#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

REVIEW

The challenges and strategies towards high-
performance anode-free post-lithium metal
batteries

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 552

Jiawei War@,a Yaosong Zhou,? Yanyi Zhuo,? Kun Fang,? Sicong Wang,® Bin Zhao, & *2
Jing Zhou & *¢ and Hua Wang © *®

With the merits of high theoretical energy density and ease of manufacture, anode-free post-lithium metal
batteries have drawn extensive attention and have been rapidly emerging in recent years. However, the poor
reversibility of metal anodes has severely hindered the realization of high-performance anode-free
batteries. In this review, the critical challenges and strategies for achieving high-performance anode-free
metal batteries are first elucidated. Then, the significant research studies devoted to promoting the
reversibility of metal anodes for anode-free post-lithium (including sodium-, potassium- and zinc-)
metal batteries are exclusively discussed to extract the principles for their practical implementation.

Additionally, remedial solutions of supplying metal to the anode for improving the cyclability of anode-
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Accepted 22nd November 2024 free batteries are also introduced. Finally, we summarize the advancements in anode-free post-lithium
metal batteries, and propose some promising directions in this area. This review aims to provide a more

DOI: 10.1035/d4sc06630h comprehensive understanding towards the strategies for achieving highly reversible anode-free post-
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1 Introduction

Metal batteries, the negative electrodes of which consist of elec-
trochemically active metals, have been experiencing a renais-
sance over the last decade.' Compared with traditional ion
batteries, such as lithium-ion batteries, using metal anodes
greatly increases the areal capacity of the negative electrode, thus
enhancing the theoretical energy density of the batteries."
Moreover, metal anodes can readily match with some highly
abundant but metal-ion-free cathodes, enabling the construction
of high-energy battery systems like metal-sulfur and metal-air
batteries.>® With the continuous improvement in the safety and
reversibility of metal anodes, which are the greatest concerns for
the practical application of metal batteries, metal batteries have
shown great development promise.”® Lithium metal batteries are
most extensively developed due to the first-mover advantage of
the closely related lithium-ion batteries industry. However, the
growing demand for lithium in commercial lithium-ion batteries
is driving up costs, making lithium metal batteries less
economically attractive.” In search of more economical
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lithium metal batteries and a timely overview of the latest developments in this emerging field.

alternatives to lithium metal batteries, researchers have turned to
post-lithium metal batteries," such as sodium-metal,"* potas-
sium-metal*” and zinc-metal™ batteries, with the related progress
being rapidly updated. Since post-lithium metal batteries share
some common issues with lithium-metal batteries, drawing on
the abundant knowledge developed in lithium-metal batteries,
post-lithium metal batteries have become important research
fields within just a few years.

Although post-lithium metal batteries, including sodium-,
potassium- and zinc-metal batteries, are seen as promising
candidates for next-generation batteries, the metal anodes in
these batteries generally act as both the active material and the
current collector. This results in excessive metal usage on the
anode side, thus significantly reducing the actual energy density
and economic benefits of metal batteries. Moreover, the
batteries with metal as the negative electrode increase safety
issues and process complexity in manufacture, especially for
highly reactive alkali metal anodes. In this context, the so-called
“anode-free” battery configuration has emerged as a promising
solution for safer and more facile construction of high-energy-
density metal batteries."**® As shown in Fig. 1, in the anode-
free metal battery configuration, the initial composition of the
negative electrode is merely a current collector without anode
materials. The metal anode is generated by metal plating on the
current collector during the battery's first charging process, and
the pristine cathode material is necessarily in a fully reduced
state and generally serves as the ion source for the metal anode.
This anode-free configuration prevents the excessive use of

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06630h&domain=pdf&date_stamp=2024-12-21
http://orcid.org/0000-0002-2966-0876
http://orcid.org/0000-0003-4468-8137
http://orcid.org/0000-0002-3444-5062
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06630h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016002

Open Access Article. Published on 11 December 2024. Downloaded on 12/6/2025 7:30:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

P

STETIIION

View Article Online

Chemical Science

Cathode Cathode
Electrolyte Charge Electrolyte
Separator Separator Cmtlmrle= Cnnolle (C: capaclty)
First Electrolyte
Electrolyte
Metal anode — C :
anode
.Current cullector‘ Current collect
Initial configuration After first charging

Fig. 1 The anode-free metal battery configuration and the relationship between the theoretical capacities of the cathode and anode.

metal on the negative electrode side where the capacity of the
plated metal is theoretically equal to the charge capacity of the
cathode, thus maximizing the energy density of the negative
electrode. The advantage of the anode-free configuration in
terms of theoretical energy density has been well elucidated in
previous works.'*'* Moreover, avoiding the processing of reac-
tive metal anodes greatly simplifies the manufacturing of
anode-free metal batteries. Therefore, anode-free post-lithium
metal batteries show great potential for high-density energy
storage and have generated broad research interest.

Despite the benefits offered by the appealing structure of
anode-free batteries, specific problems with these types of
batteries greatly hinder their practical application. For example,
due to the lack of excess capacities on both the cathode and
anode sides, the battery performance degrades as a result of
decay at either electrode, which necessitates high reversibility of
both the anode materials and the cathode. Additionally, cath-
odes in the reduced state should be prepared to satisfy the first
charging of anode-free batteries. These requirements pose new
challenges to the development of anode-free post-lithium metal
batteries. Increasing research studies are being reported in this
appealing field, especially in anode-free sodium-,""** potas-
sium-*>** and zinc-metal** batteries, which need to be timely
overviewed to provide a deeper understanding towards their
challenges, strategies and recent advances. Compared with the
many reviews on anode-free lithium metal batteries,'****
a review that encompasses diverse anode-free post-lithium
metal batteries has been rarely reported.>*** In this review,
based on typical research works on anode-free post-lithium
(including sodium-, potassium- and zinc-) metal batteries, we
aim to provide a comprehensive overview towards the devel-
opment of anode-free post-lithium metal batteries. First, the
general challenges and strategies for constructing anode-free
metal batteries are illustrated, and the reversibility issues of
the metal anodes are discussed. Then, in response to these
challenges, the strategies for constructing high-performance
anode-free post-lithium batteries, including sodium-, potas-
sium- and zinc-metal batteries, are classified and introduced.
Not only are the strategies towards promoting the reversibility
of the metal anodes discussed, but also the remedial strategies
for the irreversible metal consumption on the anode are

© 2025 The Author(s). Published by the Royal Society of Chemistry

introduced. Finally, prospective views on anode-free post-
lithium metal batteries are presented. This work is intended
to provide guidance for the researchers in related fields.

2 Challenges for anode-free metal
batteries

As the simple configuration of anode-free batteries endows
them with easier assembly and higher theoretical energy
density compared with traditional metal batteries, numerous
challenges arise in the pursuit of high battery performance.
Since the theoretical N/P ratio (the capacity ratio of the negative
to positive electrode) is equal to 1 : 1 after the first charging, the
degradation of either electrode dictates the battery perfor-
mance, including capacity and cycling performance (as illus-
trated in Fig. 2). Therefore, to achieve anode-free batteries with
satisfactory capacity and cycling performance, achieving high
coulombic efficiency (CE) and capacity retention for both elec-
trodes is essential. In this regard, promoting the reversibility of
the metal anode as well as the cathode is the most critical task
for high-performance anode-free metal batteries.

Generally, the challenges on the anode side are predominant
for anode-free metal batteries due to the difficulty in managing
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Fig. 2 Illustration of the performance of anode-free metal batteries
dictated by capacity decay of either electrode.
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Fig. 3 The schematic illustration of the critical issues of anode-free metal batteries.

reversible metal plating and stripping. Similar to the problems
associated with traditional metal anodes,***” the non-uniform
metal plating and the intractable electrolyte-involved side
reactions on the metal anode seriously suppress the reversibility
of the electrode (Fig. 3). The persistent loss of active materials
on the plated metal anode, such as repeated solid electrolyte
interphase (SEI) formation and metal corrosion, results in rapid
battery degradation, and the metal dendrites and byproducts
can accelerate battery failure. In this regard, strategies that
enhance the reversibility of traditional metal anodes also apply
to anode-free metal batteries, with the exception that the
current collectors have a more critical impact on the anode
performance for the latter. Specifically, these strategies involve
engineering metal plating substrates and modulating the elec-
trolyte. In addition to improving the reversibility of metal
plating/stripping, the remedial strategies that compensate for
the active material loss on the anode side are also effective in
maintaining the performance of anode-free metal batteries.
This kind of strategy is intended to offset the metal loss on
anode sides to ensure adequate anode capacity retention after
cycling, which might include various means, such as current
collector activation, cathode pre-metallization and adopting
metal-supply agents. Regarding promoting the reversibility of
cathodes, the strategies are similar to those for traditional ion
batteries and thus are not exclusively discussed in this work.
Therefore, in the following sections, representative studies
engaged in promoting the reversibility of metal plating/
stripping and compensating for anode loss in anode-free post-
lithium (sodium-, potassium- and zinc-) metal batteries are
introduced, and the involved strategies are discussed in order to
extract the general principles for constructing high-
performance anode-free post-lithium metal batteries.

3 Improving the reversibility of metal
plating/stripping

The reversibility of metal anodes is affected by various aspects.
In general, efforts to promote the reversibility of metal plating/

554 | Chem. Sci, 2025, 16, 552-574

stripping involve two main strategies, including engineering the
current collector and modulating the electrolyte.

3.1 Engineering the current collector

As the current collector of the negative electrode acts as the
metal plating substrate in anode-free batteries, the physico-
chemical properties of the current collector directly influence
the metal plating behavior and the side reactions on the
electrode.”®® Hence, engineering the current collector has
become one of the most widely exploited strategies to promote
the reversibility of metal plating/stripping. With regard to metal
plating behavior, the properties of the current collector, such as
its affinity with the plated metal/metal ion, the degree of crys-
talline matching with the deposited metal and the nucleation/
plating sites provided for metal deposition, have a significant
impact on the kinetics of the metal plating process, the crys-
talline characteristics of the metal deposit and the morphology
of the formed metal anode, further affecting the reversibility of
the electrode. Besides, the architecture of the current collector,
which determines how the deposited metal is accommodated,
is closely correlated with the morphology of the metal deposit
and the volume change of the anode during charging/dis-
charging.* With regard to the side reactions on the anode side,
the current collector can affect the reactivity of the electrolyte
species and even directly participate in the side reactions.
Therefore, the current collector can affect the performance of
the anode from diverse aspects, giving rise to various strategies
of current collector engineering, each emphasizing different
aspects.

A high affinity between the current collector and the depos-
ited metal can facilitate uniform metal plating. One popular
method is to decorate the current collector with materials that
have a high binding energy to the deposited metal atoms.
Metals, including Au,** Ag,**** Zn***° and Sn* have been
demonstrated to have high binding energy with Na atoms (i.e.,
“sodiophilic”). Mao et al. modified the Cu current collector with
Au sputtering. The larger Na binding energy of Au (—1.947 eV)
compared to Cu (—1.379 eV) facilitates uniform Na plating, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the in situ formed Au,Na alloy shows even larger sodiophilicity
(Na binding energy of —2.431 eV), thus enabling the smooth
morphology of the electrode after cycling (Fig. 4a and b).*
Similarly, Zn was found to be a superior current collector for the
Na anode compared to conventional Cu and Al foil,****¢ due to
the high binding energy of Na atoms with not only Zn but also in
situ formed Zn-Na alloy. The Zn current collector exhibited
a high Na plating/stripping efficiency of 99.7% (Fig. 4c),* and
the fabricated anode-free Zn//NasV,(PO,); (NVP) cell exhibited
87% capacity retention after 100 cycles (Fig. 4d). For K metal
plating, Bi metal was used as a potassiophilic material for
current collector modification. Zhang et al. modified Ti;C,/
CNT/rGO aerogel with Bi nanoparticles (Bi/CTG), which was
adopted as a modification layer on the Cu current collector for K
plating.*® The high affinity between K and Bi not only guides the
uniform K deposition but also allows for a stable SEI (Fig. 4e
and f), thus enabling a smooth and stable electrode interface of
the modified current collector after the plating/stripping
process compared to the pristine Cu current collector.®® The
Bi/CTG@Cu current collector enabled K plating/stripping with
a high average CE of 99.4% after 1100 cycles, whereas the
fabricated anode-free K full battery with a K; soFe[Fe(CN)s]o.00
(PB) cathode exhibited a CE of merely 86.2%, suggesting the
necessity of further investigation into its performance. With
regard to anode-free zinc metal batteries, metals such as Ag,*"
Sb**' and Sn,**> have been proven to be zincophilic and have
been utilized for current collector modification. For example,
a Sb layer was electroplated on Cu foil as a current collector for

View Article Online

Chemical Science

Zn plating.* The more delocalized electron distribution on the
deposited Zn atoms on the Sb@Cu substrate compared to that
on the Zn substrate is demonstrated by density functional
theory (DFT) calculations, suggesting enhanced bonding
between the Zn and Sb layer (Fig. 4g and h). The formed Sb/
Sb,Zn; interface facilitated Zn nucleation and promoted
uniform Zn*>" flux distribution. Benefiting from the above
merits, improved morphological uniformity of Zn deposits was
observed on the Sb@Cu current collector at a high plating areal
capacity of 50 mA h em™ (Fig. 4i and j). Notably, with the
Sb@Cu current collector, the anode-free Zn-Br, battery stably
operated for 40 cycles at an ultrahigh charging areal capacity of
200 mA h ecm 2, showing great potential of this strategy for
fabricating current collectors of anode-free zinc-metal
batteries.

Apart from metals and in situ formed alloys, the direct use of
alloy matrices or intermetallic compounds has been proven to
be feasible for guiding uniform metal plating in anode-free
batteries. The alloys with high affinity towards the deposited
metal generally function to increase metal nucleation sites and
to mitigate the nucleation energy barrier, thus modulating the
current distribution on the substrate during metal plating.
Chen et al. constructed a potassiophilic CueSns layer on
commercial Cu foil (CusSns@Cu) as the current collector for K
plating.’® At a plating capacity of 2 mA h cm 2, the K deposit
exhibits a considerably more compact and smoother
morphology on CusSns@Cu compared to that on commercial
Cu foil (Fig. 5a and b).* This result is explained by the higher
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Fig. 4 Optical photographs of Na plating with 1.0 mA cm™2 at the 10th cycle on (a) Cu and (b) Cu@Au; reproduced from ref. 32 with permission
from Elsevier, copyright 2018. (c) Voltage profiles of half cells showing the plating—stripping efficiencies of Zn, Cu, and Al at 2 mA cm~2 and
3mA h cm™2. (d) Capacity retention and CE of Zn//NVP and Na//NVP full cells. (c and d) Are reproduced from ref. 35 with permission from The
Royal Society of Chemistry, copyright 2023. Schematic diagram of K metal plating/stripping on (e) Cu and (f) Bi/CTG@Cu; reproduced from ref.
38 with permission from Elsevier, copyright 2024. DFT calculation models with differential charge density of (g) Zn (100) and (h) Sb (104).>® Zn
electrodeposited on (i) Zn and (j) Sb@Cu substrates with areal capacities of 50 mA h cm 2.3
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Fig. 5 SEM images of K electrodeposition on (a) bare Cu and (b) CusSns@Cu with a capacity of 2 mA h cm™2 (the inset shows the optical

photographs of K deposition morphology on (a) bare Cu and (b) CugSns@Cu current collectors). (c) Adsorption energy (E,) of K-atoms on K (110)
and CugSns (22—1) crystal planes. (d) Dimensionless current—time transient for the K deposition process in comparison with theoretical 2D and
3D models (imax: peak current; tmax: time needed to achieve the peak current). (e) Schematic illustration of 2DP (BFT models) and 3DI (SH models)
(x—y is parallel to the substrate; y—z is vertical to the substrate). (a—e) Are reproduced from ref. 19 with permission from Wiley, copyright 2024. (f)
EDS mapping images of the Cu@CuzZn powder; reproduced from ref. 43 with permission from Science Press and Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, copyright 2022. (g) Na™ diffusion energy barrier of Cu and NazP. SEM and optical images of (h) CusP@Cu
and (i) bare Cu anodes at 5 mA h cm™2. (j) Cycling performance of CusP@Cu//NVP anode-free pouch cells at 0.5 C. (g—j) Are reproduced from ref.

44 with permission from Wiley, copyright 2024.

adsorption energy (E,) of K-atoms on CugSns crystal planes
compared with that on K metal, as demonstrated by DFT
calculations (Fig. 5¢). The highest E, of K-atom adsorption can
be found at a single K atom on CueSns, suggesting a uniform
nucleation process on this alloy layer from a thermodynamic
perspective. The dimensionless current-time transient profiles
of K deposition show that, compared with the 2D progressive K
nucleation (2DP) on Cu foil, CusSns@Cu exhibits 3D instanta-
neous (3DI) nucleation (Fig. 5d), which is theoretically benefi-
cial for achieving uniform K metal nucleation on the substrate
(Fig. 5e). Similarly, CusZn alloy-coated Cu powder (Cu@Cu,Zn)
was prepared as a Zn plating substrate for anode-free zinc metal
batteries (Fig. 5f).** The Cu@Cu;Zn modified-carbon-coated Cu
foil (CCF) shows decreased Zn nucleation overpotential
compared to the pristine CCF, and the “dead” Zn problem is
also alleviated. As a result, the Cu@Cu;Zn modified CCF//
Zn;V;0g anode-free zinc metal battery exhibits 80% capacity
retention after 200 charge/discharge cycles,** demonstrating the
effectiveness of this alloy layer in improving the reversibility of
the Zn anode. Wang et al. prepared a sodium antimony telluride
intermetallic (NST)-Na metal composite as the sodium metal
anode.* By further electrochemically stripping the active Na
metal from the composite, a thermodynamically stable inter-
metallic matrix was obtained. The NST skeleton showed pref-
erential formation of individual Na atoms instead of clusters as
indicated by the calculated binding energies, thus enabling

556 | Chem. Sci., 2025, 16, 552-574

a complete Na coverage on the substrate during the Na nucle-
ation period and planar deposition subsequently.* During
anodic polarization, the NST skeleton exhibits negligible
structural changes, thus ensuring its stable function as the
plating substrate. Consequently, the anode-free NST//NVP cell
shows an initial CE of 92.3% and a capacity retention of
approximately 65% after 100 galvanic cycles at 1C. Besides
increasing binding energies towards deposited metal atoms,
the affinity with metal ions can also be modulated by interme-
tallic compounds. Copper phosphide (CuszP) nanowires were
constructed on Cu foil as a Na plating substrate by an in situ
growth and transformation method.* It was found that CusP
not only decreased the Na nucleation overpotential, but also
exhibited lower Na" adsorption energy and smaller Na" diffu-
sion energy compared to Cu (Fig. 52), which together contribute
to more uniform Na deposition (Fig. 5h and i). This unique
current collector supports Na plating/stripping for 250 cycles
with an average CE of 99.12% at 4 mA cm™ > and 4 mA h cm™2.
The anode-free NVP//Cuz;P@Cu full cell shows an initial
capacity decay followed by stable cycling, which may be related
to the moderate initial CE of 81.1% (Fig. 5j). The alloys and
intermetallic compounds show great potential for guiding
uniform metal plating and promoting CE of the metal anodes
for anode-free metal batteries. Nevertheless, the inadequate
mechanical strength or structural instability of the alloy
matrixes may impede their application as current collectors,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while adding supporting substrates would severely decrease the
energy density of the anode. Considering the abundance of
these kinds of materials, deeper and extensive research into
these materials as metal plating substrates for anode-free
batteries can be expected.

Carbon materials have been widely adopted as metal nucle-
ation layers on the current collector for metal plating in anode-
free sodium-,*** potassium-*" and zinc-metal *“** batteries.
Carbon black was reported as a superior Na plating substrate to
Al foil, which was reflected by the increased nucleation sites and
improved CE of Na plating/stripping.*® Hu et al. demonstrated
the advantages of graphite carbon (GC) as a Na plating substrate
compared to active carbon (AC) in diverse dimensions.*” First,
the higher porosity of GC is conducive to electrolyte wetting,
and the fewer defects of GC endow it with larger electron
conductivity, thus facilitating electrode reactions on the GC
substrate. Second, instead of ion adsorption-like behavior
occurring on AC, the GC exhibits both ion adsorption and ion/
solvent co-intercalation behaviors, as evidenced by the existence
of both sloping and plateau regions in the initial charging
profile of GC in an ether-based electrolyte,* which accounts for
the higher initial CE of GC (82%) compared to that of AC (44%)
(Fig. 6a). Moreover, the Na nucleation overpotential on GC (16.4
mvV) is also smaller than that on AC (25.7 mV), indicating the
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more sodiophilic nature of GC. These factors collectively
contribute to uniform and reversible Na plating/stripping. The
promoting effect of the defective structures in carbons on metal
nucleation has been elucidated in anode-free sodium-**4>°*>
and potassium-metal batteries.’® By treating carbon-coated
aluminum (AlI@C) foil with high-energy air plasma, our group
introduced active sites into the carbon material for Na atom
adsorption and nucleation.**** It was found that the air plasma
treatment produced abundant pyridinic N and pyrrolic N
structures (Fig. 6b)," with the electron-deficient states
improving the affinity between these sites and Na atoms. The
defects endow the carbon matrix with higher adsorption energy
to Na (Fig. 6¢ and d).”® The improved sodiophilicity of the
defect-rich carbon contributes to a much smoother and denser
Na deposit (Fig. 6€) compared to the rough and inhomogeneous
Na morphology on pristine carbon (Fig. 6f) at a current density
of 7 mA cm 2, and the CE of Na plating/stripping was also
promoted by the defect-rich carbon, especially at high current
densities.”” Sun et al fabricated a large-scale defect-rich
graphene-coated Al foil sheet (AI@G) by roll-to-roll plasma-
enhanced chemical vapor deposition on commercial Al foil.*
Compared with pristine Al foil and carbon-coated Al foil (Al@C),
the defect-rich graphene layer with high surface energy exhibi-
ted superior wettability of liquid potassium and decreased K
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and plasma-treated Al@C and relaxed configurations of the Na atom absorbed on (c) perfect carbon and (d) N-doped carbon; reproduced from
ref. 48 with permission from Elsevier, copyright 2024. SEM images of Na deposition morphology on (e) AU/N-C and (f) Al/C after 5 cycles at 7 mA
cm™2; reproduced from ref. 49 with permission from Elsevier, copyright 2024. (g) Cycling performances of different anode-free full-cells at
0.1A g% reproduced from ref. 50 with permission from Wiley, copyright 2022. SEM images of (h) Cu foil after plating for 30 min at 1 mA cm™~2; (i)
C/Cu after plating for 1 h at 1 mA cm™2. (j) Cycling stability of the pre-zincificated MnO,||C/Cu anode-free full battery and standard Zn-MnQO,
battery at 1 mA cm™2. (k) The predicted cycle life of a battery vs. the CE of its anode. Here, a cathode without performance degradation is
assumed, and battery failure happens if its capacity degrades to 80% of the original value. (h—k) Are reproduced from ref. 51 with permission from
American Chemical Society, copyright 2021.
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nucleation energy. Consequently, the AlI@G current collector
showed a high average CE of 99% for K plating/stripping over
1000 h. Nevertheless, the advantage of this Al@G current
collector is not as great as expected in the anode-free K-FeS,//
Al@G full cell (Fig. 6g),* implying large room for improve-
ment in its practical application. Carbon nanodiscs have also
been demonstrated as a nucleation layer on Cu foil (C/Cu) for Zn
plating in aqueous electrolyte.*® More evenly distributed Zn
plating was observed on C/Cu in contrast to Cu foil (Fig. 6h and
i) owing to the increased nucleation sites. The smooth Zn
deposition results in an increase in the average CE of Zn
plating/stripping from 93.4% (on Cu) to 99.2% (on C/Cu). Paired
with a prezincificated MnO, cathode, the C/Cu current
collector supported the cycling of an anode-free zinc metal
battery for 80 cycles with a capacity retention of 68.2% (Fig. 6j).
Interestingly, this capacity retention surpassed the theoretical
value calculated based on the average CE of the half cell (52.6%
capacity retention after 80 cycles with a CE of 99.2%) (Fig. 6k),
which requires a deeper investigation into the effect of different
battery types on the reversibility of the anode.

The charge state of the carbon substrate has a great impact
on the binding energy between the deposited metal atoms and
the carbons, which can be regulated by constructing specific
heterogeneous structures. The charge transfer between the
adjacent components of the heterogenous interface can result
in partial charge accumulation/depletion in the carbon
component, which has been reported to be conducive to
promoting binding energy of deposited metal atoms on it.>**
Lee et al. prepared porous carbon particles containing carbon-
shell-coated Fe nanoparticles (PC-CFe) as a Na plating
substrate (Fig. 7a).>* The Fe nanoparticle donates electrons to
the surrounding graphene layer and contributes to a stronger
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bond between Na atoms and the carbon (Fig. 7b). The degree of
this charge transfer was found to depend on the type of metal
material, as shown by the highest Na adsorption energy on the
Fe/C heterogenous interface compared to other metal-based
counterpart structures, such as Ag, Sn and Mg, which was
attributed to strong hybridization between the C 2p and Fe 3d
orbitals. Consequently, the PC-CFe substrate enabled a smooth
Na morphology at a high plating capacity of 10 mA h cm™>
(Fig. 7c), and a superior capacity retention of ~97% for the PC-
CFe-based anode-free battery was achieved (Fig. 7d). Besides
metals, materials with specific functional groups can also
induce charge transfer from/to carbon when they are compos-
ited into a heterogenous structure, which was demonstrated
with Ti;C,T,/CNT nano-accordion frameworks (NAFs) (Fig. 7e)
by Son et al® DFT calculation results indicated that the
different functional groups (-OH, -F and -O) endow the
surfaces of Ti;C,T, with divergent work functions, which leads
to different charge transfer directions between the CNT and the
adjoining Ti;C,T, as well as distinct partial charges on the CNT
(gent) (Fig. 7f). Interestingly, both positive and negative diver-
gences in gcnr result in improved sodiophilicity of the material
compared to the pristine graphite model, implying the signifi-
cance of charge density on carbon materials. As a result, the
Ti;C,T,/CNT NAFs exhibited decreased Na metal nucleation
overpotential and higher CE for Na plating/stripping in contrast
to the single Ti;C,T, and single CNT counterpart substrate.
Besides the high affinity between metal atoms and the
current collector, fast and uniform metal ion diffusion at the
electrode/electrolyte interface is also critical for the morphology
of the metal deposit and the CE of metal plating/stripping.>®
Modifying the current collector with a layer guiding metal ion
flux is an effective strategy to promote the reversibility of the
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metal anode. This design principle for a Na plating substrate
was demonstrated by Zhuang et al. using a porous fluorinated
covalent triazine framework (FCTF), which possesses both high
sodiophilicity and low reactivity with Na*.5” Compared with the
nonfluorinated covalent triazine framework (CTF), the FCTF
showed a higher affinity with Na atoms, thus enabling smoother
Na deposition. More importantly, the depletion of Na* trapped
in the interphase was found to be mitigated on the FCTF
(Fig. 8a),”” implying superior reversibility of Na plating/
stripping compared to the CTF. This increased Na plating effi-
ciency was attributed to weakened interaction between the
FCTF and Na' due to the integration of fluorine into the
framework (Fig. 8b), which enabled a higher proportion of Na°,
rather than Na’, to react with the substrate during Na plating
(Fig. 8c). However, this deduction has not been theoretically
elucidated, and further investigation into the design of
substrates with both high affinity for metals and low reactivity
with metal ions is still needed. In another work, the fast diffu-
sion of Na" at the electrode/electrolyte interface was achieved by
modifying Cu foil with a HCOONa layer (Fig. 8d).*® The formed
homogeneous HCOONa layer not only protected the Na deposit
from corrosion caused by the electrolyte but also lowered the
Na' diffusion energy barrier in contrast to some common
components in the SEI (Fig. 8e). The fast Na" diffusion enabled
by the HCOONa layer facilitated not only Na plating but also Na
stripping, which contributed to more complete Na stripping
from Cu foil and greatly alleviated the “dead” Na problem
(Fig. 8f and g), indicating the great significance of the ion
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diffusion kinetics at the electrode/electrolyte interface. For
anode-free zinc metal batteries, materials with diverse proper-
ties and structures have been adopted as modification layers on
current collectors to guide Zn>" diffusion, including nucleo-
philic materials,* hydrophilic zincophilic materials,** porous
ion sieves® and polymer electrolytes.®* The fast desolvation and
diffusion of Zn** were reported to be facilitated by an aluminum
hydroxide fluoride layer on Cu foil (Cu@AOF), which supported
a high average CE of 99.90% for Zn plating/stripping and 80%
capacity retention in anode-free Cu@AOF||Zn, VO, batteries
after 300 cycles.® Wu and Bai et al. manipulated the fluxes of
both metal ions and anions at the electrode surface for revers-
ible Zn plating/stripping using a Zn ion-exchanged zeolite layer
(znA).* The structure of zeolite was screened based on its pore
structure and charge state, with no pores larger than 4.84 A (the
diameter of a SO,>~ ion) necessary for sieving sulfate ions and
thus suppressing anion-involved side reactions (Fig. 8h),*
whereas the negatively charged surface would facilitate Zn>*
diffusion and contribute to smooth Zn deposition (Fig. 8i). The
ZnA-coated Cu current collector allowed for 74.6% capacity
retention for an anode-free battery (with a pre-zincated a-MnO,
cathode) after 90 cycles. These studies demonstrate the
importance of manipulating the diffusion of metal ions for
reversible metal anodes and provide inspiration for surface
modification of current collectors for anode-free metal
batteries.

The micromorphology and structure of the current collector
have a great impact on the metal plating and stripping
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FCTF-based full cell and 0% for the CTF based anode-free configurations.®” (b) Schematic illustration of sodiophilicity and Na* reactivity on the
CTF and FCTF before deposition.*” (c) Mechanism of energy storage and reaction process of FCTF/CTF interphases in anode-free configura-
tions.?” (d) Schematic illustration for Na metal batteries with the HCOONa interface. (e) DFT calculations of the Na-ion defect formation energies
and the subsequent Na-ion diffusion barriers for three solid electrolytes relative to HCOONa species. (f and g) Optical image of the current
collectors for Na anodes after cycling. (f) Cycled Cu foil; (g) cycled SF-Cu foil. (d—g) Are reproduced from ref. 58 with permission from Wiley,
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behavior.® In this respect, the most important parameters for
the current collector are its pore structure and specific surface
area. These parameters do not affect the metal plating/stripping
in a monotonic relationship; rather, they have dual effects. With
regard to the pore structure of the current collector, high
porosity is conducive to accommodating the deposited metal
and alleviating volume changes during metal plating/strip-
ping,**® but the pores may also trap the metal deposit and
result in “dead” metal.** As for the surface area of the current
collector, a high surface area provides more metal nucleation
and deposition sites, which generally benefits the formation of
a uniform metal plating morphology;**-*® however, the resulting
increased contact between the metal anode and the electrolyte
may aggravate side reactions and lower the CE of the elec-
trode.” Therefore, discrepancies exist among different research
studies regarding the micromorphology and structural design
of the current collector for metal anodes. Nevertheless,
systematic research on the effects of the micromorphology and
structure of current collectors on the performance of metal
plating/stripping has yet to be conducted to decipher the
mysteries therein.

In addition to their influence on the metal plating/stripping
behavior, current collectors may also affect the reactivity of the
species in the electrolyte through various means, which would
further dictate the side reactions on the metal anode, such as
metal corrosion, electrolyte decomposition and SEI formation.
In one way, the catalytic nature of the current collector directly
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influences the electrolyte-involved side reactions on it. Sharon
et al. elucidated the selection criteria for Zn plating substrates
based on their catalytic effect towards the HER in aqueous
electrolytes.”> The amount of HER-induced Zn,SO4(OH),-4H,0
(ZSH) byproducts was found to depend on the current collec-
tors. The XRD results show that the contents of ZSH on Ni, Ti,
Cu and graphite foil (GF) are 73.4%, 29.9%, 1.6% and 0.1%,
respectively, and the online electrochemical mass spectrometry
(OEMS) results revealed that hydrogen evolution on the Cu and
GF foil is most insignificant during the first Zn plating
(Fig. 9a). The distinctions in the catalytic capabilities towards
the HER of different substrates could originate from the varying
strength of substrate atom-hydrogen bonds, ie., the stronger
bonding between the hydrogen atom and substrate would
impede the formation of H, molecules and thus increase the
HER overpotential at a cathodic current, which accounts for the
high HER resistance on GF and Cu foil (Fig. 9b). Moreover, the
interaction between the substrate and deposited metal affects
the metal corrosion, and the GF substrate shows a superior Zn
corrosion resistance to Cu foil (Fig. 9c), whereas the mechanism
therein needs to be further investigated. The higher CE of the
GF//Zn half cell (~72.3%) (Fig. 9d) in a standing corrosion test
than those of Cu foil (~48.0%), Ti foil (42.9%) and Ni foil-based
(failed) counterparts, indicates the great potential of GF as
a current collector for anode-free Zn metal batteries. As another
way of influencing the side reactions on the metal anode, the
current collector can tailor the surface energy of the metal
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deposit by guiding the metal crystalline orientation, which may
influence the tendency or degree of the side reactions occurring
on it. Guo et al. prepared a meter-scale graphene-modified
copper collector (Cu@G) as the Zn plating substrate to realize
the selective growth of the Zn (002) plane (Fig. 9¢).* The DFT
results show that the Zn (002) crystalline plane has a higher
activation energy for hydrogen evolution (Fig. 9f) and stronger
OH™ repulsion (Fig. 9g) than (101) and (100) planes, which
accounts for the improved corrosion resistance of the Zn
deposit and higher average CE (>99.9%) of Zn plating/stripping
on Cu@G compared to those on commercial Cu foil. In some
cases, the current collector can directly participate in the side
reactions and thus change the byproduct components on the
metal anode. Knibbe et al. investigated the SEI composition of
Na deposits on Cu, a-brass and Zn current collectors.” It was
found that Zn-containing current collectors enable the forma-
tion of a ZnF, component in the SEI by reacting with HF species
from the electrolyte (Fig. 9h—j),”® which is beneficial for inhibi-
tion of further corrosion of current collectors and ensuring
stable metal deposition. Changes in SEI composition after
current collector modifications were also reported in a few
works,*>**° which do not show direct associations between the
components of current collectors and the formed SEI, but the
related mechanisms remain unrevealed. Overall, the manifold
effects of current collectors on metal plating/stripping have
manifested their significance in promoting the reversibility of
metal plating/stripping for anode-free post-lithium metal
batteries.

3.2 Modulating the electrolyte

The reactions involving electrolyte make a critical difference to
the reversibility of metal plating/stripping of anode-free metal
batteries. The metal corrosion in electrolyte would lead to
irreversible metal consumption, and the component and
structure of the SEI on the anode, which is generally the result
of electrolyte decomposition, would dictate the stability of the
metal plating/stripping process. Besides, the desolvation of the
metal ions from the electrolyte may affect the electrode kinetics,
further influencing the metal plating morphology.””> Accord-
ingly, the design of an ideal electrolyte for anode-free metal
batteries involves both thermodynamic and kinetic
considerations.

One rational approach for suppressing electrolyte-involved
side reactions is preparing electrolytes that are thermodynam-
ically stable when in contact with the metal anode or at the
cathodic potential during metal plating. An ether-based elec-
trolyte (NaPF¢-glyme) was experimentally verified by Bai et al. to
be thermodynamically stable and free from obviously repeated
SEI formation on the Na metal anode (Fig. 10a and b).” Owing
to the reduced Na consumption by SEI formation, the anode-
free Cu|NVP full cells showed a high Na inventory retention
rate (NIRR) of > 99.8% per cycle at a high cathode loading
(6.2 mg cm™?). Although some ether-based electrolytes can
minimize side reactions with alkali-metal anodes, the cate-
gories of thermodynamically stable electrolytes for alkali-metal
anodes are greatly restricted owing to the strong reducing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties of alkali-metals. In contrast, thermodynamically
stable electrolytes can be more easily derived for anode-free zinc
metal batteries, owing to the much milder reactivity of zinc
metal and higher Zn plating potential. The notorious water-
induced Zn corrosion and HER in aqueous electrolyte severely
suppress the reversibility of Zn anodes.”” Therefore, lowering
the water content and the reactivity of H,O molecules in the
electrolyte are effective methods for promoting the reversibility
of Zn metal plating/stripping of anode-free Zn metal batteries.
Owing to the absence of water-induced side reactions, Zn metal
anodes exhibited high reversibility in some nonaqueous elec-
trolytes, such as zinc Dbis(trifluoromethanesulfonyl)imide
(zn(TFSI),)/acetonitrile,”® Zn(TFSI),/ethyl methyl carbonate
(EMC)™ and ether diluted ionic liquid,* which supported the
stable cycling of the anode-free Zn metal batteries. Neverthe-
less, compared with aqueous electrolytes, nonaqueous electro-
lytes suffer from slow electrochemical kinetics, high safety risks
and low environmental and economic benefits. Therefore,
a popular strategy to achieve high reversibility of Zn plating/
stripping while inheriting the merits of aqueous electrolytes is
designing co-solvent electrolytes for anode-free Zn batteries.
Propylene carbonate (PC),**> ethylene glycol (EG)83 and sulfo-
lane (SL)* were adopted with water to prepare co-solvent elec-
trolytes for anode-free Zn metal batteries. Besides lowering the
water content in the electrolytes, the interactions between the
co-solvents and water molecules greatly weaken the hydrogen
bonds between H,O molecules, thus suppressing water reac-
tivity. Consequently, high CEs (>99.8%) of Zn plating/stripping
can be achieved with the co-solvent electrolytes. However, the
introduction of organic solvents with higher toxicity, flamma-
bility, viscosity and cost would inevitably compromise the
advantages of aqueous electrolyte, which may impede their
large-scale application in safe and environmental energy
storage. Moreover, comprehensive principles for the selection
of the co-solvents for the electrolytes of anode-free Zn metal
batteries have yet to be established.

Thin and robust SEI on metal anodes would facilitate the
stable metal plating/stripping and can be constructed by
introducing appropriate additives into the electrolyte. For
aqueous anode-free Zn metal batteries, the SEI construction via
electrolyte modulation has been reported in a couple of
works.”**> Wang et al. reported the in situ formation of a ZnF,-
rich SEI on the Zn anode by introducing a trimethylethyl
ammonium trifluoromethanesulfonate (Me;EtNOTF) additive
into 4 M zinc trifluoromethanesulfonate (Zn(OTF),) aqueous
electrolyte.” A smoother Zn deposit morphology and a thinner
SEI layer on the Zn anode were observed after introducing
Me;EtNOTF into the electrolyte (Fig. 10c and d), and the CE of
Zn plating/stripping also increased from 87.6% to 99.9%. This
performance improvement was attributed to the formation of
a robust and hydrophobic SEI layer with complex composition
(Fig. 10e). The critical effect of the ZnF, component is eluci-
dated to be shielding water from the Zn anode and enabling
uniform lateral Zn deposition. In addition, the Me;EtNOTF
additive decreased the wettability of the electrolyte on Zn
anodes. Consequently, an anode-free Ti||Zn,VOPO, pouch cell
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Fig. 10 XPS elemental concentration profiles along the thickness of deposited Na on the Cu current collector (a) after completing the first half
cycle of plating, (b) after the half cycle of plating following 100 full cycles. (a and b) Are reproduced from ref. 73 with permission from Wiley,
copyright 2021. SEM images after 50 plating/stripping cycles in (c) 4 M Zn(OTF); and (d) 4 M Zn(OTF), + 0.5 M MezEtNOTF ((right inset): cross-
sectional SEM image, (left inset): optical images of Zn foil after cycling). (e) Cartoon of the proposed Zn?*-conducting SEI, characterized by small
nodular particles embedded in a polymeric framework. (c—e) Are reproduced from ref. 74 with permission from Springer Nature, copyright 2021.
(f) 3D distribution overlay of depth profile curves of TOF-SIMS in negative mode.?® (g) Young's modulus distribution of the SEI covered on
nanofiber from the half cell without FEC and with 5% FEC; reproduced from ref. 75 with permission from Elsevier, copyright 2022. (h) LUMO
energy levels of solvation complexes of interest in the MeTHF and G2/DOL electrolytes;” reproduced from ref. 76 with permission from Wiley,
copyright 2024. (i) TEM images of MCNF cycled in DHCE. (j) Schematic diagrams of the electrolyte structure and the correspondingly formed SEI

on MCNF using DHCE. (i and j) Are reproduced from ref. 63 with permission from American Chemical Society, copyright 2023.

with 50 mA h capacity presented 80% capacity retention after 90
cycles at 0.5 mA cm ™2,

In contrast to aqueous anode-free Zn metal batteries, con-
structing the SEI via electrolyte modulation is more widely
implemented in anode-free sodium- and potassium-metal
batteries. The mechanical strength of the SEI can be promoted
by introducing specific components into the in situ formed SEI
on metal anodes to improve the stability of the metal/electrolyte
interface. NaBF, has been reported as an effective electrolyte
additive to introduce inorganic B-O species into the SEI on Na
metal anodes; these species are known for their flexibility and
poor crystallinity, thus promising to enhance the toughness of
the SEI and facilitate uniform ion flux.*** Our group fabricated
a hybrid SEI on K metal anodes by adopting poly-
dimethylsiloxane (PDMS) as an electrolyte additive for low-
temperature anode-free K batteries.” The PDMS reacts with
the K metal surface and forms a robust organic-inorganic
hybrid SEI with the O-Si-O- interlayer (Fig. 10f), which signif-
icantly increases the Derjaguin-Miiller-Toporov (DMT)
modulus of the SEI from ~1156 MPa (for the PDMS-free
electrolyte-derived SEI) to 1489 MPa, thus maintaining
a smooth K deposit surface without cracking. Consequently, an
average CE of 99.80% for K||Cu cells was achieved at —40 °C,
showing the high reversibility of the SEI-protected K plating/
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stripping process. Inorganic F~ species in the SEI are known
as mechanical strength enhancers for Na and K metal
anodes.®*”>”® A F-rich SEI could be readily formed on Na metal
anodes by adopting fluoroethylene carbonate (FEC) as an elec-
trolyte additive.” The SEI formed with a 5% FEC additive not
only endows the Na metal anode surface with an improved
Young's modulus (Fig. 10g) but also provides high corrosion
resistance towards the electrolyte.

Besides the SEI modulated by external electrolyte additives,
the anion-derived inorganic-rich SEI is generally considered to
have high structural stability compared to the solvent-derived
organic-rich counterparts. By regulating the solvation struc-
ture of cations in the electrolyte, the decomposition preference
of electrolyte species can be changed and thus the SEI compo-
nent on metal anode can be modulated. The contents of
different solvation structures (such as solvent-separated ion
pairs (SSIPs), contact ion pairs (CIPs) and aggregates (AGGs)) in
the electrolyte and their corresponding lowest unoccupied
molecular orbital (LUMO) energy are critical considerations for
electrolyte modulation,® which are strongly associated with the
composition of the formed SEI on metal anodes. Using a weakly
solvating solvent, 2-methyltetrahydrofuran (MeTHF), an AGG-
dominated solvation structure was achieved in NaPFg-based
electrolyte.” The predominant AGG (2Na'-1PF, -4MeTHF)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solvate had the lowest LUMO energy (—1.42 eV) and facilitated
the formation of an anion-derived inorganic-rich SEI on the Na
metal anode, while the small LUMO energy gap between the
SSIP solvate and CIP solvate in the diglyme (G2)/1,3-dioxolane
(DOL)-based control electrolyte resulted in an organic-inor-
ganic hybrid SEI (Fig. 10h). With a MeTHF-based electrolyte,
a high average CE of 99.9% for Na plating/stripping was ach-
ieved at —25 °C, and this high reversibility of the Na anode
supported the stable operation of an anode-free Al@C//NVP
pouch cell for 150 cycles at —25 °C. In another work, Xie et al.
reported an anion-derived inorganic-rich SEI on K metal anodes
using a diluted high-concentration electrolyte (DHCE) consist-
ing of potassium bis(fluorosulfonyl)imide (KFSI) salt, 1,2-
dimethoxyethane (DME) solvent and 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoro-propyl ether (TTE) diluent.** The TTE
diluent promoted the participation of the anion into the K"
solvation structure, triggering the formation of an anion-
derived inorganic-rich SEI on the K metal anode, which
exhibited high toughness and enabled a smooth morphology of
the K deposit (Fig. 10i and j). Our group developed an isosorbide
dimethyl ether (IDE)/water co-solvent electrolyte for anode-free
Zn metal batteries, which increased the anion content in the
Zn>* solvation structure and enabled the formation of a ZnF,-
rich SEI on Zn anode.*> Owing to the improved stability of Zn
plating/stripping, a high-areal-capacity (~3 mA h cm™2) anode-
free Zn metal battery was fabricated, showing a 60% capacity
retention after 300 cycles. The above works demonstrated the
significant impact of electrolyte component modulation on SEI
properties; however a deeper understanding of the SEI forma-
tion mechanism and the specific effects of different compo-
nents in the SEI on its physicochemical properties still needs to
be unveiled.
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The morphology of metal deposits is dictated by the kinetics
of the metal plating process, in which the desolvation of metal
ions plays a significant role. A fast metal ion desolvation is
beneficial to smooth metal deposition, especially in low-
temperature situations where the energy barrier of charge
transfer is prominent.* The desolvation energy of metal ions can
be tailored through electrolyte design, including selecting
solvents,®*”® anion species,* electrolyte concentration®® and
electrolyte additive species.*” It is commonly believed that the
desolvation energy during metal plating can be minimized by
adopting weakly solvating agents as electrolyte solvent to
decrease the participation of solvents in the solvation shell of the
metal ions. Usually, ethers are adopted as electrolyte solvents or
diluents owing to their low viscosity, small donor number and
low dielectric constant, which endow ethers with weak solvating
ability towards metal ions. A high-concentration electrolyte
diluted with fluorinated ether TTE (DHCE) was reported to
enable easier K" desolvation compared to the normal HCE, thus
facilitating faster K deposition kinetics (Fig. 11a) and contrib-
uting to smoother K plating.®® Based on the different coordina-
tion abilities of anions to metal ions, the metal ion desolvation
energy can also be modulated by selecting anion species in the
electrolyte. The higher solvating ability of OTF~ and BF, to Na*
was illustrated by the lower electrostatic potential (ESP) charges
of Na' in the corresponding anion-Na“ complexes, compared to
the case of PF,~ (Fig. 11b).*® Owing to the decreased solvent-Na"
coordination, the dual-salt (NaOTF and NaBF,)-based electrolyte
showed decreased Na nucleation and deposition overpotential in
contrast to the NaPF¢-based electrolyte at —40 °C. It is worth
noting that the increased anion coordination to metal ions does
not necessarily reduce the desolvation energy when considering
the energy of removing anions from the solvation shell. Our
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Fig. 11

(a) Rate performance of K||Cu cells in various electrolytes and the corresponding values of voltage hysteresis. DHCE (diluted high-

concentration electrolyte):1.6 M KFSI/DME/TTE; HCE5 (high-concentration electrolyte):5.0 M KFSI/DME; reproduced from ref. 63 with
permission from American Chemical Society, copyright 2023. (b) ESP mapping of Na*-anion complexes; reproduced from ref. 48 with
permission from Elsevier, copyright 2024. (c) Calculated desolvation energies in 0.4 and 1 M KPFg-DME at 233 K. K, C, O, H, F and P are marked
with purple, grey, red, white, yellow, and blue, respectively.?® (d) Schematic depicting the roles of soft-acidic/hard-basic TAA in enabling the low-
temperature aqueous electrolyte. Photographs (left) and surface SEM images (right) of Zn plated on Cu foil in (e) 4 M Zn(OTf), electrolyte and (f)
TAA-based electrolyte at —40 °C with 0.2 mA cm~2and 0.5 mA h cm™2. (d—f) Are reproduced from ref. 87 with permission from The Royal Society

of Chemistry, copyright 2024.
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group found that a smaller concentration of KPFs reduces the
coordination of the anion to K" and thus lowers the desolvation
energy (Fig. 11c),* indicating the necessity of considering metal
ion coordination by both solvent and anions to rationally eval-
uate the kinetics of the desolvation process. As another case, Lee
et al. elucidated the significance of the interactions between
anions and cations in the electrolyte on the desolvation energy of
Zn>*¥ A zwitterion (2-(trimethylazaniumyl)acetate, TAA) con-
taining both soft-acidic and hard-basic moieties was used as an
electrolyte additive to weaken the interaction between Zn>* and
OTF~ (Fig. 11d). The soft-acidic ([N(CH;);]") and hard-basic
(COO™) moieties respectively coordinate to soft base OTF and
hard acid Zn”>*, and thus the desolvation energy of Zn>*
decreases. The enhanced Zn>" desolvation kinetics contributed to
smooth Zn plating morphology at a low temperature of —40 °C
(Fig. 11e and f), while the pristine aqueous electrolyte led to
dendritic Zn deposits (Fig. 11g and h). With the modulated
anion-cation interaction, the electrolyte enabled 90.4% capacity
retention in the anode-free Cu//Zn,0-V,0s@Graphene pouch cell
after 50 charging/discharging cycles. The electrolyte modulation
has been demonstrated as an effective strategy to promote the
reversibility of metal plating/stripping in anode-free metal
batteries. However, the decreased initial coulombic efficiency
(ICE) caused by the inevitable SEI formation on the metal anode
remains a vital problem for this strategy. Besides, the commonly
used weakly solvating scheme would compromise the electrolyte
concentration, which may make ion depletion more likely to
occur at the electrode surface, especially at high charging current
densities, which is known as a significant factor for metal
dendrite formation.” Undoubtedly, with further exploration and
integration with other strategies, electrolyte modulation would
play an increasingly significant role in achieving reversible metal
plating/stripping for anode-free metal batteries.

4 Compensating for anode loss

In contrast to striving for improving the reversibility of each
metal plating/stripping cycle on the anode side, compensating
for anode loss emerges as another effective approach to retain
the available capacity of the anode. By introducing an addi-
tional metal ion source into the battery system during battery
preparation, the metal loss on the anode can be either replen-
ished through electrochemical reduction of the supplied ions
on the anode, or mitigated by a preformed SEI on the metal
plating substrate. The accommodation sites of the extra metal
ion source are not restricted to the anode, but can also be within
other components of the anode-free metal batteries, such as
cathode and electrolyte. Accordingly, the strategies for
compensating anode loss are introduced in three parts: elec-
trochemically activating the current collector, pre-metallizing
the cathode and introducing metal-supply agents.

4.1 Electrochemically activating the current collector

During the first metal plating/stripping process on the current
collector of anode-free metal batteries, the metal deposit inev-
itably reacts with electrolyte species and form an SEI on the
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anode, which results in metal consumption on the anode and
lowered ICE of the battery. To avoid the negative effects of SEI
formation on the anode-free metal battery, this metal
consumption process can be transferred outside the battery by
pre-forming a stable SEI on the current collector before battery
assembly. Electrochemically activating the anode current
collector (such as through galvanic cycling®® and cyclic
voltammetry®-**) provides a facile route to this destination, with
the feasibility relying entirely on the formation of a stable SEI on
the current collector during the activation process. Li et al.
investigated the activation process of current collectors for Na
metal anodes by in situ electrochemical dilatometry.®® It was
found that the initial galvanic charging of the current collector
can be divided into two periods: the initial SEI formation
(region 1 in Fig. 12a and b) and the subsequent metal deposi-
tion (region 2 in Fig. 12a and b) according to the thickness
change of the current collector.®®

As an unsuccessful activation process of Cu foil, the negli-
gible region 1 during the first galvanic cycle suggests incom-
plete SEI formation, which may generate “dead” Na and
accounts for the large irreversible expansion in thickness of the
current collector. Moreover, the unstable SEI formed in the first
cycle resulted in repeated SEI formation during the subsequent
cycles, which greatly suppressed the reversibility of the metal
anode. In comparison, as a successful activation process, the
SEI extensively formed on the carbon-modified Cu current
collector (Cu-Cu@C) during the initial galvanic charging, as
proved by a large region 1 (Fig. 12b), which ensured reversible
metal plating/stripping in the following cycles without signifi-
cant irreversible thickness expansion of the electrode or
repeated SEI formation. Therefore, efficient SEI formation on
the current collector during the first activation cycle is vital to
the effectiveness of the activation process. In another work, Lou
and Hu et al. elucidated the influence of SEI formation during
the first metal plating on the subsequent stripping.®”” Compared
with the weak SEI signals detected on the Cu current collector,
the Ketjenblack carbon-coated Cu foil (KJB@Cu) showed
evident SEI formation after the first Na plating and the SEI
composition remained nearly unchanged in the following metal
plating processes (Fig. 12c). The stable SEI on KJB@Cu sup-
ported the complete Na stripping, while apparent remnant Na
accumulated on Cu foil after galvanic cycles (Fig. 12d). Also, ex
situ electron paramagnetic resonance imaging (EPRI) of the
current collectors after Na plating suggests that the uniformity
of the Na deposit can be determined during the first charging
period, as dictated by SEI formation (Fig. 12e). This progressive
self-leveling (PSL) behavior of Na plating on KJB@Cu largely
promoted the reversibility of the anode, while Na-deposition
central accumulative aggregation (CAA) behavior dominated
on Cu foil and resulted in poor SEI protection and low revers-
ibility of the anode (Fig. 12f), which was attributed by the
authors to the large thermodynamic mismatch or poor
compatibility between alkali metals and Cu. Obviously, the
activation results are highly dependent on the current collec-
tors, and considering that the SEI properties of metal anodes
are also closely associated with the electrolytes,” electro-
chemical activation of the current collector is not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a fundamental strategy for constructing highly reversible
anode-free batteries but rather relies on the knowledge of
current collector engineering and electrolyte modulation.
Besides, the high device requirements and complex treatment
process may impede the large-scale application of electro-
chemical activation of current collectors.

4.2 Pre-metallizing the cathode

Since the metal anodes of anode-free metal batteries are in situ
deposited on the anode current collector during the first charging
process of the battery, introducing excess capacity during the first
charging process (metal plating on the anode and ion extraction
from the cathode) relative to the subsequent discharging process
(metal stripping on the metal anode and ion insertion into the
cathode) would generate a metal reservoir on the metal anode,
which can help compensate for metal loss on the anode, thus
improving the cyclability of the anode-free battery. Pre-
metallizing cathodes with extra metal ions emerges as
a feasible implementation for this strategy. The additional ions
in the cathodes would be irreversibly extracted from the cathodes
during the first charging process and cannot be re-inserted into
the cathode thereafter, resulting in a higher initial charging
capacity compared to those of the subsequent cycles. At present,
this type of cathode has been only reported in a couple of works.
Na-rich NazV,(PO,); cathodes®*** are prepared for anode-free
sodium metal batteries. Wu et al. constructed a NasV,(PO,)s
(NasVP) cathode by direct-contact presodiation of NazV,(PO,)s

© 2025 The Author(s). Published by the Royal Society of Chemistry

(NagVP) (Fig. 13a).”® The Na-rich Nas;VP cathode could finally
transform into Na;V,(PO,); (Na,;VP) upon desodiation (Fig. 13b),
and the transformation between Na,V,(PO,); (Na,VP) and Na,VP
(corresponding to a wide voltage window of 1.0-3.8 V) was found
to be highly reversible. Therefore, the Na' ions deintercalated
during the transformation from NasVP to Na,VP could be
deposited on the anode side as a Na reservoir, and the anode-free
carbon-coated Al foil//NasVP battery operating between 1.0-3.8 V
showed a superior capacity retention of 93% after 130 cycles
compared with the lower capacity retention of <70% for the
Na;zVP-based battery. In another work, a Na-rich Na,VP cathode
was prepared by facile chemical solution treatment (Fig. 13c).”*
The excess initial charging capacity relative to the subsequent
cycling was attributed to the transformation from Na,VP to
NazVP (Fig. 13d), and by setting the cut-off voltage of the subse-
quent discharging to 2.0 V, the reversible transformation
between Naz;VP and Na;VP occurs in the following cycles.
Benefiting from the excess Na stored on the anode, the Na-rich
Na,VP-based anode-free battery exhibited a high capacity reten-
tion ratio of 99% after 100 cycles (Fig. 13e), demonstrating the
feasibility of cathode pre-metallization in elevating the cyclability
of anode-free batteries. Similarly, for anode-free zinc metal
batteries, a zinc-rich spinel Zn;V;0g cathode was synthesized via
sol-gel method by Kuang et al®* During the first charging,
Zn;V;0g undergoes an irreversible phase transformation into
Zn,V,05_,-H,0, and then the Zn,V,0;5_,-H,O with decreased
capacity acts as the reversible cathode material without changing
the voltage window of the battery (Fig. 13f). However, the
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(a) Schematic of the short-circuit presodiation process of the NazVP cathode.?® (b) Schematic of the phase transitions of NazVP during

sodiation and desodiation.®® (c) The illustration of chemical solution treatment of an NVP electrode. (d) Selected galvanostatic charge and
discharge curves and (e) specific capacity versus cycle number of HCH||Na-rich NVP (30 s) full cells tested at 1C. (c—e) Are reproduced from ref.
94 with permission from Wiley, copyright 2022. (f) Schematic illustration of the significant phase evolution in AZIBs; reproduced from ref. 95 with
permission from Elsevier, copyright 2021. (g) Schematic illustration showing possible routes for generating carbonates from dissolved CO;
reproduced from ref. 96 with permission from American Chemical Society, copyright 2023.

discharge capacity of the Zn;V;Og//carbon paper anode-free
battery is merely 130 mA h g ' with unsatisfactory cycling
stability (26 mA h g~ " after 20 cycles), indicating significant room
for improvement in this cathode. Although the above works
demonstrated the potential of cathode pre-metallization for
improving the cyclability of anode-free metal batteries, some
issues are still impeding the practical implementation of this
scheme. For example, the lack of theoretical guidance for the
selection and synthesis of electrochemically active metal-rich
cathodes shows as a critical hurdle. Besides, the irreversible
phase transition of metal-rich cathodes during the first charging
may lead to huge volume variation® and undermine the stability
of the electrode. More importantly, the low ICE of this type of
cathode may decrease the efficiency of cathode loading, which
further reduces the energy density of the battery, thus dimin-
ishing the performance of the full battery. In view of these issues,
introducing a certain amount of metal-rich cathode into the
normal cathodes for anode-free batteries may be a more balanced
strategy that can simultaneously control metal compensation
and mitigate the negative effects introduced by the huge volume
variation and low ICE of metal-rich cathodes.

4.3 Introducing metal-supply agents

Compared to the strategies that accommodate additional metal
ions in pre-metallized cathodes, introducing metal-supply

566 | Chem. Sci, 2025, 16, 552-574

agents into the cathode seems to be a more facile strategy for
compensating metal loss on the anode of anode-free batteries.
The metal-supply agents function in a way that they are elec-
trochemically oxidized and decomposed during the charging of
the battery, simultaneously releasing metal ions into the elec-
trolyte which are then deposited on the anode side. Conse-
quently, additional metal deposition on the metal anode can be
derived from the electrolyte and thus the metal loss on the
anode can be compensated. Actually, the sacrificial agents for
metal ion supplement have been widely adopted in alkali-ion
batteries to compensate for metal ion loss during SEI forma-
tion on the anode.””*® In contrast, few research studies on
metal-supply agents have been reported for anode-free
batteries.”® Elaborate selection of metal-supply agents is
necessary considering non-negligible effects of the electrolyte
composition on the battery performance. The properties of an
ideal metal-supply agent should include: (1) high enough
content of metal ions to minimize their dosage, thus maxi-
mizing the specific capacity of the cathode; (2) suppressed
reactivity towards both electrolytes and the cathode to mitigate
side-reactions; (3) ease of decomposition during battery
charging to ensure their metal-supply function; (4) the decom-
position products should have no negative effects on both the
cathode and anode. At present, the metal-supply agents that
possess above properties have been rarely reported for anode-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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free batteries. Zhang et al. introduced sodium oxalate (Na,C,0,)
into P2-NaNMT cathodes as the sodium-supply agent for anode-
free sodium batteries.” The gaseous CO, product of Na,C,0,
decomposition can be eliminated during the battery degassing
process, and the dissolved CO, can react with the Na metal
anode to convert Na,O into Na,COj3, which is proposed to be
a more robust SEI component (Fig. 13g).°° The anode-free cell
with the Na,C,0, additive achieved 97% capacity retention after
80 cycles. However, it is worth mentioning that the complete
decomposition of Na,C,0, during the first charging process
could not be achieved in a 40 mA h pouch cell,*® probably due to
the poor reaction kinetics of the metal-supply agent in the thick
cathode. This may suggest the limitation of this strategy when
applied for large-capacity batteries. Apart from the incomplete
decomposition of metal-supply agents, the possible gas emis-
sion during their decomposition may be a significantly unstable
factor for the cathode especially at a large electrode thickness.
Given this, introducing metal-supply agents into the electrolyte
may be an alternative option to circumvent these problems,
whereas in such cases, the reactivity of the agents with the metal
anode would be a critical consideration. Overall, above research
works demonstrate the feasibility and great promise of the
strategy for compensating anode loss in improving the cycla-
bility of anode-free post-lithium metal batteries, which would
also provide inspiration for the practical manufacturing of
anode-free batteries. Finally, to provide a brief overview of the
development of anode-free post-lithium metal batteries, the
advancements in the performance of typical anode-free
batteries are presented in Table 1.

5 Conclusion and prospects

In this review, focusing on the critical reversibility issue of metal
anodes, the strategies and implementation for realizing high-
performance anode-free post-lithium (including sodium-,
potassium- and zinc-) metal batteries are discussed, and the
state-of-the-art advances in this field are presented. To date,
anode current collector engineering and electrolyte modulation
are the most popular strategies for constructing anode-free
post-lithium metal batteries, generally aiming at achieving
uniform metal plating, robust SEI formation, suppressed
electrolyte-involved side reactions and enhanced electrode
kinetics, which collectively promote the reversibility of metal
anodes. Besides, compensating for metal loss on anodes also
offers a remedial solution for improving the cyclability of
anode-free batteries, which may provide a practical alternative
for constructing anode-free batteries before the reversibility
issues of the metal anode are completely solved. Overall,
considerable progress has been made in anode-free post-
lithium metal batteries within a few years; however, this field
is still in its infancy and comprehensive investigations are
urgently needed to accelerate its development towards practical
application. Here, we propose some significant directions for
future development in this emerging field.

(1) The low reversibility of metal plating/stripping is still
a critical hurdle for anode-free metal batteries. Considering the
significant influence of current collectors on anode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance in anode-free batteries, some processes involving
current collectors, especially the SEI evolution on current
collectors, have not been adequately studied. Besides current
collector engineering and electrolyte modulation, some effec-
tive strategies for metal anodes can be exploited for anode-free
metal batteries. For example, considering the suppressed ICE
caused by SEI formation on metal anodes of anode-free
batteries, fabricating an artificial SEI or preforming a SEI on
the anode current collector outside the cell are potential solu-
tions to circumvent related problems. The further development
of the above strategies undoubtedly requires deeper compre-
hension of the SEI formation/evolution mechanism and the
relationships between the composition, structure and proper-
ties of the formed SEI on the current collector/metal anode.
With more efforts devoted to this area, breakthroughs in the
reversibility of the metal anodes in anode-free batteries can be
expected.

(2) The synthesis for metal-rich cathodes beyond electro-
chemical methods urgently needs to be developed, especially
for zine-rich cathodes of rocking-chair type anode-free zinc
batteries. Other battery configurations such as hybrid-ion
batteries*>'** and dual-ion batteries*>'®> may provide an
optional avenue for anode-free batteries, where the charge
carriers for the cathodes are not the same ions as in the metal
anodes.'” Besides, considering the relatively low cost and mild
reactivity of Zn metal as well as the large abundance of Zn-free
cathodes for zinc batteries, such as manganese oxides, vana-
dium oxides and Prussian blue analogues, the necessity and
advantages of anode-free Zn metal batteries are greatly under-
mined compared to those of their alkali-metal counterparts. As
a promising alternative for constructing energy-dense Zn
batteries, anode-less Zn metal batteries with high Zn utilization
(which contain a little excess of metal on the anode) may
provide a more viable solution;*'** these batteries are advan-
tageous in simplified cathode preparation and higher stability
of the battery owing to lowered reversibility requirements on the
anode, whereas the fundamental issues for them would be
similar to those for the anode-free batteries.

(3) The pursuit of high mass loading of cathodes and high-
areal-capacity metal plating/stripping on anodes are undoubt-
edly critical tasks for achieving high-energy-density anode-free
metal batteries for practical applications. On the other side,
the prominent volume change problem of metal anodes during
metal plating/stripping is also noteworthy. The solid-state
batteries have manifested great potential for addressing this
problem due to a high-pressure environment and high
mechanical strength of the solid electrolyte.’®*” The distinct
effects of pressure on metal plating in batteries have also been
widely demonstrated.'*®** However, considering the relatively
low inner pressure of cells for liquid-electrolyte-based batteries,
developing porous current collectors to accommodate the metal
deposit is necessary for the stable operation of anode-free
batteries in practical application scenarios.

(4) Some particular anode-free battery systems have drawn
notable attention in recent years. For example, anode-free
batteries with high-voltage cathodes are pursued to reach the
extreme energy density of metal batteries. One great challenge is
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the difficulty in endowing electrolytes with high compatibility
with both the metal anode and the high-voltage cathodes,
especially for alkali-metal batteries. In this area, electrolyte
engineering has demonstrated its effectiveness.””** Also, the
construction of a robust SEI that prevents the electrolyte-
induced side reactions is a promising strategy for realizing
high-energy-density anode-free batteries. As another emerging
field, low-temperature anode-free metal batteries aim to extend
the application of high-energy batteries to harsh temperature
environments.****7%%287 Although the electrode kinetics will be
largely limited at low temperatures, the suppression of side
reactions on metal anodes is beneficial to the reversibility of the
battery. At present, a specialized research system with
temperature-specific material characterization techniques and
battery performance evaluation methods, for example, in situ
low-temperature characterizations and adequate reference
electrodes for low-temperature application, has yet to be
established for low-temperature metal batteries, and efforts in
this area would greatly push forward the development of this
field.

(5) The discrepancies between the CE of metal plating/
stripping derived from half cells and the cycling performance
of full batteries have been reported,**** which may stem from
the differing operation conditions of the anodes in half cells for
CE tests from those in full cells, suggesting the necessity of
advancing evaluation methods for the reversibility of metal
anodes. For example, the CE of metal plating/stripping on
a current collector is commonly evaluated through galvanic
cycling of metal foil//current collector half cells, with arbitrarily
set current densities and high cut-off overpotentials for the
stripping process ranging from 0.2-1 V."*° These protocols may
differ greatly from the actual application conditions of metal
anodes in full cells, and thus the derived CE loses its reliability
in predicting the full cells’ performance. Therefore, approaches
that can more effectively evaluate the reversibility of metal
anodes in anode-free batteries demand further exploration.
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