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ABSTRACT

This article provides an extensive survey of the diverse roles of graphene in electrochemical energy storage systems, such as
lithium-ion batteries, supercapacitors, and flow batteries. It methodically assesses graphene's effectiveness as an electroactive
component, conductive enhancer, structural framework, and functional coating by employing literature analysis and data-
mining approaches. The analysis indicates that although graphene exhibits an extremely large theoretical specific surface area
(2630 m?*/g) and remarkable electrical conductivity (with electron mobility up to 200,000 cm?/V-s), its elevated cost for mass
production, structural instability caused by the restacking of layers, and inadequate interfacial compatibility still limit its practical
utilization.To address these issues, this study investigates three primary development strategies: constructing three-dimensional
hierarchical structures, coupling heteroatom co-doping with defect modulation, and creating heterostructured interfaces
between graphene and other two-dimensional materials, such as MXenes and MOFs. Furthermore, the prospect of artificial
intelligence-assisted material screening is analyzed.This study determines that graphene holds considerable promise for next-
generation, high-efficiency energy storage systems, yet obstacles in device engineering and practical integration still need to be
overcome. Subsequent investigations ought to emphasize multifunctional, synergistic design strategies and the creation of
smart materials to further promote the advancement of cost-effective, high-performance energy storage technologies.
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1 Introduction

As worldwide electricity consumption grows and renewable energy advances quickly, electrochemical energy storage
has emerged as a crucial element in driving sustainable development. IEA data indicate that in 2024, newly added global
renewable energy installations totaled 700 GW, marking an all-time high and driving up market demand for high-energy-
density storage batteries. Being a two-dimensional material, graphene exhibits remarkable electrical conductivity (with
electron mobility reaching up to 200,000 cm?*/V-s), an exceptionally large specific surface area (theoretically as high as
2630 m*/g), and outstanding mechanical characteristics, all of which endow it with great promise for applications in
electrochemical energy storage. Graphene-based catalysts can significantly enhance the electrode reaction activity of all-
vanadium redox flow batteries through the introduction of oxygen-containing functional groups and heteroatom doping.
When integrated as an active material, graphene improves the specific capacity and cycling durability of lithium-ion
battery anodes; when used as a conductive auxiliary, it facilitates electron conduction and reduces ohmic losses; when
adopted as a structural scaffold, it alleviates the volume fluctuation of high-capacity components during charging and
discharging; and when implemented as a functional coating, it enhances separator performance and inhibits the growth
of lithium dendrites. Nevertheless, ongoing studies continue to encounter multiple obstacles, such as underdeveloped
and expensive large-scale fabrication techniques, the tendency of graphene layers to reaggregate, which diminishes the
usable specific surface area, and inadequate interfacial compatibility with other constituent materials. The worldwide
energy system is changing quickly, and electrochemical energy storage technologies play a crucial role in realizing carbon
neutrality objectives. Introducing boron into graphene can markedly improve its structural robustness and lithium-
storage capabilities when used as an anode material in lithium-ion batteries. Heteroatom incorporation represents a key
strategy for optimizing the electrochemical behavior of graphene, markedly boosting its lithium-storage capability by
tuning its electronic structure and introducing additional active sites. This article concentrates on reviewing the recent
advances in graphene-based materials across various electrochemical energy storage devices and on discussing their
current challenges as well as prospective research and development pathways.

2 Methodology
2.1 Literature Retrieval and Screening

To ensure that the research data are both dependable and representative, this work conducted an extensive review of
the literature on graphene-based electrochemical energy storage covering the latest five-year span from 2021 to 2026.
High-quality databases such as Web of Science Core Collection, IEEE Xplore, CNKI, and Wanfang were selected to ensure
the reliability of downloaded literature. Highly cited review articles and experimental research papers from SCI/El-indexed
journals were prioritized. Keyword combinations included "graphene" combined with specific energy storage system
categories and qualitative descriptors such as "performance optimization.”

2.2 Data Extraction and Comparative Analysis

Information extracted from the relevant literature included preparation processes, structural parameters, and
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electrochemical performance data, providing a foundation for constructing structured datasets. A three-level
classification system was established according to energy storage system type (for example, lithium-ion batteries were
separated into cathode and anode groups). Numerical performance metrics (KPIs) were defined: capacity and cycling
stability for lithium-ion batteries, and specific capacitance together with energy density for supercapacitors. The
performance differences and optimization strategies of graphene in different roles were compared and summarized to
reveal underlying mechanisms.

3 Review of Research Progress
3.1 Basic Characteristics and Energy Retention Mechanisms of Graphene

Graphene is a flat, two-dimensional lattice of sp”-hybridized carbon atoms arranged in a hexagonal honeycomb
pattern. The distance between neighboring carbon atoms is 0.142 nm, and the separation corresponding to a single layer
is 0.335 nm. Its theoretical specific surface area can reach 2630 m?/g, providing abundant active sites for ion transport and
significantly improving energy storage density . At ambient conditions, pristine graphene can exhibit electron mobilities
as high as 200,000 cm?®/(V-s), and its intrinsically low electrical resistivity further boosts its suitability for rapid charge -
discharge processes. Furthermore, cathode structures based on three-dimensional graphene can greatly improve the
reaction dynamics and long-term cycling stability of Li-CO, batteries.

Graphene primarily accumulates energy via electric double-layer capacitance and pseudocapacitive mechanisms. The
electric double layer arises from the physical accumulation of electrolyte ions on the graphene surface, whereas
pseudocapacitance can be improved by heteroatom doping or forming composite structures. For example, nitrogen-
doped graphene reported by Yang modifies the electronic structure to introduce reversible redox reactions, significantly
increasing the capacity beyond that of pristine graphene.

3.2 Utilization of Graghene in Energy Storage Systems
3.2.1 As Active Material

When utilized as the anode material in lithium-ion batteries, graphene can achieve a specific capacity of up to 744
mAh/g, markedly exceeding the 372 mAh/g attainable with conventional graphite. Two-dimensional TM B has shown
great advantages in Li-CO, batteries . Composite gel electrolytes such as graphene/polyacrylate-based systems offer new
approaches for high-performance flexible zinc-air batteries . Even so, graphene sheets tend to cluster together due to van
der Waals forces, thereby reducing the accessible specific surface area. Heteroatom doping (N, S) and compositing with
high-capacity materials (Si, Sn) can mitigate this problem.

3.2.2 As Conductive Additive

When used as a conductive additive in composite electrodes, graphene constructs a three-dimensional conductive
network to improve electron transport. Three-dimensional graphene matrices can enhance electron transport rates and
reduce internal electrode resistance, thus improving the electrochemical performance of Li-CO, batteries . Incorporating
graphene into LiFePO, cathode materials can enhance their electronic conductivity by roughly one to two orders of
magnitude, enabling operation at elevated charge/discharge rates around 5C.Catalyst layers strengthened with boron-
doped graphene can significantly enhance both the efficiency and durability of fuel cells.

3.2.3 As Structural Skeleton

Employing graphene as a conductive framework in silicon —carbon composite anodes greatly enhances both cycling
durability and rate capability. Despite silicon’s intrinsically high theoretical specific capacity, its volume increase of over
300% upon lithiation leads to electrode fracture and disintegration. The elastic nature and robust mechanical properties
of graphene alleviate and accommodate this volumetric expansion. Si/graphene composites developed by NIMTE
substantially improve the cycle life of pouch batteries.

3.2.4 AsFunctional Coating

Graphene coatings exhibit prominent functions in lithium-metal and zinc-air batteries. Dense coatings of graphene
oxide formed by ultrasonic spraying onto polypropylene separators can effectively suppress lithium dendrite growth,
allowing the battery to operate without short circuits for up to 1600 hours and achieve a capacity of 165 mAh/g at 5C. In
zinc-air batteries, the high conductivity and two-dimensional nature of graphene provide a uniform electric field for zinc
ions, guiding their stable deposition.

4 Major Problems and Challenges
4.1 Material Preparation and Engineering Difficulties

Large-scale preparation of graphene faces a trade-off between cost control and quality. The CVD method can produce
high-quality, single-layer graphene over large areas; however, it demands highly costly equipment and substrate
materials. The redox method offers low cost and high yield but introduces defects and reduces conductivity to 10-30% of
the theoretical value. Mechanical exfoliation produces structurally perfect samples but at extremely low yield.
Furthermore, graphene sheets are inclined to cluster due to van der Waals forces, thereby reducing the accessible specific
surface area.
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4.2 Performance Optimization and Functional Integration

Multifunctional synergy is an important means to improve graphene-based device performance. For example, three-
dimensional graphene foam can support silicon, allowing composite anodes to retain over 80% of their capacity after 200
cycles. Graphene combined with metal oxides such as MnO, can form heterostructures, achieving a specific capacitance
higher than 300 F/g with capacity decay of less than 10% after 5000 cycles. However, interfacial stability remains a critical
challenge: the high surface energy and low chemical activity of graphene weaken its bonding with substrates, leading to
interfacial failure. Surface modification, introduction of functional groups, and gradient interface design are effective
strategies for improvement.

5 Prospects for Next-Generation Energy Storage Solutions
5.1 Technical Trends
5.1.1 Three-Dimensional Hierarchical Structural Design

Three-dimensional graphene architectures featuring interconnected pores efficiently overcome the aggregation of
two-dimensional layers. They exhibit a specific surface area of 800-2000 m?/g, supplying numerous active sites for ion
adsorption and charge storage. The volumetric capacitance in supercapacitors can exceed 50 F/cm?.

5.1.2 Heteroatom Co-Doping and Defect Engineering

Incorporating heteroatoms (N, B, S) into graphene serves as an efficient means to modulate its electronic
characteristics. In the context of nitrogen incorporation, pyridinic and graphitic nitrogen fulfill distinct functions: pyridinic
nitrogen primarily boosts pseudocapacitive behavior, whereas graphitic nitrogen mainly facilitates electron transport. At
a current density of 1 A g~', the material exhibits a specific capacitance of 698 F g~', markedly surpassing that of
unmodified graphene.

5.2 Novel Materials and Intelligent Design

Heterostructures combining graphene with other 2D materials such as MXene or MOF show significant advantages.
Graphene/MXene heterostructures alleviate MXene restacking and enhance ion transport efficiency, achieving high
stability and large areal capacitance. Artificial intelligence assists in graphene composite material screening and
optimization. Machine learning, deep learning, and physics-informed neural networks can predict properties, generate
derivative structures, and reverse-design optimal architectures, thereby reducing R&D cycles and costs.

6 Conclusion

This study provides a comprehensive overview of the diverse roles graphene plays in electrochemical energy storage
systems. Operating as an electrochemically active species, graphene accommodates charge through electric double-layer
capacitance and Faradaic reactions; when utilized as a conductive additive, it establishes a continuous electronic network
that diminishes ohmic resistance; in its role as a structural scaffold, it reinforces complex electrode configurations and
alleviates volume fluctuation; and when applied as a functional interfacial coating, it suppresses dendrite growth and
reduces undesired parasitic reactions. Despite its great potential, the research still faces limitations: most studies are
conducted at the laboratory scale, and standardized test conditions remain inconsistent across research groups.
Furthermore, large-scale, low-cost production is still challenging, and the interfacial compatibility between graphene and
other materials needs further optimization. Subsequent investigations ought to concentrate on three-dimensional
hierarchical structuring, heteroatom dual-doping, heterostructure design, and Al-driven materials screening to fully
unlock graphene’s capabilities for high-performance, low-cost energy storage systems.
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