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Table 1 Physical properties of different elements doped graphene

Dopa-nt  Adsorp-tion energy/eV  Diffu-sion barrier/eV Band gap Cohes-ion energy/eV  Open-circuit voltag/eV Reference
N —-1.091 0.140 Zero band gap -8.63 0.79 [15]
B -2.510 0.017 Zero band gap -8.36 0.60 [24]
S —0.080 0.550 Narrow bandgap —-7.00 0.50 [34]
F —2.450 0.045 Zero band gap -7.50 0.55 [24]
Si -1.010 0.439 Narrow bandgap —6.50 0.84 [45]
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Table 2 Electrochemical properties of different elements
doped graphene

Discharge specific Capacity retention

Dopant capacity/(mA-h-g") after 100 cycles/% Reference
N 965 82.00 [15]
B 1126 80.00 [24]
S 303 99.85 [34]
F 308 70.00 [24]
Si 696 80.00 [45]
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First-Principles Study on Element Doping of Graphene Anode for Sodium-Ion Batteries
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Extended Abstract

Graphene has excellent electrical conductivity and becomes a research hotspot of anode materials for sodium ion batteries.
However, pure graphene has a low sodium storage capacity and is not conducive to sodium ion intercalation, which limits its
application. Element doping can stabilize the interlayer structure and increase the sodium storage capacity. To study the mechanism of
sodium storage and improve the performance of sodium storage, the research progress of the first-principles studies on element-doped
graphene anode materials are summarized, and the influence of element doping on the physical properties and electrochemical
properties is proposed. Also, the research trend of first-principles application in graphene anode doping of sodium ion batteries is

expounded from three aspects, i.e., interface reaction mechanism, co-doping strategy, and laboratory to industrial transformation. It is
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expected to develop new graphene doped anode materials with a better performance to help the application of energy and
environmental protection materials.

First-principles calculations provide a theoretical basis for elemental doping in graphene-based sodium-ion anode materials in an
atomic scale. Based on the mechanisms including electronic structure modulation, geometric structure evolution, and bonding
characteristics changes, a comprehensive analysis is conducted on the effect of doping elements on the physical properties (i.e.,
adsorption energy, diffusion energy barriers, electrical conductivity, structural integrity) and electrochemical performance (i.e.,
specific capacity, cycling stability) of graphene. The mechanisms by which doping regulates the physical properties include a)
enhanced adsorption capability primarily originates from either change in the electronic structure of graphene induced by the dopant
or the introduction of new active sites, and b) categorized as electronically dominant doping or geometrically dominant doping,
respectively. The increase or decrease in diffusion energy barriers is mainly influenced by the charge environment and geometric
structure. Different dopants significantly affect the electrical conductivity of graphene, with the core mechanism lying in their
modulation of the band gap. The structural stability is primarily determined by the size compatibility and bonding strength between
the dopant atoms and carbon atoms, reflected in the magnitude of the cohesive energy. For the electrochemical performance, the
adsorption capability serves as the cornerstone of discharge specific capacity, the diffusion energy barriers are a key factor for both
discharge specific capacity and rate capability, the structural stability forms the foundation of cycling stability, and the electronic
conductivity (governed by the band gap) is a dominant factor for overall electrochemical performance.

Summary and Prospects This review provides the research progress on a comprehensive, first-principles-based examination in
elemental-doped graphene as electrode materials for sodium-ion batteries. It examines the governing mechanisms behind the physical
properties and electrochemical performance of doped graphene anode materials. The microscopic physicochemical nature of doped
graphene's characteristics is revealed via the detailed atomic-scale simulations and analysis.

The first-principles calculations reveal the distinct mechanisms by which different main-group element dopants affect the
physical properties of graphene. Nitrogen (N) and boron (B) doping significantly enhance a sodium-ion adsorption capability and a
diffusion performance via modifying the electronic structure of graphene, while maintaining a good structural integrity, thus
exhibiting excellent overall performance. Sulfur (S) doping optimizes diffusion kinetics via expanding the interlayer spacing, though
its adsorption capability and cycling stability require improvement. Fluorine (F) doping enhances adsorption capability via charge
transfer mechanisms but suffers from a lower structural stability. Silicon (Si) doping increases the open-circuit voltage, however, its
volumetric effect leads to degraded diffusion performance and structural stability.

The electrochemical performance analysis reveals that nitrogen-doped graphene exhibits a balanced performance in terms of
specific capacity and capacity retention rate, making it suitable as a high-performance anode material for sodium-ion batteries.
Boron-doped graphene achieves the maximum discharge specific capacity, however, its lower capacity retention rate limits its use to
scenarios prioritizing a high energy density. Sulfur-doped graphene demonstrates the optimum cycling stability, but its relatively low
specific capacity makes it suitable for applications demanding exceptionally long cycle life. Fluorine-doped graphene and
silicon-doped graphene require a further performance optimization. Specifically, fluorine-doped graphene suffers from a low specific
capacity and a poor capacity retention, limiting its practical viability. Silicon-doped graphene experiences degraded diffusion
performance and structural stability due to its volumetric effect, necessitating a further investigation into doping concentration and
structural design.

Based on the first-principles calculations, this review delves into the interactions between doped graphene and the electrolyte,
predicting the composition and structure of the solid electrolyte interphase (SEI) film. Some strategies are explored to engineer a more
stable SEI layer via simulating the SEI formation process, thereby suppressing the electrolyte decomposition and enhancing the
cycling stability and safety of batteries.

Based on the research on doped graphene anode materials, novel doping elements and co-doping strategies can be explored to
develop sodium-ion battery anodes with an enhanced adsorption capacity, a reduced diffusion energy barriers, and a superior
structural stability. Leveraging the first-principles calculations to predict electrochemical performance of emerging dopants, we
optimize doping concentrations and atomic configurations to improve electronic conductivity and ion diffusivity, thus propelling the
performance enhancement of sodium-ion batteries.

The research on elemental doping of graphene anode materials for sodium-ion batteries synergistically integrates big data
analytics, leveraging extensive experimental and computational datasets to identify and predict dopant effects on the material
performance. This data-driven approach enables an accelerated translation from laboratory prototypes to industrial-scale production,
reducing manufacturing costs and expediting the commercialization of sodium-ion battery technologies. Consequently, it establishes a
robust support framework for developing eco-friendly energy materials and their sustainable implementation.

Keywords sodium ion battery; graphene doped anode material; first principle; physical properties; electrochemical performance



