.[82] prepared porous
F-doped carbon nanosheets using poly(vinylidene fluoride)

as precursor and F source, and NaCl as a hard template
(Figure 8a). The sample pyrolyzed at 900 °C (FC-900)
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displayed excellent ORR activity, which was attributed to
its large SSA of 1031 m2 g−1 and abundant accessible active
sites (Figure 8b). Under alkaline conditions, FC-900
delivered high ORR and ZABs performance comparable to
that of Pt/C. The enhanced activity was attributed to the
combined contribution of structural defects and
appropriately incorporated F dopants. Interestingly,
prolonging the calcination time at 900 °C caused only a
slight improvement in ORR activity, implying that F doping,
rather than defect density, played a more crucial role in
this system. To further understand the origin of activity,
DFT calculations were performed on three F-doping
configurations, namely F located in the basal plane (B-F),
at armchair edges (A-F), and at zigzag edges (Z-F), as
shown in Figure 8c. The results confirmed the strong
dependence of ORR activity on the local fluorination
configuration.

Beyond the above 4e− ORR, single F-doped
nanocarbons have also attracted extensive attention as
selective catalysts for the 2e− ORR toward H2O2

electrosynthesis. Compared with the conventional
anthraquinone process, electrochemical H2O2 production
via the 2e− ORR is considered a more sustainable
avenue.[159] In this regard, F doping offers a unique means
to tune ORR selectivity by regulating the
adsorption/desorption energetics of the *OOH
intermediate. Zhao et al. prepared F-doped porous
nanocarbon by carbonizing MIL-53(Al), obtaining an
efficient catalyst for electrochemical synthesis of H2O2.[160]
As shown in Figure 8d, the F content had a pronounced
influence on H2O2 generation. The optimal catalyst with
3.41 at.% F achieved H2O2 selectivities of 83.0-97.5% and
production rates of 112.6-792.6 mmol h−1 g−1 over the
potential range from 0.2 to −0.3 V vs. RHE (Figure 8e).
Mechanistic analysis indicated that CF2 species facilitate
O2 adsorption while promoting *OOH desorption, thereby
favoring the 2e− ORR pathway.

A similar trend was observed in F-modified CNTs.
Wang et al. used F-doped CNTs as the cathode catalyst in

gas-diffusion electrodes for electrochemical H2O2
production.[161] The F-doped CNT prepared with 0.6 M HF
delivered a higher H2O2 concentration of 47.6 mg L−1 and a
current efficiency of 89.5% than those of pristine CNTs
(29.6 mg L−1 and 70.1%, respectively). This improved
performance was attributed to the formation of CF2 and
CF3 species on the CNT surface, which enhanced both ORR
activity and H2O2 selectivity. Likewise, Zeng et al.[90]
synthesized F-doped carbon in an F2 atmosphere using a
sealed fluidized-bed reactor (Figure 8f). During 3 h of
electrolysis, the catalyst produced H2O2 at a concentration
of 2837.5 mg L−1 with a selectivity of 95.7%. Notably, the
concentration of H2O2 remained constant after 12 cycles,
indicating good stability of the catalyst (Figure 8g, h). XPS
analysis and DFT calculations suggested that CF2 moieties
facilitate O2 adsorption and *OOH desorption, thereby
promoting selective H2O2 generation.

In addition to tuning intrinsic activity and selectivity,
F doping can also reshape the catalytic microenvironment.
Zhao et al. further demonstrated that F incorporation into
porous carbon not only enhanced the 2e− ORR but also
promoted pollutant mineralization through more efficient
H2O2 production, as evidenced by the increased generation
of hydroxyl radicals.[162] Xing et al. subsequently showed
that F-doped carbons regulate not only the density of
active sites but also the wettability and mass transport
within the catalyst layer.[163] While rotating ring-disk
electrode (RRDE) measurements suggested that intrinsic
activity increased monotonically with F content,
gas-diffusion electrode tests revealed a non-monotonic
dependence of H2O2 production rate on the doping level.
Excessive F doping rendered the carbon surface overly
hydrophobic, limiting electrolyte penetration and
disrupted the gas-liquid-solid balance in the catalyst layer.
These results established an distinct microenvironment
effect of F doping, indicating that optimal performance
requires a balance between active-site density, gas
transport, and ionic accessibility rather than simply
maximizing F content.
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Figure 8. (a) Illustration of the synthesis procedure for FC. (b) Linear sweep voltammograms of the ORR on all samples with a rotating speed of
1600 rpm in O2-saturated 0.1 M KOH electrolyte. (c) The scheme that depicts the structures of A-F, B-F, and Z-F.[82] Reproduced with permission
from ref. 82. Copyright Elsevier., 2021. (d) Procedure for the synthesis of F-doped hierarchically porous carbon catalysts. (e) The current
efficiency of H2O2 synthesis by FPC-800 at different applied potentials. Reproduced with permission from ref. 160. copyright Elsevier, 2018.[160] (f)
Schematic diagram of the synthesis device of F-doped carbon. (g) The H2O2 concentration of CF-2 catalysts was determined over 12 cycles. (h)
Current-time (i-t) chronoamperometric response of CF-2 and Pt/C at −0.1 V vs. RHE. Reproduced with permission from ref. 90. copyright Elsevier,
2022.[90]

In addition to ORR, F-DNCMs have also emerged as
promising metal-free catalysts for the OER in alkaline
media. Kim et al. first demonstrated that F-doped carbon
black (F-KB), synthesized by pyrolyzing Ketjenblack with
Nafion as the F source, exhibited markedly enhanced OER
activity compared to pristine CB.[164] Through XPS analysis
and in situ monitoring of evolved O2, they identified
semi-ionic C-F bonds rather than covalent C-F bonds as
the key structural motif responsible for the activity
enhancement. The positively polarized carbon atoms
adjacent to semi-ionic F species were therefore proposed
as the active sites for OER.

In a subsequent mechanistic study, the same group
combined an RDE setup with a fluorescence-based O2
sensor to distinguish the true OER current from parasitic
processes.[65] The F-doped carbon showed a Tafel slope
of 60 mV dec−1 that was essentially independent of pH
with a proton reaction order of −1. These features suggest
a pathway involving a pre-equilibrium proton-coupled
electron-transfer step, followed by an irreversible
chemical rate-determining step. Remarkably, the intrinsic
OER activity approached that of RuO2, highlighting the
potential of fluorinated carbon as a noble-metal-free OER
catalyst. More recently, Ali et al. developed F-doped CNTs
(F-CNTs) through a low-temperature solid-state fusion

route using XeF2 as the fluorinating reagent.[92] XPS
confirmed the coexistence of covalent and semi-ionic C-F
bonds, with a total F content of 5.1 at.%. The resulting
F-CNTs acquired an OER overpotential of only 280 mV at
10 mA cm−2, which was 60 mV and 25 mV lower than
those of undoped CNTs and commercial Ir/C, respectively.
In addition, the catalyst exhibited excellent stability during
10 h chronopotentiometric testing. These findings further
support that F doping, especially in the form of semi-ionic
C-F species, can create positively charged carbon sites that
promote OH− adsorption and accelerate OER kinetics.

Thus, single F-doped nanocarbons have
demonstrated great potential in 4e− ORR for energy
conversion, selective 2e− ORR for H2O2 electrosynthesis,
and alkaline OER. Their performance enhancement stems
from multiple cooperative effects, including F-induced
charge polarization, regulation of intermediate adsorption,
modulation of wettability and mass transport, and the
formation of catalytically favorable semi-ionic C-F bonds.
These studies establish single F doping as a fundamental
yet versatile strategy for engineering nanocarbon-based
oxygen electrocatalysts.
4.2. F-based Dual-heteroatom-doped nanocarbons

Compared with single F-doped nanocarbons,
dual-heteroatom-doped F-based carbons usually exhibit
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higher oxygen electrocatalytic activity. The coexistence of
two heteroatoms enables more delicate regulation of local
charge distribution, spin density, defect chemistry, and
intermediate adsorption. Among the reported works, N, F,
and B, F dual-doped nanocarbons have attracted
particular attention for the ORR, as heteroatoms with
markedly different electronegativities can create highly
polarized carbon environments. In N, F-codoped
nanocarbons, for example, N typically acts as an
electron-donating dopant that modifies the electron
density of neighboring carbon atoms, whereas F, owing to
its extremely high electronegativity, strongly withdraws
electron density and induces pronounced C-F
polarization.[165] The synergistic interaction between these
two dopants can therefore generate highly active sites,
optimize spin/charge distribution, facilitate O2 adsorption
and activation, thus promoting the efficient ORR process.

Since the pioneering report by Sun and co-workers on
N, F-codoped CB as a high-performance metal-free ORR
catalyst, a broad range of N, F dual-doped nanocarbons,
including CB derivatives, cotton-derived carbons, CNFs,
graphene-like nanosheets, and hierarchically porous
carbons, have been developed and shown excellent ORR
activity and durability.[168] For example, Liu et al.
developed N, F co-doped hollow carbon nanospheres
(N/F-HC) through an ultrafast NaN3/C5F5N deflagration
route (Figure 9a).[111] During this process, Na nanoclusters
served as both sacrificial templates and F scavengers,
whereas the intense local heat enabled rapid
graphitization and high heteroatom retention within
seconds. The optimized N/F-HC-2 catalyst possessed a
hollow architecture, an SSA of 386 m2 g−1, uniformly

distributed pyridinic-N, pyrrolic-N, graphitic-N, and
semi-ionic C-F species. As a result, it delivered an Eonset
and E1/2 comparable to commercial Pt/C in alkaline media.
Koutecky-Levich and RDE analyses confirmed an electron
transfer number close to 4.0, negligible peroxide yield, and
superior durability over 500 cycles. This work highlights
the importance of simultaneously controlling
graphitization, porosity, and dual-dopant chemistry
through ultrafast synthesis. Fu et al. synthesized N,
F-codoped carbon nanowire aerogels through a
template-directed hydrothermal carbonization route using
Te nanowires, followed by NH4F impregnation and
high-temperature annealing.[129] The resulting
interconnected nanowire aerogels exhibited a high SSA of
768 m2 g−1, dominant mesoporosity, and abundant
pyridinic/graphitic N with ionic and semi-ionic C-F
species. The optimized catalyst showed an Eonset of 0.91 V
and E1/2 of 0.83 V vs. RHE in alkaline electrolyte,
comparable to those of the Pt/C catalyst. Similarly, Gong et
al.[125] developed N, F-codoped microporous CNFs (N,
F-MCFs) through a multistep
electrospinning-hydrothermal and carbonization process,
using polyacrylonitrile and poly(vinylidene fluoride) as N
and F sources, respectively (Figure 9b). The obtained
nanofiber network featured abundant micropores, a high
defect density, and a SSA exceeding 700 m2 g−1 (Figure 9c).
As a result, the N, F−MCFs catalyst delivered an Eonset of
0.94 V and an E1/2 of 0.81 V vs. RHE with an electron
transfer number close to 4.0 (Figure 9d). This study also
identified PVDF as an effective and scalable F precursor
for ORR-oriented carbon electrocatalyst.
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Figure 9. (a) Schematic for the synthesis and formation mechanism of N/F-HC via the NaN3 deflagration method. Reproduced with permission
from ref. 111. copyright The Royal Society of Chemistry, 2018.[111] (b) Schematic illustration of N, F-MCFs ORR catalysts. (c) TEM images of N,
F-MCFs. (d) LSV curves of N, F-MCFs-A; N, F-MCFs-B; and commercial 20% Pt/C in O2-saturated 0.1 M KOH electrolyte with a scan rate of 10 mV
s−1.[125] (e) TEM images for GNF-L/N-F, GNF-A/N-F, and GNF-H/N-F at different magnifications. (f) CVs and (g) LSVs for N-F co-doped GNF before
and after 10 000 repeated potential cycles, Pt/C before and after 1000 repeated potential cycles in 0.1 M KOH electrolyte. Reproduced with
permission from ref. 127. copyright American Chemical Society, 2020.[127]

The effect of microstructural orientation has also
been examined in graphitic CNFs. Akula et al. investigated
N, F codoping in graphitic CNFs with linear, antler-type,
and herringbone platelet arrangements, denoted as
GNF-L/N-F, GNF-A/N-F, and GNF-H/N-F, respectively
(Figure 9e).[127] After melamine/NH4F-assisted thermal
treatment, the herringbone-type nanofibers exhibited
more pronounced structural distortion, enlarged
interlayer spacing, and abundant open-edge sites enriched
with pyridinic/pyrrolic-N and semi-ionic C-F species. The
optimized sample displayed excellent ORR kinetics, strong
methanol tolerance, and only 5 mV loss in E1/2 after 10
000 cycles (Figure 9f, g). These results point to a close
interplay between nanofiber morphology and N, F
dual-dopant chemistry in determining ORR performance.

2D N, F-codoped graphene-like sheets and carbon
nanosheets provide another important platform because

they expose a high density of edge sites and basal-plane
defects while maintaining rapid in-plane electron
transport. Qiao et al.[130] reported N, F co-doped reduced
graphene oxide (GO) prepared by one-step thermal
annealing of GO with NH4F, achieving uniform
incorporation of N of 2.5 at% and F of 0.7 at% without
compromising electrical conductivity. The obtained
N-F/rGO possessed a high SSA of 412 m2 g−1, abundant
slit-shaped mesopores, and a large proportion of
semi-ionic C-F bonds. These structural features enhanced
charge polarization around N sites and promoted O−O
bond activation. As a result, N-F/rGO delivered a positive
Eonset of 0.96 V vs. RHE, a low Tafel slope of 63 mV dec−1, an
electron transfer number of ~3.9-4.0, peroxide yields
below 6%, and improved stability/methanol tolerance.

Hierarchically porous carbon frameworks represent
an effective architecture for ORR, because interconnected
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hierarchical pores can simultaneously improve active-site
exposure, electrolyte infiltration, and oxygen transport.
Wang et al.[128] synthesized F, N co-doped ordered
mesoporous carbon (FN-OMC) via a hard-template route
using SBA-15 and resorcinol, with ammonium fluoride
serving as the heteroatom source (Figure 10a). The
optimized FN-OMC-1000 exhibited a high SSA of 671 m2

g−1, ordered mesoporous channels of ~6.2 nm, and
homogeneously distributed pyridinic/graphitic N with
ionic and semi-ionic C-F species (Figure 10b, c). The ORR
activity of FN-OMC-1000 is comparable to commercial
Pt/C in an alkaline electrolyte (Figure 10d), along with
superior durability and methanol tolerance. In another
study, Lv et al. developed N, F-codoped porous carbons
from a PTFE/polyaniline (PANI) composite precursor
(Figure 10e).[166] This strategy enabled more stable F
retention during carbonization than volatile F salts. After
pyrolysis at 1000 °C, the resulting N, F-Carbon-1000
showed a high SSA of 838 m2 g−1, hierarchical
micro/mesoporosity, and dominant pyridinic/graphitic N
species coupled with F dopants. The catalyst achieved an
Eonset of 0.97 V and an E1/2 of 0.84 V vs. RHE, nearly

identical to 20 wt% Pt/C (Figure 10f), and followed a near
4e− ORR pathway.

Beyond porosity and morphology, F can also directly
reshape the atomic configuration of N species during
pyrolysis. Li et al. revealed that F introduction selectively
weakens edge C-N bonds, converting a large fraction of the
pyrrolic-N into more stable graphitic-N while preserving
pyridinic-N (Figure 10g-k).[86] This F-induced
rearrangement maximized the fraction of catalytically
favorable pyridinic-N and graphitic-N species and
destabilized the π-conjugated network, thereby creating a
more localized electronic structure that favored O2

adsorption and O−O bond cleavage. The resulting
urchin-like F@NC superstructure, composed of radially
aligned carbon nanorods with uniformly distributed N and
F, exhibited an outstanding E1/2 of 0.90 V vs. RHE and a
low Tafel slope of 50 mV dec−1, surpassing both Pt/C and
the F-free counterpart (Figure 10l). This work
demonstrates that F doping can serve not only as an
electronic modulator but also as an atomic-level driver for
constructing more active N configurations in metal-free
ORR catalysts.

Figure 10. (a) Illustration of the preparation of FN-OMC as a catalyst for ORR. (b) TEM and (c) SEM images of mesoporous FN-OMC-1000. (d)
RDE polarization curves recorded on FN OMC-1000 and Pt/C catalysts at 1600 rpm. Reproduced with permission from ref. 128. copyright The
Royal Society of Chemistry, 2016.[128] (e) Synthesis illustration of N, F-doped carbon as an ORR electrocatalyst. (f) Rotating-disk voltammograms
of four N, F-Carbon catalysts and 20% Pt/C in O2-saturated 0.1 M KOH with a sweep rate of 5 mV s−1 at the rotating rate of 1600 rpm. Reproduced
with permission from ref. 166. copyright American Chemical Society, 2017.[166] (g) synthesis illustration, (h-k) morphology of the F@NC, (l) LSV
curves of the corresponding samples. Reproduced with permission from ref. 86. copyright American Chemical Society, 2025.[86]

Besides, biomass-derived carbons provide a
sustainable platform for constructing N, F-codoped ORR
catalysts while preserving the advantages of low-cost, high
scalability, and inherited porous architectures. Zhao et al.
reported a high-throughput strategy to prepare N,

F-codoped porous carbons from nearly 30 types of
biomass, including alfalfa, banana peel, and willow leaves
(Figure 11a).[131] In this synthesis, NH4F was used as the N
and F source, while Zn-based species acted as sacrificial
porogens. The resulting carbons exhibited fluffy 3D
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porous frameworks, large SSA of 1000-1400 m2 g−1, and
tunable N and F contents and ratios. The optimized
catalyst delivered an E1/2 comparable to Pt/C, a dominant
4e− pathway, excellent durability, and methanol tolerance
in an alkaline electrolyte. Notably, this study proposed a
“treasure-map” concept to correlate heteroatom chemistry
with ORR activity (Figure 11b), thereby offering a design
guide for biomass-derived carbon catalysts. After that,
Akula et al. reported N, F co-doped porous carbon derived

from silk cotton fibers through carbonization, followed by
melamine and NH4F post-doping.[124] The intrinsic porous
structure of silk-cotton-derived carbon was retained,
while dual doping increased defect density, SSA, and the
fraction of pyridinic-N and semi-ionic C-F species. The
optimized catalyst exhibited an Eonset and E1/2 close to Pt/C,
an electron transfer number of ~3.9-4.0, negligible
peroxide formation, and strong resistance to methanol
and CO poisoning over 10 000 cycles.

Figure 11. (a) Schematic illustration of the synthesis of NF-PCs. (b) The contour plots of peak potential, Eonset, E1/2, and limiting current density
as functions of total N and F content and N/F ratio. Reproduced with permission from ref. 131. copyright The Royal Society of Chemistry,
2021.[131] (c) Schematic illustration for the synthesis of FNC. (d) SEM images and (e, f) TEM images of FNC at different magnifications.
Reproduced with permission from ref. 122. copyright Elsevier, 2021.[122] LSV curves of F-N-ACs in (g) alkaline and (h) acid electrolyte.
Reproduced with permission from ref. 87. copyright Elsevier, 2022.[87]

Although metal-free carbon catalysts typically
perform better in alkaline media, several N, F-codoped
systems have also shown impressive ORR activity in acidic
electrolytes. Peera et al.[63] synthesized N, F co-doped
graphite nanofibers (N-F/GNFs) via high-temperature
pyrolysis of oxidized GNFs using melamine and NH4F as N
and F sources, respectively. The optimized N-F/GNF
catalyst exhibited ORR activity comparable to Pt/C in 0.5
M HClO4, outstanding tolerance to methanol and CO, and
negligible activity decay after 20 000 cycles. Moreover,
when used as the cathode catalyst in an H2/O2 polymer
electrolyte FC, it achieved a peak power density of 165
mW cm−2. DFT calculations suggested that N, F codoping
enlarged the graphite interlayer spacing and generated
highly polarized carbon sites, where pyridinic/graphitic N

and semi-ionic C-F bonds synergistically facilitated O2

adsorption and facilitated the 4e− reduction pathway.
Akula et al. extended this concept to multiwalled CNTs,
where oxidative pretreatment followed by
melamine/NH4F pyrolysis induced partial unzipping into
graphene-like nanosheets rich in edge defects.[123] The
resulting N-F/MWCNT catalyst showed an E1/2 relative to
single-doped controls, a dominant 4e− ORR mechanism,
and exceptional stability over 10 000 cycles in acidic
electrolyte. These results indicate that F-assisted
structural transformation is a highly effective strategy to
simultaneously enhance intrinsic activity and stability
under acidic conditions.

Dual-doped carbon catalysts can even maintain
strong ORR performance across both alkaline and acidic
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media, which is highly desirable for practical deployment
but remains difficult to achieve. Shah et al.[122] reported
mesoporous N, F-codoped carbons synthesized via a
salt-assisted gas-liquid interfacial strategy using
poly-diaminopyridine and NH4F (Figure 11c). The in situ
decomposition of NH4F induced simultaneous F
incorporation and pore formation, resulting in a catalyst
with high SSA and abundant edge defects (Figure 11d-f).
The optimal FNC catalyst delivered an Eonset of 0.98 V and
E1/2 of 0.87 V vs. RHE in alkaline electrolyte, while still
retaining an E1/2 of 0.78 V in acidic medium. The ORR
proceeded mainly through a 4e− ORR pathway with
peroxide yield below 2% and excellent stability over 8000
cycles. Similarly, Zhang et al. developed F-modified
N-based activated carbons with an F-enhanced pyridinic-N
configuration and hierarchical porosity.[87] The optimized
catalyst exhibited E1/2 of 0.89 V vs. RHE in alkaline and
0.75 V vs. RHE in acidic electrolyte (Figure 11g, h),
outperforming most reported metal-free catalysts and
even surpassing the Pt/C catalyst in durability and
methanol tolerance. DFT calculations revealed that F
incorporation into the pyridinic-N motif significantly

enhanced charge and spin density of adjacent carbon
atoms, thereby strengthening Lewis base sites and
optimizing the adsorption energies of ORR intermediates.

In addition to the 4e− ORR, dual-doped F-based
nanocarbons have also been applied to the 2e− ORR
toward H2O2 electrosynthesis. Chokradjaroen et al.
synthesized undoped, B-doped, and B, F dual-doped
carbon nanoparticles via a one-step solution plasma
process at room temperature and atmospheric pressure
(Figure 12a).[167] This route generated turbostratic carbon
nanoparticles with abundant structural defects and
semi-ionic C-F bonds without requiring high-temperature
pyrolysis. Electrochemical tests revealed that the obtained
nanocarbons catalyze ORR predominantly through a 2e−
pathway, with n mainly in the range of 2.0-2.7 and HO2−

yields up to 80% (Figure 12b-d). Notably, undoped and
B-doped samples displayed the highest peroxide
selectivity, whereas B, F dual doping slightly increased the
n and suppressed peroxide production, suggesting that the
influence of F depends strongly on the local bonding
environment and defect structure (Figure 12e).

Figure 12. (a) Illustration of the solution plasma setup for the synthesis of B, F dual-doped carbon nanoparticles. (b) CV curve and (c) LSV curves
of the B, F dual-doped carbon nanoparticles in N2- and O2-saturated 0.1 M KOH solution. (d) n values and (e) HO2− yields of the B, F dual-doped
carbon nanoparticles. Reproduced with permission from ref. 167. Copyright The Royal Society of Chemistry, 2020.[167] (f, g) Statistical screening
of active sites and ΔG*OOH correlation. (h) Summary of the total yield of H2O2 at varying potentials. Reproduced with permission from ref. 71.
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copyright Springer Nature, 2026.[71]

Recently, Yu et al. reported that F, N codoped carbon
could achieve nearly 100% H2O2 selectivity at 0.5 to 0.65 V
vs. RHE, with over 95% selectivity over a wide potential
range from 0.01 to 0.65 V.[71] Statistical analysis of 66
possible active sites revealed that F doping, especially
with adjacent F atoms, substantially lowered the absolute
ΔG*OOH, thereby optimizing *OOH binding (Figure 12f, g).
During fluorination, a denitrogenation cascade occurred,
decreasing the N content from 2.56 to 1.18 at.% while
increasing the F content to 7.55 at.%. This process
passivated deep defect sites and suppressed the
competing 4e− pathway. As a result, the water-formation
current decreased by 85% compared with N-doped
carbon. Under industrially relevant conditions, the
catalyst sustained 300 mA cm−2 for 105 h with A Faradaic
efficiency of 95% and an H2O2 production rate of 74.35
mol gcat.−1 h−1 (Figure 12h). In another study, Liu et al.
reported an FG quantum dot-decorated CNT, in which
abundant sp²-carbon edge sites and electron-withdrawing
CFx moieties cooperatively promoted *OOH desorption
and selective 2e− ORR.[168] As a result, the obtained
FGQD/CNT achieved a H2O2 selectivity of 90.7 % at 0.75 V

vs. RHE, outperforming pristine CNT and GQD/CNT. In situ
ATR-SEIRAS confirmed facile *OOH desorption from the
catalyst surface, supporting the proposed 2e− ORR
pathway. When applied in a value-added-reaction-assisted
ZAB system, the catalyst delivered both high H2O2
productivity and practical device-level feasibility.

Beyond ORR, N, F dual-doped nanocarbons are also
attractive for the OER, where sluggish multistep
proton-coupled electron transfer requires finely regulated
electronic structures and intermediate adsorption
energetics. Li et al. reported that the F, N-codoped carbon
matrix with a low overpotential of 345 mV clearly
outperforms single N-doped and F-doped samples.[93]
Theoretical calculations revealed that the synergistic
interaction between pyridinic-N and F species lowers the
energy barrier for the *O to *OOH transition, shifts the
potential-limiting step from *OOH formation to *O
generation, and enhances charge transfer during OER.
Long-term electrochemical testing further confirmed its
excellent stability, demonstrating that dual-heteroatom
engineering can simultaneously improve the activity and
durability of metal-free carbon catalysts.

Table 2. F-doped nanocarbon-based materials for OER electrocatalysis.

Catalyst Electrolyte
Catalyst loading
(mg cm−2)

Overpotential
(mV)

Tafel slope
(mV dec−1)

Ref.

F-NPC 0.1 M KOH - 420 181 [58]
NF@CB 0.1 M KOH 0.61 379 69 [126]
WO3@F0.1-GS 0.1 M KOH 0.20 298 94 [68]
N,F-Co(OH)2/GO 1 M KOH - 228 53 [169]
FeNi@CNTs-400-F-300 1 M KOH 0.20 391 42 [170]
CISC-Ag-5% 1 M KOH 0.28 380 54 [171]
F-carbon 0.1 M KOH 0.2 390 62 [65]
F-doped CNTs 1 M KOH - 280 75 [92]
FeN4-NFS-CNF 0.1 M KOH - 270 55 [154]
NFS-700 1 M KOH 0.21 370 116 [142]
FCDs/FeCoSe-VSe/NF 1 M KOH - 258 35 [172]
GO-PANi31-FP 1 M KOH - 390 136 [173]
BNFC-800 1 M KOH 0.50 313 56 [144]
NFS-CNF-0.5-1000 1 M KOH 0.64 380 67 [66]

Because rechargeable Zn-air batteries (ZABs) rely on
ORR during discharge and OER during charge, bifunctional
oxygen electrocatalysis is particularly important for
dual-doped F-based nanocarbons. Sun et al. reported N,
F-codoped porous carbons derived from an F-containing
covalent organic framework (COF) via one-step
carbonization (Figure 13a).[55] The optimized NFPC-1100
catalyst exhibited an ORR Eonset of 0.96 V and an E1/2 of
0.85 V vs. RHE, outperforming commercial Pt/C, while also
showing lower OER onset potential and higher current
density than Pt/C and RuO2 (Figure 13b). When used as

the air cathode of a ZAB, the catalyst delivered a peak
power density of 157 mW cm−2, exceeding the Pt/C + RuO2
benchmark (Figure 13c). DFT calculations based on
representative N, F-codoped structures suggested that the
f-graphitic N-F configuration possessed the lowest
free-energy barriers for both ORR and OER (Figure 13d-f),
thereby explaining the excellent bifunctional activity and
long-term cycling stability. Subsequently, Zhu et al. N, F
co-doped CB (NF@CB) was synthesized through
ball-milling and pyrolysis of CB, melamine, and PTFE.[126]
The optimized NF@CB catalyst exhibited an ORR E1/2 of
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0.81 V vs. RHE and a low OER overpotential of 379 mV at
10 mA cm−2, comparable to commercial Pt/C + RuO2
catalysts. When employed as the air cathode in a ZAB, the
NF@CB catalyst delivered a small charge-discharge
voltage gap and excellent cycling stability over 49 h. More
recently, Li et al.[174] reported a COF-derived F, N-codoped
porous carbon (F-NPC) with uniformly distributed
heteroatoms and abundant hierarchical porosity (Figure
13g). The resulting F-NPC also exhibited outstanding

bifunctional activity with an E1/2 of 0.86 V vs. RHE and
an OER potential of 1.65 V at 10 mA cm−2. The ZAB with
the F-NPC catalyst showed a high peak power density of
206.3 mW cm−2 and long-term cycling durability (Figure
13h). DFT calculations further indicated that F doping
broadened the distribution of spin and charge density on
neighboring carbon atoms and optimized the adsorption
free energies of *OOH, *O, and *OH intermediates, thereby
accelerating both ORR and OER kinetics.

Figure 13. (a) Schematic illustration for the synthesis of NFPC. (b) ORR and LSV Curves. (c) ZAB polarization and power density of the samples.
(d-f) DFT active structures and free-energy diagrams of NFPC. Reproduced with permission from ref. 55. Copyright Elsevier, 2021.[55] (g)
Schematic illustration of the synthesis of F-NPC-T. (h) Discharge polarization curves and the corresponding power density curves of ZABs based
on F-NPC and Pt/C + RuO2 catalysts. Reproduced with permission from ref. 174. copyright Elsevier, 2023.[174]

Overall, F-based dual-heteroatom-doped
nanocarbons represent one of the most powerful
directions in metal-free oxygen electrocatalysis. Compared
with single F-doped carbons, dual-doped systems offer a
more versatile platform for regulating local electronic
structure, active-site configuration, pore architecture, and
catalytic microenvironment. Among them, N, F-codoped
carbons are by far the most extensively studied and have
demonstrated excellent performance in oxygen
electrocatalysis. Moreover, recent advances have shown
that the performance of these materials depends not only
on the presence of N and F, but also on their exact bonding
motifs, spatial arrangement, and coupling with
hierarchical structure. Therefore, future efforts should
move toward atomic-level control of dopant configuration,
quantitative identification of true active sites, and more
deliberate integration of intrinsic activity with
mass-transport and interfacial microenvironments.
4.3 F-based Multi-heteroatom-doped nanocarbons

Compared with single-doped and dual-doped
nanocarbons, F-based multi-heteroatom-doped carbons
offer a broader platform for oxygen electrocatalysis. Their
catalytic behavior arises from cooperative electronic
regulation rather than from a single dominant active site.
The simultaneous incorporation of F with other
heteroatoms, such as N, S, P, or B, enables more refined
tuning of local charge density, spin density, and
Fermi-level alignment, thereby creating a wider
distribution of active sites. In addition, multi-doping can
generate diverse active configurations, including
heteroatom-adjacent carbon defects, semi-ionic C-F
moieties, and coupled heteroatom domains. These sites
can synergistically optimize O2 adsorption, facilitate O−O
bond activation, and stabilize key oxygenated
intermediates. These complementary effects are often
difficult to achieve in single- or double-doped systems.
Moreover, the coexistence of heteroatoms with different
electronegativities and atomic sizes can intensify defect
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generation and interfacial polarization, thereby improving
active-site accessibility, charge transfer, and catalytic
robustness. As a result, F-based multi-doped nanocarbons
often achieve a more balanced combination of activity,
selectivity, and long-term stability than their single- or
dual-doped counterparts.

Previous studies have demonstrated the potential of
this multi-heteroatom-doping strategy. For instance, Yang
et al. reported N, S, F tri-doped CNTs through pyrolysis of a
polydopamine derivative, which exhibited excellent ORR
activity and stability, highlighting the role of F in
strengthening the electronic modulation of interfacial
active sites.[156] Subsequently, Wang and colleagues
developed N, B, F tri-doped carbon fibers with an efficient
4e− ORR pathway and an open-circuit voltage (OCV) of
1.46 V in ZABs, underscoring the important contribution
of F to charge transport and device-level performance.[64]
Cao et al. further reported S, N, F tri-doped porous carbon
with an Eonset of 0.98 V and an E1/2 of 0.86 V vs. RHE,
comparable to commercial Pt/C. These results further
confirm the benefit of ternary heteroatom doping in
electrocatalysis.[69]

Multi-heteroatom-doped F-based carbons also show
clear advantages over single- and dual-doped analogues
because multiple dopants can simultaneously tune
adsorption energetics and broaden the distribution of
active sites. Li et al.[148] constructed F-modified carbon
nanosheets by combining thermal fluorination with
structural defect engineering (Figure 14a). The obtained N,
F, and S tri-doped porous graphene (FN3SG) possessed

expanded interlayer spacing, abundant edge defects, and a
conductive sp2-carbon framework with highly exposed
active sites. The FN3SG delivered an E1/2 of 0.83 V vs. RHE,
rapid reaction kinetics, excellent methanol tolerance, and
stable activity over thousands of cycles in an alkaline
electrolyte. The enhanced activity was attributed to
F-induced electronic redistribution and defect
polarization, which create electron-deficient carbon
centers favorable for O2 chemisorption while avoiding
excessive *OH adsorption. Similar effects were reported by
Cui et al. [146], who synthesized N, P, F-tridoped
mesoporous carbon through one-step pyrolysis of
melamine and the ionic liquid BmimPF6. The ionic liquid
simultaneously served as the carbon source and P and F
dopant precursor, enabling direct formation of a
mesoporous carbon framework without post-treatment.
The optimized catalyst showed strong ORR activity,
excellent methanol tolerance, and long-term durability in
an alkaline medium. The enhanced performance was
attributed to the cooperative electronic effects of N, P, and
F, which induced charge delocalization, defect enrichment,
and strong C-F/C-P polarization. In another example, Li et
al. prepared an F, P, N-codoped carbon catalyst by
pyrolyzing poly(3-fluoroaniline)-coated g-C3N4 with phytic
acid.[147] The optimal F/P-N-C-950 catalyst showed an E1/2
of 0.85 V vs. RHE, surpassing that of commercial Pt/C. Its
high activity was associated with the cooperative
regulation of graphitic-N, pyridinic-N, and
ionic/semi-ionic C-F species, which strengthened O2

chemisorption and lowered the ORR energy barrier.

Figure 14. (a) Schematic representation of the synthesis process of FN3SG. Reproduced with permission from ref. 148. copyright Elsevier, 2023.
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[148] (b) Schematic illustration of the preparation procedure of NPF-CNSs. (c) ORR and OER LSV curves of the samples. (d) Galvanostatic charge
and discharge cycling curves of rechargeable ZABs with NPF-CNS-2 and commercial Pt/C + IrO2 cathodes. Reproduced with permission from ref.
175. copyright Wiley, 2020.[175] (e) The preparative process for N, O, S, F co-doped porous carbon vesicles. (f) The ORR curves of the obtained
catalysts. (g) The OER curves of the obtained catalysts. Reproduced with permission from ref. 52. copyright Wiley, 2016.[52]

Beyond ORR, multi-heteroatom doping is particularly
attractive for constructing efficient ORR/OER bifunctional
oxygen electrocatalysts, which are critical for rechargeable
ZABs. In these systems, F not only polarizes the carbon
lattice but also works together with N, P, S, O, or B to tune
the adsorption free energies of *OOH, *O, and *OH
intermediates. Zheng et al.[175] developed N, P, F tri-doped
carbon nanospheres (NPF-CNS) through self-templated
carbonization of a heteroatom-enriched covalent triazine
polymer (Figure 14b). Because N, P, and F were introduced
from a single precursor, the resulting catalyst displayed
uniform heteroatom distribution and excellent ORR/OER
bifunctional performance. The optimized NPF-CNS-2
exhibited outstanding ORR activity in pH-universal media
and excellent OER performance in an alkaline electrolyte.
When used as the air cathode of a ZAB, it delivered a peak
power density of 144 mW cm−2 and long-term cycling
stability over 385 charge-discharge cycles (Figure 14c-d).
The enhanced activity was attributed to the synergistic
effect of pyridinic/graphitic N, P-C bonds, and
ionic/semi-ionic C-F species, which collectively promoted
charge redistribution, improved oxygen adsorption, and
accelerated interfacial charge transfer.

Zhang et al. reached a similar conclusion using N, P,
F-tridoped graphene prepared by thermal activation of
polyaniline-coated GO with ammonium
hexafluorophosphate (AHF), as shown in Figure 14e.[52]
During pyrolysis, AHF served both as the heteroatom
source and as a porogen through gas evolution. The
resulting material also exhibited excellent bifunctional
ORR/OER activity (Figure 14f-g). Ma et al. Also
synthesized N, O, S, F co-doped porous carbon vesicles via
a self-template pyrolysis strategy.[176] The resulting
catalyst showed improved ORR and OER kinetics, low

overpotentials, high discharge capacities, and long-term
cycling stability. DFT calculations suggested that
semi-ionic C-F species play a central role in regulating
charge redistribution and intermediate adsorption,
thereby lowering the energy barriers of oxygen
electrocatalysis. In another study, Zhang et al. reported B,
N, F-tridoped nanocarbons prepared from
ionic-liquid-treated cigarette butts, affording a catalyst
with an E1/2 of 0.836 V vs. RHE and a low OER
overpotential of 313 mV.[144] When assembled into a ZAB,
the catalyst delivered a peak power density of
127 mW cm−2 and stable operation over 2300 cycles,
further confirming the value of multi-heteroatom synergy
for bifunctional oxygen catalysis. Previous studies further
emphasize that the advantage of F-based multi-doping lies
in atomic-level regulation of the electronic environment,
rather than in simple accumulation of dopants content.
Zheng et al. reported an ultrasound-triggered
self-assembly strategy followed by pyrolysis to synthesize
N, P, and F tri-doped porous carbon flowers (NPF@CNFs),
as illustrated in Figure 15a.[53] SEM reveals the
characteristic flower-like morphology assembled from
interconnected nanosheets (Figure 15b). As expected, the
optimal NPF@CNF-800 exhibits superior ORR/OER
bifunctional electrocatalytic activity with an E1/2 of 0.85 V
vs. RHE and a low overpotential of 330 mV at 10 mA cm−2

(Figure 15c). When used as the air cathode in a ZAB, it
maintained stable operation for more than 810
charge-discharge cycles. These findings indicate that F
cooperates with N and P to generate highly polarized
carbon centers with optimized oxygen-intermediate
binding, thereby improving both intrinsic activity and
device-level durability.
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Figure 15. (a) Schematic illustration of ultrasound-triggered synthesis of NPF@CNFs. (b) SEM of NPF@CNF-800. (c) Bifunctional ΔE comparison
of the corresponding catalysts. Reproduced with permission from ref. 53. copyright American Chemical Society, 2021.[53] (d) The synthesis
process of N, F, P ternary-doped macroporous carbon fibers. (e) SEM and (f) TEM images of the as-synthesized NFPC. (g) Specific capacities at a
current density of 10 mA cm−2 for the NFPC-based primary ZAB. (h) Cycling curves of the batteries based on NFPC as air cathodes at a current
density of 10 mA cm−2. Reproduced with permission from ref. 157. copyright The Royal Society of Chemistry, 2018. [157] (i) Schematic illustration
of the preparation process of the TD-CFs. (j) SEM, (k) TEM, and (l) HR-TEM images of TD-CFs. (m) Discharge/charge cycling curves of ZAB using
TD-CFs catalyst for the air cathode. Reproduced with permission from ref. 64. copyright Wiley, 2018.[64]

Wu et al. synthesized N, F, P ternary-doped
macroporous CNFs (NFPC) via electrospinning followed
by thermal annealing (Figure 15d).[157] Polyacrylonitrile
and sodium hexafluorophosphate were used as carbon
and heteroatom sources, respectively. The obtained
electrospun fibers were subsequently carbonized and
acid-washed to form a 3D porous nanofiber network. The
resulting NFPC exhibited a high SSA of 1230 m2 g−1 with
interconnected macro/microporosity and uniform
heteroatom distribution (Figure 15e, f). In an alkaline
electrolyte, the NFPC showed high ORR activity, with a
positively shifted reduction peak of 0.82 V vs. RHE and
E1/2 comparable to that of Pt/C. For OER, it showed a low

Eonset and high catalytic current density, clearly
outperforming undoped CNFs. When integrated into ZABs,
the NFPC afforded a high OCV of 1.46 V, a large discharge
capacity of 520 mAh g−1, and stable charge-discharge
cycling over 200 cycles (Figure 15g, h). The excellent
performance was attributed to the synergistic electronic
coupling of N, F, and P dopants, which induce strong
charge polarization and defect formation within the
carbon lattice. This effect creates highly active sites that
optimize adsorption/desorption of oxygenated *OOH
intermediates. Meanwhile, the macroporous nanofiber
network enhances mass transport and electron
conduction, enabling efficient ORR and OER catalysis.

Table 3. F-doped nanocarbon-based materials for ORR/OER electrocatalysis.

Catalyst E1/2 (V vs. RHE)
E10 (V vs.
RHE) ΔE (V) Electrolyte Ref.

F-NPC 0.86 1.65 0.79 0.1 M KOH [58]
NF@CB 0.81 1.61 0.80 0.1 M KOH [126]
FeN4-NFS-CNF 0.90 1.50 0.60 0.1 M KOH/1 M KOH [154]
NFS-700 0.66 1.60 0.94 0.1 M KOH/1 M KOH [142]
BNFC 0.84 1.54 0.70 0.1 M KOH/1 M KOH [144]
NFS-CNF-0.5-1000 0.91 1.61 0.70 0.1 M KOH/1 M KOH [66]
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Wang et al.[64] reported N, F, B ternary-doped carbon
fibers (TD-CFs) prepared by electrospinning PAN with
NH4BF4 followed by thermal carbonization (Figure 15i).
The resulting TD-CFs have fibrous networks with uniform
multi-dopant incorporation and defect-rich carbon
frameworks (Figure 15j-l). Compared to single-doped
carbon fibers, the TD-CFs exhibited enhanced ORR activity
with a more positive Eonset and efficient 4e− selectivity. The
TD-CFs also showed improved OER performance, as
reflected by a lower OER Eonset and higher catalytic current
densities than control samples. When used as air cathodes
in rechargeable ZABs, TD-CFs showed small
charge-discharge voltage gaps, high power output, and
superb long-term cycling stability, outperforming Pt/C +
RuO2 cathodes (Figure 15m). These results demonstrate
that N, F, and B multi-heteroatom doping can create robust
bifunctional carbon electrocatalysts.

Polymerized ionic liquids (PILs) have also emerged as
appealing precursors for constructing
multi-heteroatom-doped F-based carbons, because they
inherently contain multiple heteroatoms, offer
molecular-level tunability, and can be converted directly
into defect-rich conductive carbon frameworks. Li et al.[66]
reported a PILs-derived N, F, S tri-doped CNF obtained
through electrospinning followed by pyrolysis (Figure
16a). SEM and TEM results revealed flexible and 3D
interconnected nanofibrous networks with uniform
morphology and predominantly amorphous carbon
architecture. (Figure 16d-e). The resulting porous
freestanding nanofiber network contained uniformly
distributed N, F, and S species and showed excellent

bifunctional activity, with an E1/2 of 0.91 V vs. RHE, a low
OER overpotential of 380 mV at 10 mA cm−2, and
outstanding durability. When directly employed as a
binder-free air cathode in ZABs, the catalyst enabled an
OCV of 1.47 V, a maximum power density of 127.5 mW
cm−2, a high specific capacity of 826.4 mAh gZn−1, and
stable cycling over 80 h (Figure 16f-h). DFT calculations
revealed that N, F, and S tri-doping synergistically tailors
the charge density distribution of the carbon lattice and
optimizes the adsorption free energies of *OOH, *O, and
*OH intermediates, thereby promoting both ORR and OER
kinetics.

In a word, multi-heteroatom-doped F-based
nanocarbons represent a further evolution beyond single-
and dual-doped systems. Their key advantage lies in the
simultaneous regulation of electronic structure, defect
chemistry, and oxygen-intermediate adsorption through
multiple heteroatoms. In most reported systems, F plays a
unique role as a strong electron-withdrawing dopant that
amplifies local polarization, activates C-centered active
sites, and helps stabilize favorable bonding environments
created by N, P, S, B, or O codopants. These materials have
therefore shown compelling performance in bifunctional
oxygen electrocatalysis for rechargeable ZABs.
Nevertheless, the individual contribution of each dopant
and the exact active motifs in multi-doped systems remain
insufficiently resolved. Further progress will require more
precise synthesis, quantitative structure-activity analysis,
and operando characterization to distinguish the roles of
different heteroatom configurations under realistic
working conditions.
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Figure 16. (a) Schematic illustration of the preparation procedure of NFS-CNF. SEM images of the NFS-CNF-0.5-1000 nanofibers (b) before and
(c) after pyrolysis at 1000 °C. (d, e) HR-TEM images of the NFS-CNFs-0.5-1000. (f) Photograph of the ZAB showing OCV. (g) Specific capacity for
ZABs. (h) Discharge curve and corresponding power density curves of NFS-CNF-0.5-1000 cells. Reproduced with permission from ref. 66.
copyright Elsevier, 2021.[66]

4.4 F-doped carbon-based hybrid materials
Although metal-free F-doped nanocarbons have

shown considerable progress in oxygen electrocatalysis,
further enhancement of intrinsic activity and operational
durability often requires the integration of F-doped
carbon frameworks with additional active components.[177]
F-doped carbon-based hybrid materials, including
materials coupled with metal components (e. g., single
atoms, nanoparticles, nanoclusters, compounds, etc.), have
emerged as a particularly important class of ORR/OER
electrocatalysts.[178] In these hybrids, F is not merely a
passive dopant in the carbon support. Owing to its strong
electron-withdrawing ability and highly polarized C-F
bonding, F can tune the electronic structure of adjacent
active sites, strengthen metal-support interactions,
regulate intermediate adsorption, and improve resistance
to carbon corrosion. As a result, F-doped carbon supports
provide a versatile platform for constructing hybrid
electrocatalysts with enhanced activity, selectivity, and
durability.[134]

One important direction involves anchoring
atomically dispersed metal sites on F-doped carbon
substrates. In these systems, the long-range electronic
influence of F can regulate the coordination environment

of metal centers, optimizing their catalytic behavior while
maintaining high atomic utilization. Li and coworkers
reported a hollow N, F, and S tri-doped CNF-supported Fe
single-atom catalyst synthesized via coaxial
electrospinning using ionic liquids and zeolitic
imidazolate frameworks (ZIFs) as precursors.[154] The
resulting catalyst combined atomically dispersed Fe sites
with a conductive heteroatom-rich carbon matrix and
delivered an E1/2 of 0.90 V vs. RHE and a low overpotential
of 270 mV for OER. The outstanding performance was
attributed to the fully exposed Fe single-atom sites and the
electronic redistribution induced by the surrounding N, F,
and S dopants, which modulated the charge state of the Fe
centers. Similarly, Yang and colleagues developed an F
self-doped porous Fe-N-C catalyst through oxidative
polymerization and pyrolysis using fluoroaniline as both
the F and N source.[158] The F self-doping was shown to
modulate the Fe-Nx coordination structure through
long-range electronic interactions, promoting the
formation of dense Fe-Nx active sites. As a result, the
obtained catalyst exhibited an E1/2 of 0.82 V vs. RHE in an
alkaline medium and exceptional cycling stability in
flexible ZABs. Yoon and coworkers synthesized an N,
F-coordinated Fe-N-C catalyst utilizing a synergistic
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chelating precursor of ethylenediamine and
hexafluoroacetylacetone.[138] After annealing at 700℃, the
optimal catalyst delivered an Eonset of 0.981 V vs. RHE,
outperforming the F-free counterpart. This work proved
the critical role of semi-ionic C-F bonds in accelerating
ORR kinetics. He et al. further reported a F, N-codoped
Fe-N-C catalyst derived from Fe-ZIF-8, NH4F, and
melamine.[179] The obtained sample exhibited a high Eonset
of 0.95 V vs. RHE, E1/2 of 0.84 V vs. RHE, JL of 5.5 mA cm−2,
and JK of 28.1 mA cm−2 at 0.8 V, surpassing commercial
Pt/C. These results confirm that the coupled regulation of
Fe centers, F, N dopants, and the carbon matrix can
substantially enhance ORR performance.

The advantages of F-regulated Fe-based hybrids
become even more evident under acidic ORR conditions,
where carbon corrosion and strong intermediate
adsorption pose greater challenges. Tao et al. synthesized
micropore-rich F-doped Fe-N-C from
perfluorotetradecanoic acid-modified metal organic
frameworks (Figure 17a).[88] Advanced spectroscopy
confirmed atomically dispersed FeN4 centers with uniform

N and F distribution (Figure 17b). The optimal F-FeNC-2
catalyst exhibited an E1/2 of 0.83 V vs. RHE in acidic media,
outperforming the pristine FeNC (Figure 17c). This study
showed that the strong electron-withdrawing effect of F
lowers the adsorption energy of oxygenated intermediates
on Fe-centered active sites, thereby enhancing acidic ORR
kinetics. Similarly, Wu et al. employed a supramolecular
polymer precursor to construct B, N, F, and Fe co-doped
hollow carbon shells for efficient ORR.[143] The optimized
sample exhibited excellent ORR activity with an Eonset of
0.91 V vs. RHE and an E1/2 of 0.82 V vs. RHE in an alkaline
electrolyte. The ORR mainly proceeded with a dominant
4e− transfer pathway, low peroxide yield, high durability
for more than 1000 cycles, and strong methanol tolerance.
The enhanced ORR performance was attributed to the
synergistic electronic coupling between heteroatoms. The
pyridinic and graphitic-N created electron-rich active
centers, B induced electron-deficient sites, while F
induced pronounced C-F polarization and defect
formation.

Figure 17. (a) Preparation of F-FeNC via pyrolysis of perfluorotetradecanoic acid-modified Fe-ZIFs. (b) Room-temperature 57Fe Mössbauer
spectra. (c) ORR polarization curves of the catalysts. Reproduced with permission from ref. 88. copyright The Royal Society of Chemistry, 2022.[88]

(d) Schematic illustration of Co-F-CNT preparation. (e) HR-TEM image of Co-F-CNT. (f) High-resolution Co 2p XPS spectra; (g) k-space EXAFS
spectra for Co-F-CNTs. (h) Polarization curves of samples. (i) Gibbs free energy diagram of 2e− transfer ORR pathways on Co-F/C-CNT.
Reproduced with permission from ref. 180. copyright Wiley, 2022.[180]

In addition to the 4e− ORR, F-doped
carbon-supported single-atom systems have also shown
great promise for the 2e− ORR toward H2O2 synthesis. Tian
and co-authors reported an ultrafast microwave-assisted
strategy to synthesize F-regulated Co SAs supported on
CNTs (Figure 17 d-g).[180] The synthesized Co-F-CNT

catalyst achieved a H2O2 yield of 18.6 mol g−1 h-1 with a
Faradaic efficiency of 90% at −0.04 V vs. RHE (Figure 17h).
Experimental results and DFT simulations reveal that F
regulation converts the active centers from a single Co
atom to multiple surrounding C atoms, thereby favoring a
highly efficient 2e− ORR pathway (Figure 17i). The
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Co-F-CNT also presented robust durability, reaching an
accumulative H2O2 concentration of 5.2 g/L after 20 h of
electrocatalysis. This work illustrated that, in hybrid
catalysts, F not only optimizes isolated metal sites but also
reshapes the broader electronic landscape of the support
and redirects ORR selectivity.

Another major category of F-doped carbon-based
hybrids involves metal nanoparticles or nanoclusters
supported on fluorinated carbon substrates. Compared
with conventional carbon supports, F-doped carbons
typically provide stronger resistance to electrochemical
oxidation, more controllable wettability, and
metal-support interactions.[181] These features are
particularly valuable for Pt-group-metal catalysts, whose

activity and durability are highly sensitive to the electronic
structure of the metal surface and the transport
microenvironment near the catalyst/support interface. Jin
et al. reported Pt nanoparticles supported on fluorinated
graphene nanoribbons (Pt/F-GNRs), prepared by thermal
fluorination of graphene nanoribbons followed by polyol
deposition of Pt (Figure 18a, b).[83] Compared to Pt/rGNR,
the Pt/F-GNR showed slower performance decay and
higher mass-activity retention after accelerated durability
testing. The improved durability was attributed to the
hydrophobic fluorinated support, suppressed carbon
corrosion, and better stabilization of Pt nanoparticles on
the F-modified carbon surface.

Figure 18. (a) Schematic illustration of Pt/F-GNR. (b) TEM image of Pt/F-GNR. Reproduced with permission from ref. 83. copyright American
Chemical Society, 2021.[83] (c) Schematic of the synthesis of Pt@C/F and Pt@C/F-COOH. (d) Comparison of the performances of Pt@C/F-COOH
and other reported Pt-based catalysts. Reproduced with permission from ref. 155. copyright Elsevier, 2025.[155] (e) Schematic illustration of the
promoting effect of the hydrophobic and polar C-F bond on ORR. (f) Calculated chemisorption energies of *OOH and *OH, and a volcano plot
exhibiting the scaling relationship. (g) ORR polarization curves of the catalysts in O2-saturated 0.1 M HClO4. (h) Variations of active surface
area-specific activities, mass activities, and specific activities before and after the accelerated stress test. Reproduced with permission from ref.
182. copyright Wiley, 2024.[182]

Recently, Wang and coworkers synthesized F- and O
co-doped carbon-supported Pt nanocatalysts through
nitric acid oxidation followed by pyrolysis (Figure 18c).[155]
Compared with other Pt-based catalysts, the designed
Pt@C/F-COOH exhibited more positive Eonset and E1/2.
(Figure 18d). Theoretical calculations indicated that the
strong inductive effect of C-F groups triggered electron
redistribution within the Pt nanoparticles, downshifting
the d-band center. In another study, Pt nanoparticles

supported on F-doped carbon showed enhanced ORR
activity because C-F bonding stabilized *OOH while
weakening *OH adsorption, creating a local
superhydrophobic interface that deviated from
conventional adsorption scaling relations
(Figure 18e-f).[182] The Pt/CF showed an E1/2 of 0.92 V vs.
RHE, 30 mV more positive than Pt/C, and a smaller Tafel
slope and improved cycling durability (Figure 18g-h).
These studies indicate that fluorinated carbon supports
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can simultaneously regulate the intrinsic activity of Pt
sites and the mass-transport environment at the
catalyst/electrolyte interface.

F-doped carbon supports can also cooperate with
alloy or intermetallic nanoparticles to enhance ORR
performance under FC-relevant conditions. Li et al.
proposed an oxygen-trapping effect using PtZn
intermetallic nanoparticles supported on F-doped
CNTs.[137] The F dopants induced significant negative
charge accumulation on the carbon surface, forming an
electronic confinement structure with the charge-deficient
metal particles. This interaction created a macroscopic
energy-level potential well for O2, thus promoting oxygen
enrichment around the metal active sites. In proton
exchange membrane FCs (PEMFCs), the catalyst reached a
peak power density of 1.49 W cm−2 and showed only a
7.4% degradation after 30 000 accelerated stress-test
cycles. Akula et al. similarly investigated Pt
electrocatalysts supported on N, F-codoped graphitic
carbon nanofibers and found that the synergistic N, F
modification strengthened the Pt-support interface and
improved long-term stability.[153] The optimal catalyst
exhibited a mass activity of 101.9 mA mgPt−1 and an E1/2 of
0.78 V vs. RHE. After 20 000 CV cycles, the E1/2 decreased
by only 20 mV, with a degradation rate of 0.33 mV h−1,
outperforming the commercial Pt/C. These enhancements
further support the role of F-containing carbon supports
in reinforcing metal-support coupling while preserving
favorable transport properties.

F-modified carbon matrix has also been extended to
nonprecious metal nanoparticle systems. Yang et al.
reported Co nanoparticles supported on N, S, and F
tri-doped carbon (Co/NSF-C) via one-step pyrolysis.[149]
The optimal Co/NSF-C700 exhibited an E1/2 of 0.855 V vs.
RHE, followed by a dominant 4e− ORR pathway, and
retained 88% of its current after a 20 000 s durability test
in 0.1 M KOH. Karuppannan et al. reported N, F-doped
carbon-encapsulated Fe/Fe3C catalysts through
solvent-free mechanochemical polymerization followed by
pyrolysis and acid leaching.[135] The obtained
NFC@Fe/Fe3C-9 exhibited an E1/2 of 0.870 V and 0.730 V
vs. RHE in 0.1 M KOH and 0.1 M HClO4, respectively, with
only 26 mV decay over 50 000 CV cycles in alkaline
medium and 27 mV decay after 30 000 CV cycles in acidic
media. Promising performance was also achieved in both
PEMFC and AEMFC single-cell tests, demonstrating that
F-doped graphitized carbon shells can enhance electron
transfer, methanol tolerance, and overall durability.

Beyond ORR, F-doped carbon-based hybrids have
also emerged as effective OER catalysts when combined
with transition-metal compounds. In these systems,
fluorinated carbons can accelerate charge transfer,
stabilize active phases, and promote the in situ
reconstruction of active metal oxyhydroxides. Zhu et al.
reported an FeNi alloy supported on F-doped CNTs
through in situ growth and F-doping.[170] The catalyst
acquired an overpotential of only 272 mV at 10 mA cm−2

and showed a low Tafel slope of 41.64 mV dec−1. The
enhanced OER performance was attributed to the etching
effect of fluorination and the strong ionic nature of C-F
bonds, which increased surface roughness and accelerated
the reconstruction of active oxyhydroxide species. In
another study, Dai and colleagues decorated F-doped
carbon dots onto vacancy-rich FeCoSe nanosheets for
efficient OER in seawater electrolysis.[172] The intimate
interfacial coupling between the fluorinated carbon dots
and the defect-rich FeCoSe substrate optimized oxygen
adsorption energetics, affording an overpotential of 258
mV at 200 mA cm−2 in 1 M KOH and strong resistance to
chloride corrosion in both simulated and natural seawater.
Lu et al. also developed F-doped graphite sheets decorated
with ultrasmall WO3 nanoparticles (WO3@F-GS) via a
plasma-induced assembly method.[68] The optimal
WO3@F0.1-GS exhibited an overpotential of 298 mV at
10 mA cm−2, a Tafel slope of 77.6 mV dec−1, and impedance
comparable to commercial RuO2. Combined
characterization and DFT analysis confirmed that
F-doping and WO3 loading synergistically lowered the OH
deprotonation barrier. Muthukumar et al. reported N,
F-doped Co(OH)2 and GO nanocomposites synthesized via
a hydrothermal method, which exhibited significantly
enhanced OER performance compared to undoped
Co(OH)2 or Co(OH)2/GO.[169] The N, F-Co(OH)2/GO catalyst
required an overpotential of 228 mV to reach 10 mA cm−2,
markedly lower than 370 mV for N, F-Co(OH)2 and 325 mV
for Co(OH)2/GO, with a Tafel slope of 52.6 mV dec−1 and a
charge transfer resistance of 4.7 Ω. These examples
highlight that fluorinated carbon components can play
multiple roles in hybrids for OER, including electronic
regulation, stabilization of active centers, and facilitation
of interfacial reconstruction.

F-doped carbon supports are also highly attractive for
hybrid catalysts containing encapsulated or supported
transition-metal nanoparticles for bifunctional ORR/OER
catalysis. Singhal et al.[183] employed a related strategy by
embedding Co nanoparticles in N, F-doped porous CNFs,
achieving bifunctional ORR/OER activity with a potential
gap (ΔE) of 0.785 V. Yan et al. also reported N, F-doped
bimetallic carbide composites that exhibited an E1/2 of
0.873 V vs. RHE, only 3 mV loss over 60 000 CV cycles, and
retention of 95.9 % of the initial peak power density in
H2/O2 FCs.[184] These results indicate that F-containing
carbon matrices can effectively cooperate with metal or
metal-compound phases to enhance activity, stability, and
practical device performance.

A distinct yet increasingly important branch of
F-doped carbon-based hybrids involves molecular
catalysts immobilized on fluorinated conductive
substrates. Metal macrocyclic compounds such as
metallophthalocyanines and metalloporphyrins possess
well-defined M-Nx coordination configurations, but their
poor conductivity and aggregation tendency often limit
their direct use in oxygen electrocatalysis. Coupling these
molecules with F-doped carbon supports provides an
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effective solution by improving electronic communication,
adjusting the local hydrophobic/hydrophilic
microenvironment, and modulating the electronic
structure of the central metal sites. For instance, Yang et al.
developed a polymerized iron phthalocyanine molecular
catalyst assembled on a high F-content carbon substrate
through noncovalent interactions (Figure 19a, b).[141] In
situ electrochemical impedance measurements revealed
that F engineering of the substrate not only modulated the
interfacial microenvironment but also induced the
downshift of the d-band center of Fe-Nx active sites, thus
weakening the overly strong adsorption of oxygenated
intermediates. The obtained PFePc/FC catalyst achieved
E1/2 of 0.93 V and 0.74 V vs. RHE in alkaline and acidic
media, respectively. (Figure 19c). When integrated into
ZABs and PEMFCs, it delivered maximum power densities
of 163 mW cm−2 and 196 mW cm−2, highlighting its
substantial commercial potential (Figure 19d).
Furthermore, Xu et al. anchored an F-containing Co
corrole complex onto polyvinylimidazole-functionalized
CB through axial coordination, yielding an F-doped Co-N-C
composite catalyst (Figure 19e).[133] This catalyst achieved
a remarkably positive E1/2 of 0.88 V vs. RHE, and a kinetic
current density of 20.3 mA cm−2 at 0.85 V, outperforming
both the F-free counterpart and commercial Pt/C (Figure
19f). In practical ZAB tests, it delivered a peak power
density of 141 mW cm−2 and an OCV of 1.45 V. Mechanistic
analyses suggested that the strong electron-withdrawing
capability of the F atom reduced the electron density of
the central Co atom, thereby favoring the adsorption of
oxygen species and accelerating the catalytic cycle.
Subsequently, Rathour et al. immobilized nickel
tetraphenylporphyrin molecules onto F-doped multi
walled CNTs.[140] The F-doping not only modified the
electrochemical double-layer microenvironment of the

CNTs but also generated abundant semi-ionic C-F bonds at
the interface, greatly promoting the activation of O2 at the
Ni centers. RRDE measurements confirmed an increased
electron-transfer number, strongly suppressed H2O2 yield,
and a more positive ORR onset potential. In another
related example, Fan et al. developed an Fe, N, and F
co-doped CNT catalyst by thermally transforming Fe
phthalocyanine with fluorinated CNTs.[185] The yielded
FePc/FCNT800 catalyst exhibited an Eonset of 1.05 V and an
E1/2 of 0.90 V vs. RHE, with a dominant 4e− pathway and a
low Tafel slope of 73.3 mV dec−1. These results emphasize
that F-containing carbon supports are not only conductive
matrix, but also active interfacial regulators for
molecularly defined catalytic sites.

Overall, F-doped carbon-based hybrids extend the
functionality of fluorinated nanocarbons by coupling
F-induced electronic polarization and interfacial
regulation with the high intrinsic activity of atomically
dispersed metals, nanoparticles, metal compounds, or
molecular catalysts. In these hybrid systems, F can tune
metal-support interactions, modify the adsorption
energetics of oxygenated intermediates, balance the
interfacial hydrophobicity/hydrophilicity, improve carbon
corrosion resistance, and even redirect the effective
catalytic centers from the metal site to neighboring carbon
atoms. Thus, F-doped carbon-based hybrids have
delivered remarkable ORR/OER performance in H2O2

production, ZABs, and FCs. Nevertheless, the exact
electronic role of F at hybrid interfaces remains
insufficiently resolved, especially in systems containing
multiple active motifs. Future studies should combine
well-defined model catalysts, operando spectroscopy, and
theoretical descriptors to clarify how F influences charge
transfer, intermediate binding, and active-site evolution
under realistic operating conditions.

Figure 19. (a) Structural illustration of PFePc/FC. (b) Fourier-transformed Fe K-edge EXAFS spectra of the samples. (c) ORR polarization curves
of the samples in an O2-saturated 0.1 M KOH solution. (d) Discharge polarization curves and the corresponding power densities of the samples in
PEMFCs. Reproduced with permission from ref. 141. copyright American Chemical Society, 2025.[141] (e) Schematic illustration of the
C@PVI-(TPFC)Co-800 catalyst. (f) LSV curves of corresponding catalysts in an O2-saturated 0.1 M KOH solution. Reproduced with permission
from ref. 133. copyright Wiley, 2023.[133]
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5 Conclusions and Perspectives
F has emerged as a particularly powerful heteroatom for
engineering nanocarbon-based oxygen electrocatalysts,
owing to its exceptional electronegativity, strong
electron-withdrawing capability, and the high
thermochemical stability of C-F bonds. As summarized in
this Review, F incorporation can modulate the electronic
structure of carbon frameworks, redistribute local charge
density, tailor the adsorption energetics of oxygenated
intermediates, and enhance the chemical robustness of
carbon-based catalysts. These characteristics render

F-doped nanocarbon-based materials (F-DNCMs)
attractive for diverse oxygen electrocatalytic applications,
including H2O2 electrosynthesis, MABs, and FCs.
Nevertheless, despite substantial progress, several
fundamental and practical challenges continue to hinder
the transition of F-DNCMs from laboratory-scale
demonstrations to practical applications. As summarized
in Figure 20, future efforts should focus on four closely
related aspects: controllable and sustainable synthesis,
mechanistic understanding and active-site identification,
morphology/structure-performance optimization, and
device-oriented validation.

Figure 20. The perspectives and outlook for future F-DNCMs for oxygen electrocatalysts.
5.1 Controllable, sustainable, and scalable synthesis

A primary challenge lies in the controllable,
reproducible, and scalable synthesis of F-DNCMs. Current
fluorination strategies, including solvothermal, thermal,
plasma-assisted, and gas-phase methods, often provide
limited control over F content, bonding configuration, and
spatial distribution. Moreover, the synthesis of these
emerging materials frequently relies on toxic fluorinated
precursors or harsh high-temperature pyrolysis
conditions, which compromise environmental
compatibility, reproducibility, and industrial scalability.
Therefore, sustainable synthetic protocols capable of
precisely regulating F-doping levels and C-F bonding
configurations are urgently needed. Beyond the total F
content, future synthesis should enable independent
regulation of ionic, semi-ionic, and covalent C−F species,
their spatial distribution, and the associated defect
structures, because these structural parameters directly
influence conductivity, intermediate adsorption, and
catalytic stability.

In this regard, the integration of data-driven tools,

such as machine learning (ML) and artificial intelligence
(AI), with high-throughput experimentation and DFT
calculations could accelerate the identification of suitable
fluorination conditions, dopant configurations, and target
structures. This integrated strategy would help move the
field beyond conventional trial-and-error optimization
toward predictive materials design. Equally important will
be the development of safer F sources, lower-temperature
processing, improved F utilization efficiency, and synthetic
protocols compatible with large-batch or continuous
production.
5.2 Identification of active sites and operando
mechanistic understanding

A comprehensive mechanistic understanding of
F-DNCMs is equally essential for further improving their
oxygen electrocatalytic performance. Although numerous
studies have suggested that F doping enhances oxygen
electrocatalysis through electronic polarization, defect
regulation, and interfacial microenvironment modulation,
direct experimental evidence under realistic operating
conditions remains limited. At present, mechanistic
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interpretations still rely heavily on ex situ characterization,
particularly X-ray photoelectron spectroscopy, and on
theoretical calculations, whereas operando validation
remains insufficient, especially for light-element dopants
such as F.

Consequently, several fundamental questions remain
unresolved, including the exact identity of catalytically
relevant C-F species, the dynamic evolution of
F-containing active sites during operation, and the extent
to which F modulates neighboring metal centers or
heteroatom sites through local or long-range electronic
interactions. Another important issue is whether F itself
participates directly in catalytic active motifs or
predominantly activates neighboring C, heteroatom, or
metal sites through electronic and structural modulation.
Distinguishing these possibilities is essential for
establishing reliable structure-activity relationships.

Addressing these questions will require advanced in
situ and operando characterization techniques, such as
synchrotron-based spectroscopy, operando Raman
spectroscopy, in situ infrared spectroscopy, and other
time-resolved methods capable of monitoring
intermediate evolution and local structural reconstruction
during catalysis. When coupled with multiscale
simulations and ML-assisted data analysis, these
approaches could establish a more reliable and predictive
understanding of the correlations among F chemistry,
carbon structure, electrolyte environment, and catalytic
performance.
5.3 Morphology engineering and
structure-performance optimization

Morphological engineering represents another
critical yet still underexplored dimension for optimizing
the performance of F-DNCMs. 1D F-doped carbon
nanofibers and nanotubes can provide continuous
electron-transport pathways, while hierarchical features
such as herringbone stacking and open-edge cavities may
simultaneously promote electrolyte penetration and
expose abundant edge-type active configurations. 2D
ultrathin F-doped carbon nanosheets can maximize
accessible active-site density through high SSA and
shortened ion-diffusion pathways. 3D interconnected
porous frameworks can facilitate efficient oxygen
transport and rapid removal of reaction intermediates or
products.

Beyond individual morphologies, the rational
construction of heterostructured or multidimensional
hierarchical architectures offers an opportunity to
synergistically integrate these structural advantages.
Notably, future studies should move beyond simple
correlations between morphology and catalytic
performance and establish quantitative relationships
among dimensionality, pore architecture, F distribution,
accessible active-site density, mass transport, and intrinsic
activity. Achieving predictive morphological design, rather
than empirical optimization, will require closed-loop
feedback between morphology-resolved operando

characterization and computational screening of
structure-dopant-performance relationships.
5.4 Device-oriented validation and expansion of
application scenarios

Beyond catalyst design, expanding the application
scenarios of F-DNCMs is also crucial. Most current studies
focus on alkaline ORR/OER systems and zinc-air batteries,
whereas more demanding electrochemical environments
remain much less explored. The strong C-F bond and
enhanced corrosion resistance of fluorinated carbons
suggest considerable potential for operation under harsh
conditions, such as acidic fuel cells and high-temperature
proton-exchange membrane fuel cells (HT-PEMFCs). In
these systems, catalyst durability, interfacial stability, and
resistance to chemical attack are as important as intrinsic
catalytic activity.

Future studies should therefore move beyond
proof-of-concept evaluations and place greater emphasis
on device-relevant testing, long-term operation, and
performance assessment under realistic working
conditions. Standardized evaluation protocols should also
be considered to facilitate meaningful comparisons among
different F-DNCM systems, including catalyst loading,
electrolyte composition, mass-transport conditions,
durability criteria, and full-cell operating parameters. In
addition, greater attention should be paid to integrating
catalyst design with electrode architecture and
catalyst-electrolyte interfaces, since high intrinsic activity
does not necessarily translate directly into high
device-level performance.

In summary, the future development of F-DNCMs
requires a transition from empirical materials
optimization toward mechanism-guided and
application-oriented catalyst design. An integrated
research framework combining controllable fluorination
chemistry, advanced in situ/operando characterization,
multiscale theoretical modeling, high-throughput
experimentation, and AI/ML-assisted analysis will be
essential for establishing predictive
synthesis-structure-property-performance relationships.
Particular attention should be paid to how F incorporation
regulates the interfacial solvation environment, water
network, local dielectric properties, and electron-transfer
kinetics under realistic operating conditions. Meanwhile,
scalable and environmentally responsible synthesis must
be coupled with rigorous device-level validation. With
coordinated advances in these directions, F-DNCMs are
expected to evolve from promising model electrocatalysts
toward practically relevant materials for next-generation
electrochemical energy conversion and storage
technologies.
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