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Abstract: Iron-based oxide/graphene
composites have emerged as high-capacity
anode materials for lithium-ion batteries,
achieving significant performance
breakthroughs through multi-scale structural
design and surface/interface engineering. The
evolution of core-shell structures from
single-layer coatings to gradient modulus
coatings has enabled improved mechanical
integrity. By  incorporating  reserved
expansion cavities and optimizing interface
bonding, the cycling lifespan has been
extended to over 1,000 cycles, with a capacity
retention  rate  exceeding 80%. A
three-dimensional porous network, fabricated
via the ice-template method, facilitates the
formation of a hierarchical pore structure
that integrates mechanical reinforcement
with functional optimization, resulting in a
conductive framework characterized by an
ultra-high specific surface area and superior
mechanical stability. This architecture

enhances ion and electron transport efficiency.

Heterogeneous interface engineering,
achieved through covalent bond construction
and atomic-level modulation, optimizes the
electronic transport pathways, significantly
reducing interface resistance and overcoming
the cycle stability bottleneck. Preparation
techniques have advanced from conventional
chemical synthesis to microfluidic-directed
assembly and green large-scale processing,
accelerating the transition from laboratory
research to industrial application.
Performance optimization mechanisms reveal
that graphene-based conductive networks
and doping strategies markedly enhance
capacity and reaction Kkinetics, while dense
interfacial films and nanostructuring
collectively mitigate volume expansion and
side reactions. Despite these advancements,
key challenges remain, including achieving
uniformity in material synthesis, ensuring
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low-temperature adaptability in full-cell
configurations, and developing cost-effective
recycling strategies. Future progress will
require the integration of Al-driven material
design, atomic-precision interface engineering,
and cross-disciplinary innovations to
simultaneously enhance energy density,
cycling stability, and sustainability, thereby
providing  fundamental solutions for
next-generation energy storage systems.
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1. Introduction

With the rapid advancement of electric vehicles
and portable electronic devices, lithium-ion
batteries, as core energy storage systems, are
facing escalating challenges related to energy
density and cycle stability. The theoretical
capacity of commercial graphite anodes is
limited to 372 mAh/g!!), which falls short of the
500 Wh/kg energy density target required for
next-generation battery systems.

Iron-based oxides, such as Fe3Os and Fe;Os,
have garnered significant attention as promising
alternative anode materials due to their high
theoretical capacity®?! of approximately 1000
mAh/g, natural abundance (constituting ~5% of
the Earth's crust), and environmentally benign
properties. However, their practical deployment
remain hindered by critical limitations, including
structural pulverization®) caused by volume
expansion exceeding 200% during
charge-discharge cycling, which can lead to
microcracking of particles or disintegration of
the electrodes, as well as poor intrinsic electrical
conductivity. For instance, Fe;Os exhibits a
conductivity of only 1072 S/cm, leading to severe
electrode polarization and rapid capacity fading,
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with capacity retention dropping below 50%
after 100 cycles!l.

The incorporation of graphene offers a viable
strategy to address these challenges. Its
two-dimensional honeycomb carbon framework
provides exceptional electrical conductivity,
with a carrier mobility of approximately 15,000
cm?/(Ves)Pl.  Additionally, its high elastic
modulus of 1 TPa enables the formation of a
three-dimensional conductive network,
facilitating charge transport while mitigating
volume expansion through interface stress
dispersion!®.  Notably, = FesOs  graphene
composites have demonstrated remarkable
electrochemical enhancements, achieving a
specific capacity of 926 mAh/g at a high current
density of 2 A/g—nearly three times that of
pristine Fe3O04l7),

In recent years, researchers have made
significant advancements in optimizing the
performance of composite materials through
multi-scale  structural  designs, including
core-shell architectures!®, porous networks, and
heterogeneous interfaces), as well as surface
and interface engineering techniques such as
doping and defect modulation!'”. In situ,
transmission electron microscopy studies have
revealed that graphene coatings can suppress
crack propagation in Fe;O3 during lithium
insertion by up to 80%. Meanwhile, the strong
coupling effect between nitrogen-doped
graphene and Fe3O4 has been shown to enhance
the lithium-ion diffusion coefficient to 1.2x 107
cm?s, which is five times higher than that of
pure-phase materials.

Despite  these advancements, large-scale
industrial implementation remains challenging.
For instance, variations exceeding three
graphene layers during mass production can lead
to a 40% decline in capacity!!'ll. Moreover, the
thickening of the solid electrolyte interface (SEI)
film due to side reactions at the electrode
interface presents a significant obstacle, with its
thickness increasing to 2.5 times its initial value
after 500 cycles!!?l. Furthermore, most existing
studies focus on laboratory-scale coin cells,
while the development of high-density
electrodes (>1.6 g/cm?) for practical pouch cells
remains largely unexplored. Addressing these
challenges through multi-scale structural
optimization—such as the fabrication of
three-dimensional ~ gradient  porous thick
electrodes—and advanced surface/interface
engineering strategies is essential for enabling
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iron-based  oxide/graphene  composites to
overcome existing limitations and drive the
advancement of high-energy-density lithium-ion
batteries!!*.

2. Composite Structural Design

The performance optimization of iron-based
oxide/graphene  composites is  critically
influenced by their multi-scale structural design.
This chapter systematically examines the
evolutionary pathways of different structural
configurations and  their  corresponding
electrochemical performance modulation
mechanisms across three key dimensions:
core-shell  architectures, three-dimensional
porous networks, and heterogeneous interface
engineering.

2.1 Core-Shell Structure

The core-shell structure plays a crucial role in
mitigating volume expansion and enhancing
interfacial stability by preventing direct contact
between the active material and the electrolyte.
Early research primarily focused on yolk-shell
architectures, which incorporate an internal void
space to accommodate volume changes during
cycling. In 2012, Liu et al. first introduced a
silicon-based yolk-shell structure, wherein
silicon nanoparticles were encapsulated within a
self-supporting carbon shell, with internal
expansion cavities strategically reserved. This
design achieved an initial specific capacity of
2800 mAh/g and demonstrated a capacity
retention of 74% after 1000 cycles, with a high

coulombic efficiency of 99.84%!!4.  This
pioneering work laid the foundation for
subsequent refinements in core-shell

architectures. In 2015, a double yolk-shell
structure (Si/void/SiO2/void/C) was developed,
incorporating a mechanically robust SiO: layer
to effectively constrain silicon expansion. This
design exhibited a significantly improved
cycling performance, maintaining 83% of its

capacity (956 mAh/g) after 430
cycles—demonstrating a substantial
enhancement over conventional core-shell

structures!!3l.

In the context of interface bonding enhancement,
significant advancements have been made in
core-shell composite designs. In 2016, Co/CoO
core-shell  nanoparticles  integrated  with
nitrogen-doped graphene were reported to
exhibit enhanced charge transfer kinetics. The
incorporation of Fe-N-C covalent bonding
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reduced charge transfer resistance to 22 Q, as
confirmed by transmission electron microscopy,
which highlighted the role of the core-shell
structure in facilitating electron transport!!®). In
2018, a hydrogen-bond network was engineered
using a polydopamine transition layer, enabling
the uniform deposition of a carbon shell on

silicon-based  materials. =~ This  approach
significantly — improved cycling stability,
achieving a capacity retention of 79% after 500
cycles!!”.

Multilayer coating designs have emerged as a
focal area of research in recent years. In 2021, a
ZnCo204@NiO core-shell array was developed,
incorporating a porous nanowire framework and
heterogeneous interfaces. This structure led to a
30% increase in specific capacitance while
markedly enhancing cycling stability!'®!. Further
studies in 2022 emphasized the critical role of
carbon shell thickness in performance
optimization. Specifically, it was observed that a
shell thickness of approximately 10 nm is
ideal—excessively thin coatings (e.g., 1 nm)
resulted in severe capacity degradation, retaining
only 1,006 mAh/g after 500 cycles, whereas
excessively thick coatings compromised specific
capacity!'l. In terms of modulus gradient design,
a CuS@C core-shell composite material
reported in 2021 employed a graphene interface
to restrict copper ion diffusion. This approach
enhanced electrical conductivity by 50%,
providing theoretical validation for the modulus
gradient strategy as a means to improve
electrochemical performancel?%,

2.2 Three-Dimensional Porous Network

The construction of a three-dimensional porous
network significantly enhances the transport
efficiency and structural stability of electrode
materials by establishing continuous conductive
pathways and hierarchical pore structures. Early
template-assisted methods faced limitations in
increasing specific surface area due to pore
collapse. For instance, materials synthesized via
hard-template methods exhibited a specific
surface area of only 120 m?/g, restricting their
electrochemical performancel?!l, With
advancements in fabrication techniques,
researchers have achieved precise control over
pore structures through ice-template methods
and chemical cross-linking strategies. For
example, layered porous graphene synthesized
using these approaches has demonstrated a
remarkably high specific surface area of
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3,100-4,073 m?/gl??). Moreover, the integration
of nanofiber reinforcement technology has
improved compressive strength to 85 kPa,
further enhancing mechanical robustness. In
terms of structural stability, the introduction of
polymer-based crosslinking networks, such as
polyacrylic acid and sodium alginate, has
enabled the material to withstand 7000
compression cycles at 10% strain while
maintaining plastic deformation below 5%.

In recent years, functional design has emerged as
a critical research direction for optimizing the
performance of three-dimensional porous
networks: (1) Dual-Continuous  Structure
Optimization: The integration of hierarchical
pore channels, combining mesopores (2—3.5 nm)
with macropores, has significantly enhanced ion
transport and electrolyte accessibility. This
structural strategy has enabled supercapacitors to
achieve a high specific capacitance of 226 F/g
while improving electrical conductivity to 210
S/mP4,  (2) Thermal Management: The
incorporation of phase-change materials, such as
paraffin, within three-dimensional networks has
demonstrated effective thermal regulation
capabilities. The solid-liquid phase transition
mechanism  facilitates  heat  absorption,
enhancing electrode  temperature  control
precision to +3°C while maintaining a high
thermal storage density of 170.4 J/g. Notably, by
optimizing the orientation of graphene sheets
and minimizing defect density—specifically
reducing non-sp? bond defects to below 5%—a
robust three-dimensional conductive network
can be established while preserving the intrinsic
Dirac electron properties of graphene!?1.

2.3 Heterointerface Engineering

Heterointerface engineering, as a core strategy
for enhancing material performance, has evolved
from macroscopic  structural control to
atomic-level precision. Early physical mixing
methods exhibited limited charge transfer
efficiency due to high interface porosity (>30%),
a challenge particularly prominent in
supercapacitors. For instance, in
N-C@Ni3sN/CosN composites, restructuring the
heterointerface electronic configuration enabled
the realization of over 85% of the theoretical
capacity®®. The adoption of electrostatic
self-assembly technology significantly increased
the interfacial contact area; however, capacity
degradation remained an issue due to interface
delamination during cycling. This phenomenon
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is closely related to the stress accumulation
mechanism triggered by lattice mismatches
(<5%) at the two-dimensional MoS,/SiO,
heterointerface!?”). Since 2017, breakthroughs in
covalent bond interfaces (such as C-S-Fe bonds)
and  metal-organic = frameworks  derived
(MOF-derived) nitrogen-doped carbon bridging
technology have substantially enhanced electron
transfer kinetics, achieving an electron transfer
rate of 1.6 X 107 cm/s and reducing the lithium
ion diffusion energy barrier by 36%. These
advancements were further validated in the
interface engineering of iron-based
electrocatalysts, where the FeP@CoP core-shell
structure facilitated interface electron transfer,
thereby reducing the hydrogen evolution
overpotential to 50 mV. In recent years,
atomic-scale  control has  become the
predominant approach. Atomic layer deposition
technology has been employed to construct
monolayer FeOx (Fe-O-C bond length 1.92 A) at
graphene defect sites, reducing the interface
resistance to 8 Q. This principle aligns with the
dislocation control strategy observed in the
SrTiOs/LaAlOs superlatticel?®2°], The latest 2024
research shows that plasma-induced epitaxial
growth reduced the lattice mismatch of the
Fe203 (001) crystal plane from 12% to 2.3%, a
trend consistent with the lattice mismatch
control mechanism in YBCO/ABO3
heterojunctions. Both approaches demonstrate
exceptional electrochemical stability, sustaining
over 2000 cycles through strain energy
optimization(?%-301, These advancements
collectively highlight the decisive role of
interface electronic structure reconstruction,
lattice mismatch control, and strain relaxation
mechanisms in improving material
performancel*!).

3. Evolution of Preparation Methods for
Iron-Based Oxide/Graphene Composites

The preparation technology of iron-based
oxide/graphene composites has undergone
significant development, transitioning from
early-stage laboratory exploration to scalable
industrial application. The primary challenge lies
in achieving a balance between optimizing
material performance and ensuring the
feasibility of large-scale production.

3.1 Early Preparation Technologies
Early research efforts primarily focused on the
development of chemical synthesis routes for

56

Industry Science and Engineering Vol. 1 No. 12, 2024

composite materials. In 2014, Du et al.
synthesized FesO4«@C core-shell structures
through an in-situ polymerization method,
enabling precise control of the carbon shell
thickness within the 20-70 nm range by
adjusting the phenolic resin ratio. This method
significantly improved microwave absorption
efficiency while preserving the magnetic
properties of the particles?®?. In the same year,
Zhang et al. developed a hydrothermal reduction
method for the direct synthesis of
FeSex/sulfur-doped graphene composites. The
incorporation of sulfur dopants effectively
modulated the electronic structure and surface
chemistry of the material, enhancing the
sodium-ion storage kinetics and achieving a high
specific capacity of 277.5 mAh/g (at 5 A/g)i*3.
In 2015, Qiang et al. developed a
high-temperature pyrolysis strategy utilizing
Prussian blue as a precursor to fabricate Fe/C
nanocubes, where precise control of the
pyrolysis temperature within the 600-700°C
range enabled the synergistic optimization of
pore structure and graphitization degree. This
approach led to a microwave absorption
bandwidth that surpassed most composite
materials developed during the same period*,
These studies collectively established the
methodological foundation for the chemical
synthesis of composite materials.

3.2 Mid-Term Optimization Technologies

With the development of nanotechnology, the
research focus gradually shifted toward interface
engineering and large-scale preparation. In 2016,
Chi et al. pioneered the application of iron-based
metal-organic ~ frameworks ~ (MOFs) in
visible-light-driven water oxidation. Specifically,
MIL-101(Fe) demonstrated an initial turnover
frequency of 0.10 s', providing new insights
into the catalytic functionalization of composite
materials®3). In 2020, Zhang et al. proposed a
self-assembly strategy based on a zeolite
imidazolate framework template to construct
Fe;Os@nitrogen-doped graphene nanospheres.
Nitrogen doping increased the composite’s
specific surface area to 412 m?/g, while the
first-cycle efficiency of the lithium-ion battery
reached 81.3%3%. Meanwhile, Al-Ansi et al.
developed nitrogen-doped three-dimensional
graphene aerogels, where micropore structure
design effectively reduced the detection limit of
an electrochemical sensor to 0.067 uM,
revealing the structure-performance relationship
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of composites in energy storage applications*”],

3.3 Recent Innovative Technologies

Current technological advancements have
primarily focused on multi-scale structural
design and environmentally  sustainable

synthesis processes. In 2020, Chongning et al.
discovered that diatomaceous earth carriers
effectively mitigated the aggregation of
iron-based catalysts. The porous architecture of
these carriers enhanced tetracycline degradation
efficiency by 40%, providing a theoretical basis
for low-cost carrier design®®l. In 2022, Wei Zh
pointed out that iron-based composites could
optimize microwave absorption bandwidth to
8.2 GHz through interface impedance matching.
Notably, Pan et al. designed an Fe@MoS:
porous coin structure, achieving a reflection loss
of -52.4 dB across the 2-18 GHz frequency
rangel*”l. The latest research has realized the
directional  assembly of  FesOa/graphene
heterostructures  through  microfluidic 3D
printing technology, with areal capacity
fluctuations controlled within 5%, marking a
significant step toward customized
manufacturing in material fabrication.

4. Performance Optimization Mechanisms
and Challenges of Iron-Based
Oxide/Graphene Composites in Lithium-Ion
Batteries

Owing to their unique structural design and
synergistic effects, iron-based oxide/graphene
composites exhibit revolutionary potential as
anode materials for lithium-ion batteries. This
chapter systematically reviews the key
breakthroughs in achieving high capacity,
enhancing cycling stability, and industrial
scalability, revealing its performance
optimization mechanisms and future
development directions.

4.1 High Capacity Achievement Mechanisms

Iron-based oxides (FesO4/Fe20:) possess a high
theoretical capacity (1000—1700 mAh/g) enabled
by multi-electron redox reactions. However,
their intrinsic poor conductivity (e.g., FesOa
conductivity is only 1072 S/cm) necessitates
composite engineering with graphene to enhance
charge transport properties. Studies have
demonstrated that constructing a
three-dimensional graphene conductive network
can significantly enhance charge transfer
efficiency. For example, FesOds/graphene
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composites prepared by the hydrothermal
method retained a specific capacity of 1025
mAh/g after 50 cycles at 100 mA/g*%. The
interlayer expansion strategy (e.g., increasing
the graphene interlayer distance from 0.34 nm to
0.82 nm) can enhance the Li* diffusion
coefficient by two orders of magnitude, thus
improving high-rate performance. Additionally,
nitrogen-doped graphene lowers the Li*
diffusion energy barrier (from 0.68 eV to 0.29
eV), resulting in a capacity retention rate of 78%
at 20 C, attributed to the catalytic effect of the
dopant sites on reaction kinetics.

4.2 Strategies for Enhancing Cycling Stability
The volume expansion (200-300%) of
iron-based oxides during charge-discharge
cycles is alleviated through structural design.
Hollow graphene spherical structures (with 150
nm cavities reserved) reduce the fragmentation
rate of active particles from 45% to 8%, thereby
significantly extending cycle life. Additionally,
gradient modulus buffer layers (such as elastic
polymer interlayers) reduce the electrode
thickness wvariation rate from 23% to 5%,
thereby preserving structural integrity™*!l. In
terms of interface stability, fluorinated polymer
modifications facilitate the formation of a dense
LiF-SEI film (5 nm thick), with the SEI
composition exhibiting less than 10% variation
after 100 cycles. Furthermore, the integration of
porous Fe.Os nanodisks with graphene resulted
in capacity retention of 870 mAh/g after 100
cycles, confirming the synergistic effect of
nanostructuring and carbon-based composites.

4.3 Industrial
Breakthroughs
In large-scale production, the traditional
co-precipitation method is hindered by batch
fluctuations (x£15%) and low yield (<60%),
while microfluidic 3D printing technology
enables precise control over areal capacity
fluctuation within 5%, achieving a production
rate of up to 15 cm/s. To enhance material
density, high-pressure roller compaction (200
MPa) increases the tapped density from 1.2
g/cm?® to 1.8 g/cm?®, approaching the level of
commercial graphite anodes. From a cost
perspective, the continuous microwave plasma
synthesis system increases production capacity
to 10 kg/h, while simultaneously reducing
manufacturing costs to $120 per kilogram. For
full battery matching optimization, dual-salt

Application Challenges and
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electrolytes  enable  the of

FesO4/graphene.

integration

4.4 Future Research Directions

Al-driven design enables the optimization of the
Fe/Gr mass ratio and pore structure, predicting
that when the FesOa particle size is 15+£3 nm, the
capacity can be further improved by 12%. At the
atomic-level, interface regulation (such as
forming more than 95% Fe-O-C bonds) can
reduce the interface resistance to 5 €, thereby
enhancing reaction kinetics. In terms of
sustainability, a closed-loop recycling process
facilitates the efficient recovery of 92%
graphene and 87% FesOs, supporting the
development of a green industrial chain.
Additionally, microwave-assisted synthesis and

three-dimensional graphene structural
engineering offer promising strategies for
advancing high-performance composite

materials#>43],

5. Conclusion

The development of iron-based oxide/graphene
composite materials marks a new stage in
lithium-ion battery anode technology, shifting

from single-material optimization to
multidimensional synergistic design. Studies
have demonstrated that gradient modulus

coating in core-shell structures and mechanical
enhancement through three-dimensional porous
networks—achieved through precise spatial
coupling of active materials and conductive
matrices—can simultaneously mitigate volume
expansion and charge transport bottlenecks,
providing a universal framework  for
high-capacity electrode design. Heterointerface
engineering, facilitated by atomic-level bonding
and epitaxial growth techniques, overcomes the
interface failure mechanisms of conventional
composite materials, thereby enabling efficient
dual-channel electron-ion  transport.  The
physical and chemical mechanisms underlying
its enhanced cycling stability provide a
theoretical foundation for the development of
new-generation energy storage materials.
Innovations in preparation technologies, such as
microfluidic directional assembly and green
continuous synthesis processes, not only resolve
challenges related to uniformity and cost in
large-scale production but also drive the
transition of material development from a
"performance-driven" to "application-adapted."
Despite the need for further breakthroughs in
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full-cell compatibility, low-temperature
performance retention, and recycling economics,
the deep integration of Al-driven materials
genomics with interface dynamic evolution
models presents a novel pathway for
performance optimization at the
material-device-system level. The successful
development of this material not only provides a
feasible solution for achieving the 500 Wh/kg
energy density target but also serves as an
important reference for the rational design
paradigm of next-generation energy storage
materials, driven by interdisciplinary innovation.
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