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Sodium-ion batteries (SIBs) are considered strong alternatives to lithium-ion batteries (LIBs) because of
their low cost and the abundance of sodium resources. However, their commercialization is limited by
their low capacity, poor cycling stability, and unfavorable redox potentials. Recent advancements have
been made in SIBs anode materials, including alloy-based, carbon-based, and three-dimensional (3D)
nanostructured materials. Despite these improvements, SIBs anode materials still suffer from an unstable
cycle life and slow kinetics. This review focuses on 3D nanostructured anode materials for SIBs. The
advantages of various 3D anode materials and their optimization strategies are summarized. In addition,
we discuss the potential of developing high-performance SIB anode materials.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The increasing global energy demand has deepened the depen-
dence on fossil fuels, driving pollution and greenhouse gas emis-
sions. Advancing clean and renewable energy is thus an urgent
imperative for combating these environmental challenges [1,2].
Research into lithium-ion batteries (LIBs) began in the early
1980s and led to their commercialization in the 1990s. Owing to
their high energy density and long cycle life, LIBs have dominated
the portable electronics market and driven advances in mobile
communications, computing, electric vehicles, and energy storage
systems. Research on sodium-ion batteries (SIBs) emerged at
around the same time, exploring them as alternative electrochem-
ical energy storage devices [3,4]. SIBs initially received limited
attention because of their lower energy density than LIBs. How-
ever, since the 2010s, interest in SIBs has resurged, driven by the
scarcity of lithium resources and the resulting economic and
geopolitical challenges hindering the sustainable development of
LIB technology [5-8].

Both Li and Na are Group I elements and share similar chemical
properties, including comparable redox potentials Ey,: N, =
+2.71V (vs standard hydrogen electrode (SHE) and E-,; =
+3.04V vs SHE). Earth’s sodium reserves (2.8 wt%) are
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significantly more abundant than its lithium reserves (0.0017 wt
%), highlighting the greater availability of sodium as a resource
[9]. The inability of sodium to alloy with aluminum allows SIBs
to use aluminum foil as a cost-effective alternative to copper for
current collectors [10], reducing material costs from 1.2 to 0.3
USD-m~2 [11]. Although current collectors comprise only ~3% of
the total battery cost, this substitution contributes meaningfully
to the overall savings. Moreover, aluminum improves the chemical
stability at 0 V, mitigating the risks of overheating and thermal
runaway, which are key to safe transport, thereby enhancing both
the economic and commercial viability of SIBs [12].

The operation of SIBs involves the reversible insertion and
extraction of Na* ions between the cathode and anode, facilitated
by their migration through the electrolyte. During charging, Na*
is extracted from the cathode, moved through the electrolyte,
passed through the separator, and intercalated into the anode. Dur-
ing discharging, Na" is extracted from the anode and returns to the
cathode via the electrolyte and separator, whereas electrons flow
through the external circuit to deliver power. This cyclic process
enables the charge-discharge functionality of the battery.

Carbon is the most prevalent and commercially viable anode
material for LIBs and SIBs. However, the larger ionic radius of Na*
(1.04 A) compared to Li* (0.76 A) restricts the applicability of gra-
phite in SIBs due to insufficient interlayer spacing. By contrast,
hard carbon in its amorphous form offers a structurally versatile
matrix capable of accommodating Na* through multiple mecha-
nisms. Its Na* storage performance is governed by: D surface area,
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with larger areas enhancing adsorption [13,14]; @ defective sites,
including vacancies and heteroatoms, which facilitate ion capture
[15]; @ interlayer insertion, occurring either in a controlled or dis-
ordered manner [16], and @ pore confinement, where Na* forms
quasi-metallic clusters, with storage capacity closely tied to pore
size distribution and total volume [17,18].

Hard carbon, which is constrained by a relatively low theoreti-
cal specific capacity, faces challenges in satisfying the growing
demand for high-capacity SIBs. To overcome this limitation, alter-
native sodium storage mechanisms such as alloying and conver-
sion reactions have been explored. These approaches hold
significant promise for improving the energy density of SIBs
[19,20]. Certain Groups 14 and 15 elements (e.g., Sn, Sb, and P),
including metals, metalloids, and non-metals, as well as their com-
pounds (e.g., oxides and sulfides), can undergo alloying or
conversion-alloying reactions with sodium, leading to enhanced
capacity. Because alloy- and conversion-type anodes generally
involve multielectron transfer during reactions with sodium ions,
each alloy atom can react with several sodium ions. The general
alloying reaction can be represented as xNa* + xe~ + M < Na,M,
where M represents the alloying element (e.g., Sn, Sb, and P) or
the active species derived from their compounds.

In addition, compared to intercalated anode materials, alloy-
type anodes react more fully with sodium ions during charge-dis-
charge cycles. This multielectron reaction considerably enhances
the theoretical specific capacity of the materials involved. Further-
more, alloy-type materials have a relatively low electrochemical
potential when embedded with sodium ions, which facilitates
high-capacity discharge at low voltages. This characteristic enables
the batteries to effectively utilize the high capacity of the material
across the operating voltage range.

Despite the high theoretical capacities of alloy- and conversion-
type anodes, their practical use in SIBs faces significant challenges
(Table 1) [12,21-30]. A primary obstacle to commercialization is
the pronounced capacity decay observed during cycling [31,32].
The key challenge of alloy-based anodes is their substantial volume
fluctuations during cycling. Repeated expansion from Na,M forma-
tion during discharging and contraction upon charging induces
structural degradation, active material loss, and capacity fading.
These stresses lead to cracking, pulverization, and loss of electrical
contact, thereby undermining the stability and lifespan. Further-
more, continuous solid electrolyte interface (SEI) formation on
fresh surfaces thickens the interface, impeding charge transfer
and diminishing the Coulombic efficiency [33-37]. In addition, cer-
tain alloy-based anodes, such as those made of P, have poor electri-
cal conductivity, which further limits their specific capacity and
performance [3,38-41]. Extensive efforts to enhance alloy-based
anodes have focused on nanostructure design and integration with
conductive carbon frameworks such as nanofibers and graphene.
These strategies collectively boost electron transport, accelerate
ion diffusion, and stabilize reaction kinetics, thereby mitigating
capacity loss during cycling.

Herein, the research progress on SIBs anode materials with dif-
ferent three-dimensional (3D) microstructures is examined. Unlike
most reviews that classify anode materials based on their Na stor-
age mechanisms, this review focuses on the 3D microstructures of

Table 1
Alloying mechanisms in SIBs [12].
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the anode materials. The characteristics and preparation methods
of anode materials with different structures are summarized,
opportunities and challenges associated with each structure are
analyzed, and forecasts for the 3D microstructures of future SIBs
anode materials are provided.

2. Different microstructures of anode materials
2.1. 3D carbon-host microstructures

The use of 3D carbon-host microstructures as anode materials
in SIBs offers several considerable advantages [42]. D These
microstructures create a continuous conductive network that
enhances the electrical conductivity of the anodes. This improve-
ment facilitates efficient electron transport during charge-dis-
charge cycles, thereby enhancing the overall battery performance
[43,44]. @ 3D carbon hosts offer a flexible matrix that can accom-
modate the volume changes of alloy-based anodes (e.g., Sn [21]
and Sb [23]) in SIBs [45,46]. @ The high surface area of the 3D car-
bon architectures improves the interfacial contact between the
electrolyte and the active material, thereby enhancing the Na* dif-
fusion kinetics and significantly boosting the rate capability of SIBs
[46,47]. @ 3D carbon hosts with diverse morphologies and proper-
ties can be designed by adjusting the synthesis parameters. This
enables the optimization of anode materials to attain the optimal
performance tailored to specific applications [48,49]. Therefore,
3D carbon-host microstructures are widely used in SIBs.

The fabrication methods for the 3D carbon-host microstructures
are listed Fig. 1. Template-assisted methods include the use of tem-
plates such as metal foams, polymers, or silica, which are subse-
quently removed to create a 3D porous carbon structure [50-53].
Chemical vapor deposition (CVD) involves growing carbon materi-
als on substrates to form a 3D structure [54,55]. Self-assembly is
achieved via the self-assembly properties of carbon precursors
such as graphene oxide to form 3D networks [56,57]. Finally,
solvothermal methods involve employing solvothermal processes
to synthesize carbon materials with an accurately controlled mor-
phology [48,49,53].

2.1.1. Template-assisted methods

The template-assisted method provides significant advantages
for the preparation of highly ordered, structurally specific 3D
carbon-host materials (Fig. 2(a)). By choosing various template
materials and preparation methods, 3D carbon structures with
high specific surface areas (SSAs) and tunable pore architectures
can be engineered. This method enables the fabrication of carbon
materials with ordered structures, making it ideal for preparing
porous carbon materials with periodic arrangements. Finally, vari-
ous types of template materials such as soft, hard, and polymer
templates can be selected based on the specific properties required
for the final carbon material (Table 2) [50,58-64].

The template-assisted method involves four critical factors. D
Template characteristics, such as pore size and thermal stability,
influence the structural integrity and performance of the derived
carbon materials and require careful selection. @ Incomplete
template removal can degrade the material structure and electro-

Alloy system Fully alloyed phase Theoretical capacity (mA-h-g™") Volume expansion (%) Average voltage (V vs Na*/Na)
Sn Na;5Sn, 847 420 [21] ~0.20 [22]
Sb Na;Sb 660 390 [23] ~0.60 [24]
Ge NaGe 567 205 [25] ~0.30 [26]
P NasP 2596 >300 [27] ~0.40 [28]
Bi NasBi 385 250 [29] ~0.55 [30]
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Fig. 1. Fabrication techniques for 3D carbon-host microstructures.

chemical behavior. @ The choice of the carbon precursor affects
the material properties, with the selection tailored for specific
applications. @ The multistage fabrication process, including tem-
plate synthesis, carbonization, and removal, requires strict control
of the parameters at each stage to maintain the material quality.
In addition, for large-scale production, template preparation
becomes more costly and complex, which raises the overall pro-
duction cost. Maintaining template consistency is essential to
ensure the stability and reproducibility of the preparation process.
Using a metallic salt as a template provides two-dimensional
(2D) confinement that enhances structural integrity and promotes
the formation of a porous carbon network, facilitating ion and elec-
tron transport while mitigating alloy aggregation and volume
change [65-67]. Liang et al. [50] demonstrated that 2D-
MoTe,@3D porous carbon networks (3DPCN) (Fig. 2(b)) prepared
using NaCl as a template, exhibited an excellent electrochemical
performance. Wen et al. [61] employed zinc gluconate as a tem-
plate to precisely control the microporous structure of hard carbon,
thereby enhancing its SSA and pore volume, and improving the

Template-

assisted
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performance of SIBs. Gao et al. [62] employed a KCI/K,SO, mixed
salt as a template for the preparation of nitrogen/sulfur-doped por-
ous carbon (ECSK-15), augmenting the number of ionic diffusion
channels and increasing the ionic exchange rate.

Metal-organic frameworks (MOFs), composed of transition
metals and organic ligands, serve as effective organic hard tem-
plates in template-assisted methods. Unlike inorganic templates,
MOFs retain their ordered pore architecture during pyrolysis
[68], allowing precise control over pore size and porosity. Further-
more, heteroatoms from organic ligands are doped into the result-
ing carbon matrix, and density functional theory (DFT) analysis has
confirmed that such doping enhances Na* storage, accelerates dif-
fusion, and improves the overall performance. Therefore, the
cycling performance of anode materials (e.g. CoP-C@MoS,/C, as
shown in Fig. 2(c)) [58] synthesized using MOFs as templates is
exceptional. Lu et al. [63] fabricated CoTe, nanoparticles within
the framework of a graphene aerogel using Co-MOF as a template
and adopted an in situ growth approach, thereby enhancing ion dif-
fusion and the electrochemical performance. Yu et al. [59] synthe-
sized double-shell and hierarchical N-doped carbon nanocages
(DHNCNs) using zeolitic imidazolate framework (ZIF)-8 and dopa-
mine hydrochloride as precursors (Fig. 2(d)). The outer meso-
porous and inner microporous layers synergistically enhanced
the stability and ion transport, whereas N doping introduced
defects and active sites to boost the electrochemical performance.

Soft templates, which are widely used in template-assisted
methods, operate at relatively low temperatures and reduce
energy consumption, while preserving structural integrity. Their
organic nature allows for easy removal with minimal disruption
and enables elemental doping, enhancing interfacial interactions,
precursor distribution, and nanoscale precision. Zhang et al. [64]
used F127, a polyglycol-block-propylene glycol copolymer, as a soft
template and N-allyl thiourea as a precursor for heteroatom doping
to synthesize dual-doped N/S porous frameworks (DF-N/S). This
approach effectively integrated templating and heteroatom doping
strategies, enabling the precise tuning of the structure and compo-
sition of the material for enhanced performance. Ou et al. [60]
employed polyvinylpyrrolidone (PVP) as a soft template to incor-
porate Ni,P with N, P, and S doping (Fig. 2(e)), thereby enhancing

Etching

(e)

Fig. 2. (a) Schematic of the synthesis process of template assisted. (b-e) Transmission electron microscopy (TEM) images of (b) two-dimensional (2D)-MoTe,@3D porous
carbon networks (3DPCN), (c) CoP-C@MOoS,/C, (d) double-shell and hierarchical N-doped carbon nanocages (DHNCNSs), and (e) Ni,P@triple heteroatom (N, P, S)-doped carbon
network (NPS). (b) Reproduced from Ref. [50] with permission; (c) reproduced from Ref. [58] with permission; (d) reproduced from Ref. [59] with permission; (e) reproduced

from Ref. [60] with permission.
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Table 2

Electrochemical performances of 3D carbon-host anode materials for SIBs prepared using template-assisted methods.
Anode Capacity (mA-h-g™") Cycle Retention Year Ref.
2D-MoTe,@3DPCN 412 at 0.1 A-g™! 100 97.4% at 0.5 A-g™! 2022 [50]
HC-ZGI+0.5S 374 at 0.03 A-g™! 500 90.7% at 0.6 A-g™' 2024 [61]
ECSK-15 310 at 0.05 A-g™! 1000 65.24% at 2.0 A-g™"' 2024 [62]
CoP-C@MOoS,/C 414 at 0.1 A-g™! 1000 90.16% at 1.0 A-g™" 2023 [58]
NSGA/CoTe,@NPC 697.6 at 0.1 A-g™! 5000 >99% at 5.0 A-g™" 2025 [63]
DHNCN 332 at 0.02 A-g™’ 450 887.3% at 0.5 A-g™' 2024 [59]
DF-N/S-8-2 327 at 0.05 A-g™! 100 ~90% at 0.5 A-g™" 2024 [64]
Ni,P@NPS 976.1 at 0.1 A-g™! 1000 ~90% at 6.0 A-g™! 2025 [60]

HC: hard carbon; ZGl: zinc gluconate; ECSK-15: nitrogen/sulfur-doped porous carbon; NSGA: N- and S-doped graphene aerogel framework; NPC: N-doped porous carbon; DF-

N/S: dual-doped N/S porous frameworks.

the electrochemical performance of the material by improving the
electron transport and ion storage capabilities.

Overall, template-assisted strategies provide a versatile plat-
form for constructing highly ordered 3D carbon frameworks. By
precisely tuning the template properties and fabrication parame-
ters, enhanced Na* storage performance can be achieved, offering
promising directions for large-scale and high-performance SIBs.

2.1.2. Chemical vapor deposition

CVD has several distinct advantages for synthesizing 3D carbon-
host materials (Fig. 3(a)). First, it produces defect-free, uniform,
high-purity, and high-quality carbon materials, making it ideal
for fabricating advanced carbon nanotubes and graphene. Second,
by carefully adjusting parameters such as the reaction gas compo-
sition, temperature, and deposition duration, CVD allows precise
control of the morphology, dimensions, and porosity of the mate-
rial. Finally, CVD supports the large-scale production of 3D
carbon-host materials in a short timeframe, ensuring exceptional
uniformity and making it suitable for industrial applications
(Table 3) [54,69-74].

When using CVD to synthesize carbon-host materials, the key
factors to consider include D careful control of reaction gases, flow
rates, and concentrations to ensure high-quality deposition; @
precise thermal management to prevent defects from temperature
extremes; @ optimal deposition duration to balance thickness and
structural integrity; @ selecting substrates with suitable thermal

and electrical properties for uniform deposition; & proper sub-
strate cleaning to eliminate impurities; and ® adhering to safety
measures to prevent gas leaks and effectively manage byproducts.

Because of the high purity and uniform thickness of the carbon
layer produced via CVD, it can be uniformly coated on the surface
of materials, thereby enhancing their electrical conductivity, pro-
vided that an appropriate substrate material is selected. For exam-
ple, the 3D metallic phase (1T)-SnS,/reduced graphene oxide (rGO)
composite prepared by Li et al. [72] demonstrated excellent initial
specific capacity (768.8 mA-h-g”!) and remarkable reversibility.
Chen et al. [69] performed a carbon coating modification on the
surface of Zn3(PO,4), (ZPO) through CVD to obtain ZPO@C compos-
ites (Fig. 3(b)). The modified composites exhibited outstanding
electrochemical performance. Zhou et al. [70] utilized treated py-
rolytic carbon black (TCBp) derived from waste tires as a precursor
and synthesized TCBp@vertical graphene nanosheet (VGS) com-
posites (Fig. 3(c)) by coating their surface with VGSs via CVD. This
approach enhances the value of waste tires, while offering signifi-
cant economic and environmental advantages. Additionally, CVD
offers unique advantages for the fabrication of carbon nanostruc-
tures and graphene, providing high-purity, high-quality, and
defect-free carbon materials. Tan et al. [54] synthesized Sn4Ps/-
graphene tubes (GT), as shown in Fig. 3(d). These GT consisted of
hydrophilic inner and hydrophobic outer graphene layers, which
restricted the growth of SnyP3; nanoparticles into the hydrophilic
inner tubes during hydrothermal synthesis and prevented growth

Fig. 3. (a) Schematic of the synthesis process using CVD. (b-e) TEM images of (b) Zn3(PO4), (ZPO)@C, (c) treated pyrolytic carbon black (TCBp)@vertical graphene nanosheet
(VGS), (d) Sn4Ps/graphene tubes (GT) composite, and (e) Fe,P@C. (b) Reproduced from Ref. [69] with permission; (c) reproduced from Ref. [70] with permission; (d)
reproduced from Ref. [54] with permission; (e) reproduced from Ref. [71] with permission.
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Table 3

Electrochemical performances of 3D carbon-host anode materials in SIBs prepared using CVD.
Anode Capacity (mA-h-g™!) Cycle Retention Year Ref.
3D 1T-SnS,/rGO 865.6 at 0.1C 100 84.6% at 0.5C 2022 [72]
ZPO@C 315.7 at 0.1C 400 60% at 10C 2025 [69]
TCBp@VGSs 305.9 at 0.1 A-g™' 1900 ~100% at 1.0 A-g™" 2024 [70]
Sn4P3/GT 821 at 0.2 Arg™! 500 >90% at 0.5 A-g~! 2022 [54]
CNF 288.6 at 0.05 Arg™! 700 ~92% at 0.05 Arg™! 2025 [73]
Fe,P@C ~440 at 0.05 A-g™' 1400 80.25% at 1.5 Arg™! 2023 [71]
Fe-Fe;C@GC 430.1 at 0.05 A-g™! 1000 >87% at 0.05 Arg™! 2025 [74]

1T: metallic phase; rGO: reduced graphene oxide; C: C-rate; CNF: carbon nanofiber; GC: graphitic carbon.

on the hydrophobic outer tubes. This structural design effectively
mitigated the volume change of the Sn4P5; anode, thereby improv-
ing the cycling stability. Ji et al. [73] fabricated carbon nanofibers
with onion-like structures via low-temperature CVD at 783 K. This
distinctive structure is beneficial for the transport and storage of
sodium ions. Concurrently, carbon nanofibers (CNFs) prepared at
low temperatures not only exhibit a long cycle life, but also offer
the advantage of low cost. Similarly, Qiu et al. [71] optimized the
CVD synthesis conditions to control both the diameter of carbon
nanowires and the thickness of carbon shells on Fe,P@C (Fig. 3
(e)). This core-shell design contributes significantly to realizing a
highly conductive electron network, further improving perfor-
mance. Maulana and Kim [74] developed Fe-Fe;C@graphitic car-
bon (GC) composites with exceptional electrochemical
performances by incorporating Fe-Fe3C particles into GC via CVD.
Their research showed that Fe-Fe3C enhanced the sodium storage
capacity by promoting the reversible formation and decomposition
of the SEI layer, significantly improving battery performance.

In conclusion, the CVD technique, with its ability to produce
high-purity and defect-free carbon structures, enables fine control
over material morphology and properties. This controllability
makes CVD a critical method for fabricating advanced anode mate-
rials with exceptional conductivity and cycling stability.

2.1.3. Self-assembly

Self-assembly is relatively straightforward, easy to operate, and
generally does not require expensive equipment, leading to low
costs (Fig. 4(a)). Consequently, the self-assembly of 3D carbon-

based materials is extensively employed, offering two notable
advantages. First, by manipulating the reaction conditions and
assembling units, 3D carbon materials with tunable pore sizes,
porosities, and hierarchical structures can be engineered to opti-
mize performance. Second, varying precursors can yield carbon
materials with distinct functionalities by incorporating different
elemental compounds for doping purposes (Table 4) [75-79].

When employing self-assembly to fabricate 3D carbon materi-
als, key considerations include precursor selection (ranging from
small molecules to polymers) and precise control of reaction
parameters such as concentration, stirring, temperature, and time.
Elevated temperatures risk pore collapse, whereas lower tempera-
tures may hinder carbonization. Residual impurities from precur-
sors or side reactions often necessitate post-treatments such as
calcination or acid washing to ensure material quality.

Generally, self-assembly is known for its mild experimental
conditions. Luo et al. [75] electrostatically self-assembled NiS,
nanoparticles on N-doped graphene (NiS,/NG) (Fig. 4(b)), resulting
in the formation of Ni-N covalent bonds via strong anchoring. The
strong coupling between the conducting carbon network and NiS,
imparted excellent structural integrity, high ionic and electronic
conductivity, and strong polysulfide adsorption capacity to the
NiS;/NG composites. Ma et al. [76] utilized a solvent-induced
self-assembly approach to fabricate high-nitrogen-containing mul-
ticavity mesoporous carbon nanospheres (MCSs) (Fig. 4(c)), which
exhibited a reduced SSA. The morphology and SSA of the nano-
spheres could be precisely controlled by adjusting the reaction
time. Furthermore, the incorporation of an amine-phenol bridging

100 mL| 100 100 mL| 100

| 80 | 80

| 60 | 60

40 ] 40

120 Self-assembly & 20
-~ —

()

@
=

(d)

Fig. 4. (a) Schematic of the self-assembly synthesis process. (b-e) TEM images of (b) NiS,/N-doped graphene (NG), (c) mesoporous carbon nanospheres (MCSs), (d) MoB-
MoS,@C, and (e) Co-2,3,6,7,10,11-hexahydroxytriphenylene (HHTP). (b) Reproduced from Ref. [75] with permission; (c) reproduced from Ref. [76] with permission; (d)
reproduced from Ref. [77] with permission; (e) reproduced from Ref. [78] with permission.
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Table 4

Electrochemical performances of 3D carbon-host anode materials in SIBs prepared using self-assembly.
Anode Capacity (mA-h-g™!) Cycle Retention Year Ref.
NiS,/NG 722.7 at 0.1 Ag™! 1200 85% at 0.5 A-g~! 2024 [75]
MCS 267 at 0.1 Arg~! 200 >90% at 0.1 A-g™! 2024 [76]
MoB-MoS,@C 561 at 0.05 A-g™! 200 >90% at 0.5 A-g~! 2024 [77]
N,S-MXene/3DPC 4552 at 0.2 Arg™" 1000 73% at 2.0 Arg™! 2024 [79]
Co-HHTP/G 348 at 0.1 Arg~! 300 >82% at 0.1 A-g™’ 2024 (78]

3DPC: 3D porous carbon; G: graphene.

structure significantly enhanced the structural integrity and mor-
phological stability of the mesoporous materials, leading to
improved long-term performance. Liu et al. [77] developed Moy;3-
B,T,—MoS,@C composites (Fig. 4(d)) through the synergistic effects
of heterogeneous interfaces and Na,S adsorption/transformation
active sites. The 3D spherical structure and heterogeneous inter-
faces of Moy3B,T, and MoS, improved the intrinsic electrical con-
ductivity and facilitated fast ion diffusion, thereby enhancing
electrochemical kinetics. Huang et al. [79] self-assembled N, S co-
doped 3D porous carbon (3DPC) with MXene to form N,S-
MXene/3DPC composites. This structure, with its high stability
and conductivity, reduced MXene aggregation, and N and S doping
enhanced the electrochemical performance by increasing the num-
ber of active sites for ion storage. Yin et al. [78] synthesized Co-2
,3,6,7,10,11-hexahydroxytriphenylene (HHTP) (Fig. 4(e)), a Co-
based coordination polymer, on graphene nanosheets via self-
assembly. The resulting Co-HHTP/graphene composite exhibited
improved electrochemical performance, where graphene mitigates
structural stacking, increasing active site accessibility, and enhanc-
ing conductivity.

Self-assembly methods offer a simple yet powerful approach for
constructing 3D carbon frameworks with tunable porosity and sur-
face functionality. Rational design and precursor selection can fur-
ther optimize the structural and electrochemical characteristics of
anode materials.

2.1.4. Solvothermal method

The solvothermal method is most used for synthesizing 3D
carbon-host anode materials because of its low temperature and
mild conditions (Fig. 5(a)). This allows for parameter adjustments,
such as the solvent type, reaction time, and temperature, to
achieve various material morphologies. Ensuring the uniform dis-
persion of reactants is key, and incorporating compounds with ele-
ments such as N and S during synthesis enhances the material
properties (Table 5) [48,80-85]. This method is environmentally
friendly and uses benign solvents, such as water or alcohols, which
produce fewer byproducts.

In solvothermal synthesis, key parameters must be optimized to
tailor the material properties. Solvent choice shapes the morphol-
ogy; alcohols, for instance, aid in carbonization. Temperature gov-
erns crystallinity and conductivity, but may damage pores if
excessive. Carbon source efficiency affects both carbon yield and
porosity, whereas the reaction time must balance completion and
over-carbonization. Post-treatments such as washing and calcina-
tion are critical for removing residues and enhancing purity and
performance.

The composites prepared via partial solvent heating exhibit a
flower-like morphology, which results in a high SSA and enhances
electrochemical performance. For example, Li et al. [48] synthe-
sized a honeycomb MoSe,/rGO composite through a solvothermal
method, where the 3D honeycomb structure not only facilitated
electrolyte penetration but also mitigated volume changes. Simi-
larly, Yang et al. [80] synthesized 3D flower-like N-doped carbon
(NC)-coated tin nanorods (Sn@NC) (Fig. 5(b)) via solvothermal syn-
thesis. DFT calculations revealed that the surface modification of
Sn nanorods with NC markedly enhanced the affinity for Na* and

facilitated the kinetics of Na* diffusion. Chen et al. [81] synthesized
NiS-CugSs/NC ((NiCu)S/NC) (Fig. 5(c)) heterogeneous hollow
spheres, in which the NiS/CugSs interface served as an active site
for Na*, thereby enhancing electron and ion mobility. Wang et al.
[84] coated a Vy.11S2/V1.13Se, (VSSe) heterogeneous interface with
a carbon layer to form VSSe/C. The disulfide/selenide heterointer-
face in V expanded the interlayer distance, facilitating rapid Na*
transfer, whereas the multiple defective carbon layers formed dur-
ing the inhomogeneous process further enhanced ion adsorption
and improved the overall electrical conductivity. Xie et al. [82]
used a solvothermal method where SbCl; reacted with ethylene
glycol to form a hybrid precursor, which was reduced to carbon-
coated Sb after thermal treatment (Sb@carbon microspheres
(HCM)@C) (Fig. 5(d)). The carbon coating mitigated volume varia-
tions, thereby enhancing the stability and performance of Sb as
an anode material. Cheng et al. [85] fabricated binder-free SnS,
on carbon cloth (CC) using a one-step solvothermal method, incor-
porating Cu into the SnS; lattice to improve the conductivity and
Na® diffusion (Cu2-SnS,@CC) (Fig. 5(e)). Liu et al. [83] used a
solvothermal method to coat SnO, with Zn/Co-ZIFs, followed by
thermal treatment to obtain Sn@Zn/Co-N-doped porous carbon
(NPC). The carbon coating mitigated volume expansion during
cycling and enhanced conductivity.

In summary, solvothermal synthesis provides a flexible and eco-
friendly route for designing 3D carbon-host materials with tailored
morphologies and compositional features. Careful optimization of
the reaction parameters is essential for achieving the desired bal-
ance between mechanical robustness and high electrochemical
activity.

In addition to the four aforementioned processes for fabricating
3D carbon-host anodes, electrospinning has also been extensively
used. For example, Xu et al. [86] constructed a NiSe/C@CNF com-
posite by anchoring NiSe nanoparticles within hollow NC nanofi-
bers via electrospinning and selenization. The 3D interconnected
porous carbon framework not only enhanced electron/ion trans-
port but also effectively accommodated the volume expansion of
NiSe during cycling. As a result, the electrode delivered an excel-
lent rate capability (300.1 mA-h-g”' at 5 A-g”') and superior
long-term cycling stability (85.4% capacity retention after 100
cycles at 0.5 A-g~!). However, as electrospinning initially fabricates
uniform nanowires, which are subsequently combined to obtain
the 3D carbon-host anode, it will not be extensively covered in this
review.

2.1.5. Comparative analysis of 3D carbon and non-carbon hosts for SIB
anodes

To better understand the differences between the 3D carbon
and non-carbon hosts for SIB anodes, we provide a direct compar-
ison of their structural features, sodium storage mechanisms, and
electrochemical performances (Table 6).

3D carbon-host anodes, including graphene frameworks, carbon
nanotubes, and porous carbons, offer excellent electronic conduc-
tivity and mechanical flexibility. Their lightweight nature and tun-
able porous structures facilitate fast electron/ion transport and
effectively buffer volume changes during sodiation and desodia-
tion. However, pure carbon frameworks usually suffer from a
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Fig. 5. (a) Schematic of the synthesis process of solvothermal method. (b-d) TEM images of (b) Sn@N-doped carbon (NC), (c) (NiCu)S/NC, and (d) Sb@carbon microspheres
(HCM)@C. (e) Scanning electron microscope (SEM) image of Cu2-SnS,@carbon cloth (CC). (b) Reproduced from Ref. [80] with permission; (c) reproduced from Ref. [81] with
permission; (d) reproduced from Ref. [82] with permission; (e) reproduced from Ref. [85] with permission.

Table 5

Electrochemical performances of 3D carbon-host anode materials in SIBs prepared using solvothermal methods.
Anode Capacity (mA-h-g™") Cycle Retention Year Ref.
MoSe,/rGO 4492 at 0.1 A-g™! 5900 67% at 8.0 A-g™! 2024 [48]
Sn@NC 560 at 0.1 A-g™! 400 >85% at 1.0 A-g™! 2023 [80]
(NiCu)S/NC 549.3 at 0.5 A-g™" 1500 81.6% at 4.0 A-g™! 2023 [81]
VSSe/C 7849 at 2.0 A-g™! 1000 >100% at 10.0 A-g™! 2023 [84]
Sb@HCM@C 332 at 0.1 A-g™! 100 97.4% at 0.4 A-g™" 2024 [82]
Cu2-SnS,@CC 898 at 0.1 A-g™! 130 68% at 1.6 A-g™! 2024 [85]
Sn@Zn/Co-NPC 366.13 at 0.1 A-g™! 200 80% at 0.5 A-g™" 2025 [83]

VSSe: V1.1152/V1.135€;.

Table 6
Key advantages and limitations of 3D carbon and non-carbon hosts for SIB anodes.

Anode Advantages Challenges

3D carbon host High conductivity,

excellent flexibility, stable

Limited capacity,
predominantly surface

cycling storage
3D non-carbon High theoretical capacity, Low conductivity,
host multiple redox reactions volume expansion

moderate sodium storage capacity and often require surface mod-
ifications or hybridization with active materials to achieve higher
capacities.

By contrast, 3D non-carbon-host anodes such as metal foams,
MXenes, and transition metal oxides provide higher intrinsic
sodium storage capacities and can introduce additional pseudoca-
pacitive behaviors. They also offer strong mechanical support. Nev-
ertheless, their relatively lower conductivities and larger densities
compared to those of carbon materials may limit their rate capabil-
ities and practical applications.

2.2. 3D non-carbon-host microstructures
In addition to the widespread use of 3D carbon microstructures

as hosts in SIB anode materials, 3D non-carbon microstructures are
commonly employed. In these materials, carbon is replaced by

oxides [87], sulfides [88-92], phosphates [93], and alloy [94-97],
as the primary host, whereas carbon is employed only as a coating
or dopant to enhance the conductivity of the material. These SIB
anode materials are typically conversion- and alloy-type anodes,
offering superior specific capacities compared to intercalation/dein
tercalation-type anodes, such as hard-carbon anodes. However,
cycling stability remains a challenge and requires further
improvement.

2.2.1. 3D-structured oxide anode materials

3D-structured oxides, such as SnO, with a theoretical capacity
of 1378 mA-h-g”! (711 mA-h-g~! from conversion reactions and
667 mA-h-g~! from alloying reactions) [98], offer high capacities
when used as anodes for SIBs (Table 7) [87,99-101]. Their high
SSA and porous structure increase the number of Na* storage sites
and enhance Na* diffusion kinetics, thereby improving electro-
chemical performance. The 3D configuration also accommodates
volume changes, enhances cyclic stability, and facilitates stable
SEI film formation, thereby minimizing side reactions.

Controlling the size and pore distribution of the 3D oxide parti-
cles is crucial during synthesis. Smaller particles shorten the Na-
ion diffusion pathways, whereas an optimal pore structure
enhances electrolyte infiltration and Na® migration. To address
the low conductivity of oxide materials, dopants or carbon coatings
are essential to create a conductive network that optimizes the
electrochemical performance of SIB anodes.
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Table 7

Electrochemical performances of 3D-structured oxide anode materials in SIBs.
Anode Capacity (mA-h-g™!) Cycle Retention Year Ref.
V,03/C/N 303 at 0.05 A-g~" 300 107.6% at 0.5 A-g™"! 2024 [87]
VO,/rGO-5% 336 at 0.1 Arg™! 100 >80% at 0.1 A-g™' 2024 [99]
C05.45M0,604 576 at 0.08 A-g~" 100 >75% at 0.08 A-g~' 2022 [100]
MnMo0,@rGO@g-CN 288 at 0.1 Arg™! 200 80.7% at 0.2 A-g™" 2024 [101]

g-CN: graphitic carbon nitride.

Vanadium oxides are widely used as metal oxide anodes. Chen
et al. [87] synthesized template-free flower-like V-MOFs, which
were subsequently pyrolyzed to obtain V,03/C/N composites
(Fig. 6(a)). The pyrolysis temperature plays a significant role in
determining the crystallinity of V,03. With increasing temperature,
the crystallinity increased, whereas the nitrogen content in the car-
bon layer was volatilized, resulting in higher graphitization and
reduced defects within the carbon structure. The optimal crys-
tallinity and defect density enhanced the number of electrochem-
ically active sites, thereby improving the Na* reaction Kinetics.
Zhang et al. [99] modified vanadium oxide (VO,) with graphene
sheets to obtain VO,/rGO-5% composites (Fig. 6(b)). In this compos-
ite, tGO prevented the agglomeration of VO, nanorods and
enhanced the electron transfer rate within the VO, matrix. Com-
posite oxide heterostructures consisting of two or more oxides
are widely used in energy storage applications. Ali et al. [100]
employed a simple precipitation method to modify the crystal
structure of Co,.,Sni_xO4 (x=0.2, 0.4, 0.6, and 0.8), resulting in
rod-like Co, 4Sng 604 particles (Fig. 6(c)). These structures provide
abundant interfacial sites for stable SEI formation and reduce the
occurrence of side reactions. The 3D architecture efficiently accom-
modates volume changes and enhances cyclic stability. Lee et al.
[101] synthesized MnMoO, using a hydrothermal method and
embedded N-doped rGO and graphitic carbon nitride (g-CN) on
its surface (Fig. 6(d)) to enhance its conductivity and structural
stability.

Overall, 3D-structured oxide anodes leverage their large surface
areas and porous networks to enhance Na* storage and diffusion
kinetics. However, strategies such as conductive coatings and size
control must be further refined to overcome their inherent conduc-
tivity limitations.

2.2.2. 3D-structured sulfide anode materials

For 3D-structured sulfides, the occurrence of multiple conver-
sion mechanisms in several sulfide materials can significantly
enhance their theoretical specific capacities, such as SnS,
(1136 mA-h-g™!) and Sb,S; (946 mA-h-g~'). Compared to oxides,
certain sulfide compounds exhibit superior electrical conductivity,
which facilitates Na* diffusion and reduces the resistance during

charge and discharge cycles, thereby enhancing the rate perfor-
mance of the battery (Table 8) [89,102-105].

The particle size of sulfide materials significantly affects their
surface area, ion diffusion rate, and cycling stability. Therefore,
controlling particle size, uniformity, and morphology during
preparation is crucial. To enhance conductivity and stability, dop-
ing with additional elements or carbon coatings is often necessary,
with a focus on the uniform dopant distribution and strong adher-
ence of carbon coatings.

For metal sulfide anodes, mitigating volume change is a crucial
challenge. Liu et al. [89] synthesized ultrathin VS; nanosheets
(Fig. 7(a)) using microwave-assisted synthesis and subsequently
controlled the self-assembly of these nanosheets through ligand
interactions with NHZ, along with the adjustment of the tempera-
ture and reaction time, to fabricate hollow nanorod structures.
These hollow nanorods, with their unique nanostructures, effec-
tively suppressed volume changes. Similarly, Wang et al. [102]
used phytic acid as a phosphorus source to dope POz~ into SnS,
thereby forming PO4-SnS (Fig. 7(b)). The introduction of PO3~ pro-
moted the formation of Sn—-O-P bonds, which effectively enhanced
electrical conductivity and alleviated the volume change of SnS.
Moreover, this doping strategy increased the interlayer spacing,
thus promoting a larger Na* storage capacity. Additionally, Wang
etal. [103] developed a multicomponent metal sulfide heterostruc-
ture (SnS/FeS/FesN/NC) (Fig. 7(c)) by incorporating NC nanosheets.
These nanostructures feature abundant heterogeneous interfaces,
with NC enhancing conductivity and shortening the Na* diffusion
path, thereby accelerating reaction kinetics. Additionally, FesN pro-
moted the reversible transformation between SnS and FeS during
cycling, further improving the electrochemical performance. Xu
et al. [104] synthesized a CoS;,/VS4@NC hollow yolk-shell structure
(Fig. 7(d)) using ZIF-67 as a precursor, introducing vanadium via
surface etching and ion exchange, followed by sulfidation. The
structure provided a high surface area and buffer space to mitigate
volume expansion, while the NC layer enhanced conductivity and
Na® migration. The synergy between CoS, and VS, accelerated
the charge-transfer kinetics. Song et al. [105] converted buckwheat
husks into N, S co-doped porous biomass carbon (BC), grew ZIF-67
in situ, and applied a dopamine-derived carbon coating. Sulfidation

(d)

Fig. 6. TEM images of (a) V,03/C/N, (b) VO,/rGO-5%, (c) Co,4Sng 04, and (d) MnMoO,@rGO@g-CN. (a) Reproduced from Ref. [87] with permission; (b) reproduced from Ref.
[99] with permission; (c) reproduced from Ref. [100] with permission; (d) reproduced from Ref. [101] with permission.
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Table 8

Electrochemical performance of the 3D-structured sulfide anode materials of SIBs.
Anode Capacity (mA-h-g™!) Cycle Retention Year Ref.
VS, nanospheres 916.8 at 0.1 A-g™! 1000 87.6% at 2.0 A-g™! 2022 [89]
PO,4-SnS/NG 476.1 at 0.1 A-g™' 300 98.4% at 0.2 A-g™’! 2022 [102]
SnS/FeS/FesN/NC 796.6 at 0.2 A-g™' 600 ~60% at 2.0 A-g™" 2024 [103]
C0S,/VS,@NC 605.8 at 0.1 A-g™! 150 >90% at 0.5 A-g™"' 2024 [104]
C-C0oSg/BC 42256 at 0.1 A-g™’ 400 ~95% at 1.0 A-g™! 2025 [105]

BC: biomass carbon.

(@ (b)

(c)

Fig. 7. TEM images of (a) VS4 nanospheres, (b) PO4—SnS/NG, (c¢) SnS/FeS/FesN/NC, and (d) CoS,/VS4@NC. (a) Reproduced from Ref. [89] with permission; (b) reproduced from
Ref. [102] with permission; (c) reproduced from Ref. [103] with permission; (d) reproduced from Ref. [104] with permission.

produced a three-layer C-CogSg/BC composite. The outer carbon
shell inhibited CogSg dissolution and improved conductivity, the
middle layer increased the number of active sites and limited
CogSg aggregation, and the C-S bonds in BC suppressed polysulfide
shuttling, maintaining electrode integrity.

Overall, 3D-structured sulfide materials are promising candi-
dates for next-generation SIB anodes owing to their favorable elec-
trical conductivity and high theoretical capacities. However,
ensuring phase stability and controlling volume expansion are
key areas requiring further investigation.

2.2.3. 3D-structured phosphide anode materials

Phosphides with 3D structures offer superior electrical conduc-
tivity compared to sulfides, thereby enhancing electron transfer
and reducing polarization in electrochemical reactions. Addition-
ally, many phosphides operate at low voltage platforms in SIBs—
such as SbP (0.6-0.8 V), FeP (0.4-0.6 V), and Sn4P5 (0.4-0.8 V vs
Na/Na*)—which boosts energy density while minimizing elec-
trolyte decomposition. Their high theoretical capacities further
underscore their potential as practical anode materials (Table 9)
[106-109].

The phosphate treatment duration and temperature critically
influence the morphology and electrochemical performance of
phosphate-based materials. Excessive time or high temperatures
may lead to particle overgrowth or structural degradation, whereas
phosphating often releases toxic gases such as PHs, necessitating
airtight equipment and a controlled atmosphere. Similar to oxides
and sulfides, phosphates generally require conductive carbon inte-
gration to enhance conductivity and buffer volume changes, mak-

ing a uniform carbon distribution essential for optimal composite
performance.

For metal-phosphide anodes, doping and heterostructures are
promising strategies for enhancing performance. Gao et al. [106]
prepared self-supported Se-doped Fe,P arrays (Fe,PggSeq ) (Fig. 8
(a)), in which Se doping significantly modulated the charge density
distribution, thereby improving the Na adsorption capacity and
reducing the diffusion energy barrier for Na*, which, in turn,
enhanced the electrochemical performance. Liu et al. [107] pre-
pared Fe;_,Co,P/NC composites (Fig. 8(b)) via a one-step carboth-
ermal phosphatization method using dopamine-coated Prussian
blue analogs as precursors. The Fe-CoP core, encapsulated by a
polydopamine-derived NC shell, effectively mitigated the volume
change and prevented the aggregation of the active materials.
The nanostructured Fe;_,Co,P/NC composite demonstrated an
exceptional electrochemical performance, which can be ascribed
to the synergistic electronic interactions between the Fe and Co
sites. Liu et al. [108] synthesized Co-Cu bimetallic P/C nanocom-
posites (CoCuP@C) (Fig. 8(c)) via the in situ phosphatization and
carbonization of polydopamine-coated Co-Cu ZIFs, yielding a
core-shell structure with a conductive carbon layer. Cu incorpora-
tion increased the conductivity, the carbon shell mitigated aggre-
gation and volume change, and the MOF-derived porosity offered
abundant active sites and rapid ion transport. Wu et al. [109] fab-
ricated Sn,P,/MXene composites (Fig. 8(d)) by the in situ encapsu-
lation of tin phosphide nanoparticles within a conductive MXene
framework using hydrothermal treatment and phosphatization
[109]. The MXene network buffered volume expansion and pre-
vented Sn,P, aggregation, whereas Sn,P, provided active sites.

Table 9

Electrochemical performances of 3D-structured phosphide anode materials in SIBs.
Anode Capacity (mA-h-g™") Cycle Retention Year Ref.
Fe,PsSeo. 595.1 at 0.1 A-g™" 1000 ~100% at 1.0 A-g™! 2022 [106]
Feg.17C00.53P/NC 700 at 0.1 A-g™! 1000 91.1% at 1.0 A-g™! 2024 [107]
CoCuP@C 590 at 0.1 A-g™" 200 84.5% at 0.2 A-g™! 2024 [108]
Sn,Py/MXene 781.4 at 0.05 A-g™! 100 72.8% at 1.0 A-g™! 2024 [109]
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(d)

Fig. 8. TEM images of (a) Fe,Po sSeq., (b) Feg.17C00.g3P/NC, (c) CoCuP@C, and (d) Sn,P,/Mxene. (a) Reproduced from Ref. [106] with permission; (b) reproduced from Ref. [107]
with permission; (c) reproduced from Ref. [108] with permission; (d) reproduced from Ref. [109] with permission.

In summary, 3D phosphide-based anodes demonstrate out-
standing conductivity and low operating voltages, contributing to
improved energy density and cycling life. Future work should pri-
oritize controlling phosphide phase distribution and interface sta-
bility to further improve battery performance.

2.2.4. 3D-structured alloy anode materials

Alloy anodes, such as Sn (847 mA-h-g~!) and Sb (660 mA-h-g™1),
offer high theoretical capacities. The established alloying process
enables the fine-tuning of the material properties and structure,
enhancing the versatility and performance of these anodes
(Table 10) [94,95,110-112]. The lower electrochemical stability
of alloy anodes makes them prone to powdering during charge-
discharge cycles, impacting their conductivity and further reducing
their cycle life.

Bai et al. [94] synthesized flower-like MoTe,/C composites
(Fig. 9(a)) via chelation, preoxidation, and tellurization. The result-
ing 3D hierarchical network provided abundant active sites for Na
storage, while the in situ NC enhanced the ability of the structure to
accommodate excess Na®, offering a larger layer spacing and
improved electrical conductivity. As a result, MoTe,/C demon-
strated an excellent Coulombic efficiency and cycling stability.
Peng et al. [95] successfully synthesized SbCrSes heterostructures
(Fig. 9(b)) via a solid-state reaction. In this structure, the Sb-Se
bonds served as anchors, effectively restricting the migration and
aggregation of Sb atoms. Meanwhile, the covalent Cr-Se matrix
enhanced the pseudocapacitive behavior, enabling excellent per-
formance under high-rate conditions. Li et al. [110] fabricated a
coral-like Sb-Cu nanoarray (Fig. 9(c)) with a dual-gradient distri-
bution (Cu-rich at the top and Sb-rich at the bottom) via
template-free electrodeposition. The Cu layer buffered the volume
changes and stabilized the interface, whereas the Sb layer deliv-
ered a high Na-storage capacity. This gradient design effectively
relieved the stress and preserved the structural integrity of the sys-
tem. Han et al. [111] synthesized a paddy-like Bi-Sb—Cu alloy on
Cu foil via template-free pulse-reverse potential electrodeposition.
The special structure buffered volume changes and improved elec-
trolyte infiltration while the Cu network increased charge trans-
port. Zheng et al. [112] synthesized Cu-Sb-Sn-Zn-P alloy anodes

(Fig. 9(d)) via double-pulse electrodeposition, achieving in situ
alloying and conductive network formation from a Cu collector.
The porous architecture promoted Na® transport, whereas Cu
incorporation improved the electronic conductivity.

In summary, 3D-structured alloy anodes face mechanical chal-
lenges during cycling, despite their remarkable capacity potential.
Advanced structural designs and interface engineering are pivotal
for realizing their full application potential in practical SIB systems.

3. Conclusion and outlook

In this review, we systematically summarized the structural
designs, material classifications, and electrochemical advantages
of 3D nanostructured anode materials for SIBs. Special attention
was given to 3D carbon-host and non-carbon-host frameworks
and the improvement of their storage capacity and cycling
stability.

Overall, this review provides a comprehensive overview of the
recent advancements in SIBs 3D anode materials, while identifying
critical areas for further development and enhancement (Fig. 10)
[87,89,94,107].

Achieving commercial 3D anode materials for SIBs requires
more than progress at the laboratory scale. Several critical factors
must be prioritized for widespread adoption.

3.1. Scalability and cost-effectiveness

The scalability and cost-effectiveness of the fabrication meth-
ods remain major obstacles to the commercialization of 3D anode
materials. For example, although CVD offers precise control, it is
limited by its high cost and low throughput, making it less practi-
cal for industrial use. By contrast, solvothermal and freeze-drying-
assisted methods are more energy-efficient and scalable but may
compromise structural uniformity. To address these challenges,
future research should focus on developing low-cost, high-
throughput, and environmentally friendly synthetic strategies that
retain key structural features. Aligning material design with scal-
able processing is essential for bridging the gap between labora-
tory innovation and practical applications in SIB technologies.

Table 10

Electrochemical performances of 3D-structured alloy anode materials in SIBs.
Anode Capacity (mA-h-g™!) Cycle Retention Year Ref.
MoTes/C 282 at 0.1 Ag™! 3000 >90% at 1.0 A-g™! 2022 [94]
SbCrSes 472 at 0.4C 800 96% at 2C 2023 [95]
Sb-Cu 460 at 0.5C 120 89% at 1C 2024 [110]
Bi-Sb-Cu 521.2 at 1C 120 95.5% at 1C 2024 [111]
Cu-Sb-Sn-Zn-P 357.2 at 0.1 A-g™! 100 99.9% at 0.3 Arg™" 2025 [112]

10
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(c)

Fig. 9. TEM images of (a) MoTe;/C, (b) SbCrSes, (c) Sb-Cu, and (d) Cu-Sb-Sn-Zn-P. (a) Reproduced from Ref. [94] with permission; (b) reproduced from Ref. [95] with
permission; (c) reproduced from Ref. [110] with permission; (d) reproduced from Ref. [112] with permission.

Fig. 10. 3D carbon-host microstructures anode materials obtained using different
preparation methods and different 3D non-carbon-host microstructural anode
materials for use in SIBs

3.2. Electrode-electrolyte interface optimization

Optimizing the electrode-electrolyte interface is crucial for
enhancing the electrochemical performance of 3D anodes. Despite
their structural advantages, 3D architectures expose more surface
area to electrolytes, leading to side reactions and unstable SEI for-
mation [113,114], which compromise the initial Coulombic effi-
ciency and cycling stability. Functional electrolyte additives such
as fluoroethylene carbonate (FEC) can alleviate these issues by
forming compact structures [115]. NaF-rich SEI layers can suppress
electrolyte decomposition and dendrite formation [116-118]
(Fig. 11). Their compatibility with porous 3D frameworks ensures
uniform coating of the inner and outer surfaces while maintaining
interfacial stability during cycling.

Future designs should focus on electrolyte systems combining
additives such as FEC or sodium-difluoro(oxalato)borate (NaDFOB)
[119-121] with optimized salt concentrations and solvents tai-
lored to the surface chemistry of 3D anodes. This strategy is essen-
tial for achieving high-efficiency, long-cycle-life SIBs.

3.3. Multifunctional integration of structures

Future anode materials must balance multiple attributes such
as high capacity, stability, safety, and manufacturability. Enhancing
only one property, such as conductivity or mechanical resilience, is
insufficient. The development of multifunctional composite
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Fig. 11. Schematic of the structure of an SIB and the anode-electrolyte interface.

structures that combine conductive networks and stress-
buffering frameworks is essential for meeting the demands of prac-
tical applications.

Heterogeneous structures offer a synergistic enhancement of
the properties of similar active materials, significantly boosting
electrode performance. When integrated with 3D carbon frame-
works, they form conductive networks that effectively buffer vol-
ume changes, particularly in alloy-type or modified anodes, thus
improving the cycling stability. To overcome the inherent limita-
tions of single 3D architectures and further optimize these systems
for energy storage applications, heterointerface engineering has
emerged as a promising strategy (such as CoP/CoS,@NPSC [122]
and MnSe@NC@ReS,; [123]) to enhance the electrochemical prop-
erties of electrode materials [124]. The development of heteroint-
erfaces is a highly effective approach for improving internal
charge transfer, enhancing structural stability, and accelerating
reaction kinetics within electrode materials [124-128]. By intro-
ducing heterogeneous phases, these interfaces can spontaneously
generate local built-in electric fields that optimize the electronic
properties by improving the interface reaction kinetics and reduc-
ing ion diffusion barriers (Fig. 12) [128-130]. This phenomenon
enables more efficient charge and ion transport, thereby boosting
the overall performance of energy storage devices.

3.4. Presodiation techniques

Several targeted strategies can be employed to further exploit
the advantages of heterointerfaces. One promising approach is to
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Fig. 12. Schematics illustration of element doping and heterojunction realized on
the 3D microstructure anode materials.

create an electric field at an interface. By incorporating specific
dopants, it is possible to modulate the electronic environment at
the heterointerfaces, thereby fostering a more favorable reaction
environment for both charge transfer and ion diffusion. This may
be achieved by enhancing the conductivity via C and N incorpora-
tion [131], or by enhancing the reaction kinetics through S and N
incorporation [131-134]. Moreover, defect engineering, such as
creating oxygen vacancies [135-137] or lattice distortions [138-
141] at the heterointerface, can further enhance sodium storage
by exposing more active sites and reducing the energy barrier for
ion transport. When combined, these strategies offer a comprehen-
sive framework for optimizing heterointerface engineering and
pushing the boundaries of traditional electrode architectures.

Presodiation techniques should be explored to address the low
initial Coulombic efficiency of SIBs. This could mitigate the chal-
lenges associated with the initial charge-discharge cycles, ensur-
ing a higher initial efficiency and contributing to long-term
durability.

3.5. Standardized testing protocols

A key step in translating 3D anode materials from research to
industry is the establishment of standardized evaluation protocols.
Currently, inconsistent testing methods make it challenging to
compare results across different studies. For industrial applica-
tions, it is essential to develop rigorous and reproducible testing
standards that reflect real-world operating conditions such as wide
temperature ranges, high areal loadings, and long cycle life
requirements.

3.6. Overall outlook

Although significant progress has been made in the design of 3D
anode materials for SIBs, their commercialization remains hin-
dered by critical technical and economic challenges. Future
research should focus on scalable manufacturing techniques,
optimization of electrode-electrolyte interfaces, multifunctional
structure integration, and practical performance validation. Simul-
taneously, advancements in high-performance cathode materials
[142,143] are essential to fully realize the potential of SIBs and
achieve a balanced cell-level performance. By addressing these
synergistically aspects, the transition of 3D nanostructured anodes
from promising prototypes to reliable commercial products can be
accelerated, paving the way for next-generation SIBs with
enhanced performance and commercial viability.

HiNa Battery Technology Co., Ltd. has made notable advances in
the development of carbon-based anodes for SIBs [144]. Using

12

Engineering xxx (XXXX) XXx

pyrolyzed anthracite with a high carbon yield (>90%), the company
achieved stable capacities around 222 mA-h-g~! and enabled pouch
cells with energy densities near 100 W-h-kg~!. To further improve
the performance and scalability, HiNa developed soft carbon mate-
rials derived from formaldehyde resin (PF) with ethanol as the
pore-making agent, reaching capacities of up to 410 mA-h-g~'.
These materials offer favorable electrochemical properties, low
cost, and compatibility with large-scale production methods. The
anode technologies developed by HiNa exhibit low-temperature
operation and long cycle life, supporting the commercialization
of SIBs for electric mobility and stationary storage applications.
Continued optimization of carbon structures and interface stability
are key to advancing practical SIB applications.

With the rapid growth in flexible electronics and wearable
devices, the demand for stable SIBs has increased (Fig. 13). This
progress calls for a shift in traditional battery designs, focusing
on inherently flexible 3D structures that surpass current limita-
tions. Research must explore new ways to integrate advanced
polymer matrices with biomimetic structures, balancing mechani-
cal durability and electrochemical performance.

Flexible SIBs are critical for next-generation energy storage
devices, particularly for wearable electronics, portable devices,
and flexible energy solutions. As the need for lightweight, bend-
able, and durable batteries increases, flexible SIBs have become
reliable power sources for a variety of devices, ranging from fitness
trackers and smartwatches to foldable electronics. These batteries
can be seamlessly integrated into fabrics and flexible circuits, mak-
ing them ideal for wearable technologies and flexible consumer
devices.

Flexible SIBs hold great promise in the fields of robotics, health-
care, and renewable energy. In robotics, they can provide light-
weight and efficient power to soft robots that require flexibility
in dynamic movements. In healthcare, flexible SIBs can be embed-
ded in medical wearables for continuous health monitoring.
Renewable energy can be integrated into flexible solar panels or
energy-harvesting systems to provide portable and adaptable stor-
age solutions.

In summary, flexible SIBs are expected to play a key role in
future energy storage systems. As materials and engineering
advancements continue, they will become essential components
of wearable electronics, smart devices, and emerging technologies
that require lightweight, reliable, and flexible power sources.

Overall, although SIBs have made significant advancements and
are beginning to enter the commercialization phase, we believe
that their commercial potential has not yet been fully realized.
Therefore, in-depth research into the aforementioned limitations
of these systems is essential to accelerate the development of SIBs.
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