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ARTICLE INFO ABSTRACT

Article history:

Sodium metal has been widely studied in the field of batteries due to its high theoretical specific ca-
pacity (~1,166 mAh/g), low redox potential (-2.71V compared to standard hydrogen electrode), and low-
cost advantages. However, problems such as unstable solid electrolyte interface (SEI), uncontrolled den-
drite growth, and side reactions between solid-liquid interfaces have hindered the practical application
of sodium metal anodes (SMAs). Currently, lots of strategies have been developed to achieve stabilized
sodium metal anodes. Among these strategies, modified metal current collectors (MCCs) stand out due
to their unique role in accommodating volumetric fluctuations with superior structure, lowering the en-
ergy barrier for sodium nucleation, and providing guided uniform sodium deposition. In this review, we
first introduced three common metal-based current collectors applied to SMAs. Then, we summarized
strategies to improve sodium deposition behavior by optimally engineering the surface of MCCs, includ-
ing surface loading, surface structural design, and surface engineering for functional modification. We
have followed the latest research progress and summarized surface optimization cases on different MCCs
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and their applications in battery systems.
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1. Introduction

Due to the gradual depletion of non-renewable resources, such
as fossil energy, and the realistic demand for new and clean en-
ergy in modern society, the importance of high-energy-density
energy storage devices is becoming increasingly prominent [1-5].
Rechargeable batteries, as an energy storage device with great po-
tential, have attracted extensive attention and research [6-8]. Al-
though lithium-ion batteries (LIBs) have a wide range of applica-
tions in electric vehicles, portable devices and other fields, the fur-
ther improvement of their energy density faces a bottleneck ow-
ing to the limitation of positive and negative electrode capacity
[9-11]. Alkali metals have become the preferred materials for the
anode of secondary batteries due to their high theoretical specific
capacity and low redox potential [12,13]. Among the available al-

* Corresponding authors.
E-mail addresses: yuzhenyang@tiangong.edu.cn (Z. Yu),
zhangyifang@tiangong.edu.cn (Y. Zhang), zhangzhijia@tiangong.edu.cn (Z. Zhang).

https://doi.org/10.1016/j.cclet.2024.109997

kali metal materials (Na, Li, and K), sodium is abundant and widely
distributed in natural resources, and possesses a great cost advan-
tage in the development of materials and application of batteries
(Table 1) [14,15]. Sodium metal has a high theoretical specific ca-
pacity (~1166 mAh/g) and low redox potential, and has similar
physical and chemical properties to lithium, so it is expected to
be the anode material for a new generation of high-performance
batteries [16].

The research on innovative technologies related to sodium
metal batteries (SMBs) is in full swing. However, sodium metal
with high reactivity readily reacts with the electrolyte to form a
solid electrolyte interface (SEI) at the interface [17,18]. During the
plating/stripping of the sodium metal, the inhomogeneous sodium
deposition would cause the electrode volume to change dramati-
cally, thus causing the SEI film to continuously rupture and regen-
erate. This process continuously depletes the limited sodium metal
and electrolyte, decreasing the Coulombic efficiency (CE) of the
battery and ultimately impairing the cycle lifespan [19,20]. In ad-
dition, uneven sodium deposition results in the growth of sodium
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Table 1

Comparison of physical and chemical properties of Na, Li, and K.
Parameter Na Li K
Density (g/cm?) 0.968 0.534 0.862
Relative atomic mass 22.98 6.941 39.089
Voltage (V) vs. SHE -2.71 -3.04 -2.93
Jonic radium (A) 1.02 0.76 1.38
Theoretical specific capacity (mAh/g) 1166 3860 687
Content in Earth’s crust (%) 2.74 0.0065 2.47

dendrites, which may puncture the diaphragm and trigger an inter-
nal short circuit in the battery, thus creating a serious safety issue
[21,22].

With the aim of further promoting high-energy-density battery
technology with high portability and safety, the concept of "anode-
free sodium metal batteries” (AFSMBs) has been developed [23-
25]. This battery is unique in that it does not have an additional
metal anode, but rather utilizes sodium metal deposited on the
current collector by the cathode as the anode. This design not only
reduces the total weight of the battery, but also significantly en-
hances the safety of the battery system because the deposition
process of the sodium metal occurs inside the closed cell. An in-
novative and promising path to the development of high-energy-
density battery systems is provided by this. However, the design of
AFSMBs has similar challenges to those of metal batteries, such as
the higher overpotential of sodium nucleation on the current col-
lector leading to inhomogeneity of metal deposition, and the solid-
liquid interfacial parasitic reactions become more serious [26-28].
The limited source of sodium is depleted in cycles with little re-
versibility, ultimately leading to battery failure. Therefore, ensuring
the uniform deposition of sodium metal with high CE on the cur-
rent collector remains a core challenge for realizing high-energy-
density SMBs.

In order to realize high-performance SMBs, researchers have
put a deal of effort into the following three areas: (1) Optimiza-
tion of the electrolyte system [29-31]. The components, concentra-
tion and additives of the electrolyte are carefully formulated with
the aim of reducing side reactions and forming a stable and ro-
bust SEI film on the sodium metal surface. (2) Construction of arti-
ficial SEI [32-34]. Physical, chemical, and electrochemical methods
are employed to create an artificial protective layer, which not only
enhances the ion transport capacity of the SEI membrane, but also
its mechanical rigidity. (3) Current collector modification [35-38].
The sodium deposition behavior on the current collector surface
was improved by constructing a sodium-friendly layer and design-
ing a three-dimensional (3D) structure, which effectively inhibited
the growth of dendrites. Among numerous alternative materials,
metal current collectors (MCCs) are the most widely used because
of their simple manufacturing process and low prices. The geome-
try and surface properties of MCCs directly impact the sodium de-
position behavior during the circulation process, and modification
of the MCCs could be a radical solution to the flaws of sodium de-
position.

In this review, we summarized the strategies for the modifica-
tion of MCCs from three aspects, one is to load a protective layer
on the surface of the planar MCCs, which enhances the sodium
affinity of the substrate, reduces the energy barriers for the nu-
cleation of metallic sodium, and improves the deposition behavior
of sodium. The second one is to construct MCCs with 3D structure.
The large specific surface area of the 3D skeleton could provide
more nucleation sites for sodium, reduce the local current density,
facilitate the uniform distribution of ions, and alleviate the vol-
ume expansion of the electrode to some extent. In addition, func-
tional MCCs could be fabricated to scheme the deposition route of
sodium and avoid dendrites through unique structural design and
the introduction of magnetic elements. We introduced the latest
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research results and gained an understanding of the latest research
trends in MCCs engineering. We hope that this review can provide
some convenience for scholars’ research and contribute to the de-
velopment of secondary batteries.

2. Classification of MCCs

The current collector is an indispensable component of a bat-
tery. It can not only carry the active material but also collect
and output the current generated by the active electrode material
[39]. In principle, ideal current collectors should meet the follow-
ing conditions: (1) High conductivity; (2) satisfactory chemical and
electrochemical stability; (3) high mechanical strength; (4) excel-
lent compatibility and bonding with electrode active substances;
(5) cheap and easy to obtain; (6) lightweight. In the following,
we briefly introduce the metal-based current collectors applied in
SMBs from the point of view of different materials.

2.1. Copper-based current collectors

Copper (Cu) is an excellent metal conductor with electrical con-
ductivity second only to silver, with high electrical conductivity,
high ductility and many other advantages. Common copper-based
current collectors include Cu foil, Cu foam and Cu mesh.

Electrolytic Cu foil is widely used in the preparation of sodium
and lithium batteries owing to its important advantages in electri-
cal conductivity, mechanical strength and low coefficient of ther-
mal expansion [40,41]. However, the production and manufactur-
ing process inevitably leaves peripheral defects on the surface of
Cu foil, which are not conducive to uniform ion distribution during
the electrochemical process. Moreover, at high potentials, Cu foil
is easily oxidized, which could impose certain limitations on the
performance of batteries [42,43].

Cu foam is a 3D mesh material similar to a sponge, which has
many advantages such as high electrical conductivity, high ther-
mal conductivity, and large specific surface area. Due to these
unique properties, Cu foam has a wide range of applications in
many fields. In the field of batteries, copper foam can be used as
electrode skeleton material, which can provide sufficient structural
support and improve the stability of the electrode [44,45]. When
used in metal batteries, Cu foam can effectively inhibit the volume
change of the electrode during the charging and discharging pro-
cess and slow down the phenomenon of dendrites, thus improving
the charging and discharging performance of the battery [46-48].

2.2. Aluminum-based current collectors

Aluminum (Al) has good electrical conductivity, although not as
good as copper, but its density is lower (2.7 g/cm?), and the re-
source of aluminum is abundant. According to preliminary calcu-
lations, the storage of aluminum deposits accounts for about 8% or
more of the constituent materials of the earth’s crust.

The use of Al foil as the current collector is conducive to im-
proving the weight energy density and economic efficiency of bat-
teries. However, Al foil is susceptible to localized corrosion due to
electrochemical oxidation with solvent molecules of the electrolyte
at higher potentials, which may lead to barriers such as increased
internal resistance and reduced battery lifespan [49,50].

Al foam with a pore structure has a complex and costly pro-
duction process, and its application in batteries is not widespread.
However, researchers have applied it to LIBs and achieved high
power density and energy density, so it is also a current collec-
tor with great potential [51,52]. In order to achieve the goal of
high-performance batteries, new aluminum-based composite cur-
rent collector materials with high stability and cost efficiency need
to be investigated in more detail.
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2.3. Nickel-based current collectors

Nickel (Ni) is equipped with excellent corrosion resistance and
thermal stability, which make it one of the ideal choices for bat-
tery current collectors. There are two main types of nickel-based
current collectors: Ni foam and Ni foil. Currently, researchers are
actively studying the application of nickel foil in ion-batteries, but
due to the relatively smooth surface of nickel foil, the active ma-
terial tends to separate from the collector during long-term cy-
cling [53,54]. In order to enhance the bonding of both, surface pre-
treatment is usually required.

In addition, nickel foam possesses a 3D skeleton structure,
which not only increases the contact area with the active material,
but also reduces the contact resistance between the active material
and the collector. Although the application of nickel-based current
collectors on SMAs is not yet common, the results of the existing
studies show that they have great potential and are subject to fur-
ther research and development in the future.

2.4. Other metallic current collectors

Except for the MCCs mentioned above, there are some unusual
metal-based current collectors that have been applied to SMAs
[55,56]. For example, stainless steel (SS) foils offer corrosion re-
sistance and easy recyclability, as well as high strength and large-
scale production. However, SS foils fail to have a sufficient affinity
for sodium, and thus suffer from a host of challenges in sodium
electrode applications, such as high contact resistance.

3. Surface modification engineering of MCCs
3.1. Surface loading based on planar MCCs

Since the geometry and surface chemistry of planar MCCs af-
fect the battery performance such as internal resistance and cycle
stability, constructing a passivation layer on the surface of metal
collectors is a simple and efficient strategy. Next, we will summa-
rize the modification methods of planar MCCs in terms of surface
coating and in-situ synthesis.

3.1.1. Coating on the flat surface

The simple surface loading process is a widely used modifi-
cation strategy because versatile coating materials can be intro-
duced directly into the substrate without changing the morphol-
ogy of the MCCs. Carbon-based materials are widely used as coat-
ing materials thanks to their light mass, high conductivity and
corrosion resistance [57,58]. For example, the popularity of com-
mercially available carbon-coated Cu (Al) foil demonstrates the po-
tential for large-scale production and application. O.J. Dahunsi et
al. assembled cells using battery-grade Al foil and carbon-coated
Al foil (C@Al) to evaluate the influence of carbon coating on the
sodium plating/stripping process (Fig. 1a) [59]. To ensure the con-
sistency of the experiments, they set a constant plating capacity of
3 mAh/cm? and an ether-based electrolyte of 30 pL/cell. The exper-
imental results showed that the C@AI exhibited lower overpoten-
tials and more stable voltage distributions at different current den-
sities ranging from 0.5 mA/cm?2 to 3 mA/cm?2. In particular, at a cur-
rent density of 3.0mA/cm?2, the overpotential of the C@Al around
100 mV, which was only one-third of that of the bare Al foil under
the same conditions (Fig. 1b). Through a series of tests and charac-
terizations, it was successfully demonstrated that the C-Al junction
interfaces could effectively regulate the plating/stripping behavior
of sodium. Moreover, further research is needed to rationalize the
introduction of the abundance of coating materials and to ensure
their viability in battery systems.
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Fig. 1. (a) Schematic illustration of Na plating. (b) Voltage profiles for Na plat-
ing and striping at 3 mA/cm?. Reproduced with permission [59]. Copyright 2023,
American Chemical Society. (c) Schematic diagram of the synthesis process of Fe-
MCNs. (d) Comparison of nucleation overpotentials of different current collectors
at 5mA/cm? and 1 mAh/cm?. Reproduced with permission [60]. Copyright 2022,
American Chemical Society. (e) Schematics of Na deposition on different current
collectors. (f) Nucleation overpotentials of substrates at 1 mA/cm?2. Reproduced with
permission [61]. Copyright 2022, Wiley-VCH GmbH. (g) Schematic diagram for the
preparation of PSN@Cu. (h) Comparison of nucleation overpotentials of different
current collectors at 0.5mA/cm? and 4 mAh/cm?2. Reproduced with permission [63].
Copyright 2020, American Chemical Society.

An atomically dispersed Fe-doped mesoporous carbon
nanospheres (Fe-MCN) were designed and then coated on Cu
foils to prepare modified current collectors by Wei et al. (Fig. 1c)
[60]. At a high current density of 5mA/cm?2, the nucleation over-
potential of Fe-MCN modified Cu substrate (Fe-MCN@Cu) is only
10.8 mV, significantly lower than that of bare Cu foil (44.5mV),
indicating that Fe-MCN effectively enhances the affinity of the
substrate for Na (Fig. 1d). The atomically dispersed Fe doped in
the mesoporous carbon results in a more uniform distribution of
sodium nucleation sites, which facilitates the uniform deposition
of Na. In addition, carbon nanospheres promote rapid charge
transfer between electrons and Na ions due to their uniform
mesoporous structure and large specific surface area. Benefiting
from the above advantages, the modified Cu substrates exhibit ex-
cellent electrochemical performance at 1 mA/cm? and 1 mAh/cm?:
The CE of the half-cell is as high as 99.97% in 850 cycles, and
symmetric cell using Fe-MCN@Cu electrodes pre-deposited with 6
mAh/cm? exhibits excellent cycle life of up to 2500h and small
voltage hysteresis of only 9 mV.

In addition, Li's team prepared an active material with cop-
per nanoparticles embedded in a carbon framework using copper
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nitrate trihydrate as the copper source and polyvinyl pyrrolidone
(PVP) as the precursor nanofiber [61]. Applying this composite to
conventional MCCs can form a strong nucleation buffer layer (de-
noted as Cu-Cu@C and Al-Cu@C). The addition of copper nanopar-
ticles draws ample active sites for Na ions, and the robust 3D car-
bon skeleton provides pore volume for the battery to minimize the
volume change during plating/stripping (Fig. 1e). The initial Na nu-
cleation overpotentials of bare Al and Al-Cu@C were 89 and 7 mV,
when using an ether electrolyte at a current density of 1 mA/cm?
(Fig. 1f). The comparison of the data indicates that the incorpora-
tion of Cu@C composites effectively reduces the nucleation barriers
for Na plating on the Cu and Al foils. In situ dilatometry inves-
tigation was used to study the volume change of the cell during
the first three cycles. Due to the accumulation of inactive sodium
during the cycling process, the Cu foil exhibited irreversible thick-
ness expansion. In contrast, the change in electrode thickness of
Cu-Cu@C during cycling is only 10 um, and the accumulation of in-
active sodium is almost insignificant.

Polyvinylidene difluoride (PVDF) is often used as a binder for
composite electrodes due to its superior abrasion and corrosion
resistance. Hou et al. constructed a PVDF layer on Cu foil by a
common doctor blade coating technique [62]. The cell assembled
with PVDF@Cu as the electrode has a stable cycle life of 1200h
at a current density of 1mA/cm?. However, the low mechani-
cal modulus and ion diffusion conductivity of the PVDF binder
were insufficient for an ideal battery configuration [63]. Chen et
al. introduced appropriate Sn nanoparticles into a PVDF matrix
and successfully scraped and coated an organic-inorganic compos-
ite protective layer with a thickness of about 2.63um on Cu foil
(PSN@Cu). The Young’s modulus of the protective layer with Sn
nanoparticles reached 5.48 GPa, which is much higher than that of
the polymer-only layer (Fig. 1g). Moreover, the PSN@Cu achieved a
tiny voltage hysteresis (9 mV) at 0.5 mA/cm? and 4 mAh/cm? than
that of the bare Cu (Fig. 1h).

Wang et al. constructed a peelable organic/inorganic protective
layer by uniformly coating a mixed slurry containing NaF parti-
cles and PVDF polymers onto Al foils [64]. They observed different
substrates deposited with 0.5 mAh/cm? sodium by scanning elec-
tron microscopy (SEM) and found that there were many needle-
like sodium dendrites with sizes ranging from 1pm to 10pm on
the surface of the bare Al foil, which could lead to short-circuiting
of the battery. Surprisingly, on the surface of the Al foil loaded
with an organic/inorganic protective layer, a complete and smooth
film without any visible sodium dendrites was obtained.

The introduction of modified materials could improve the affin-
ity between the substrate and sodium, decrease the nucleation
barrier of sodium, and optimize the cycling performance of the
battery. Currently, widely used coating materials include carbon-
based materials, organic materials, hybrid organic/inorganic hybrid
materials, and nanoscale sodiophilic metals. However, in order to
further improve the battery performance, optimizing the physical
properties of the coating materials as well as ensuring their struc-
tural integrity during long cycling still requires in-depth research.
In addition, considering the high cost of superior composite car-
bon materials, the irreversible reaction of organic coating materials
with sodium, and the poor application of hybrid organic/inorganic
coating materials in SMBs, the research and development of select-
ing superior coating materials that are both low-cost and industri-
ally scalable for sodium batteries still requires enhancement.

3.1.2. In-situ synthesis sodiophilic layer

In addition to using the doctor-blade method to introduce the
coating directly onto the surface of planar MCCs, it is also pos-
sible to synthesize the layer in situ on their surfaces by chemi-
cal/electrochemical reactions. Wu et al. optimized the crystal ori-
entation and surface properties of a 20pum thick commercial Al
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foil by annealing and fluorination [65]. The binding energies of
Na atoms adsorbed on different planes were calculated using den-
sity functional theory (DFT). It was found that the binding ener-
gies of sodium atoms on oxidized Al and fluorinated Al (F-A-Al)
were —1.54 and —2.02eV, respectively. The lower binding ener-
gies showed that the annealing and fluorination treatments en-
hanced the sodium affinity of the Al foil surface, which was ben-
eficial for guiding the homogeneous deposition of sodium metal
(Fig. 2a). Optical observation and depth composition images also
show that the surface texture of Na deposited on the F-A-Al
electrode is smooth and regular in shape. Excess Na metal (2
mAh/cm?) was deposited in the initial stage and then repeating
the plating/stripping cycles at 0.5mA/cm? and 0.5 mAh/cm?, F-A-
Al achieved more than 300 stable cycles (Fig. 2b). Furthermore,
the anode-free full cell equipped with an F-A-Al current collector,
Na3V,(PO4); (NVP) cathode, and high-temperature (90 °C) ionic
liquid electrolyte obtained a high initial CE during cycling and
demonstrated a high energy density. The anode-free full cells with
a high mass loading of NVP cathode (~11.3 mg/cm?) maintain a
98% capacity retention after 50 cycles. These findings portend a
promising future for modified metal current collector design in
high-energy-density battery applications.

Moreover, Zhu et al. prepared CuP, particles through high-
temperature solid/gas state reactions and successfully converted
them into Cu and NasP hybrid nanoparticles by utilizing in-situ
electrochemical sodiation reactions [66]. These hybrid nanoparti-
cles formed a mixed ion/electronic conductive interface (MIECI)
layer on the surface of the Cu foil (Fig. 2c). The half-cell was as-
sembled with CuP,@Cu foil (Cu foil) as the working electrode and
Na foil as the counter electrode. Promisingly, the Na||CuP,@Cu cell
was able to cycle stably for over 700 cycles at 1mA/cm? and 1
mAh/cm?, with an average CE of 99.81%. In contrast, the Na||Cu
cell was highly unstable and exhibited micro-short circuit, indicat-
ing that the plating/stripping of Na on CuP,@Cu has more excel-
lent kinetics. The in-situ generation of the MIECI layer significantly
improved the affinity of the current collector to the deposited Na,
leading to the homogenization of the Na* flux. In addition, by pre-
depositing a certain amount of Na on CuP,@Cu foil and coupling it
with a highly loaded NaTi,(PO,4); cathode, the full cell with a neg-
ative to positive electrode (N/P) capacity ratio of about 4 exhibits
excellent stability at 5 C, and its performance remains stable even
after 800 cycles (Fig. 2d).

Wang et al. constructed ordered molecular layers containing co-
ordinating formate ligands on the Cu (110) surface by a simple
hydrothermal method [67]. During the initial deposition process,
the formate ligand present on the modified-Cu surface was capa-
ble of spontaneously transforming into sodium formate (HCOONa).
The HCOONa interface boasts high chemical stability and a low dif-
fusion barrier for Na ions, while its structural order and compact-
ness surpass those of most organic SEI components. Optical images
of in-situ deposited sodium at a current density of 3 mA/cm? show
that the HCOONa-modified current collector surface remains flat
and bubble-free even after 120 min of plating. This demonstrates
that the HCOONa interface can effectively guide dendrite-free Na
plating and inhibit parasitic reactions between sodium anode and
electrolyte.

The researchers also deposited sodiophilic metal particles
on the MCCs surface by magnetron sputtering [68,69], electro-
deposition [70], and electron-beam evaporation [71] in order to
construct an in-situ sodium-friendly alloy surface. Tang's team
sputtered an ultrathin layer of Au on the surface of Cu foil and
successfully introduced a sodiophilic Au-Na alloy layer through the
alloying reaction in the initial cycle [68]. The chemical structure of
the surface layer of the current collector after the first cycle was
examined using X-ray diffraction (XRD), and some alloying phases
or layers were found which is proved by the alloy phase Au;Na
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Fig. 2. (a) Schematic illustration of Na plating on different current collectors. (b) Voltage profiles for Na plating and striping at 0.5 mA/cm? and 0.5 mAh/cm?. Reproduced
with permission [65]. Copyright 2023, Wiley-VCH GmbH. (¢) Schematic illustration of Na plating. (d) Cycling performance of the full cells at 5 C. Reproduced with permission
[66]. Copyright 2022, Elsevier. (e) Schematic illustration of Na plating. (f) Cycling performance of symmetrical cells at 2mA/cm? and 2 mAh/cm?. Reproduced with permission
[70]. Copyright 2021, Elsevier. (g) Schematics of Na deposition. (h) Voltage profiles of sodium plating/stripping on the bare Cu foils and BicCNs@Cu. Reproduced with

permission [72]. Copyright 2021, Wiley-VCH GmbH.

shown in the pattern. The Au-Na alloy layer supplies more nucle-
ation sites for the deposition of Na, which contributes to forming
a uniform and dense Na layer.

However, owing to the pricey concern of Au, it is not very suit-
able for large-scale practical production applications. Tang and col-
leagues had successfully identified affordable metals that may be
used to replace Au. By using magnetron sputtering to deposit var-
ious metals onto Cu foil, they discovered that tin (Sn) and anti-
mony (Sb) could also be in-situ alloyed during the initial cycle [69].
The test results show that sodium has a low nucleation overpo-
tential when Au, Sn, and Sb are used as substrates, and the nu-
cleation overpotential does not increase significantly with increas-
ing current density. Meanwhile, the good permeability with molten
sodium implies the potential of Sn and Sb as low-cost metal sub-
stitutes for Au.

Chen et al. constructed the CugSns alloy layer on commercial Cu
foil measuring 850 mm x 650 mm by a simple chemical tin plating
method and compared it with the case of tin-coated Cu foil us-
ing the electro-deposition process [70]. The Sn element in the alloy
layer reduces the nucleation barrier of Na, and the Cu element acts

as a mechanical buffer to alleviate the internal stress (Fig. 2e). Due
to these synergistic effects, the CugSns alloy-coated Cu foil exhibits
an impressive life extension of up to 2000 cycles at ultra-high dis-
charge depths (50%), whereas the Cu collector showed voltage os-
cillations after 300h and finally failed at 550h (Fig. 2f). Further-
more, when paired with the FeS, cathode, the full cell has man-
aged to operate stably for 1500 cycles with a striking 95% capacity
retention.

Zhang et al. proposed carbon nanosheets embedded with Bi
nanoparticles (NPs) to construct a robust buffer layer on the sur-
face of Cu foils (denoted as BicCNs@Cu) [72]. The Bi NPs allow the
in-situ formation of sodiophilic Na-Bi alloy, which can effectively
reduce the nucleation barriers for the deposition of Na metal (Fig.
2g). The large surface area of carbon nanosheets supplies more
sodium nucleation sites and ensures the uniform deposition of
sodium metal in the subsequent stages. This results in the excel-
lent electrochemical performance of the battery using BicCNs@Cu
as current collectors in terms of CE and cycling stability. The half-
cell can be continuously cycled for nearly 7700h (1287 cycles) at
a high face capacity of 3 mAh/cm? with an average CE of 99.92%.
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The symmetric cell could sustain more than 850h at a depth of
discharge of up to 66.67% (Fig. 2h).

Both the catalytic current collector surface and the introduction
of a sodiophilic metal could construct an in-situ sodiophilic layer
on the MCCs surface, thus effectively regulating the nucleation be-
havior of sodium. However, the preparation and use of catalysts
are limited by the fabrication process, production cost, and reac-
tion conditions; the addition of alloy layers increases the weight
of the cell thereby impairing the energy density of the battery. In-
deed, the investigation and discovery of low-cost and high-quality
catalysts for modified MCCs surface, as well as the optimization of
the rational spatial arrangement of the pro-sodium layer, are both
essential for the further development of SMAs.

3.2. Design of surface structure

The 3D framework could effectively inhibit the growth of
sodium dendrites by reducing the local current density and en-
hancing the deposition nucleation sites of sodium. In addition, 3D
MCCs provide sufficient buffer space for the volume change of the
electrode during plating and stripping due to its large specific sur-
face area and porosity. In this section, we summarized the recent
research progress in the field of SMBs with 3D structural design of
flat MCCs and surface optimization of 3D MCCs.

3.2.1. 3D structural design of planar MCCs

Micrometer-scale protrusions and pits inevitably exist on flat
metal foil surfaces. These rough sites have uneven current density
distribution and are prone to form dendritic or moss-like dendrites
during sodium plating. Constructing a 3D structure on the surface
of a planar MCC with lower production costs is also a simple and
efficient modification method [73]. Liu et al. used an electrochem-
ical etching strategy to transform commercial flat Al foil into 3D
porous Al with abundant cross-linked pores on the surface (Figs.
3a and b). Compared with the instability and short cycle life of
Al foil at 0.25mA/cm? in the ester-based electrolyte, it has excel-
lent long-term stability (Fig. 3c). In an anode-free full cell, by using
porous Al as the current collector for anode and TiS, as the cath-
ode, a stable operation was achieved for 200 cycles at a current
density of 0.1 mA/cm?.

Similarly, Tang et al. successfully prepared a 3D skeleton com-
posed of interconnected Al nanosheet arrays (Al NSARs) by etching
commercial Al foil (Fig. 3d) [74]. The interlinked AI-NSARs were
able to increase the nucleation surface of sodium, thereby decreas-
ing the flux distribution of Na* and contributing to the improve-
ment of the reversible sodium plating/stripping behavior (Fig. 3e).
The symmetric cells were assembled by depositing sodium with
a capacity of 2 mAh/cm? on bare Al foil and Al NSARs paired
with an ether-based electrolyte. At an area capacity of 1 mAh/cm?
and a current density of 1mA/cm?, the sodium plating/stripping of
the Al NSARs was more stable and could be cycled for more than
750 h with low voltage hysteresis ~20 mV (Fig. 3f). On the contrary,
the voltage polarization based on bare Al foil started to increase
abruptly at 260h, and the battery was short-circuited after 320 h
Al-NSARs provide a greatly effective strategy for the development
of practical MCCs, which are helpful in improving cell performance
and reducing cost.

In addition to electro-etching the current collector to obtain a
3D structure, it is also possible to deposit a 3D structure of an-
other material on its surface. Xu et al. synthesized honeycomb-like
hierarchical 3D porous nickel skeletons on planar Cu foils using
a rapid and efficient hydrogen bubble dynamic template (HBDT)
electro-deposition technique [75]. The mechanism of sodium plat-
ing on porous nickel frameworks is revealed by observing the mor-
phological evolution of sodium deposition on 3D current collec-
tors (Figs. 3g and h). Sodium initially nucleates in the vertical
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pores of the honeycomb-like structure and gradually spreads to
the horizontal direction with increasing capacity. Eventually, the
deposited layer vertically stacks throughout the honeycomb pores
and forms a smooth metal layer on the surface, achieving uniform
sodium deposition without dendrites. Although the nickel in the
3D Ni@Cu current collector constitutes a certain volume of the cell,
the sodium deposition is able to fill its honeycomb structure suffi-
ciently so that it does not diminish the volumetric energy density
of the battery. Thanks to its unique 3D conductive scaffold struc-
tural feature, the battery can achieve highly stable cycling perfor-
mance (Fig. 3i).

In the study of Cai et al, magnetron sputtering was used to
deposit a 3D Zn nanofibrous layer onto an Al foil (3D Zn@Al),
resulting in a thickness of approximately 1.6um and a fiber di-
ameter ranging between 100nm and 150 nm [76]. Finite element
analysis simulating the electric field distribution proved that bare
Al tends to form dendrites due to the tip effect at the plat-
ing stage, while 3D Zn@Al collector can redistribute the electric
field, uniform charge dispersion, and guide the uniform deposi-
tion of sodium. Compared to the Al/Na anode (1.9mA/cm?), the
3D Zn@Al/Na anode exhibited a higher exchange current density
(2.7mA/cm?), which indicates the excellent Na* diffusion kinetics
of the 3D Zn@AIl/Na anode. The contact angle of 3D Zn@Al with
1 mol/L NaPFg in 1,2-dimethoxyethane (DME) electrolyte was 11°,
significantly smaller than that of 39° for Al foil, demonstrating that
the nanofiber-like Zn coating improved the wettability of the elec-
trolyte. Thanks to the high sodiophilicity and uniform electric field
distribution of the 3D Zn@Al collector, the Zn@Al/Na||NVP full cell
has excellent cycling stability (98.11% capacity retention after 2000
cycles at 50 C). Most notably, the anode-free full cell using NVP as
the cathode exhibits excellent cycle life, with a capacity retention
rate of 98.8% after 100 cycles.

Similarly, Lu et al. fabricated 3D Cu nanowires with a diameter
of 40nm by rearranging copper on the surface of commercial Cu
foil via hydrothermal method [77]. The prepared 3D Cu nanowires
were characterized by large open space, high conductivity, and
fine diameter (Figs. 3j and k). In contrast to the Cu foil, which
showed short-circuiting after 180h, the 3D Cu nanowires exhib-
ited a more stable electrochemical cycling behavior, and the volt-
age distribution remained good after cycling for more than 250h
at 0.5mA/cm? (Fig. 31). This is attributed to the fact that the skele-
ton of 3D porous nanowires has many sites acting as charge cen-
ters, which greatly homogenizes the ionic flux and reduces the in-
homogeneity of charge distribution, thus promoting uniform plat-
ing of Na. Soft-packaged full batteries were assembled with Na3V,
(PO4);@C as the cathode and 1 mAh/cm? Na-deposited 3D Cu as
the anode could be stably cycled for more than 200 cycles with a
reversible capacity of 91.7 mAh/g at 0.5 C.

3.2.2. Surface structure optimization of 3D MCCs

An excessively rich pore structure and a large specific surface
area can subconsciously consume a considerable amount of elec-
trolyte, leading to the formation of excess SEI, which can some-
what reduce the battery’s cycle life. Furthermore, it will also
heighten the diffusion barrier of sodium ions, resulting in irre-
versible sodium loss. Therefore, it is necessary to optimize the sur-
face structure of 3D MCCs to improve battery performance. Shuai
et al. utilized the chemical reaction of Al and Al,03 with hydro-
gen fluoride (HF) to fluorinate the Al foam, followed by immersing
the HF-treated Al foam into molten sodium to prepare composite
electrodes [78]. The symmetric cell assembled with this composite
electrode operated stably at 2mA/cm? and 2 mAh/cm? for more
than 2200 h.

Similarly, Wang's team treated the porous Cu foam by simple
oxidation/sulfidation methods, which created a 3D porous core-
shell cylindrical structure with copper oxide (or sulfide) as the
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Fig. 3. (a) Schematic illustration of Na plating. (b) SEM image of porous Al (c) Voltage profiles for Na plating and striping at 0.25 mA/cm?2. Reproduced with permission
[73]. Copyright 2017, American Chemical Society. (d) Schematic diagram for the preparation of Al NSARs and (e) SEM image. (f) Cycling performance of symmetrical cells
at TmA/cm? and 1 mAh/cm?. Reproduced with permission [74]. Copyright 2022, Elsevier. (g) Schematic illustration of Na plating and (h) SEM image of 3D Ni@Cu. (i) CE
of different current collectors. Reproduced with permission [75]. Copyright 2018, Elsevier. (j) Schematics of Na plating and (k) SEM image of Cu nanowires. (1) Cycling
performance at 0.5mA/cm?. Reproduced with permission [77]. Copyright 2017, The Royal Society of Chemistry.

shell and copper as the core [79]. The Cu foam that has un-
dergone surface treatment exhibits better wettability with molten
sodium. In addition, Liu et al. uniformly and vertically grew
Cu,Se nanosheets with a thickness of about 55nm on the sur-
face of a copper skeleton [80]. The functional composite Na an-
ode (Na,Se/Cu@Na) was obtained by immersing the modified cur-
rent collector into molten Na at a temperature of 300°C through
the spontaneous reaction and siphoning effect between Cu,Se
nanosheets and molten Na (Fig. 4a). The average Young’s modu-
lus value of Na,Se/Cu@Na obtained using atomic force microscopy
(AFM) was 8.8 GPa, which was higher than that of the bare Na an-
ode (3.1 GPa). Composite electrodes with high interfacial stability
and high conductivity have faster electrode reaction Kinetics, which
facilitates the redistribution of ion concentration and induces uni-
form nucleation of sodium (Figs. 4b and c).

Wang and coworkers uniformly grew copper nanowires with
a length of tens of microns in-situ along the direction of the 3D
Cu foam skeleton (CuNW-Cu) [81]. The thickness of the composite
current collector is estimated at 250pm (Fig. 4d). Depending on
the synergistic effect between Cu nanowires and porous Cu foam,
sodium deposition would be limited to the nanowire-enhanced
area, significantly impeding the expansion of sodium dendrites
(Fig. 4e). The cells could be plated/stripped on CuNW-Cu for more
than 1400 h at a current density of 1 mA/cm? and a fixed area ca-

pacity of 2 mAh/cm? with an average voltage hysteresis ~25mV
(Fig. 4f). By utilizing FeS, as the cathode, Na@CuNW-Cu as the an-
ode, and 1mol/L NaPFg in diglyme as the electrolyte, the full cell
achieved a high energy density of ~442 Wh/kg based on the mass
of the cathode and anode materials.

Jiang et al. modified 3D porous nickel foam decorated by arrays
of Fe,05 nanosheets (Fe,O3@Ni) using a simple solution reaction
(Fig. 4g) [82]. Notably, the sodiophilic nature of Fe,03 contributes
to reducing the nuclear barrier of Na, while the 3D mesh structure
of the nickel foam provides a conductive network and space for
Na deposition. This synergistic effect promotes the uniform depo-
sition of Na and inhibits the formation of Na dendrites, which in
turn improves the cycle life of the cell (Fig. 4h). The experimen-
tal results showed that Fe,03@Ni exhibited an ultra-stable plat-
ing/stripping behavior with high CE (99.77%) after 1000 cycles (or
4000h) at a current density of 0.5mA/cm?. Ultra-low voltage po-
larization (25 mV) and long cycle life (500 h) were achieved in the
symmetric battery at 5mA/cm? and 1 mAh/cm? (Fig. 4i). In addi-
tion, the full cell equipped with Na/Fe,03@Ni as anode and NVP as
cathode was able to maintain a capacity of 97.9 mAh/g after 500
cycles at 5 C.

In addition, Sun et al. successfully prepared Cu/Cu,0 modified
Ni foam (CNF) by displacement reaction in a water bath [83]. The
CNF features excellent mechanical ductility and a 3D porous core-
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Fig. 4. (a) The illustration of the synthesis process of Na,Se/Cu@Na. (b) The in situ optical microscopy of bare Na and composite Na anode at 1 mA/cm? and the corresponding
surface morphology after the plating process. (c) Voltage profiles for Na plating and striping at 1mA/cm? and 1 mAh/cm?2. Reproduced with permission [80]. Copyright 2022,
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SEM images and corresponding EDS mapping characterization of Na depositing on CNF and NF with 6 mAh/cm?.

(1) Voltage-time profiles of the Na plating/stripping process

in symmetrical cells. Reproduced with permission [83]. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

shell columnar structure, which could serve as a stabilizing car-
rier to effectively regulate the nucleation process of dendrite-free
Na anode (Fig. 4j). When the deposition of sodium metal starts,
the Cu,0 loaded on the CNF reacts with the sodium metal to form
Na, 0, which guides the uniform deposition of Na metal in the CNF
skeleton and pores. Even with a deposition capacity of up to 6
mAh/cm?, the Na metal remains confined within the porous struc-
ture of the CNF, thus avoiding the formation of dendrites (Fig. 4k).
In contrast, unmodified Ni foam leads to sodium metal aggregation
on the surface and eventual dendrite formation as the amount of
sodium metal deposited increases. More importantly, the sodium
anode with CNF matrix (Na/CNF) exhibited a lower voltage hys-
teresis (13 mV) and a longer cycle life (2000h) under the cycling
conditions with a current density of 1 mA/cm? and a cycling capac-
ity of 1 mAh/cm? (Fig. 4l). In conclusion, the Na anodes prepared
using CNF substrates exhibit excellent stability with excellent plat-
ing/stripping properties.

The stability of the long-term cycling performance of the Na
metal anode could be achieved by adjusting the distribution of the
pro-sodium sites and rationally designing the structure of the so-
diophilic framework. However, excessive specific surface area and
vacant spatial structure may lead to excessive electrolyte consump-

tion, imprison the deposited sodium source, and reduce the energy
density of the battery. Therefore, it is imperative to design more
innovative 3D composite current collectors.

3.3. Multi-coordination towards functional MCCs

By optimal design of the surfaces of planar and 3D MCCs, the
affinity of the substrate for sodium can be enhanced, thus guiding
the sodium metal toward uniform deposition. However, it should
be noted that the low transport resistance of the MCCs surface al-
lows sodium to accumulate on its upper surface during long cy-
cling processes. When facing high current density and high plat-
ing/striping capacity, inactive sodium is easily formed and dendrite
growth is induced. Therefore, a rational design of multi-directional
coordinated functional MCCs is necessary to optimize the sodium
deposition route. Next, we concluded the strategies for building
heterogeneous structures and introducing magnetic elements on
MCCs surface to optimize sodium metal deposition behavior.

3.3.1. Constructing heterogeneous structures on MCCs surface
By rational structural design, it is possible to construct a com-
posite skeleton with gradient sodiophilic properties to guide the
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bottom-up sodium deposition pattern, thus reducing the forma-
tion of dendrites and improving the utilization of the internal
space of the skeleton. Chen’s group introduced a porous sodio-
philic Zn metal framework modified by a SnO, surface layer on
Cu foil by magnetron sputtering, and the Zn/SnO, film showed a
porous structure with a total thickness of about 600 nm [84]. The
Cu/Zn/SnO, current collector transforms into a Cu/Na-Zn-Sn/Na,0O
scaffold by the multi-step electrochemical reactions between Na*
with Zn and SnO, (Fig. 5a). Compared to the in-situ induced Na,0
surface layer, the alloy-based skeleton has a higher ionic conductiv-
ity. The resulting potential gradient allows sodium ions to diffuse
into the intercalation layer and gradually deposit within the skele-
ton. The Cu/Zn/SnO,@Na symmetric cell exhibits excellent elec-
trochemical performance and can be cycled for about 700h even
at a high current density of 5mA/cm? with a total capacity of 5
mAh/cm?.

In addition, Huang et al. synthesized Ni3S,/Ni3P heterostruc-
tures on porous Ni foam by sintering, which can serve as a func-
tional current collector scaffold for high-efficiency and dendrite-
free SMAs [85]. Theoretical simulation calculations have shown
that the heterostructure could enhance the spatial electron con-
centration of the Ni3S,/Ni;P@NF@Na electrode and strengthen the
adsorption energy for Na. Cryo-Transmission Electron Microscope
(Cryo-TEM) images reveal that the Ni3S,/NisP@NF@Na electrode
has a uniform SEI with a thickness of only 25 nm. Moreover, titra-
tion gas chromatograph (TGC) measurement and X-ray photoelec-
tron spectroscopy (XPS) analysis demonstrate that the ultrathin
SEI has a characteristic "plum pudding" structure. Compared with
other uneven and thick SEI structures, it could inhibit the further
decomposition of electrolytes and promote the uniform Na* flux
to achieve uniform Na plating (Fig. 5b). Assembling the functional
current collector with sodium into a cell, it could cycle steadily for
700 cycles at a current density of 0.5 mA/cm? and a surface capac-
ity of 0.5 mAh/cm?, maintaining a high average CE of 99.3%. Full
cell assembled with Ni3S;/NisP@NF@Na electrode and NVP cath-
ode offers an ultra-stable capacity of 81% even after 10,000 cycles
at the high rate of 20 C.

Lee et al. successfully synthesized a silver nanofiber@nitrogen-
rich carbon thin layer core-shell material (SNF@NCL) using the
polyol method with low-temperature heating treatment [86].

Then, this material was uniformly deposited in the form of thin
nanowebs on an Al current collector. Following a four-probe
method, the macroporous nanowebs (MP-NWBs) constituted by
SNF@NCL exhibited a high electronic conductivity of over 80 S/cm.
The nanowebs possess a sodiophilic shell, which is capable of ad-
sorbing sodium ions efficiently. At the same time, its solid conduc-
tive metal core not only transfers electrons, but also possesses ex-
cellent mechanical strength, thus ensuring the stability of the bat-
tery over long cycles (Fig. 5c). After 1600 cycles, the MP-NWBs re-
covered from the test cells were reassembled using the same con-
figuration. Excitingly, the reassembled cell achieved an additional
1500 cycles, demonstrating a stable CE of up to 99.9%.

The construction of an artificial pro-sodium gradient or a func-
tional composite heterostructure skeleton on the surface of the
MCCs can effectively inhibit the formation of dendrites. Moreover,
the design optimization of heterogeneous structures carries great
potential for discovery and innovation owing to the constantly
changing internal environment of the battery.

3.3.2. Introduction of magnetic elements

In recent years, a large number of studies have reported reg-
ulatory strategies for applying magnetic fields to battery systems
[87,88]. Based on the synergistic effect of magnetic and electric
fields, the growth of dendrites can be effectively suppressed and
the electrochemical performance of batteries can be improved.
Specifically, the magnetohydrodynamics (MHD) effect refers to the
helical motion of charged particles in the electrolyte under the ac-
tion of Lorentz forces perpendicular to the electric and magnetic
fields when electrochemical processes are carried out under mag-
netic field, resulting in convection, which can effectively promote
mass transfer and uniform distribution of ions [89].

In view of the above considerations, Shen’s team proposed a
simple method of applying a magnetic field to lithium metal an-
odes, and compared the ion deposition process with and without
the magnetic field [88]. This strategy reduces the ion concentra-
tion gradient and polarization, achieving more stable electrode re-
actions and uniformly deposited metal layers. Wang’s team pro-
posed a strategy to suppress dendritic growth via the MHD effect
[89]. The relationship between the deposition area radius and mag-
netic flux intensity was established by monitoring the deposition
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Fig. 6. (a) Finite element analysis using COMSOL Multiphysics showing the deposited area in the magnetic field from 0 to 320 mT. Reproduced with permission [89].
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results of different Na* trajectories upon diffusion process. Reproduced with permission [90]. Copyright 2023, American Chemical Society. (c) The schematic of the inhibited
formation of dendrite sodium process via the generated electrostatic force due to sunlight. Reproduced with permission [91]. Copyright 2019, The Royal Society of Chemistry.

morphology and electrochemical performance (Fig. 6a), and this
research conclusion was verified through the mathematical model
and COMSOL Multiphysics simulation. By utilizing the magnetic
field effect to inhibit the growth of dendrites, this approach can of-
fer innovative solutions for optimizing and enhancing alkali metal
batteries.

The enhancement of electrochemical processes by an external
magnetic field usually occurs on several atomic layers near the
electrode surface or interface, and in most cases, the magneto-
electric coupling is too weak to meet the demands of many prac-
tical applications. Sun’s team designed and constructed a mag-
netic Fe304 interface layer on the surface of Nay;3Nij;3Mny;30,,
and coated the composites as an active material on the surface
of Al foil to prepare electrodes [90]. By simulating the trajectories
of ion diffusion with and without a magnetic field, they demon-
strated that the phenomenon of Na ions flux gathering on the elec-
trode surface is weakened in the presence of a magnetic field. Fi-
nite element calculations were conducted on COMSOL Multiphysics
to simulate the motion of Na ions in three-dimensional space un-
der the coupling effect of electric and magnetic fields, validating
this theory (Fig. 6b).

In a photomagnetic-assisted technique, Liu et al. deposited
a MoS, layer on a hollow conducting carbon material em-
bedded with carbon quantum dots and doped Fe atoms
(Fe@C@CQD@MoS;) [91]. This composite electrode material is
unique in that it bridges the link between sodium storage with
solar and magnetic energy. A large number of photoelectrons can
efficiently reduce the electrolyte to generate a sturdy SEI film;
the involvement of MoS, improves the rate of electron transfer
and further optimizes the electrochemical kinetics; and the het-
eroatomic doping of Fe atoms reduces the sodium absorption en-
ergy of the composite material. Under the synergistic effect of pho-
toelectronic and MHD effects, this material inhibits the growth
of sodium dendrites during deposition and exfoliation (Fig. 6¢). It
buffers volume deformation and promotes electrochemical reaction
kinetics.

The construction of functional MCCs through multifaceted co-
ordination, such as introducing magnetic elements could effec-
tively regulate the ion concentration distribution and induce ho-
mogeneous nucleation. However, due to the complexity of the
structure design and the uncertainty of the coordination of multi-
field coupling, these strategies are somewhat limited in the prac-
tical application of batteries. Therefore, the development of cost-
effective new composite electrode materials with outstanding mag-
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netic properties and high stability has become a research direction
with great potential.

4. Summary and outlook

A summary of the electrochemical performance of the modi-
fied MCCs is provided in Table 2 [58,60,63,65-68,70,72-74,76,78,80-
83,85,86,92-96]. In this review, we systematically discuss the re-
search progress in recent years to enhance the performance of
SMAs by optimizing MCCs. The initial research strategy involves
scratch-coating and in-situ synthesizing protective layers on the
surface of flat MCCs, which not only preserves the morphology of
MCCs but also reduces the interfacial resistance between the elec-
trode layer and MCCs, resulting in a diminished nucleation barrier
of sodium. The second type of research aims to achieve a larger
specific surface area and more active sites for sodium ions to nu-
cleate by the 3D structural design of flat MCCs and surface opti-
mization of 3D MCCs, effectively inducing uniform deposition of
sodium. The third type of research involves regulating the distri-
bution path of ion flux on the electrode by means of functional
modification for uniform dispersion of ions, thus suppressing the
growth of dendrites and improving the electrochemical stability of
the battery.

However, with the diversity of battery systems, there is a no-
table absence of comprehensive theoretical validation and experi-
mental studies on MCCs. Therefore, the subsequent research em-
phasis could be concentrated on the following aspects:

(1) Investigating the potential mechanisms of Na dendrite nu-
cleation and growth.

Various strategies have been adopted to modify the MCCs
with the aim of inhibiting the growth of sodium dendrites.
Despite the positive effects of these strategies, the mecha-
nisms of sodium dendrite formation and growth remain to
be fully revealed. Hence, there is a pressing need to reinforce
pertinent theoretical research in the foreseeable future. In-
depth analyses combining in-situ and ex-situ advanced char-
acterization techniques are expected to be carried out to
uncover the potential connection between cell configuration
and sodium dendrite nucleation/growth mechanism. By do-
ing so, we can investigate more appropriate MCC materials
for application in SMBs.

Exploring more efficient modification methods.

The introduction of coating materials and sodium-friendly
alloy layers on the MCCs surface can indeed reduce the nu-
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cleation barrier of sodium. However, the selection of suit-
able coating materials and the optimization of the prepara-
tion process still need to be further explored. In addition, re-
peated alloying/dealloying during long-term cycling may re-
sult in the rupture and exfoliation of the sodiophilic layer.
Introducing 3D skeletons with strong ionic conductivity and
high specific surface area in the surface modification process
of MCCs is a promising research strategy. However, an exces-
sively large specific surface area and spatial structure will
diminish the utilization of active materials and harm the
battery efficiency. Therefore, it is imperative to devise more
innovative and comprehensive structural designs that opti-
mize the spatial distribution arrangement of the sodiophilic
materials, to enhance the electrochemical performance of
SMAs.
Designing modified current collectors suitable for AFSMBs.
The lack of an additional source of sodium for AFSMBs
makes the sodium contained in the cathode particularly
valuable. The modified current collector designed for such
batteries should equipped with two core functions: firstly,
it is supposed to be capable of accommodating the vol-
ume expansion of the cell induced by the deposited sodium
metal. Secondly, it should be ensured that the sodium metal
achieves a reversible plating/stripping process with high CE
on the current collector. The meticulous design of the cur-
rent collector with its unique structure should be able to
perfectly match the cathode capacity and efficiently store a
reversible source of sodium. This innovative modification not
only significantly reduces the irreversible loss of sodium, but
also greatly inhibits the expansion of the battery volume. We
strongly expect that this promising current collector modifi-
cation pathway will provide a great impetus to the advance-
ment of SMBs with high-weight energy density and high-
volumetric energy density.
Engineering magnetic composite electrode materials.
To tackle the obstacles in applying magnetic fields to SMBs,
it is imperative to investigate the interplay between mag-
netic field intensity and materials. Simultaneously, a study
is needed to rationally position the magnetic field with-
out compromising the energy density of the battery. To at-
tain the aforementioned objectives, efforts may be taken to
develop new composite electrode materials that are cost-
effective and possess outstanding magnetic properties and
high stability, thereby enhancing the cycling performance
and energy density of batteries. This research direction holds
significant potential and warrants further investigation and
exploration.
(5) Theoretical simulation and experimental verification.
By combining theoretical simulation with experimental val-
idation, researchers can delve deeper into the dispersion
mechanism of the surface ion flux in modified MCCs. It pro-
vides profound theoretical guidance and experimental sup-
port for the precise regulation of sodium ion nucleation.
COMSOL Multiphysics simulation, TGC measurement, in-situ
transmission electron microscopy (TEM), mass spectrome-
try, and scanning transmission X-ray microscopy (STXM)
can serve as characterization tools to provide a more in-
tuitive explanation of the reaction mechanism inside the
cell.

(4

=

In conclusion, despite the considerable distance that remains
before we attain high-performance MCCs, our ongoing research
into the synergistic effects of various optimization systems gives us
hope that stabilized and commercialized modified MCCs are within
reach and will make a significant impact on the future of next-
generation battery energy storage.
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