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Figure 1 (Color online) The NMCNs with various morphologies and mesostructures prepared by the nanoemulsion assembly approach®”. (a)
Schematic illustration of the formation process for the NMCNs. (b) Field emission scanning electron microscopy (FESEM) image of the dendritic
NMCNs. (c) Transmission electron microscope (TEM) image of the dendritic NMCNs
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uptake density and content of different N species
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The emerging carbon-based materials, including fullerene, carbon nanotube, graphene and mesoporous carbon, have
garnered tremendous attention due to their excellent optical, electronic and mechanical properties. Among these,
mesoporous carbon-based materials serve as crucial hosts in energy storage, adsorption and catalysis, due to their unique
structures, high specific surface area, good chemical and thermal stability, superior electrical conductivity and low cost.
With the development of synthetic chemistry, heteroatom-doping, acting as a promising approach for the functional
modification of carbon materials, has attracted extensive attention. The incorporation of heteroatoms such as nitrogen,
phosphorus, sulfur and boron can not only change the surface chemical structure but also affect the electron distribution of
the carbon matrix, resulting in the improvement of the physical and chemical properties of carbon-based materials. This
review focuses on the recent research progress in heteroatom-doped mesoporous carbon materials, summarizing their
performance in energy storage and conversion systems. It covers various synthetic strategies, including post treatment and
in situ methods. Additionally, we summarize the effects of single-atom doping (N, P, S, B) and multiple heteroatoms doping
in mesoporous carbon materials. As different heteroatoms have different sizes and electronegativities, their effects on the
properties of carbon materials can vary significantly. Among them, nitrogen is one of the most popular doped elements for
mesoporous carbon materials. Nitrogen doping introduces more defects and active sites, while also enhancing the
electronic conductivity and wettability of carbon-based materials. Phosphorus atoms share the same valence electron
configuration and similar chemical properties with nitrogen atoms, but their lower electronegativity endows them with
higher electron-donating capacity and better electron delocalization. Compared to nitrogen, sulfur possesses a larger atomic
radius, which often results in S-doped carbon materials exhibiting larger interlayer spacing. Additionally, the mismatch of
the outermost orbitals of sulfur and carbon induces a non-uniform spin density distribution on S-doped carbon materials.
Boron atoms, having a similar atomic radius to carbon, can theoretically replace carbon atoms more easily. The electron-
deficient nature of boron induces a p-type doping effect accompanied by a downward shift of the Fermi level. With the
rapid development of society and the global economy, environmental pollution and energy crisis have intensified, driving
the urgent need for the development of renewable energy sources, such as wind energy, solar energy, tidal energy, biomass
energy, and geothermal energy. However, most of these energy sources are constrained by natural factors, leading to issues
of instability and intermittency. To address these challenges, energy storage and conversion devices such as supercapacitors
and batteries have attracted increasing attention due to their rapid charge-discharge efficiency, high cycling stability and
excellent power density. It has been acknowledged that these performance characteristics are significantly influenced by
the properties of the electrode materials. Therefore, the rational development and design of high-performance electrode
materials is paramount. Among various candidates, heteroatom-doped mesoporous carbons are considered as promising
materials owing to their high conductivity, enhanced wettability and reactivity. In this paper, we introduce the performance
of heteroatom-doped mesoporous carbon materials in the field of supercapacitor and battery applications. Although
significant progress has been made, several issues remain. Future research should focus on optimizing synthesis methods,
accurately controlling the design of pore structure, exploring novel heteroatom-containing monomer molecules, improving
the doping content, adjusting the distribution of dopant species and combining artificial intelligence with advanced in situ
characterization techniques to gain deeper mechanistic insights.
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