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Anode-free sodium metal batteries: optimisation
of electrolytes and interphases

Huihua Li,¥* Fanglin Wu,$® Jian Wang, (2 +¢ Jingxuan Wang,® Hongxu Qu,°
Minghua Chen, (2 ** Huang Zhang () ** and Stefano Passerini (2 *<°

Anode-free sodium metal batteries (AFSMBs) represent a significant advancement in energy storage
technology, offering high energy density and cost-effective solutions. However, their applications are
impeded by the critical sodium deposition behavior, which poses safety risks and compromises battery
performance. This review examines the recent progress in electrolyte and interphase optimization which is
pivotal for the realization of dendrite-free sodium anodes in AFSMBs. We elucidate the mechanisms of
sodium deposition, dendrite formation, and their impacts on battery performance, with the focus on
electrolyte composition. A stable solid electrolyte interphase (SEIl) is emphasized for preventing dendrite
growth and improving Coulombic efficiency (CE). Also, recent strategies in interfacial design, such as the
introduction of artificial SEI layers, the architectural design of current collectors, and the electrochemically
interfacial kinetic modulations which have shown a great promise in regulating sodium deposition and
enhancing battery performance are presented. Lastly, an outlook on the challenges and future directions is
provided for achieving safer AFSMBs that are more durable, and capable of delivering higher energy
densities, thereby facilitating their integration into practical applications.

The global transition towards sustainable energy sources and the increasing demand for efficient energy storage systems need innovative battery technologies.
Anode-free sodium metal batteries (AFSMBs) offer significant advancements in terms of energy density and cost-effectiveness compared to traditional lithium-

ion batteries, making them a promising candidate for next-generation energy storage systems. However, their practical application is currently hindered by
issues such as dendrite growth and low Coulombic efficiency, which lead to safety concerns and reduced battery life. This review underscores the importance of
optimizing electrolytes and interphases to enhance the stability and performance of AFSMBs. By focusing on the formation of a stable solid electrolyte
interphase (SEI) and controlling sodium deposition, this work contributes to a progressive understanding of the electrolyte and interfacial chemistry in
AFSMBs. This understanding provides a crucial foundation for the further development of advanced sodium batteries, promoting a more sustainable energy
technology and supporting the broader goal of integrating renewable energy into the grid.

1. Introduction

energy crisis. The implementation of renewable energy sources
such as wind and solar power has accelerated over the past few

The continuous consumption of fossil fuels has resulted in years." However, the generation of these renewable energy
urgent concerns regarding global climate change and the sources is characterized by inherent intermittency and unpre-
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dictability. Therefore, developing cost-effective and reliable
energy storage technologies is necessary to efficiently modulate
the timing and location of electric energy generation and
consumption. Lithium-ion batteries (LIBs), commercialized in
the 1990s, have greatly influenced the transformation of modern
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currently, LIBs dominate the market for portable electronics and
electric vehicles (EVs). However, the widespread application of
LIBs is threatened by the price fluctuation of raw materials due
to the growing market demand for large-scale energy storage
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systems as well as the scarcity and uneven distribution of lithium
(Li) reserves.>*

Sodium (Na) is a cost-effective alternative charge carrier for
electrochemically storing electrical energy in batteries.” From a
practical perspective, sodium can be easily obtained from sodium
chloride (NaCl), sodium sulfate (Na,SO,), and sodium carbonate
(Na,CO3), which occur naturally in seawater, brine, and minerals.®
As a result, it is unlikely to be affected by cost fluctuations and
limited supply. In addition, Na and Li belong to the same group
(group IA) meaning the existing operating principles of LIBs are
suitable for the development of sodium-ion batteries (SIBs). In
terms of current collectors, copper current collectors can be
replaced with lighter and cheaper aluminum for the anode, since
sodium does not alloy with aluminum at low potential.” However,
conventional SIBs possess the following drawbacks: (1) graphite,
the most commonly used commercial anode material in LIBs,
does not efficiently host sodium ions.®° Although extensive efforts
have been dedicated to screen promising Na anode materials,
such as metal oxides, sulfides, phosphides,'®** and metal alloys,**
the necessary modification for performance enhancements
require extremely high-cost nano-engineering due to their rela-
tively high redox potentials and severe volume change; (2) sodium
ions possess larger ionic radius (Na, 1.02 A) and higher atomic
weight than those of Li ions,"*'* leading to lower volumetric and
gravimetric energy density. These issues render SIBs with a very
low specific energy of ~150 W h kg%, ie., about half that of
LIBs.">'® Therefore, to mitigate these inherent limitations,
sodium metal batteries (SMBs) are being considered as competi-
tive candidates for practical applications.*”*

Sodium as metal anode in SMBs offers high theoretical
capacity (1166 mA h g~*) and low redox potential (—2.71 V vs.
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standard hydrogen electrode (SHE)).">'*?*° However, SMBs
usually need a large amount of sodium metal as the anode to
compensate for the electrode capacity loss, which raises safety
concerns and hinders further increase of the energy density.
The concept of anode-free (rechargeable) SMBs (AFSMBs) has
been introduced to address this issue of excess Na for sodium
metal chemistry (Fig. 1a). Ideally, a bare current collector, i.e.,
copper or aluminum foil, is used as the Na metal deposition
substrate in combination with a sodiated cathode material,
introducing the following advantages (Fig. 1b): (i) the absence
of excess sodium metal increases the volumetric and gravi-
metric energy densities of cells while reducing the inherent
safety issues; (ii) the fabrication of the AFSMBs integrates well
with existing battery production procedures, decreasing trou-
blesome re-customization and device calibrations; (iii) costs
and energy consumption would be reduced due to unnecessary
production of Na metal, as well the coating, drying and main-
tenance of the anode electrodes. These advantages support the
feasible development of Na anode-free batteries, as reflected by
the recent surge of publication numbers (Fig. 1c).

Similar to anode-free lithium metal batteries, AFSMBs
also encounter limitations on the anode side related to side
reactions, severe volume change, dead sodium, and dendrite
growth during the repeated sodium deposition-dissolution
processes, which may lead to performance degradation and
even cell failure, especially considering the high reactivity of Na
metal.'””" Moreover, sodiated cathodes are the only Na source
for the formation of sodium metal on inert current collectors,
which would be inevitably consumed due to the formation of the
solid electrolyte interphase (SEI), inactive dead sodium and den-
drites. Without additional Na inventory to compensate for these

SMB

AFSMB

=
=>=To<
Lt g

- Cathode
Electrolyte
200

@ 160 -

b2

8

5 120

=

o

s

+. 80

o

K]

5

Z 40

2016 2017 2018 2019 2020 2021 2022 2023
Year

(a) Schematic representation of different cell models. (b) Radar plot presents the weaknesses and strengths of Na-excess batteries and anode-free

batteries. (c) Number of publications from 2016 to 2023 found using the keyword search on anode-free sodium batteries in the “Web of Science” database.
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irreversible Na losses, AFSMBs would suffer from rapid initial
capacity loss and poor cycle life.*>>* Therefore, efficiently utilizing
the Na ions from the cathode is the key step to advance the overall
performance of AFSMBs.>® This requires the selection of an appro-
priate electrolyte. Ester- or ether-based solvent used in conventional
organic electrolytes would be reduced on the metal anodes before
deposition, inducing by-products formation.”® In this context, the
interface between the electrolyte and current collectors plays a
crucial role in determining the reversibility of Na plating/stripping,
and its optimization requires appropriate strategies which can be
developed only upon elucidation of the mechanism.*”

Recently, efforts have been devoted to optimize the long-term
cycling stability of AFSMBs, as summarized in Fig. 2. These include
(i) optimization of the electrolyte formulation to generate reliable
SEL;*>?8 (ii) artificial interface designs of the substrate to guide the
deposition of sodium;***° (iii) current collector architectures to
reduce the local current density of deposition and buffer the
volume change over cycling;*>***° (iv) addition of Na compensa-
tion source from the cathode;*'*** and (v) electrochemical protocol
optimization to favour plating behaviors.*** Considerable perfor-
mance improvements of AFSMBs have been achieved tracking the
developments of LMBs, but the underlying mechanisms remain
unclear, the main difficulty lies in the application of specific
measures for SMBs. For example, electrolytes are vital for the
performance and stability of anode-free SMBs, as they facilitate
Na' ion transport, form the SEI, and influence the reversibility of
Na metal deposition, significantly impacting cycling stability,
efficiency, and safety. However, the typical electrolyte formulation
in anode-free LMBs cannot be extended directly into the sodium
systems, due to the larger size and lower Lewis acidity of Na ion,
higher reactivity of Na metal, as well as the different solubility and
ionic conductivity of sodium salts in electrolytes.>**> To enhance
the overall performance of AFSMBs, innovation in electrolyte and
interfacial chemistries of the systems are requisite.

Herein, an overview of electrolyte developments and their
interfacial chemistries affecting the performance metrics of
AFSMBs are presented. Specifically, conventional, diluted organic
electrolytes in AFSMBs are reviewed. Following, high salt-
concentration, co-solvents, and dual-salt electrolyte strategies are
considered in terms of improvements on Na metal deposition
behaviors and overall electrochemical properties. The electrode/
electrolyte interphase on the anode is also discussed as another
key factor affecting the Na deposition. Subsequently, the most
promising strategies for extending the cycle life are presented with
a perspective on the challenges and future research directions for
AFSMBs to become a competitive battery technology.

2. Mechanisms and failure factors in
AFSMBs

2.1. Principal mechanisms

Conventional rocking-chair SIBs are composed of inert current
collectors, a cathode, a separator, and an anode, as illustrated
in Fig. 1a.*> The cathode material is normally a sodium-rich
compound, such as a layered transition metal oxide,

This journal is © The Royal Society of Chemistry 2025
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polyanionic framework, Prussian blue analogue, etc. The anode
active material for SIBs is usually hard carbon, known as a typical
disordered non-graphitic carbon with relatively high surface area
and microporous structure.*® Replacing the hard carbon anodes
with metallic sodium, SMB cells can deliver significantly
improved energy density, which is comparable to commercial
LIBs.* In the anode-free configuration, the sodium metal anode
is omitted,** resulting in AFSMB to exhibit superior performances
on energy, cost, safety, and sustainability than LIBs.*”> The charge
and discharge processes in AFSMBs are distinct to those of
traditional rechargeable rocking-chair batteries (SIB), in which
the cathode material is essential for supplying the necessary
sodium ions to guarantee the battery’s operation, while the
optimal Na plating and stripping at the anode current collector
is capital for the cell’s long-term operation.*®*°

In AFSMBs, the depositon of sodium on the inert anode
current collector during the initial charging induces the hetero-
phase nucleation process. This process, expected to also gen-
erate a stable SEI, initiates the battery’s operation.*"***” After
the initial charge, the AFSMB operates like a traditional SMB,
but with restricted Na metal availability upon the following
discharge, when the Na'-ions are re-intercalated into the cath-
ode. In this step, AFSMBs rely solely on the limited deposited
sodium.*® Thus, the key distinction between AFSMBs and
standard SMBs lies in the sodium nucleation process due to
the difference of substrates for initial nuclei of sodium.*®*

In theory, the nucleation of Na is determined by the Gibbs free
energy, which is a function of the sodium ion concentration in the
electrolyte near the electrode. The driving force for Na metal
plating results from the Gibbs energy drop when the electrolyte
changes from supersaturation to saturation at the electrolyte-
electrode interface. The size of sodium nuclei is related to over-
potentials, with higher overpotentials leading to smaller nuclei.
Small nuclei and irregular shapes can speed up the formation of
the solid SEI layer and cause faster depletion of the electrolyte due
to the larger surface area.’® During the sodium nucleation pro-
cess, many nuclei form evenly on the current collector’s surface.
After nucleation, sodium metal grows on these nuclei, with new
sodium ions preferentially reducing onto the initial nuclei, lead-
ing to larger structures, as illustrated in Fig. 3a.>' During the
growth process, the initial sodium nuclei’s morphology can trans-
form into various shapes, including needle-like, spherical, or
columnar forms. This transformation is contingent upon factors
such as electrolyte composition and the conditions under which
deposition occurs. The SEI that forms on the diverse sodium
morphologies exhibits varying properties, inevitably affecting the
Na deposition behaviours due to the necessity for Na* ions to
penetrate the SEI layer and transfer electrons from the substrate
to achieve sodium reduction and subsequent growth. Hence, the
precise control over the morphology of the deposited sodium and
the SEI layer is pivotal for optimizing cell performance, ensuring
both efficiency and durability of the battery.

2.2. Critical challenges in AFSMB

Unlike traditional SMBs with excess Na, the electrochemical
performance of AFSMBs is predominantly constrained by the

Energy Environ. Sci., 2025, 18, 3887-3916 | 3889
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efficiency of sodium deposition and stripping due to the limited
available Na" ions. The primary causes of performance degradation
in AFSMBs include the inevitable side reactions of the electrolytes,
resulting in low CE, and the increasing overpotential associated
with the random deposition of metallic Na on the current collec-
tors. Irreversible electrochemical reactions within AFSMBs, such as
the electrolyte decomposition, the generation of the SEI, the growth
of Na dendrites, and the formation of dead sodium, accelerate the
capacity decay. Gaining insights into the fate of these Na' ions and
elucidating the mechanisms behind capacity decay is imperative
for devising strategies to enhance the operational lifespan of
AFSMBs. Understanding these factors and their interactions is
essential for developing effective optimization strategies to improve
the cycling stability and reversibility of AFSMBs. The challenging
factors influencing capacity loss are summarized as follows, and
concluded in Fig. 3b:

(1) Unstable and irreversible passivation.

Sodium, with a low reduction potential (Exa/nar —2.73 V), is an
extremely reactive alkaline metal, which can be easily passivated
upon interactions with electrolytes, i.e., forming the SEL'® The
structural integrity and composition are pivotal in determining
the metal electrode performance in batteries.'>?**> A robust and
thin SEI layer can allow the migration of sodium ions, but prevent
the electron transfer to the electrolyte, thereby mitigating its

This journal is © The Royal Society of Chemistry 2025
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continuous degradation.”® However, in instances where the SEI
layer is suboptimal, the mechanical stress induced by volumetric
fluctuations during sodium deposition can favor SEI cracking,
resulting in the continuous formation of new SEI layer.>* This not
only accelerates electrolyte consumption and depletes sodium
reserves, but also leads to uneven electric field distribution and
Na metal deposition, and uncontrollable dendrite growth.>*”°
Consequently, these phenomena can rapidly diminish the bat-
tery’s CE and capacity retention, underscoring the imperative for
an optimal SEI layer in sustaining the longevity and operation of
AFSMBs.

(2) Uncontrollable Na deposition.

In AFSMBs, the Na plating directly takes place on the current
collector’s surface. The energy barriers for sodium nucleation
on most inert or hetero current collectors are notably high,
implying that a significant overpotential is required to initiate
sodium deposition. The initial overpotential can favor non-
uniform deposition morphologies,*” exerting a profound influ-
ence on the first deposition step as well as the subsequent
stripping process and the pattern of deposition in subsequent
cycles.>® Additionally, non-uniform deposition of sodium can
intensify dendritic growth, curtail the active sodium inventory,
and culminate in a diminution of the battery’s electrochemical
performance metrics, such as CE and capacity retention. It is

Energy Environ. Sci., 2025, 18, 3887-3916 | 3891
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widely accepted that the limited sodium reservoir in AFSMBs
influences the reversibility of the electrochemical process, with a
stringent requirement for a Na plating/stripping CE above 99.9% to
ensure that the battery can retain 80% capacity over 200 cycles.””°

(3) Side reaction and volume variation.

The irregular initial deposition of sodium and an
unstable, defective SEI layer can induce the proliferation of Na
dendrites,®® which amplifies the electrolyte-sodium contact
area, foster side reactions and electrolyte’s depletion. Persistent
side reactions at the interface of sodium dendrites and the
electrolyte might favor the creation of dead sodium, encapsu-
lated by the SEI layer.®"®* Additionally, sodium deposits that
are subjected to ongoing dendritic growth may evolve into a
porous structure, leading to substantial volumetric fluctuations
during the plating and stripping processes.®’ This dendritic
expansion remarkably reduces the availability of sodium that
actively participates in electrochemical reactions, resulting in
an irreversible loss of sodium and increased electrolyte con-
sumption. Consequently, this chain of events diminishes CEs,
degrades capacity retention, and shortens the cycle life of the
battery. These challenges primarily arise from fundamental
problems in the sodium plating/stripping processes, particu-
larly during the deposition. Thus, building upon the founda-
tional knowledge of the challenges faced by AFSMBs, the
development of AFSMBs can be directed towards achieving
higher efficiency, lifespan, and safety, facilitating their integra-
tion into a wider range of energy storage solutions.

3. Electrolyte engineering in regulating
current collector/electrolyte interface

Transferring the limited sodium source from the cathode to the
anodic current collector is a pivotal process in the operation of
AFSMBs. The electrolyte, acting as the conduit for the move-
ment of charge-carrying ions between electrodes, exerts signifi-
cant influence over the battery’s electrochemical reactions
during cycling. It directly impacts sodium metal nucleation
and growth, thus, the battery’s cycle life and power output.

The stability of AFSMBs through repeated cycles is largely
governed by the SEI layer that forms on the anodic current
collector. The quality and composition of electrolytes are para-
mount in dictating the SEI’s characteristics. Generally, a well-
designed electrolyte can shape the structure of the deposited
sodium metal and mitigate side reactions that deplete the
active sodium and electrolyte resources. This, in turn, extends
the operational lifespan of AFSMBs. Therefore, the achieve-
ment of high-performance electrolytes is crucial for the
advancement of AFSMBs, while the optimization of electrolytes
for AFSMBs is a complex process that requires a careful balance
of solvents, salts, salt concentrations, multi-salt blending, and
additives. Each of these elements contributes to the formation
of a stable SEI layer, which is paramount for the high-
performance and longevity of AFSMBs. In the following, the
specific optimisation strategies of electrolytes for AFSMBs will
be discussed.
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3.1. Conventional organic liquid electrolytes

Conventional, dilute liquid electrolytes can be classified into
three groups based on solvent chemistries: (i) ether-based, such
as methoxymethane (DME), diethylene glycol dimethyl ether
(DEGDME) and tetraethylene glycol dimethyl ether (TEGDME),
and 1,3-dioxolane (DOL); (ii) ester-based, such as diethyl carbo-
nate (DEC), ethylene carbonate (EC), dimethyl carbonate
(DMC), and propylene carbonate (PC); and (iii) ionic liquids.
The application of these solvents vary significantly owing to
their intrinsically different physical and chemical properties,
which play a pivotal role in shaping the battery’s performance
(Table 1).°*°* For instance, ether-based solvents are favorable
for their elevated dielectric constant, which promote ion dis-
sociation and improve ionic conductivity. Ester-based solvents
offer superior electrochemical stability and reduced propensity
for side reactions with electrode materials, thereby fostering a
more robust and enduring SEI layer. However, utilizing
carbonate-based electrolytes in AFSMBs often leads to signifi-
cant side reactions with sodium metal, accompanied by gas
evolution. These reactions impede the formation of a stable
SEI on the anode current collector, as observed through optical
microscopy by Pfeifer et al.®>°® In contrast, ether-based solvents
have been found to form more stable inorganic layers on
the anode current collector, contributing to CE exceeding
99.9%."%°” As a result, the majority of liquid electrolyte-based
AFSMBs reported in the literature involve ether-based solvents
because of their propensity to inhibit the growth of lithium
dendrites.®®7°

Within the anode materials innovation, ester-based electrolytes
have attracted significant research interest due to their efficacy in
forming protective SEI on carbonaceous anodes.”"”” Yet, as the
cells endure more than a hundred cycles, the risk of metallic
dendrite-induced short circuits remains, suggesting that these
electrolytes are still not enduring against long-term dendrite
proliferation. A revival of interest in ether-based electrolytes for
SIBs is propelled by the compelling discovery that sodium ions are
capable of co-intercalating into the graphite structure when paired
with ether-based solvent molecules.”>””” In this context, the utiliza-
tion of ether-based electrolytes has been expanded to facilitate the
improvement of sodium metal anodes, enabling the formation
of a homogenous and robust SEI which can effectively suppress
the growth of sodium dendrites and improve long-term
reversibility.”®”® Cui’s group highlighted a dilute glyme-based
electrolyte containing 1 M NaPF, for a prolonged, non-dendritic
sodium-metal anode at room temperature.” The formation of
stable inorganic SEI films enriched in Na,O and NaF were
observed in the glyme-based electrolytes (mono-, di-, and tetra-
glyme), whereas such inorganic components-rich films were not
generated in ester-based electrolytes. This suggests that ether-
based electrolytes have the ability to form highly stable passivating
inorganic layers on the sodium metal surfaces, enabling dendrite-
free sodium plating in batteries.®” This versatility of glyme-based
electrolytes extends to various salt systems, offering a promising
avenue for enhancing the performance of AFSMBs. By utilizing
1 M sodium tetrafluoroborate (NaBF,) salt into tetraglyme as a

This journal is © The Royal Society of Chemistry 2025
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Table 1 Properties of organic solvents used in AFSMB electrolyte systems
Name Structure Tmn,p (°C) Typ (°C) ¢ (25 °C)
DME PN -138.5 —23 5
DEGDME SO N TN —64 162 7.2
Ether-based solvents TEGDME /O\/\O/\/O\/\O/\/o\ —30 275 7.5
DOL L ) —95 74 7.3
(&)
o
DEC )L —74.3 126 2.8
SN N
[e]
EC )J\ 36.4 248 89.8

Q

J

[¢]
)L 4.6 91 3.1
o v
).J\

o —48.8

\_<

Ester-based solvents DMC

PC Q

dilute electrolyte, a highly reversible Na plating/stripping process
on Cu substrate was realized. As a result, Na,Fe,(CN)q//Cu AFSMBs
exhibited a commendable capacity retention of 76% after 100
cycles.®® The improved reversibility of the sodium metal anode in
ether-based electrolytes can be attributed to its high compability
with metal anode at low potential, favoring the formation of a
robust NaF and Na,O-dominated SEI as a protective layer and
electronic insulator, effectively preventing the electrolyte from
continuously reacting with the reactive sodium metal plated on
the Cu, and promoting uniform sodium deposition. Meanwhile,
the distinctive solvation characteristics in ether electrolytes con-
tributes to a significantly reduced activation energy for desolvation,
favoring rapid Na* transport and ensuring uniform deposition of
sodium metal. However, the cyclability of the battery in conven-
tional ether-based electrolyte can be significantly compromised
when subjected to elevated voltages, such as up to 4.0 V, which is
primarily attributed to the relatively low oxidation potential of the
ether solvent. This intrinsic limitation underscores the necessity
for further chemical refinement of the electrolyte to enhance
its resistance to the oxidative decomposition. Overcoming this
challenge is essential for prolonging the battery’s operational
lifespan and fulfilling its maximum capacity in high-voltage
AFSMBs applications.

Ionic liquid electrolytes (ILEs) exhibit exceptional potential
for SMBs due to their non-volatility, non-flammability, and
wide electrochemical stability windows (>4.5 V vs. Na'/Na),
which significantly enhance operational safety and compat-
ibility with high-voltage cathodes.®"®> The unique solvation
properties of ILEs further enable robust SEI formation: anions
like FSI™ preferentially decompose to create inorganic-rich,
ionically conductive SEI layers,®*** while long-aliphatic-chain
cations (e.g., [EMIm]") promote uniform sodium deposition

This journal is © The Royal Society of Chemistry 2025
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via electrostatic shielding effects and lithiophobic interactions.®”
These mechanisms collectively suppress dendrite growth and
stabilize sodium plating/stripping, showing an unique promise
in sodium batteries. However, challenges such as high viscosity,
cost, synthesis complexity, compatibility issues, and limited
sodium transference numbers hinder their application.®®*”
In this context, strategies like hybrid electrolytes, eutectic
blends, solvation engineering, nucleation layer design, and
additive integration can enhance performance. Recently, non-
solvating and low-viscosity co-solvents have been used to dilute
ionic liquid electrolytes, i.e., locally concentrated ILEs, without
disrupting the local solvation structure, reported,
exhibiting lower viscosity, faster ionic transport, and enhanced
compatibility toward metal anodes, can be feasible options for the
AFSMBs.***

were

3.2. Concentrated electrolytes with anion chemistry

The use of high-concentration sodium salt electrolytes has
emerged as an advantageous strategy, supplying an ample
amount of sodium ions to the system.”®®' By increasing the
concentration of salts in the electrolyte, the evolution of solvation
structure in the electrolyte will change, leading to increased
cation-anion complexes, such as contact ion pair (CIP) and
aggregate (AGG) species.””®® These are instrumental in forming
a SEI layer derived from anion decomposition, which typically
results in a more reliable barrier against electrolyte degradation
and sodium dendrite growth.*®°* Therefore, increasing the salt
concentration in ether electrolyte to construct a concentrated
electrolyte is an effective approach to expand the oxidative stability
window for high voltage cathodes (above 4.0 V), consequently
improving the energy density of anode-free batteries. In 2016, the
improved performance of a high-concentration DME-based
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electrolyte consisting of 4 M LiFSI in anode-free LiFePO,|Cu
battery was pioneeringly reported.”® The concentrated electrolyte
enabled reversible Li plating and stripping, minimizing side
reactions. However, the use of concentrated electrolytes in
AFSMBs has been rarely reported, even though the current
investigation has demonstrated that the elevated concentration
in electrolyte promotes the evolution of solvation structure
enabling improved oxidative stability.

Furthermore, the induced solvation change enables the for-
mation of an inorganic-rich SEI, which suppress sodium den-
drite growth, and accelerate Na' desolvation and diffusion
kinetics.”®*® Interestingly, incorporating a mesoporous struc-
ture such as metal-organic frameworks (MOFs) at the electrode’s
surface can generate a quasi-high concentration electrolyte in
these confined structures, addressing the low dissolution issue
of salts in ether electrolyte. For example, Lu et al. developed a
zeolite molecular sieve film to produce a highly aggregated
solvation structure in the pores and enabled a de-solvation
process through the size effect in AFSMB (Fig. 4a).>> The
oxidative stability of ether-based electrolytes was extended from
the original 2.5 to 4.5 V vs. Na/Na' (Fig. 4b), without compromis-
ing the Na reversibility of the anode (99.91%). As a result, the
unique electrolyte formulation has been demonstrated to sup-
port a long lifespan (250 cycles) for 4.0 V-class anode-free cells.
These discoveries have prompted a surge of endeavors to explore
different electrolyte modifications for AFSMBs.

22
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Similarly, a “liquid-in-solid” electrolyte was designed by con-
fining aggregated liquid ether electrolytes into Na'-exchanged
zeolite molecular sieves."® Due to the enhanced interfacial com-
patibility by the high stability of silica-aluminum oxides host, this
electrolyte not only offered high-voltage stability inherent to solid-
state zeolite-based electrolytes, but also enabled an ultra-high CE
of 99.84% for Na stripping/plating from liquid ether electrolyte.
This is achieved by breaking through the Na* transport channel of
Na-containing zeolite molecular sieves via ion-exchange and con-
fining aggregated liquid ether electrolytes within the nanopores
and voids of zeolites. The application of this electrolyte in a high-
voltage 4.25 V-class AFSMB resulted in an exceptional energy
density of 412 W h kg™, which is comparable to the graphite||
LiNiy sCoy1Mng 10, full cells.

The pursuit of highly concentrated electrolytes, aiming to
boost oxidative stability and facilitate the interfacial chemistry,
still faces notable challenges. As known, the electrochemical
plating behavior is closely related to the solvation shell struc-
ture of Na* in the electrolyte and the local electrode/electrolyte
interface. A higher proportion of CIPs and AGGs in solvation
structure results in lower energy barriers that need to be over-
come, thereby accelerating Na" transport and achieving a more
uniform distribution. However, a common issue is the increased
viscosity characteristic of these solutions, which can restrict ion
mobility, resulting in diminished power capability.'®" Further-
more, the use of concentrated Na salts can also result in economic
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(a) High-voltage AFSMB assembled by optimizing chemistry aggregation using the 3 A zeolite molecular sieve. (b) Interpreting the stability of

different electrolytes in different voltage regions. Reproduced with permission.?? Copyright 2022 Wiley-VCH GmbH. (c) Schematic illustration depicting
the dilution process from a HCE to a LHCE. Reproduced with permission.?® Copyright 2018 American Chemical Society.
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and applicability concerns. Interestingly, the aforementioned
issues can be migrated by diluting the concentrated electrolyte
with inert co-solvents, which cannot solvate the ions, which
remain in a locally concentrated chemistry. Zheng et al. demon-
strated that using hydrofluoroether as an inert (non-solvating)
diluent can reduce the salt concentration in concentrated electro-
lytes to below 1.5 M, resulting in a localized high-concentration
electrolyte (LHCE). This approach retains the solvation structures
typical of highly concentrated electrolytes (HCE, >4 M) including
sodium bis(fluorosulfonyl)imide (NaFSI) and ether solvents, as
schematically illustrated in Fig. 4c.”® The inert diluent has a
minimal impact on the anion-involved solvation structure that
is typical in concentrated electrolytes. It effectively reduces the
concentration of sodium salts, which in turn lowers the viscosity
of the electrolyte, enhances its ionic conductivity, and improves its
wettability. This innovative strategy of using hydrofluoroethers as
diluents to create LHCE environments represents a significant
step forward in the development of advanced electrolyte systems
for AFSMBs, addressing the challenges of high concentration
while optimizing the electrolyte’s overall performance.

3.3. Co-solvent electrolyte with solvent chemistry

Ether-based electrolytes, which show a high compatibility with
Na metal anodes,”>** are thus highly utilized in AFSMBs. To
realize their full potentials, it is crucial to extend the voltage
window of ether-based electrolytes, allowing for greater oxidative
stability and broader applicability in battery systems. Recently,
considerable attention has been focused on the development of

a J&.

7 a2,
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co-solvent electrolyte systems, offering a promising approach to
create cost-effective electrolyte solutions for AFSMBs. It has been
reported that the presence of co-solvent can tune the solvation
structure with increased participation of anions, which can
promote the formation of anion-derived SEI layer and minimize
the SEI dissolution."®>'% In AFSMBs, an electrolyte consisting of
1 M NaPFs in a solvent mixture of diethylene glycol dimethyl
ether (G2) and tetraethylene glycol dimethyl ether (G4) was
proposed to enable the operation of P2-/O3-type layered oxide
cathodes.?” The binary electrolyte can facilitate the dendrite-free
Na plating/stripping on a carbon coated Al foil and improve
tolerance against high-voltage cathode, due to the unique Na*
solvation structure in G2 (main solvent) and the theoretically low
highest occupied molecular orbital (HOMO) energy of G4 (cosol-
vent), as shown in Fig. 5a and b. When G4 was introduced into
the NaPF¢/G2 electrolyte, two new solvation structure of Na-
(G2)-(G4) and Na—(G4)—(PF,) were formed, in which the Na—(G2)-
(G4) solvent-separated ion pair has the lowest LUMO/HOMO
energy, indicating a higher oxidative stability of the optimal co-
solvent-based electrolyte. By precisely tuning the chemical com-
position (Fig. 5¢), as the proportion of G4 in the G2/G4 solvent
mixture rises from 0 to 20 vol%, there is a continuous increase in
the molar percentages of Na-G2—(PF,), and Na-(G2)—-(G4) within
the overall solvent structures. In the optimal electrolyte with G2
and G4 in the 9:1 volume ratio, an inorganic-rich SEI on the
current collector was detected after cycling, which effectively
regulated the electroplating morphology of Na metal and passi-
vated the surface, as depicted in Fig. 5d. Consequently, anode-
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(a) Cation solvation structures of the hybrid electrolyte (NG2 and NG24) and the energy of their frontier molecular orbitals. (b) Molecular dynamics

simulation snapshot of the NG24, electrolyte. (c) Mole percentage of Na—-G2—(PFg), and Na—(G2)-(G4) structures in G2/G4 mixture as a function of G4
volume percentage. (d) Ex situ XPS F 1s spectra of (d) NG24,4 collected (before and after Ar* etching) from the Al-C collector. (e) Energy density of
different full cells. Reproduced with permission.> Copyright 2023 American Chemical Society.
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free cells in this electrolyte demonstrated a specific energy exceed-
ing 300 W h kg " in cell level with high CE and long cycle life
(Fig. 5e).

In the context of co-solvent electrolytes, solvation structures
are also crucial for the interfacial kinetics of Na* and signifi-
cantly dictate the electrochemical performance of AFSMBs.
As another competitive co-solvent, the introduction of weakly
solvating co-solvents in electrolytes is expected to decrease the
coordination of Na” with the solvent, while enhancing the ratio
of anions in the solvation sheath, which offers a straightfor-
ward method to reduce desolvation barriers, thus facilitating
desolvation. However, the weakened dissociation of sodium
salts in the presence of weakly solvating co-solvents can lead to
limited ionic conductivities, presenting a challenge to achieving
the necessary balance for high-performance batteries.

Recently, nonfluorinated weakly solvating solvents have been
widely employed in electrolytes to improve the reversibility of
metal anode, presenting a new direction to design advanced co-
solvent electrolyte with wide temperature range for AFSMBs. %1%
Although the cyclic ether molecules are often excluded from
electrolyte formulations, due to their propensity to engage in
cationic polymerization when in contact with inorganic salts,
1,3-dioxolane (DOL) as a conventional fluorine-free ether solvent
with weakly solvating ability, has been widely used in batteries.'®
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Hu et al utilized the DOL as co-solvent to prepare a low-
concentration glyme-based electrolyte (0.4 M NaPF4-G2/DOL), in
which the DOL can significantly disrupt the cation-anion and
solvent-solvent interactions, enabling the fast transport of Na*
ions in the electrolyte.'”” Moreover, the integration of DOL
molecules into the solvation sheath weakened the binding energy
between Na* and G2 and influenced the energy level distribution
around the PFs  anions, leading to the low energy barrier for
desolvation and enhanced anion-derived interfacial chemistry
under relatively low concentrations (Fig. 6a). As proven by the
theoretical investigation (Fig. 6b), the solvation complexes in the
DOL-diluted electrolyte exhibit a lower lowest unoccupied mole-
cular orbital (LUMO) energy level of —0.36 eV compared to —0.01
eV in the pristine 0.4 M NaPFs-G2 electrolyte, with the Na' ions
predominantly distributed around PFs within the solvation
complex. Consequently, the anion-induced thin SEI, rich in
inorganic species such as NaF with high ionic conductivity and
Young’s modulus, was formed on the current collector, which
resulted in high Na plating/stripping CE beyond 99.9% even at
low temperature of —55 °C (Fig. 6¢ and f). In contrast, the surface
topography image of the anode cycled in pristine G2 solvent
shows a much higher roughness of 17.1 nm (Fig. 6d), and the
average Young’s modulus was determined to be 0.3 GPa, which is
notably lower than the value of 1.1 GPa obtained in the G2/DOL
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(a) Schematic diagram of the mechanism of improved Na reversibility by the DOL-diluted electrolyte at low temperature. (b) LUMO of sodium

salts, solvent molecules, and solvate complexes in electrolytes. AFM surface profiling of SEI formed in the (c) G2/DOL and (d) pristine G2 electrolytes at
—25 °C. Young's modulus mapping of SEI formed in the (e) G2/DOL and (f) G2 electrolytes at —25 °C. Reproduced with permission.'%” Copyright 2024

Wiley-VCH GmbH.
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system (Fig. 6e). Accordingly, a 1 A h-capacity pouch cell demon- In this context, dissolving the NaPFy in diglyme electrolyte is
strated excellent retention of 95% of its initial discharge capacity expected to be a good match for AFSMBs.
over 100 cycles at —25 °C. These results indicate that the strategic It has been reported that the use of NaBF, in tetraglyme-based
formulation of solvents in electrolytes offers promising advance- electrolyte demonstrated superior stability with Na metal and
ments for performance improvement of AFSMBs, which can extended excellent electrochemical window up to 4.2 V."'* Further
synergistically affect the Na'-ion conductivity, desolvation beha- incorporating the NaBF, salt into the NaPF¢-based diglyme electro-
vior and preferential decomposition of anions. lyte, the performance of AFSMBs can be efficiently improved.>” As a
matter of fact, uniform Na nucleation and deposition on the
modified Al current collector has been achieved in this bi-salt
Besides the solvent chemistry, the inherent nature of salts will electrolyte system (Fig. 7a), contributing to the B-containing SEI
also impact the properties of electrolytes and thus the perfor- and CEI derived from the decomposition of NaBF,. Consistent with
mance of batteries. The tunability of sodium salts is also a key theoretical calculations, both PFs~ and BF,  can infiltrate the first
aspect of electrolyte engineering.'”® Similar to the co-solvent solvation sheath of Na*, and the LUMO and HOMO energy levels of
systems, mixing different kinds of salts can create an electrolyte =~ NaBF, are both higher than the NaPFs-dominated one (as shown in
with “cock-tial” properties that may influence the solvation Fig. 7b), suggesting that the formation of unique interfacial chem-
ability, tailoring the interfacial chemistries."%%'° istry with the preferential reduction of NaBF, to form SEI or CEI
NaPFg, a typical Na salt, has been widely adopted in stabiliz- compared to NaPF. As depicted in Fig. 7c, the presence of NaBF,-
ing sodium metal anode by supporting the formation of a derived interphases enabled the dense and dendrite-free Na deposi-
desirable solvation structure and SEL”®''"''> The mild inter- tion morphology. Leveraging the synergistic effects of the NaPFq—
action between Na' cations and PF,~ anions facilitates the NaBF, dual-salt electrolytes, the AFSMBs coupled with high-voltage
dissociation in electrolytes, which enables the high ionic con- layered oxide cathode exhibit an extended cycle life up to 260 cycles
ductivity and ion transference number. Crucially, the PFs~ without the imposition of external pressure. Furthermore, these
anions also participate in the outer solvation structure, and batteries, prioritized for safety at the A h-scale, offer an exceptional
can undergo a preferential decomposition to generate a thin, energy density over 200 W h kg™ " (Fig. 7d).
inorganic-rich SEI, ensuring electrode/electrolyte interfacial Sodium trifluoromethanesulfonate (NaOTf), another important
stability without continuously consuming electrolytes.'*® sodium salts with a large anion, has also been reported.'*>''®

3.4. Dual-salt electrolyte with anion-interaction chemistry
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Fig. 7 (a) SEM image of Na deposition in the AFSMBs using GC and BPG after ten cycles. The inset shows the related digital image. (b) Molecular orbital
energies of diglyme, NaPFe, and NaBF, including LUMO and HOMO energies. (c) In situ optical microscopic observation of Na plating in the AFSMBs
using AC plus PG (a) and GC plus BPG. (d) Galvanostatic third discharge/charge curves of the AFSMBs (cylindrical cell) using GC plus BPG with different
cut-off voltages at a current rate of 0.5 A. The inset shows the image of an 1 A h level anode-free cylindrical cell with an energy density >200 W h kg™,
Reproduced with permission.®” Copyright 2022 Nature Publishing Group.
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Its combination with linear ether solvents demonstrated a
promising way to realize low-temperature electrolytes, where
the OTf anion is found to form a stable SEI at low tempera-
tures. For example, Thenuwara et al. developed a dual-salt
electrolyte consisting of 0.8 M NaOTf and 0.2 M NaBF, dis-
solved in diglyme.""” The synergy between NaOTf and NaBF,
salts promotes the uniform and compact morphology of the
sodium deposits at low temperature, as well as high ionic
conductivity and robust SEI formation with high inorganic
content on stainless steel substrate, stabilizing the Na-metal
plating/stripping process. Due to the altered decomposition
kinetics of salts, the dual-salt electrolyte induced inorganic-rich
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SEI formation occurs at both 20 and —40 °C, but the SEI formed
at the lowest temperature was much thinner, resulting in lower
charge transfer resistance. In addition, the atomic concentra-
tions of various elements in SEI confirmed lower organic
species amount, which is chemically distinct from that one
under 20 °C (Fig. 8a). These results suggest that the develop-
ment of low-temperature AFSMBs with high stability is possible
by designing dual-salt ether-based electrolytes to control
sodium deposition and SEI composition.

A weakly solvated dual-salt diglyme (G2) electrolyte contain-
ing 0.6 M NaOTf and 0.4 M NaBF, was investigated in low-
temperature AFSMBs."'® An ultrahigh average CE of 99.88%
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(a) Atomic concentrations of various species measured by integrating core level spectra of SEI samples generated at different temperature.

Reproduced with permission.'” Copyright 2021 The Royal Society of Chemistry. (b) RDF of Na™—O(G2) obtained from theoretical calculations for
different electrolytes. (c) ESP mapping of different Na*—anion complexes. (d) LUMO and HOMO energy levels of Na-G2, NaOTF, NaBF,, and NaPF.

Reproduced with permission.**® Copyright 2024 Elsevier.

3898 | Energy Environ. Sci., 2025, 18, 3887-3916

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00136f

Open Access Article. Published on 07 March 2025. Downloaded on 11/22/2025 3:25:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

was achieved at —40 °C on Al current collector, indicating good
compatibility and reversibility with anode due to the formation of
a B/F inorganic-containing SEI. In addition to the SEI, the solva-
tion behavior of Na' ions plays a significant effect on low-
temperature performance of batteries. According to the radial
distribution function results, the Na-O (G2) distance, reflecting
the interaction between Na' ions and solvent molecules, increases
when the anion changed from PFs~ to OTF and BF, (Fig. 8b),
and the coordination number of Na with O (G2) was also reduced
from 5.85 to 5.38. Meanwhile, the lower electrostatic potential
(ESP) charge compared to Na“ in NaPF, is displayed due to the
stronger electron-donor effect of OTf and BF,, leading to longer
bond lengths between Na" and O (G2) with weak solvation effect
(Fig. 8c), which enables a faster desolvation process."*® In addi-
tion, NaBF,, with a higher LUMO level, tends to decompose prior
to NaOTf at the anode side, contributing to F/B inorganic-rich SEI
formation (Fig. 8d), while it remains stable at the cathode side due
to its low HOMO level, which ensures the stable operation of high-
voltage cathode.

In the realm of either co-solvent or dual-salt strategies to
modulate the electrolytes, the main challenges stem from
unstable solvation structures and electrolyte decomposition
that can be triggered by one of the components, resulting in
the unstable SEI formation. The introduction of different
solvents and salts can alter the solvation structure, which in
turn affects the desolvation process. To tackle these issues,
high-concentration electrolytes can be employed to provide a
wide electrochemical stability window and suppress dendrite
growth. Additionally, combining strong and weak solvating
solvents may creates a hierarchical solvation structure that
optimizes the electrolyte’s properties. The selection and combi-
nation of different salts or solvents is also challenging, to
ensure that each can exert its own advantages without sacrifi-
cing the unique properties of the electrolyte. This requires
careful selection and optimization of the combinations to
achieve a balanced and effective electrolyte system.

3.5. Solid-state electrolyte

Although conventional liquid electrolytes are designed to regu-
late Na deposition behavior and interfacial chemistry, several
challenges still need to be overcome when using in practical
applications. The major bottleneck is that the liquid electrolytes
inevitably react with the active (SEI uncoated) sodium metal and
continuously generate the porous or mossy-like passivation
layer, resulting in a constant depletion of sodium inventory.>
However, the adoption of solid state electrolytes (SSE) in AFSMBs
can significantly reduce the interfacial reactions of electrolyte/
current collector because of the contact between SSE and current
collector shifts from three-dimensional to planar. Additionally, a
denser sodium metal deposition can be formed on the current
collector, enabling the main advantage of reducing approxi-
mately 15% cell stack volume, thus contributing to an increased
volumetric energy density (Fig. 9a and b). Therefore, anode-free
solid-state sodium metal battery (AFSSB) concepts are explored
to promise a safe and high energy density battery technology
with less material consumption and simple anode processing.

This journal is © The Royal Society of Chemistry 2025
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However, the homogeneous and uniform electrochemical deposi-
tion of alkali metal at the interface between current collector and
SSE plays the central role in the successful operation of AFSSB
configuration.*® For example, in an anode-free solid-state lithium
cell configuration, the uniform deposition of lithium metal in a
capacity of 5 mA h ecm™? requires around 24 pm thickness,"*"
while it would increase to ~44 pm in the case of sodium on
account of higher molar volume of sodium metal, showcasing the
importance of the interfacial adhesion on the nucleation and
growth behavior."*

Recently, the sodium deposition behavior on the interface
between Cu and NASICON-type SSE (Naj 4Zr,Si, 4P 6012, NZSP)
was investigated at different current densities and stack pressures
(Fig. 9¢ and d)."** It was found that both the current density and
stacked pressure would affect the nucleation and deposition
behaviors of Na at the Cu|NZSP solid-solid interface. At higher
current density, the optical 3D confocal microscopy images
revealed inhomogeneous sodium growth on the Cu electrode. In
contrast to stack pressure, a higher degree coverage on the
electrode was displayed with the increase of current density,
which demonstrates the higher current density contributing to
more uniform sodium deposition (Fig. 9¢). This result is opposite
to the cognition that higher pressure would induce an inorganic-
rich SEI with more uniform and denser Li film in metallic Li
system.'?* These results evidence that the deposition of sodium at
the interface between Cu current collector and SSE can be
achieved, while the feasibility on anode-free sodium-based full
cell is still scarce.

Except from the current density and stack pressure manip-
ulations at the interface, the types of current collectors, which
can alleviate the internal strain, lower the local current
density,*®'?® and prolong the cycle life, also affect the deposi-
tion behaviors. Even though the surface modification of
current collectors can control the electrodeposition morphol-
ogy to be more reversible and homogeneous, improving the
contact between the SSE and current collector is very critical
for repeated sodium plating/stripping. Recently, a stable
sodium borohydride SSE has been identified to form near-
perfect contact with a pelletized Al current collector through
cold pressing.’** Such a dense interface can effectively prevent
the infiltration of sodium dendrites and enable sodium strip-
ping/plating at a high current density up to 6 mA cm 2.
Further demonstrating the feasibility, an anode-free sodium
all-solid-state battery featuring NaCrO, as the cathode was
tested under a stack pressure of 10 MPa and at a temperature
of 40 °C, exhibiting a remarkable average CE of 99.96%
over 400 cycles. This work delineates the pivotal direction of
designing advanced electrolyte to optimize the solid-
solid interface in AFSSBs that governs the electrochemical
performance.

To date, the application of AFSSBs is still limited in
NASICON-type and sodium borohydride SSEs. Other types of
SSEs yet to be explored include sulfide-based electrolytes,
polymer electrolyte or hybrid ones, and focus should be paid
on understanding the performance of the existing electrolyte
systems by examining the properties and interactions of these
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Fig. 9 (a) Cell schematic for carbon anodes, alloy anodes and an anode-free configuration, showing the advantage to design anode free solid state

sodium batteries. (b) Theoretical energy density comparison for various sodium anode materials. Reproduced with permission.*>* Copyright 2024 Wiley-
VCH GmbH. (c) and (d) Potential profile of cathodic deposition of sodium at Cu|NZSP interface at various current densities and stack pressures. (e) Optical
microscopy images of the copper electrode pristine after cathodic deposition with ggep = 0.5 MA h cm™2 at various current densities (upper row) and
corresponding 3D profiles (lower row). Reproduced with permission.*?? Copyright 2023 Wiley-VCH GmbH.

alternative solid electrolytes within an anode-free configu-
ration. To design a practical AFSSB, the electrolyte selection
and their compatibility with current collector will be the key
factors in determining the cell performance, raising the follow-
ing specific considerations: (i) high electrochemical stability of
SE to construct a stable electrode/electrolyte interphase, redu-
cing the consumption of sodium inventory; (ii) stable interface
contact between current collector/SE to guarantee high rever-
sible plating/stripping on the current collector; (iii) highly
dense solid electrolyte to suppress sodium dendrites; (iv) highly
inert current collector to reduce interfacial side reactions.
Furthermore, it needs to be emphasized that a high loading
cathode and thin SSE (<20 um) would be also required to
enable a practical cell architecture to guarantee the advantage
of high energy density of AFSSB, which will bring more critical
mechanical requirements for SSE.

3900 | Energy Environ. Sci., 2025, 18, 3887-3916

4. Interphase optimization for
modulating interfacial ion/atom
diffusion

4.1. Electrolyte-derived SEI

In the AFSMB configuration, the sodium metal anode is not
pre-deposited, but forms as the battery is charged for the first
time. Accurately understanding the formation mechanism of
SEI layer on anode is always crucial, but unique for AFSMB
investigations because it grows on the inert electrode."®

In SMBs, the growth of the SEI layer in liquid electrolytes is
expected to occur from bottom to top through three main stages
(Fig. 10a) leading to the formation of inorganic-based inner SEI
components and generating the mosaic structure.®*'>”> In this
process, the SEI thickness continuously grows due to the

This journal is © The Royal Society of Chemistry 2025
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stepwise decomposition of the electrolyte’s components until the
entire electrode surface is fully covered, effectively inhibiting
further reduction of electrolytes in contact with electron from
the electrode. In AFSMBs, the substantial differences in the
chemical and electrochemical reactivities of substrates for
sodium deposition can lead to varying SEI components and
homogeneity, which are also crucial factors in enhancing cell
performance.'*®

Based on the proposed SEI formation mechanism, the
chemical composition of the SEI is predominantly determined
by the components in the electrolyte, i.e., sodium salts, sol-
vents, and additives.”>"**"° Typically, the typical SEI consists
of a mixture of inorganic and organic species, which are mainly

This journal is © The Royal Society of Chemistry 2025

sodium species, including Na-O, Na-F, Na-CO;, Na-PO,, Na-
PFO, Na-S,, Na-SO,, Na-N,, and Na-NO,, depending on the
type of solvents and salts in the electrolytes. Despite their poor
anti-oxidation property, glymes (mono-, di-, and tetraglyme)-
based electrolytes offers the highes CEs for sodium stripping/
plating reactions on inert current collectors, making them
suitable for AFSMBs. In the context of ether-based electrolytes
for sodium batteries, the discharge process involves electron
transfer that targets electrophilic centers, such as carbon atoms
in the ether, leading to bond cleavage (Fig. 10b) further
enhanced by BF;~ and/or PF5~ derived from the partial decom-
position of NaBF, or NaPFs.'*' The cleavage process leads to
the formation of radical species and organic sodium alkoxides

Energy Environ. Sci., 2025, 18, 3887-3916 | 3901
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(RCH,ONa), which further induces the polymerization of
polymer-like species owing to the radical generation.’*> The
NaPF¢-based electrolytes in sodium batteries outperform those
based on NaClO,- and NaTFSI-based electrolytes, due to the
catalytic formation of inorganic species from salts and the
presence of polymer-like species in the SEL'*"** These factors,
as practically proven, contribute to the improved electrochemical
performance through the ether-based electrolyte optimization
strategies mentioned earlier for AFSMBs. Besides, tremendous
efforts have been devoted to improving Na metal stability by
modulating the NaF-formation in the SEI layers by addtivie
strategies.””'*® For example, perfluorobenzene as an additive
has been used to construct robust NaF-rich SEI that inhibits
dendrite growth and enables stable sodium anode operation.'*®

Although carbonate-based electrolytes exhibit greater oxidation
stability, their poor compatibility with sodium metal anodes
renders them unsuitable for sodium metal batteries."*”**® For
comparison, the decomposition pathways and resultant products
of conventional carbonate-based electrolytes (EC and DMC) are
illustrated in Fig. 10c and d, respectively. Conventional carbonate-
based electrolytes like EC and DMC primarily produce organic
ROCO,Na and inorganic Na,CO; upon decomposition, inducing
unstable SEI layers. In contract, the higher LUMO values of ether-
based solvent-cation complexes indicate greater stability against
reduction, leading to less decomposition and thinner SEI layers
and consequently contributing to high initial CE (ICE) and fast
ion transport by shortening the diffusion length.

4.2. Artificial interphase layers on current collectors

The electrolyte-induced interface chemistry by electrolyte opti-
mization strategies is efficient yet complicated in an anode-free
cell. Besides, the design of an artificial interphase layer on the
current collector is showing promise to guide nucleation,
prevent dendrite growth, and ensure uniform deposition of
sodium metal.'*® Effective artificial design in AFSMBs primarily
focused on two distinct considerations: the introduction of a
nucleation layer and the construction of an artificial SEI as a
buffer layer. Within the context of nucleation layer modification,
the fundamental principle relies on the fact that the sodium
plating on the current collector is predominantly governed by
the sodiophilic nucleation sites with a high affinity to Na', which
must overcome a certain nucleation barrier for deposition.
Therefore, the modulation of nucleation sites by an artificial
layer can optimize sodium deposition behaviors to achieve
higher CE and homogenous deposition morphology.'**™>
Carbon materials are promising candidates for the design of
nucleation layers in sodium deposition, due to their similar
potential and compatibility with most electrolytes. For example,
a nanocarbon layer directly casted onto Al foil (Fig. 11a) showed
a lower nucleation energy barrier compared to the bare Al
(Fig. 11b), thereby facilitating the Na nucleation and resulting
in a stable plating behavior.®® As a result, high average CE
(99.8%) and low voltage hysteresis were achieved during long-
term plating/stripping cycles. Furthermore, Cohn et al. con-
ducted an in-depth investigation into the efficacy of insertion-
type (non-graphitized carbon, ie., carbon black and hard

3902 | Energy Environ. Sci., 2025, 18, 3887-3916
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carbon) and alloy-type (bismuth, Bi) materials as nucleation
layers to regulate the initial sodium plating process in an
anode-free configuration (Fig. 11c and d).'*® The results
revealed that the energetics of sodium nucleation and the
resulting CE are dependent on the nucleation layer composi-
tion, in which the carbon black nucleation layer enables higher
sodium plating-stripping CEs than hard carbon. Based on
these findings, anode-free cells coupled with NazV,(PO,);
cathodes were fabricated, reaching energy density up to
318 Wh kg ' at 0.25 mA cm > (Fig. 11e) and a capacity retention
of 82.5% after 100 cycles at 0.5 mA cm™ > (Fig. 11f). These results
underscore the pivotal role of nucleation layer composition in
enhancing the electrochemical performance of AFSMBs.

Since the nature of carbon affects the sodium nucleation
behavior, accordingly amorphous and graphitic carbon coatings
on Al foils were investigated.’” The highly graphitized carbon
showed higher electronic conductivity and possessed more
intricate pore network, which enhances the electrolyte wettabil-
ity with respect to amorphous carbon (Fig. 12a and c).
This obvious difference in material properties resulted in the
irregular sodium lumps with cracking, while more uniform
and smaller sodium metal blocks were present on graphitized
carbon, gradually forming a dense deposition layer on the
substrate. Such different morphology further influenced the
durability of SEI upon plating/stripping cycle. On graphitized
carbon, a thinner SEI layer was observed with less dead sodium,
contrasting with the amorphous carbon of possessing a thick SEI
layer and substantial dead sodium coverage (Fig. 12b and d).

As previously reported, the presence of defect-rich pyrrolic
and pyridinic N sites in a carbon framework can disrupt the n-
orbital resonance and electron density distribution, leading to
an electron-deficient state to bind Na.'** As shown in Fig. 12e,
the plasma-treated carbon-coated Al anode current collector was
prepared to introduce pyrrolic and pyridinic N-doped sites on
the surface (p-Al@C).""® Density functional theory (DFT) calcula-
tions (Fig. 12f and g) indicate that the introduction of N-doped
sites significantly enhanced sodium adsorption energy. Specifi-
cally, the interactions of Na atom with graphitic N (—0.28 eV),
pyrrolic N (—1.67 eV), and pyridinic N (—1.33 eV) were substan-
tially stronger than that with the pristine carbon site (—0.18 eV),
indicating the well-improved sodiophilicity of the N-doped car-
bon layer. Moreover, the compositions and structure of the
electrolyte-derived SEI would also be affected in the presence
of the N-doped carbon layer. As depicted in Fig. 12h, the surface
of p-Al@C exhibited an increase in inorganic components, such
as NaF, Na,O, and B,03, with extended etching duration when
cycled in an optimized ether-based electrolyte, implying a pro-
gressive enrichment of inorganic species from the outer surface
towards the inner layers of the SEL.'*>

Apart from the representative carbon nucleation layers,
other metallic alloy materials such as the Bi**° and Zn,'*® can
also effectively influence the sodium deposition process and
exhibit high affinity for sodium. For example, the Cu@Bi layer
was designed through a facile in situ reduction reaction,
in which the Bi nanoparticles can be transformed into a
sodiophilic, sodium-rich alloy phase, thereby enhancing the

This journal is © The Royal Society of Chemistry 2025
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anode-free cells at 0.5 mA cm™2. Reproduced with permission.’** Copyright 2018 The Royal Society of Chemistry.

formation of a homogenous and dense sodium metal layer
upon plating. Although the construction of artificial inter-
phases using conventional carbon hosting and metal seeding
layers known for their high sodium affinity is beneficial, the
increased side reactions at the large electroactive surface and
the initial sodiation reaction with alloying steps will inevitably
cause high sodium ion consumption. Thus, how to design an
outstanding sodiophilic layer that regulates sodium deposition
with minimal sodium ion consumption is a tough challenge.
Interestingly, an elaborately-designed porous triazine frame-
work with integrated fluorine functionality as hosting/seeding
interphases on Al current collector results in delivering excel-
lent sodiophilicity yet low Na ion consumption.*® This well-
defined layered framework with fluorinated groups offers
highly-ordered porous channels for sodium ion flux and
nucleation sites, resulting in homogeneous sodium deposition
and reduced sodium reactivity for Na ion depletion. More

This journal is © The Royal Society of Chemistry 2025

recently, a thin high-entropy alloy nanolayer composed of Nb,
Mo, Ta, W and V nanoplates on Al foil, has been showed to own
high sodiophilicity, thus reducing the overpotential for Na
deposition."”” Consequently, dendrite-free Na deposition, low
nucleation and remarkable CEs were achieved, propelling the
practical implementation in anode-free Al||NasV,(PO,); batteries.

These results clearly demonstrated the efficient construction
of artificial interphase layers that can improve their Na affinity
(sodiophilic properties) and facilitate SEI formation. The intro-
duction of porous carbon hosting layer can also significantly
buffer the internal strain caused by the initial Na metal
deposition, providing sufficient nucleation sites. Our previous
work also reported a robust and porous sodiophilic layer by
applying MOF-derived Cu@carbon composites to conventional
current collectors (both Al and Cu), providing abundant nuclea-
tion sites to guide Na deposition and inhibiting the sucessive
dendrite growth (Fig. 13a)."” The galvanostatic plating results

Energy Environ. Sci., 2025, 18, 3887-3916 | 3903
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demonstrate that the incorporation of Cu@C composites sub-
stantially decreased the nucleation barrier for Na plating on both
Cu and Al current collectors, indicating for enhanced sodiophilic
properties (Fig. 13b). Moreover, in situ electrochemical dilatometry
results revealed that the as-prepared Cu@C layer plays a crucial
role in the early stages of sodium plating facilitating the formation
of an efficient SEI during the initial sodiation process. This SEI
effectively curtails side reactions, such as continuous electrolyte
consumption and accumulation of inactive Na, consequently
promoting more uniform and denser Na deposition without
significant volume changes in contrast to a bare Cu foil (Fig. 13c).

Besides these efforts, it is still challenging to fabricate ideal
artificial interphase layer by introducing additional materials.
For example, the widely adopted carbon-based materials can-
not avoid the side reactions at initial cycles, leading to notable
sodium ion depletion and electrolyte consumption. The porous
structure, either inheriting from the bulk materials structure or
resulting from the fabrication process such as wet-casting with
a thickness in micrometers, will reduce the overall volumetric
energy density at A h-level. Therefore, it is essential to balance
the benefits of the artificial interphase technology with battery
performance parameters, especially the gravimetric and volu-
metric energy densities. Accordingly, developing novel fabrica-
tion approaches involving a combination of efficient materials
can precisely manipulate the interfacial layers on the substrate.

Recently, a novel strategy for fabricating an Al current collector
through annealing and direct fluorination using hydrofluoric

3904 | Energy Environ. Sci., 2025, 18, 3887-3916

acid, as schematically presented in Fig. 14a, has been
reported."”® Such annealing treatment induced the highly prefer-
ential orientation along the (100) crystal plane. By further fluor-
ination, the Al substrate (F-A-Al) exhibited much lower binding
energy with Na (Fig. 14b and c), providing more nucleation sites
and enabling planar deposition of Na as illustrated in Fig. 14d.
This surface modification enhanced the Na nucleation/growth
process and facilitated the reversibility of Na deposition/dissolu-
tion process (Fig. 14e and f). Coupling with an ionic liquid
electrolyte, the demonstrated AFSMB employed with NazV,(PO,);
cathode delivered higher energy density and CE. These findings
indicate promising potential for interfacial modification of cur-
rent collectors with enhanced sodiophilicity, facilitating the per-
formance of anode-free batteries with enhanced efficiency and
extended operational lifespan. Eventhough, artificial interphase
layers in AFSMBs still confront challenges like poor mechanical
stability, limited sodiophilicity, insufficient ionic conductivity,
and weak adhesion to current collectors. These issues can lead
to heightened interfacial resistance and dendrite formation.
Moreover, the fabrication processes are often intricate and
multi-step, posing difficulties for large-scale applications. To
enhance electrode compatibility, strategies such as employing
multicomponent interphase layers to boost mechanical strength
and sodiophilicity, developing advanced fabrication techniques
for improved surface adhesion, and optimizing interphase layer
composition with materials of high ionic conductivity can be
adopted.

This journal is © The Royal Society of Chemistry 2025
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(a) Schematics of Na deposition on bare Cu or Al foils and Cu—carbon composites coated current collectors. (b) and (c) Comparison of the sodium

of bare Cu and Cu—Cu@C electrodes at a current density of 0.5 mA cm™2, with

a fixed Na plating charge of 1 mA h cm~2. Reproduced with permission.*” Copyright 2022 Wiley-VCH GmbH.

4.3. Architecture designs of current collectors

An alternative strategy to enhance the cycling stability of AFSMBs
involves the promotion of uniform sodium metal deposition by
manipulating the physicochemical properties and surface micro-
structures of the anode current collectors. This approach
diverges from the previous ones, which focused on the applica-
tion of an artificial layer to refine the deposition behavior of
sodium on conventional current collectors. Here the emphasis is
placed on the material and architecture of current collectors.
These factors are critical as they substantially affect the nuclea-
tion of sodium and the subsequent formation of the SEI, which
in turn influence the overall electrochemical performance of

This journal is © The Royal Society of Chemistry 2025

battery. To effectively control sodium plating and stripping in
AFSMBs, the ideal anodic current collector substrate should
satisfy the following criteria: (i) exceptional mechanical strength
to withstand the internal pressure changes that occur with the
rapid volume fluctuations associated with sodium deposition;
(i) high electron conductivity is necessary to maintain a surface
potential equilibrium, facilitating the uniform Na deposition;
(iii) low surface diffusion energy for sodium ions and atoms,
aiding the lateral diffusion of sodium and ensuring even dis-
tribution to nucleation sites; (iv) high surface affinity for sodium
to create a thermodynamically favorable state that promotes a
dendrite-free sodium deposition morphology; (v) robust
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electrochemical stability to prevent corrosion and mitigate side
reactions at the electrolyte/electrode interface.

The use of anodic current collectors with specific micro-
and/or nanostructures, known as 3D electrode hosts, is bene-
ficial for achieving uniform Na deposition and prolonging the
lifespan of AFSMBs.'*° Specifically, these 3D porous structured
current collectors can facilitate a controllable nucleation and
growth process for Na metal deposition.'>® On one hand, the
3D-structured hosts provide sufficient a buffer to alleviate the
volume change associated with Na metal plating/stripping,
thus mitigating the mechanical stress that can lead to dendrite
formation and capacity loss.”” On the other hand, the 3D
porous architecture is adept at managing ion flow and offering
large surface area with nucleation sites. This design reduces the
local current density, which is crucial for preventing high
currents at specific points favoring the growth of mossy and/
or dendritic Na. Currently, 3D electrode hosts can be divided

3906 | Energy Environ. Sci., 2025, 18, 3887-3916

tes during the galvanostatic Na deposition at 0.5 mA cm ™2 for 0.5 mA h cm™2.
ion/dissolution tests with pre-deposited Na metal (2 mA h cm~2). Reproduced

into three categories based on substrate materials and compo-
sition: carbon-based, metal-based, and their composite frame-
works. Despite their distinct microstructures, compositions,
and performance advantages, the common objectives of this
strategic approach is to enhance the electrochemical deposi-
tion behavior of sodium ions by increasing the nucleation sites
and reducing the local current density, which collectively con-
tribute to an improved performance of AFSMBs.

Typical metal-based current collectors, e.g., Zn, Cu, and
a-brass, were primarily screened for AFSMBs, as schematically
illustrated in Fig. 15a."" Due to the crystallographic incompat-
ibility between Cu and Na metal, Cu foils demonstrated worse
CEs and cycling stability with large nucleation overpotentials,
while Zn performed as the most suitable current collector
material, delivering superior cycling stability with an average
CE up to 98.9%. To improve the feasibility of Cu-based current
collector, a Cu nanowire-reinforced 3D Cu foam current

This journal is © The Royal Society of Chemistry 2025
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0.25mAhcm 2at0.5mAcm 2and 0.5mA hcm 2 at 1 mA cm 2. Reproduced with permission.*® Copyright 2017 American Chemical Society.

collector (CuNW-Cu) was reported.'”* As depicted in Fig. 15b, the
in situ grown Cu nanowires offer a multitude of active nucleation
sites, which increase the current collector’s surface area for
reducing the local current density. This design enhances the
diffusion of Na' ions across the electrode/electrolyte interface
and equalizes the distribution of Na* flux. The same function-
ality was also observed in Al-based current collector system.>
In addition to the cost-effectiveness and reduced weight com-
pared to Cu current collector, the interconnected porous struc-
ture of Al-based current collectors demonstrated the capability to
endure over 1000 Na stripping-plating cycles with minimal and

This journal is © The Royal Society of Chemistry 2025

stable voltage hysteresis and high average CE over 99.9% as
depicted in Fig. 15c and d. This advancement is instrumental in
enhancing the cyclability and efficiency of sodium deposition
process by architecture design of the current collector, bringing
the practical application of high-energy AFSMBs.

As reported, the carbon-based materials are widely used as
hosting layers by modulating the deposition behavior of Na* on
the conventional Al or Cu current collectors due to their high
sodium affinity, electron conductivity and chemical stability.
The direct use of porous carbon frameworks as current collec-
tors offer a promising solution for sodium deposition in anode-
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free batteries. For example, a 3D flexible commercial carbon felt
can be employed as a host for sodium metal anode.'*® By further
optimization, a 3D carbon-based sodiophilic substrate was fabri-
cated by decorating silver (Ag) on carbon cloth through a facile
thermal evaporation deposition method, which was then
employed as anode current collector for AFSMB (Fig. 16a).”
Theoretical simulations have demonstrated a preference for
sodium ions to bind with Ag to form a Na-Ag network, thus
effectively improving the Na plating/stripping reversibility by
contributing to the formation of a thin and uniform SEI. The
AFSMB employing such an anode current collector and a Prussian
white cathode (Fig. 16b) delivered a capacity retention of approxi-
mately 56% after 800 cycles at 0.5C with a relatively slow capacity
decay of 0.055% per cycle (Fig. 16c). Moreover, Kandula et al.
designed a mechanically resilient MXene/CNT nano-accordion
framework that serves as an efficient anode host for AFSMB
(Fig. 16d).** The synergistic exposure of sodiophilic surface func-
tional groups on the MXene nanoplates and CNTs provide an
increased micro-sized porosity offering plenty of Na nucleation
sites, allowing rapid and uniform Na plating/stripping. Besides,
the high mechanical flexibility of the nano-accordion structure,
stemming from the strong adhesion between MXene and CNT
surfaces, enables the MXene/CNT nano-accordion frameworks to
retain their structural integrity with minimal volume changes
even under intensive stripping/plating process in high areal
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capacity. These benefits allow the anode-free full-cell coupled
with a carbon coated NazV,(PO,); cathode to run for the long-
term cycle stability over 5000 cycles at 5.0C and 10.0C without
failure (Fig. 16e), respectively.

Functionalization with inorganic species such as Sn,"
CuP;,"* or ZnIn,S,'> with an ultraconformal coating layer
and sodiophilic properties may also promote more uniform Na
nucleation and deposition. However, the use of 3D porous
current collectors simultaneously increases the electrode in
direct contact with the electrolyte and burdens Na consumption.
Meanwhile, the mechanisms underlying the impact of the
current collector geometry, material properties, surface energy,
and mechanical characteristics on Na plating/stripping in prac-
tical applications still need further investigation.

4.4. Electrochemical modulations toward nucleation/
diffusion kinetics

Regarding cell configuration, the operating protocols can influence
the sodium deposition behavior and the overall cell performance.
Approaches that have been widely employed in anode-free lithium
batteries, taking into account variables such as temperature,'*®
applied pressure,'” and test parameters e.g., cut-off voltage,">” can
be similarly extended to AFSMBs. External pressure, in particular,
plays a vital role for cycle life in various cell configurations."”’
Applying pressure to the cell can influence the diffusion kinetics by
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(a) Schematic representation illustrating the deposition of Ag on a carbon cloth. (b) Schematic diagram of AFSMB configurations using Ag@C as

anode current collector. (c) Long-term cycling performance of AFSMB at 0.5C within 2—4.2 V. Reproduced with permission.2® Copyright 2021 Wiley-VCH
GmbH. (d) Schematic illustration of the resilient TizC,T,/CNT nano-accordion frameworks. (e) Cyclic stability plots of AFSMB. Reproduced with

permission.*® Copyright 2023 Elsevier.
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reducing the interfacial resistance and enhancing the contact
between the electrodes and the electrolyte, leading to enhanced
performance.’®® Coin cells are the most widely used setups
in laboratories considering their ease of assembly and
reproducibility.”®'®® The applied pressure in a coin cell is
typically adjusted by using additional spacers or a spring. It has
been demonstrated that the use of an extra spacer in anode-free
coin cell contributed to a superior performance, resulting in
more homogenous metal deposition with both lower bulk and
charge transfer resistances.'®’ In the more practical pouch
cells, the application of a compressive stack pressure enhances
the contact between different cell components, which mini-
mizes the internal and interface resistance.*®*'®* For example,
a split pouch cell (Na|Cu, >10 cm?) demonstrates the low
hysteresis at moderate pressure (~ 185 kPa), while the extended
cycle life can be achieved when increasing the pressure to
742 kPa, indicating that high pressures can enable the non-
dendritic sodium deposition by proper contact between
electrodes.'® The increased pressure greatly suppressed the
formation of needle-like or star-shaped sodium deposits, con-
sequently decreasing the reduced surface area involved in side
reactions as well as SEI formation. However, the effects on
other parameters such as gas evolution, SEI growth, and
dendrite formation are still not clear. Further research and
optimization of pressure-induced effects are essential to fully
realize the potential of this modulation strategy.
Electrochemical modulations play a crucial role in enhancing
the nucleation and diffusion kinetics in anode-free batteries. The
cut-off voltage is another key parameter indicating the electro-
chemical performance of full cell or anode-free batteries.'®®
J. Dahn et al.*® observed that adjusting the lower cut-off voltage

View Article Online
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from 3.6 V to 1.25 V can significantly affect the cycling behavior
and CE of anode free batteries. In particular, the cells discharged
to 3.6 V displayed sharp fading after 5-10 cycles, although
offering high initial CE above 99.8%, which did not occur in
the cells discharged to 1.25 V. While further examination is
required to fully understand the underlying mechanisms of
these effects. Additionally, the adjustment of the cut-off voltage
range can regulate the redox reactions.’’ For example, a
Na3V,(PO,); (NagVP) cathode can be presodiated and trans-
formed into NasV,(PO,); (NasVP), which serves as a suitable
sodium replenisher to compensate the sodium loss, and more
importantly allows a reversible three-electron redox reaction in a
wide voltage range of 1.0-3.8 V, as illustrated in Fig. 17a. Fig. 17b
illustrates the galvanostatic charge-discharge (GCD) profiles of
the Na5VP| Al/C cell, which reveal two notable plateaus at 0.35 V
and 1.7 V versus Na/Na' during the initial charging cycle. These
voltage plateaus are associated with the phase transitions that
occur as the pre-sodiated sodium is extracted from the NasVP
electrode material. The widened voltage range can unlock a high
energy density of 400 W h kg™ " in the anode-free sodium battery
that uses Al/C as an anode current collector, enabling a superior
cycling performance compared with a narrower cut-off voltage
range of 3.0-3.8 V (Fig. 17c). Similar performance enhancements
have been observed in recent work by Hu et al®” The cycling
retention is increased from 82% after 200 cycles to 84% after
260 cycles when the upper-cut-off voltage is reduced from 4.0 V
to 3.8 V. These findings indicate the significance of test proto-
type modulation in optimizing the performance of anode-
free batteries, which should be explored further to enhance both
energy density and cycling stability of AFSMBs for practical
applications.
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(a) Nlustration of presodiation, assembly, and operation of AFSMB in two different voltage windows, (b) initial GCD profiles and (c) cyclic

performance of NasVP|Al cells within different voltage windows (1.0-3.8 and 3.0-3.8 V). Reproduced with permission.** Copyright 2021 Wiley-VCH

GmbH.
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5. Summary and perspectives

Anode-free sodium metal batteries (AFSMBs) are a cutting-edge
battery technology that promises high energy density, reduced
manufacturing costs, and enhanced safety. However, they face
significant challenges such as limited sodium availability, the
formation of inactive sodium, and issues with the SEI formation,
which collectively undermine cycle performance, hindering their
practical application. In this context, optimizing the utilization of
sodium ions is crucial for prolonging the lifespan and enhancing
the efficiency of AFSMBs. Herein, the major challenges and funda-
mental issues related to the performance of AFSMBs have been
summarized, with a specific emphasis on the recent advancements
in electrolyte and interphase optimization aimed at enhancing the
long-term cycling stability and CEs, as depicted in Fig. 18.
Despite the breakthroughs in electrolytes and interphase
designs, there are still considerable challenges to overcome to
achieve stable, long-term cycling performance for AFSMBs. The
primary issues hindering the practical application of AFSMBs
are: (i) the conventional planar anode current collector struggles
to regulate the morphology of sodium plating and stripping, in
which the spatial confinement can lead to the build-up of
interfacial stress, potentially causing structural failure and the
formation of dead sodium; (ii) uncontrolled side reactions and
the persistent formation of the SEI layer stem from the thermo-
dynamic instability of metallic sodium, which will gradually
consume electrolyte and lead to capacity loss upon cycling; (iii)
high nucleation energy barriers hinder the efficient sodium ion
transport and contribute to uneven sodium deposition in
AFSMBs due to poor affinity between the inert substrate and
metallic sodium. All these issues can be potentially addressed by
regulating the sodium behaviors at the electrolyte/current
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collector interface. Particularly, the development of solid-state
AFSMBs requires robust solid-solid interface contact between
solid electrolytes and current collectors. Although the strategies
discussed have contributed to extended AFSMB lifespan, further
enhancements are essential for achieving more stable and reli-
able performance. Future developments in the following areas
are fundamental for realizing AFSMBs with high energy density,
extended cycle life, and improved safety.

(1) Deep understanding of electrolyte-derived SEI and Na
deposition mechanisms.

The deposition of sodium metal on inert current collectors
is a complex process, significantly influenced by the formation
of the SEI layer. Characterizing the SEI in real-time without
altering its state is challenging, but essential for understanding
its impact on Na deposition behavior. Theoretical methods,
including molecular dynamics simulations and quantum
mechanical calculations, are pivotal for elucidating the intri-
cate interfacial reactions between electrolyte constituents and
electrode materials. These tools help us grasp atomic-scale
electronic configurations and reactive potentials, while thermo-
dynamic and kinetic models forecast the SEI's evolution. DFT
and ab initio molecular dynamics (AIMD) simulations offer
detailed insights into the structural and dynamic behaviors of
electrolytes. Empirical data from spectroscopic techniques
further enrich our understanding by revealing the SEI's
chemical architecture and physicochemical attributes. Conti-
nuum models such as pseudo-2D (P2D), pseudo-3D (P3D)
multiscale, and 4D-resolved models, simulate the bulk electro-
chemical performance, which are often integrated with physical
degradation models to account for SEI formation and
growth."®®'°® This synergy between theory and experiment aids
in electrolyte optimization, SEI engineering, additive selection,

Summary and Strategies for advanced AFSMBs
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and the superior compatibility of electrolytes and SEI, paving
the way for robust and efficient battery technologies.

The integration of advanced real-time monitoring with
in situ visualization techniques significantly enhances the
understanding of sodium desolvation, nucleation, plating,
stripping, and SEI formation during battery cycling. Advanced
operando experiments, particularly cryo-electron microscopy,
provide profound insights into these processes. Techniques
like cryo-SEM, HR-TEM, atomic force microscopy, and various
spectroscopies deliver atomic-level data on SEI and interfacial
evolution."®'”° However, the true value lies in real-time oper-
ando techniques such as SANS/WANS, quasi-elastic neutron
scattering, neutron reflectometry, and terahertz spectroscopy,
which offer a dynamic view of the SEL.'®”'"* These methods, in
concert with computational calculations and simulations,
enable a comprehensive understanding of SEI and sodium
deposition mechanisms. By merging these advanced techni-
ques with theoretical models, we can predict and control SEI
behavior, driving the development of efficient and sustainable
battery technologies for the next generation of high-performing
energy storage systems.

(2) Efficient sodium source replenishment and pre-sodiation
technologies.

Developing Na compensation strategies in AFSMBs involves
innovative approaches from both electrolyte and cathode sides
to ensure stable operation and longevity. Formulating electro-
lytes that can provide a steady Na* supply, such as the use of
high concentrated electrolyte and sacrificial additives compen-
sating the Na loss from the inevitable SEI formation and other
side reactions. The incorporation of sacrificial agents in elec-
trolytes that contain sodium and serve to replenish the sodium
loss can significantly enhance the efficiency and cycling stabi-
lity of AFSMBs. Currently, the most commonly used sacrificial
agents, including Na,C,0,4,'"> Na,C,04,'"® Na,S,"’* NaspP,'”*
NaNj,"”® are insoluble in the conventional liquid electrolytes.
Thus, they are added into the composite cathode. However,
safety concerns are paramount with materials like Naz;P and
NaN3, respectively, prone to flammability and explosion. Addi-
tionally, although compounds such as Na,CO; hold high
theoretical capacities, their actual usable capacity is limited.
The need for catalysts to reduce the high desodiation potentials
of other compounds like sodium thiophosphate (Na;PS;0) and
Na,C,0, further complicates the manufacturing process, driv-
ing up costs. In this context, molecular design of sacrificial
sodium salts with low desodiation potential, high-capacity,
solubility in the electrolyte, and insulating/gas byproduct-free
should be devoted to promoting the reversible capacity and
cycling performance of AFSMBs. Considering the fact that the
cathodes provide the only sodium source in anode-free bat-
teries, another promising strategy involves enhancing the cath-
ode material itself to contain additional Na sources. This can be
accomplished by pre-sodiation treatment with more sodium
into the lattice, effectively creating a sodium reservoir that
compensates for the initial sodium plating and any subsequent
loss during cycling. Moreover, developing sodium-rich cathode
materials like layered oxides, polyanionic compounds, and

This journal is © The Royal Society of Chemistry 2025
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Prussian blue analogs is also pivotal for harboring additional
sodium ions, which could be realized by precise crystal engi-
neering from advanced synthesis. By integrating these strate-
gies, AFSMBs can potentially achieve a more balanced sodium
supply and contribute to improved performance. Further
research and development in sodium source replenishment
and pre-sodiation technologies via electrolyte modification are
essential to fully attain the benefits of high energy and long-
term cycling in AFSMBs.

(3) Optimization of primary battery structure and test
conditions.

Optimizing primary battery structure and related accessories
is crucial for boosting functionality, efficiency, and safety. Key
strategies include refining compatibility of electrode reaction
mechanisms, optimizing cell configurations for desired voltage
and capacity, and employing separators without short circuits.
Structuring the internal layout of a battery is required to
optimize the series and parallel connections of cells for achiev-
ing desired voltage and capacity. Meanwhile, using a modular
design approach enhances the battery’s resilience to internal
strain, particularly in anode-free batteries. This design permits
the necessary expansion and contraction of electrodes without
compromising the structural integrity of the battery. By allow-
ing for such movement, the modular design helps to distribute
mechanical stress more evenly, consequently reducing the risk
of deformation or damage to the electrode structure. Moreover,
functionalized separators that allow efficient ion transport and
affect the morphological evolution of Na deposits can remark-
ably improve the CE and lifespan of SMBs, while the design and
working mechanisms of the state-of-the-art separators were
rarely presented and discussed in AFSMBs.'””"'78

Test conditions also play a significant role in improving the
cycling performance and energy density of AFSMBs, with fac-
tors such as cut-off voltage, working current density, surround-
ing temperature, and stacking pressure. A lower cut-off voltage
may improve cycle stability but also reduce energy density,
necessitating research into strategies that maintain stability at
higher voltage to achieve greater energy densities. Typically,
AFSMBs operate at lower current densities for better capacity
and stability, though this can extend operation times and limit
practicality. Fortunately, recent studies suggest that using lower
charging currents and higher discharging currents can enhance
cycling stability, emphasizing that the charging-to-discharging
rate ratio is more impactful on cycle life than absolute current
densities. Optimizing these rates could significantly extend the
practical applications of AFSMBs. Additionally, broadening the
operational temperature range could further expand the real-
world practicality of these batteries. By refining these test
conditions, AFSMBs can be tailored for a wider range of
applications without sacrificing performance or safety.

(4) Developing high-energy batteries under -cryogenic
conditions.

The development of high-energy-density anode-free bat-
teries for cryogenic conditions is impeded by challenges such
as poor metal plating/stripping reversibility and unstable SEI.
Kinetically, the performance at temperatures below —20 °C
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faces significant challenges particularly due to kinetic barriers of
ion transport, cation desolvation at the electrode/electrolyte
interface. Meanwhile, the desolvation of Na" ions is particularly
sensitive to low temperatures, leading to increased charge
transfer resistance and the formation of undesirable sodium
dendrites at the SEL. The Na" desolvation is influenced by the
competitive coordination among cations, anions, and solvent
molecules, indicating that modulating the solvation chemistry
within the electrolyte is key to controlling the interfacial
dynamics of Na" at low temperatures. Therefore, the exploration
of weakly solvating solvents presents a promising direction for
AFSMBs, as they can reduce desolvation energy and allow a
smaller number of solvent molecules to occupy the inner solva-
tion sheath. Additionally, interface engineering through addi-
tives and surface modifications aim to foster a stable and thin
SEI, while fundamental research delves into the low-temperature
electrochemical behavior, metal deposition mechanisms, and
SEI formation. A comprehensive understanding of the solvation
involving Na', anions, and solvent molecules and interfacial
reactions is critical for low-temperature AFSMBs. Nevertheless,
by tackling these issues through a combination of electrode
material innovation, electrolyte engineering, and design optimi-
zation, it is possible to develop high-energy-density anode-free
batteries to operate effectively in cryogenic conditions.

In summary, the successful implementation of AFSMBs
relies heavily on a synergistic integration of various modifica-
tion strategies, including the optimization of current collectors,
interfacial engineering to stabilize the SEI, the formulation of
electrolytes with enhanced ionic conductivity and the compat-
ibility with sodium metal, the establishment of operational
protocols that ensure safe and efficient functioning, and the
designs of cathodes that can withstand the stresses of low-
temperature operation. The collective goal is to unlock the full
potential of AFSMBs, propelling their evolution as a reliable,
safe, and high-energy-density energy storage solution for prac-
tical applications, especially under cryogenic conditions.
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