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anode-less alkali metal batteries (ALAMBs) are promising owing to their cost-
effectiveness, and ease of manufacturing, and utilizing a host anode renders the
system with recoupable gravimetric and volumetric energy densities. However,
interfacial contact resistance, limited ionic pathways, and the formation of dead
alkali metals contribute to reduced cation utilization during repeated cycling, which
diminishes the system's long-term performance and practical viability. In response,
various strategies to optimize the deposition substrate, such as the anodic current
collector, interface, and electrolyte have been suggested to prolong the cell lifespan.
Most of these approaches are still largely empirical and lack comprehensive
diagnostic tools to unravel the complex relationship between the structural changes
in the cathode and the nature of alkali metal deposition. This review provides a
comprehensive summary of the contemporary improvements carried out in the
design and engineering of ALAMBs highlighting the moderation approaches
involving both liquid and solid electrolytes to enhance the cycle life, and safety
greatly. Finally, the compensatory effects with prospects into the cycling protocols
to realize the true energy density of the system are also systematically outlined.
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1. Introduction

Unprecedented development of highly energy-dense rechargeable batteries could drive the electrification of
the transport sector to build a carbon-neutral economy by 2050 [1]. In particular, the emergence of alkali-metal
batteries (AMBSs) such as lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and potassium-ion batteries
(PIBs) have met the commercialization demands of society, owing to greater specific capacities and lower
reduction potentials offered by their metal anodes [2]. LIBs, one of the predominantly used AMBs have achieved
energy densities (EDs) only in the range of 250-300 Wh kg ! when graphite is being used as the anode, while SIBs
deliver 90-160 Wh kg ! of ED when paired with hard carbon anodes at the cell level [3,4]. This restricts their
deployment in electric mobility applications. As the technologies mature, the need to explore alternative high E.D.
electrode materials are considered significant in augmenting the performance metrics of the AMBs as a whole [5].
Though utilizing alloy (Si, Ge, Sn, Al), conversion (TMO), and metal chalcogenide (TMC, TMN, TMS)-based
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anodes has enhanced the E.D. of AMBs to some extent, the specific capacity rendered by the alkali metal anodes
such as Li: 3860 mAhg'; Na: 1166 mAhg !; K: 685 mAhg ! accompanied by their lower redox potentials of —3.04
V vs. SHE for Li"/Li, —2.71 V vs. SHE for Na"/Na, and —2.93 V vs. SHE for K*/K has spurred the quest for
realizing energy-dense batteries [6].

However, these ideal alkali metal anodes suffer from inevitable volume changes and reactivity that induce
dendrite growth and a solid electrolyte interface (SEI) that is quite unstable resulting in reduced coulumbic
efficiency (C.E.), and deprived cyclic stability of the AMBs [7]. Additionally, the alkali metal ion plating/stripping
behaviour during charge/discharge greatly impacts cyclic reversibility, with parasitic side reactions causing
electrolytic decomposition [8, 9]. To compensate for the alkali-metal ion loss during these side reactions, surplus
alkali metal is often used which in turn negates the possibility of achieving higher EDs [10,11]. Relatively,
replacing them with thicker alkali metal foils increases the cost of the battery and aggravates safety concerns [12].
On the other hand, producing ultra-thin alkali metal anodes to reduce the thickness requires precise control of the
N/P ratio (negative to positive electrode areal capacity ratio), which is demanding and entails careful handling
[13]. These issues highlight the need for the progress of ALAMBSs, where plain current collectors (CCs) at the
negative electrode side are paired with completely lithiated/sodiated/potassiated cathode to achieve the N/P ratio
equal to zero, vital for realizing better volumetric/gravimetric EDs with minimal cost from any given cathode
system. Furthermore, the requirement of an inert atmosphere is eliminated since the cathodes and electrolytes
generally are less reactive, and the alkali metals are formed on the anode only during cell testing [14]. With no
excess lithium/sodium/potassium to artificially boost the rate performance, the electrochemical behaviour of
ALAMBs mainly relies on the plating/stripping of the alkali metal ions, paving the way for a more accurate
performance evaluation of ALAMBs [15,16].

Despite their striking advantages, the realization of ALAMBs is challenging due to reduced coulombic
efficiency and cyclic performance. This is essentially ascribed to the energy barrier that impedes the nucleation
and growth of alkali metal on the anodic CCs by increasing the nucleation overpotential. This leads to uneven
deposition and formation of dead alkali metals [17,18]. Numerous strategies are being proposed to mitigate these
issues, and have been reported in various review articles in recent years. Henceforth, this review will provide an
overarching understanding of the design, working, and challenges influencing the performance of the ALAMBs.
Besides, the manuscript will uncover the recent modification strategies with emphasis on the liquid and solid-state
batteries, cycling protocols, compensatory effects, and measures taken to nullify them. Finally, prospects on the
emerging technologies and safety concerns to address the irreversible C.E. and cyclic stability will also be
highlighted, providing a thorough evaluation of the significance and recurring advancements in the nascent field
of ALAMBs.

2. Anode-Less AMBs
2.1. Configuration and Working Mechanism

A typical ALAM full cell does not use a metallic anode during cell assembling. Rather it is in-situ deposited
onto the anodic CC during the initial charging, and these cells can effectively deliver an extraordinary E.D. of 500
Wh kg ! and afar when commercialised. ALAMB comprises an anodic CC which is copper (Cu) for LMB and
KMB, whereas SMBs use aluminium (Al) foil instead of Cu to minimize the overall cost of the battery. The other
cell components include an electrolyte either in liquid-state or solid-state, a porous polymeric separator in case of
a liquid electrolyte, and a fully lithiated/sodiated/potassiated cathode. Considering the example of a Cu||LiMn,O4
AL full cell, the first charging process extracts the Li* metal ions from the LiMn,O4 cathode and is plated onto the
copper CC, where the plated Li* ions react with the electrolyte to form a uniform and stable SEI on the Li metal
surface. The lack of a host material to house the alkali metal deposited on the CC makes it a “hostless” anode. The
platted metal during discharge, is stripped away and intercalated back into the cathode (Figure 1a,b). In addition,
the removal of the graphitic anode from a conventional Li-ion cell, which occupies 46.1% of the cell stack
thickness and 27.8% of the total stack weight, can boost the gravimetric E.D. of the cell at stack level to 38.5%
with 85.5% increase in its corresponding volumetric E.D. respectively [15,19]. The volume changes that occur as
a consequence of anode removal, should be greatly accommodated with tailored battery cell/pack designs.
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Figure 1. Schematic of the structure and working of (a) conventional AMB and (b) AL-AMB.

These characteristics endow the ALAMBs with the following advantages: (1) Realistic E.D.—ALAMBs
help to achieve the highest theoretical volumetric E.D. due to its reduced volume, weight and thickness, (2)
Improved Stability—Overcharge caused by Li/Na/K-based cathodes is greatly alleviated due to the lack of an
AM anode. Since the cathodes are completely lithiated/sodiated/potassiated and ALAMBs are assembled in the
fully discharged state, their energy state is lower compared to the charged state, as all the metal is delivered by the
cathodic system. Furthermore, in the open circuit condition, the reaction is usually non-spontaneous as AG>0,
rendering the system with extended stability during repetitive charge/discharge conditions, (3) Accurate
Performance Evaluation—Alkali metal plating/stripping greatly reflects the precise C.E. of the ALAMB
revealing their true behaviour when compared to conventional AMBs, (4) Cost—As the use of reactive AM foils
is eliminated, the fabrication cost of an ALAMB is highly reduced, and (5) Safer Handling—Use of excess alkali
metal is avoided, which makes ALAMBSs safer to operate [20-22]. This uncovers the possibility of easily
integrating ALAMBS into the existing battery production line.

2.2. Challenges in ALAMB Fabrication

Due to subpar electrochemical performance, ALAMBs were once thought to be impracticable. However, the
following issues are currently being resolved progressively with promising real-world applications: (1)
Inhomogeneous Alkali-Metal Nucleation and Massive Volume Changes—Alkali-metal deposition onto the
anodic CCs is achieved only when the nucleation and growth barriers are overcome by the larger nucleation
overpotentials of AMs. The growth of severe mossy or dendritic structures, produces uneven deposition
morphology with the dead Li/Na/K ion formation, triggering severe loss of alkali metal. This instigates electrolytic
decomposition due to the heightened side reaction of the generated dead alkali metal with the electrolyte, resulting
in rapid volume changes. The sustained growth of these dendritic structures may infiltrate the separator and induce
short circuits, degrading the performance of the cell, (2) Deprived Cycling Stability—During extended cycling,
side reaction-induced structural degradation at the grain boundaries of the cathode could accelerate the transition
metal ion diffusion to form an uneven SEI with higher resistance, initiating interfacial polarization, thereby leading
to reduced cyclic performance, and (3) Rapid AM Inventory Loss—As the N/P ratio is zero for ALAMBS, the
amount of usable Li/Na/K is constrained, and any AM loss caused during AM plating/stripping would be due to
enlarged stress accumulation at the interfaces. This endows the cell with poor irreversibility of the AM and is true
for bare CCs with electrolytes being unoptimized. This inflates the performance of the ALAMBSs greatly [15,19,
23-25].

These challenges can be effectuated by incorporating novel methodologies where volume change can be
greatly suppressed by appropriating the cell stack pressure accompanied by greater temperature control to regulate
the uniform nucleation of AMs. Moreover, employing a three-dimensional (3D) host CC to accommodate the
deposited AM could greatly alleviate the volume changes. This requires consideration, as excess electrolytes would
be necessary for facile cell operation. Many such approaches are summarized as under:

3. Moderation Approaches
3.1. Tailored Current Collector Design

3.1.1. Anode-Less Lithium Metal Batteries

Regulation of the nucleation-deposition and growth behaviour of alkali metals at the host CC surface is
indispensable in improving the cyclability of ALAMBs. The solubility, reactivity, and affinity of Li/Na/K metals
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at the heterogeneous interface of the CC make their deposition entirely different [26]. This is due to the lattice
mismatch between the AMs and the conventionally used CCs that induces a large interfacial barrier for the
transmission of AM ions, which in turn increases their deposition overpotential [27]. Further, the non-alkaliphilic
nature of the CC paramountly leads to excessive dead AM formation. This behaviour is majorly impacted by the
rate of nucleation/growth, the number of nucleation sites, and the nucleation interplay of AM ions. Thus the
stabilization of the CC surface with pre-treatments, coating, and formation of conductive alkaliphilic layers are
widely preferred to prevent electrolytic decomposition, with guided AM deposition behaviour, vital for improving
the surface homogeneity, C.E., and capacity retention of ALAMBs [28-30]. This section discusses the tailored CC
designs focusing primarily on the coatings, and interlayers for the stable cycling of ALAMBs.
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Figure 2. (a) Graphical representation of DDM technique, (b) Li deposition behaviour in bare Cu and Cu-CNT
CCs, (c—e) Electron Back Scattered Diffraction (EBSD) images, (f) Average grain diameter, and (g—i) Scanning
Electron Microscopy (SEM) images of Li nucleation on the Cu, Cu-0CNTS, and Cu-2CNT CCs. Reproduced with
permission from Ref. [31]. Copyright © 2022 Elsevier Ltd., (j) Schematic of Li metal plating and stripping
behaviour on bare Cu CC, and (k) BPEI-Ag/LiNOs coated Cu CC, Cross-sectional SEM micrographs of BPEI-
Ag/LiNO; by ion-milling on the Cu CC at 0.1 mA cm™2 of current density (I) before cycling, after depositing for
(m) 0.1 mAh cm™2, (n) ] mAh cm 2, and stripping at (o) 1 mAh cm2. Cross-sectional SEM images of de-assembled
Li from (p) bare Cu CC, and (q) BPEI-Ag/LiNOs at 0.1 mA cm2. Reproduced with permission from Ref. [32].
Copyright © 2022 Wiley-VCH GmbH.

Alongside surface modification, achieving uniform grain distribution can enhance the surface area of the Cu
CC, suitable for alleviating volume expansion that occurs during charge/discharge cycles of the ALAMBSs. The
deformation derived morphology (DDM) technique (Figure 2a,b) as proposed by Shan and co-workers owing to
its superior plastic deformability was helpful in uniformly distributing carbon nanotubes (CNTs) throughout the
Cu matrix. This increased the defect density and engendered the system with more Li nucleation sites, regulating
the deposition behaviour of Li onto the Cu CC (Figure 2c—i). The as-prepared Cu-CNT CC when assembled with
the LiFePO4 (LFP) cathode retained 69.4% of its capacity after 100 cycles at 0.5 C and was essential in improving
the alkaliphilic nature of the CC [31]. Lithiophilicity can be further improved by assimilating LiNOs additives into
the electrolyte which was accomplished by erecting a branched polyethyleneimine-silver/lithium nitrate (BPEI-
Ag/LiNQO;3) electrode onto the Cu CC, which during cycling forms a stable SEI layer, and improves the cyclic
stability of the cell (Figure 2j,k). Analysing the Li deposition morphologies at the BPEI-Ag/LiNOs electrode at
varied current densities is indicative of the fact that the electrode cycled stably with only a mere increase in
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thickness even after 30 cycles of plating and stripping (Figure 21-q). Due to the lipophilic nature of Ag, the BPEI-
Ag/LiNO;j electrode|[NCM cell displayed ~99% of C.E. demonstrating around 52% capacity retention after 100
stable cycles [32]. Meanwhile, introducing alkaliphilic sites onto the CC can eventually increase the overpotential
leading to the formation of dead AM. This was addressed by introducing zinc into the heteroatom-doped carbon
layers on the Cu CC to form Zn@NC@RGO@Cu. The synergy between lithiophilic zinc and carbon layers
effectually reduced the overpotential, regulating the nucleation and formation of a dense and uniform Li-platted
CC. The modified CC when assembled in LFP||Li@Zn@NC@RGO@Cu cell exhibited a discharge capacity of
152.4 and 103 mAh g ! at the 5th and 200th cycles of operation. Also, the cell delivered 518 Wh kg! of E.D.
retaining 89.7% of its capacity at 0.6 C/1 C at room temperature. Moreover, when cycling the cell from 0.1 Cto 5
C, 74.3% of rate capability was achieved making it a viable cell combination for use in energy storage systems
[33]. Conversely, hosting carbon materials can aggravate the non-uniform Li concentration gradient. Particularly,
the use of nanocarbon-based materials [34,35] has gained prominence and inhomogeneous Li deposition was
overcome by embedding SiO nanoparticles into the nano carbon-based 3D graphene matrix (Figure 3a) for the Cu
current collector at the interfaces, which induces superhydrophilicity (Figure 3b) for Li nucleation. The SiO,
coordinated 3D carbon network cycled stably with uniform Li deposition behaviour enabling swift kinetics of Li
ions, thereby achieving ~98% of C.E. after 100 half-cell operational cycles (Figure 3c—g) [36]. Thus lithiophilic
metals incorporated in CCs can better hinder the Li dendrite growth, improve the cyclic performance and are
effectual in maintaining the mechanical robustness of the CC greatly.
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Figure 3. (a) Synthesis and fabrication of SiO2@G-MCu CC, (b) Electrolyte wettability tests, and (¢) Voltage
curves of blank Cu, graphene and SiO2@G-M CCs, (d-g) SEM, and cross-sectional SEM images of SiO-@G-M
CC. Reproduced with permission from Ref. [36]. Copyright © 2024 Elsevier Inc.

Though utilizing tailored 3D CCs reduces the volume expansion, and the localized current density during
plating/stripping, their surface area tends to decompose the electrolyte leading to the formation of a less-stable
and thick SEI layer worsening the AM ion diffusion and kinetics greatly. This requires electronic structure
tuning to balance the formation of the SEI, which has a direct hand in enhancing the AM plating/stripping
behaviour. A low-fermi level CC composed of carbon nanofibre (CNF) with Zn-Ny bonds was fabricated to
overpower the transfer of electrons from the CC to the LUMO (lowest unoccupied molecular orbital) of the
electrolyte (Figure 4a,b). This forms a stable and delicate SEI layer that prevents electrolytic decomposition,
and dendritic growth of Li at greater current densities to achieve a capacity of 155 mAh g ! at 0.5 C, and the
full cell combination with Zn-N-CNF||LFP retained 91% of its capacity at 0.5C with a cell E.D. of 495 Wh kg™!
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respectively (Figure 4c—e) [37]. Meanwhile, functionalizing the 3D Cu or Ni foam with lithiophilic metals in
enhancing the C.E., and E.D. of the cell also poses a great challenge. This prompted the introduction of an
extremely thin and lightweight 3D porous Cu CC with subsequent phosphorization to form Cu_40@CusP.
Compared to pristine Cu CC, where mossy Li deposits appear with cycling, Cu_40@CusP exhibits a
homogeneous Li deposition, due to their uniformly distributed porosity vital for handling the intrinsic stress
and volume changes respectively (Figure 5A(a—0)). The AL-LMB assembled with Li predeposited
Cu_40@CusP and LFP in both coin and pouch cell prototypes displayed a C.E. of 98.64% with a greater capacity
retention rate (Figure 5B(a)), and this is owed to the rational design of 3D CCs with repressed Li metal loss to
validate their use in high E.D. applications [38]. Furthermore, a flexible 3D Cu CC with CNT was erected to
achieve a high Li* transference number accompanied by an increase in ionic conductivity. Thus the as-erected
mechanically stable Cu-CNF displayed an improved Li plating/stripping efficiency and when used in an AL-
LMB retained 33% of its initial capacity than the pristine Cu CCs [39]. Consequently, Li plating/stripping is
highly impacted by the volume changes that are inherent due to Li metal dendrite growth. Deng et al. addressed
this by devising a breathable 3D Li host consisting of MnO; nanoflakes to improve the reversibility of Li metal
ions during the plating/stripping process. It was observed that the fabricated hierarchical 3D structure
accommodated large volume changes and possessed a dendrite-free structure even at 10 mAh cm 2 [40].
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Figure 4. (a) Pictorial representation of the fabrication of Zn-N@MOF/CNF CC, (b) SEM micrographs of P-CNF
and Zn-N@MOF/CNF CC, Electrochemical behaviour of (¢) Li/Zn-N-CNF||LFP, and (d) Zn-N-CNF||LFP cells,

(e) Rate capability of Zn-N-CNF||LFP cells. Reproduced with permission from Ref. [37]. Copyright © 2023
Elsevier Inc.
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Chemical Society, (b-j) SEM images of Li plating on Cu@a-PVDF, and Cu@p-PVDF at 0.25 mA cm 2.
Reproduced with permission from Ref. [45]. Copyright © 2021 American Chemical Society.

A similar work was reported by Li et al., where gold (Au) nanoparticles combined with rGO (Au/rGO)
were used as a deposition host to improve the lithiophilicity of the CC by correspondingly lowering the
nucleation barrier. The a-developed Au/rGO film displayed 97% of C.E. at 1 mA cm 2 even after 500 cycles,
and benefitting from this configuration the AF full cell with LFP||Au/rGO exhibited a remarkable capacity
retention of 96% even after 100 operational cycles [41]. Realizing dendrite-free deposition can enhance the
transport kinetics of Li and this involved the development of a heterogeneous CC with soft and hard base
structures (HBSA-Co CC) facilitating smooth Li deposition by lowering the nucleation barrier. The HBSA-Co
CC|INCMS11 full cell delivered 209.2 mAh g! of specific capacity at 3.8V and retained nearly 78.9% of its
initial capacity after 150 stable cycles. This was contrasted theoretically proving the efficacy of soft HBSA-Co
CCs in the reduction of Li metal nucleation/growth barriers [42]. Meanwhile, the introduction of a high entropy
alloy such as CulnNiSnCd onto the 3D carbon fibre host can augment the number of active lithiophilic sites,
alleviate the volume expansion, and aid in swift Li* transport. The half-cell configuration with HEA/CF resulted
in localized Li flux and exhibited 99.5% of C.E. at a charge/discharge capacity of 2 mAh cm /1 mAh cm™2
respectively. The as-spun HEA/CF when paired with NCM811 cathode showed a stable cycling performance
with a C.E. 0 99.2% at 1 C after 160 cycles of operation [43]. More recently, the effect of bipolar composite
CCs (BCCC) on the electron transfer behaviour was studied by Liao et al., where extremely thin asymmetric
Cu and Al were deposited on both sides of polyethylene terephthalate (PET) substrate. The as-prepared CCC
when integrated into the AF pouch cell displayed 99.1% of C.E. and retained 50% of its capacity after 100
cycles, proving it as a potential alternative to the conventional CCs [44].

Coating the CC surface is also a promising option as they are operational in reducing the interfacial
resistance caused by the direct contact of AM deposits and the electrolyte. This can be attributed to the fact
that the artificial coating of the SEI layer on the CC, can be tuned to desired composition and structure, and
is defect-free to tolerate the extreme volume changes that occur during cycling. In this regard, polymeric -
phase PVDF was conformally used as a beneficial coating layer on Cu by electrospinning, as its adsorption
energy was effective in directing the Li flux, which stimulates the development of LiF-rich SEI during
continuous Li plating/stripping. The Cu@p-PVDF fibre which underwent thermal-electrochemical activation
(TEA) exhibited a smooth Li deposition morphology notably at 25 and 60 °C, even after stripping for 30
consecutive cycles to improve the electrochemical performance (Figure 5B(b—j)). The Cu@p-PVDF|NMC
cell with TEA cycled stably achieving 68.36% and 78.45% of C.E. at 25 and 60 °C respectively [45]. These
CC coatings often lead to irreversible AM ion loss during the initial stages of cycling. This was overcome by
electroless plating of Cu and silver (Ag) onto the delicate low-dust paper-based (LDP) CC. The as-prepared
LDP-based CCs showed increased lithiophilicity due to their reduced nucleation overpotential of 18.3 mV
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and it has been observed that the initial discharge capacities are lower for the fabricated CCs, due to
inefficient Li recovery. Hence, regulating the lithiophilicity of CCs by appropriate tuning can imperatively
reduce Li loss and facilitate better efficiency [46]. The reduction in initial C.E. was effectively mitigated by
epitaxially inducing Li metal layers onto the Cu CC (E-Cu). This operational layer facilitates Li storage by
facile alloying, enabling swift diffusion and formation of LiF-based SEI onto the Cu and E-Cu CC (Figure
6a,b). This E-Cu CC enhanced the C.E. and capacity retention of the symmetrical Li cell from 93.24% to
98.24% and 66% to 84% respectively (Figure 6¢,d). In addition, benefitting from an E.D. of 420 Wh kg!,
the asymmetric NCM||E-Cu pouch cell configuration makes it attractive for advanced battery-related
applications [47].
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Figure 6. (a,b) Cross-sectional SEM micrographs of E-Cu and Cu CCs after plating Li at 5 mAh cm™2 at 0.5 mA
cm2, (¢) Cyclic performance, and (d) Voltage curves of NCM811||[E-Cu pouch cell at various cycles. Reproduced
with permission from Ref. [47]. Copyright © 2021 Wiley-VCH GmbH, (e,f) Plating/stripping of Li at LiF@PVDF
with different areal capacities, (g) Simulation depicting the Li concentration gradient with a polymer-coated Cu CC
and, (h,i) C.E. of LIF@PVDF at 1 mA ¢m 2 and 2 mAh cm 2 respectively. Reproduced with permission from Ref.
[48]. Copyright © 2021 American Chemical Society, SEM micrographs (j,k) bare Cu foil, (I,m) PI@Au after Li-
plating at 2 mAh cm™2 at 0.5 mA cm 2. Focused Ion Beam (FIB) images of (n,0) Cu foil and PI@Au at 2 mAh cm™
at 0.5 mA cm 2, Electrochemical performance of (p) Cu||LFP, and (q) PI@AUu||LFP at 0.5 mA c¢cm 2. Reproduced
with permission from Ref. [49]. Copyright © 2021 Elsevier B.V., (r) Cross-sectional SEM and (s—u) Time of
Flight-Secondary Ion Mass Spectroscopy (ToF-SIMS) imaging of Cu@Si-PAN after full charge. Reproduced with
permission from Ref. [50]. Copyright © 2022 Wiley-VCH GmbH, (v,w) Cross-sectional SEM images and (x,y)
Cyclic performance graphs of Cu and Cu@Mg. Reproduced with permission from Ref. [51]. Copyright © 2024
Elsevier Ltd.
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Apart from metals, synergistic effects of polymer/dielectric nanoparticles such as LiF@PVDF can also
expedite uniform reversible Li plating and stripping behaviour owed to their reduced overpotential, localized
current density, and extended C.E. at fixed cell capacities of 1 mAh cm™? and 2mAh cm™ respectively (Figure
6e—i) [48]. In addition to improving the cyclic stability, lithiophilic metals tend to cause short-circuiting when
Li gets deposited onto the separator. This was addressed by employing a polyimide-based porous insulated
CC sputtered with conductive gold (PI@Au). When investigating its suitability as a potential anodic CC, its
surface roughness was tested, where the value remained lower (3.76 nm), which was operative in limiting the
nucleation barrier enabling guided Li deposition and growth, away from the separator (Figure 6j—0). Besides,
the cell with PI@Au||LFP achieved better retention capabilities of 48.4% and 38.6% at the 100th and 200th
stable cycles than Cu||LFP (Figure 6p,q), indicating its viability as a potential anodic CC for AL-LMBs [49].
The disadvantages of employing a flammable liquid electrolyte were also channelized by adopting a
combination of LNMO cathode with silicon-polyacrylonitrile (Si-PAN) coated CC with a modulated wide-
voltage window electrolyte containing 1 wt% of LiTFSI additive which induced homogeneous Li metal
growth (Figure 6r—u) during battery cycling [50]. Apart from coatings, the methodology used for coating the
CC with lithiophilic metals should also be considered, as they have a direct hand in controlling the thickness
and loading of the coated layer. In this regard, Nan et al. erected a dynamic layer of lithiophilic magnesium
onto the Cu CC via magnetron sputtering (Figure 6v,w). Subjecting the Mg-coated Cu CC to half-cell tests
delivered a C.E. of 83.7% at 0.5 mA cm? after 50 cycles (Figure 6x,y) and the anode-free LFP||Mg-Cu
configuration cycled for > 50 cycles, at 1C without significant capacity decay [51]. Thus current collector
coatings offer new insights into the design of ALAMB that can endow the cell with extended safety, stability
and greater EDs.

3.1.2. Anode-Less Sodium and Potassium Batteries

Despite the enormous development of LIBs in recent decades, their dwindling supplies have aroused the need
to look into alternative battery chemistries such as SIBs and PIBs due to their comparable specific capacities, lower
redox potentials and heightened flame resistance than lithium. Utilizing potassium and sodium as carrier ions,
conventionally used cobalt-based cathodes can be easily replaced with sodium/potassium-based cathodes and cost-
effective aluminium current collectors. However, the moisture sensitiveness of the pristine sodium/potassium
metal anodes hinders their practicality [52,53]. Yet, AL sodium/potassium metal batteries are still in the nascent
stage of development and warrant further investigation. In this regard, a potassiophilic graphene layer was grown
in situ onto the Al CC with surface homogeneity via plasma-enhanced chemical vapour deposition (Figure
7(al,a2)). The graphene-modified CC with an extremely thin layer reflected a better surface morphology than bare
Al and Al@C CCs, which aids in jeopardising potassium loss (Figure 7(a3—a5)). The as-assembled Al@G||K-FeS,
cell displayed an initial C.E. of 73.6% and was able to light an LED (light-emitting diode) in the state of
deformation (Figure 7b,c) [54]. A similar work by Cui et al. highlighted the use of incompletely selenized Cu-OSe
nanowires as a host for potassium metal nucleation. The Cu-OSe nanowire exhibited good reversibility in a
symmetric cell configuration for over 950 h respectively and the anode-free Ko sMnO,||Cu-OSe NWs cell cycled
for over 200 cycles with 63.5% of capacity retention [55]. Further, to effectually hinder the potassium dendrite
growth and induce potassiophilicity onto the CCs, a CusSns layer was electroless plated onto the Cu CC by Ren et
al., where the stable KF SEI layer enhanced the stability performance for upto 600 h at a current density of 1 mA
cm 2 respectively [56].

Consequently, the sodium-metal ion reversibility in AF batteries was investigated by introducing nanosized
Pb (lead) coating onto the surface of carbon-coated Al CC via magnetron sputtering. Post-cycling, when
contrasting the electrochemical behaviour of Pb-Al@C||NVP cell with Al@C|NVP, Pb-Al@C CC was extremely
sodiophilic providing a large number of active sites for Na ion nucleation and showed the negligible formation of
dead Na even after 100 cycles of operation. Ultimately, the ALSMB with Pb-Al@C||NVP combination, delivered
84.6 mAh g! of discharge capacity after 200 cycles with ~99% of C.E. and capacity retention of 81.9%
respectively [57]. Regulating the deposition behaviour of Na at greater current densities can have a significant
effect on the energy density and safety of the AF sodium metal batteries. This necessitated the construction of a
self-supporting MgF,@NCHNF host, which during cycling transforms into gradient-assisted fluorinated alloy,
which was found effective in augmenting of number of sodiophilic sites required for directing the distribution of
Na flux. Moreover, the assembled Na-MgF>@NCHNF|[NVP pouch cell, retained 96% of its capacity even after
400 cycles at 2C respectively [58]. Meanwhile, a 3D honeycomb structured bismuth nanosheets were grown
vertically on Cu foil by Bai et al., to effectively hinder the volume changes that occur due to greater Na metal
reactivity. The half-cell configuration with the fabricated Bi-NAs@Cu displayed higher Na-ion reversibility to
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exhibit 99.8% of C.E. at a greater current density and subsequently, ALSIB with NaTi>(PO4); (NTP)||Bi-NAs@Cu
exhibited a retention of 93.22% at 1C after 267 cycles proving its potential as a 3D sodium host [59]. Noticeably,
to supplement the Na-metal ion inventory loss during cycling, a nucleation buffer layer comprising a Cu-based
metal-organic framework (MOF) was proposed to be placed between the cathodic and anodic Al foil CCs. The
composite Cu-Cu@C CC enabled smooth Na deposition morphology even at a higher capacity of 6 mAh cm,
indicating its ability to host large Na metal ions with less change in volume (Figure 7d—j). The cell with NVP
cathode and Al-Cu@C CC displayed a discharge capacity of 102 mAh g™! for the initial cycle and a capacity decay
is significantly observed after 30 cycles when cycled at 1C during discharge (Figure 7k,l), indicating that an
increase in anodic potential would subsequently disrupt the Na-ion reversibility [60]. This entails crucial
engineering of functional CCs such as 3D Zn@Al with a porous morphology via the magnetron sputtering method.
The 3D Zn@Al CC owing to its better wettability properties allowed for facile Na-ion diffusion which reduced
the nucleation overpotential and facilitated proper Na plating/stripping. The modified 3D Zn@Al CC (Figure 7m—
t) with the NVP cathode displayed a remarkable capacity retention of 98.11% at 50C even after 2000 cycles of
operation proving it highly advantageous for effective Na metal utilization [61]. Similarly, an anode-free
configuration of a multivalent-zinc battery with zincophilic antimony (ZA) nanoparticles (ZA@3D-nanoCu) was
developed to nullify the zinc dendrite growth. Such ZA@3D-nanoCu CCs in combination with Zn cathode
exhibited an enhanced rate performance at a fixed areal capacity of 5 mAh cm 2 and their corresponding SEM
images revealed a uniform, smooth morphology than Cu CC indicating the structural integrity of the ZA@3D-
nanoCu. The full cell with ZA@3D-nanoCu|Br; displayed enhanced cyclic stability at an areal capacity of 10
mAh cm 2 and retained 400 mAh g of specific capacity (96.2%) even after 1000 cycles (Figure 7u—w) validating
its robustness for use as anodic CCs in realistic aqueous Zn batteries [62]. However, the alkali metals’ high
reactivity places severe constraints on the production environment.
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Figure 7. (al,a2) Pictorial representation of fabricated Al@G and the cross-sectional SEM micrographs of (a3—
a5) Al, Al@G, and Al@C, (b) 1st cycle GCD curve of AF K-FeS:||Al@G, K-FeS2||Al, and K-FeS:||Al@C, and (¢)
LED powered by K-FeS2||Al@G during bending. Reproduced with permission from Ref. [54]. Copyright © 2022
Wiley-VCH GmbH. (d) Voltage curves of Cu and Cu-Cu@C, SEM images of (e—g) bare Cu, and (h—j) Cu-Cu@C
and (inset depicts the images of Cu and Cu-Cu@C after Li plating at 6 mAh cm™2), (k1) Cyclic performance and
discharge profiles of Al-Cu@C||INVP/C, and AlINVP/C at 1C, Reproduced with permission from Ref. [60].
Copyright © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH, (m) Charge-
discharge curves of 3D Zn@AI|NVP cell, (n—q) SEM, (r) Energy Dispersive X-ray Spectroscopy (EDAX) images
of 3D Zn@Al, and (s,t) High-angle Annular Dark-field Imaging (HAADF) of Zn. Reproduced with permission
from Ref. [61]. Copyright © 2023 Elsevier Ltd., (u) Representation of ZA@3D-nanoCu|Br, (v) Rate performance,
and (w) SEM micrographs of ZA@3D-nanoCu at 5 mAh cm 2. Reproduced with permission from Ref. [62].
Copyright © 2023 Elsevier Ltd.
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3.2. Balanced Interfacial Chemistry

The thermodynamic energy gap that arises during electrode/electrolyte contact determines the cell voltage.
During continuous charge/discharge, there is a subsequent increase/decrease in battery voltage, due to the
electrochemical reactions that occur when electrode and electrolyte are in contact. This results in the development
of an interface called the SEI on the anode side and CEI (cathode electrolyte interface) on the cathodic side. These
interfaces collectively enhance the cyclic stability and longevity of the batteries. However, unwanted side reaction
at the electrodes aggravates the formation of unstable SEI and CEI layers, which eventually leads to electrolytic
decomposition and accelerates the risk of short circuits [63,64]. This instigates the need to design a balanced
interfacial chemistry at the electrode/electrolyte, prominent enough to increase the performance of ALAMBs.

3.2.1. Anode-Less Lithium Batteries

Notably, preloading a Li-based compound on the cathode side can supplement Li and aid in replenishing the
irreversible capacity loss. In this context, Qiao et al. preloaded a Li,O sacrificial agent into NCM (8:1:1) cathodes,
whereby O, released from Li>O during oxidation was indispensable in forming a LiF-based CEI onto the cathode,
to passivate the decomposition of the electrolyte. It is evident from the surface-enhanced Raman studies that the
LiF layer is completely developed on the NCM cathode, extending the oxidation stability to 4.8 V during Li
plating/stripping. Moreover, the AF pouch cell with NCM@Li,0 cathode and Cu CC could deliver 320 Wh kg™
of E.D. with nearly 80% of its capacity retained after 300 operational cycles [65]. To analyze the effect of pressure
on stable SEI layer formation (Figure 8a—c), pure graphene was directly coated onto the Cu CC, which acted as a
seed layer to promote Li wetting at a nominal pressure of IMPa, and underwent single lithiation/delithiation in the
voltage range of 50 pA cm 2. With the development of SEI on pG@Cu, the thickness of ~5 um for pG has been
retained and when cycled in the cell configured with the NCM cathode (Figure 8d—f), it delivered an areal capacity
0f2.94 mAh cm 2 at 0.1C respectively [66]. Besides, the formed unstable SEI due to its disordered structures and
generated by-products lowers the ionic conductivity and results in mechanical failure. This was addressed by
constructing an artificial SEI layer with the integration of LiPON and LiF, to promote ionic conductivity and lessen
the dendrite formation. The synergistic effects of LiF-LiPON lowered the ionic diffusion length and were
accompanied by their greater modulus of elasticity to promote a uniform Li deposition morphology (Figure 8g,h).
The as-prepared artificial composite SEI layer when paired with Cu CC, LFP, and NCA cathodes retained >60%
(Figure 8i,j) of its capacity after 100 cycles proving its potential for use in practical AL-LMBs [67].

More guided Li deposition can be achieved by artificially inducing a Lis4Sn layer onto the CC, which
facilitates an ample amount of interfacial charge transfer to enhance the C.E. and cyclic performance greatly [68].
A similar combination of Cu/S-Sn current collectors promotes stable SEI formation with better morphology
retention even after Li plating/stripping for 10 cycles. After 10 cycles of operation, Li metal deposits were facilely
removed from the Cu CC with shaking, indicating its firm contact with the CC, which enabled the cell to maintain
a prolonged electrochemical stability (Figure 8k—m). Thus the cell assembled with a Li-rich manganese-based
cathode (LMR)||Cu/C-Sn served as a stable interphase for guided Li deposition, lowered the voltage polarization,
and maintained a C.E. of close to 99.4% after 20 cycles (Figure 8n,0) [69]. During continuous charge/discharge
cycles, the SEI formation is also spontaneous resulting in the thickening of the interface, and provokes the
development of dead Li which practically loses contact with the CC and causes short-circuiting. The block co-
polymeric coating (PFGM) produced by chemical induction on the Cu foil due to its extreme delocalization
efficiency, reduces the Li-ion to its metallic counterpart, which during extended cycling conditions, allows the
recovery of inaccessible Li metal and prevents accumulation at the SEI layer respectively. The cell with
PFGM@Cu|INCM retains 54.8% of its capacity after 1000 cycles (Figure 8p), achieving a C.E. of 100%
respectively [70]. Besides, the volume changes that occur in the cell during prolonged cycling were alleviated by
in-situ fabricating electrospun copper nanofibre SEI layer (CuWs), which was effective in lowering the interfacial
resistance, and promoting the uniform Li-ion distribution. Full cell combination of LFP||CuWs with a polyethylene
(PE) separator cycled stably for around 30 cycles at 1C, with 92% capacity retention respectively [71].
Innovatively, Ouyang and his co-workers constructed a new programmable interphase layer using
deoxyribonucleic acid (DNA) to facilitate the uniform distribution of Li* which eventually aids in enhanced
reaction kinetics of Li, and when paired with LFP cathode, it exceptionally increased the C.E. to 186% than bare
Cu CC. This strategy paves the way for the discovery of a new class of interphase materials that augments the
stability of the fabricated anode-free batteries [72]. Similar works on the introduction of lithiophilic metals [73],
and garnet electrolyte [74] on the Cu CC to form inorganic SEI can aid in the construction of stable interfacial
chemistry which has a direct hand in assisting the development of highly stable ALLMBs.
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Figure 8. Digital images and SEM micrographs of plated Li morphologies on the Cu CC at (a) 0.1 MPa, (b) 1 MPa,
and (c) 10 MPa, (d) Voltage curves, (¢) SEM images of pG@Cu and Cu during initial lithiation, and (f) Cyclic
performance of AF pG@Cu|[NCM. Reproduced with permission from Ref. [66]. Copyright © 2023Wiley-VCH
GmbH, (g,h) SEM and schematic of Li deposition at pristine Cu, LiPON/Cu, and LiF-LiPON/Cu at | mAh cm™2,
Cyclic performance of (i) LFP with Cu and LiF-LiPON/Cu, and (j) NCA with Cu and LiF-LiPON/Cu. Reproduced
with permission from Ref. [67]. Copyright © 2023Wiley-VCH GmbH, (k,]) SEM images of Cu/S-Sn after Li
plating at specified cycles, (m) Digital pictures of Li plating/stripping of Cu/S-Sn at 50th cycle, and (n,o0)
Electrochemical results of LRM||Cu/C-Sn. Reproduced with permission from Ref. [69]. Copyright © 2022 Elsevier
B.V. Ltd., and (p) Cyclic performance of PFGM@Cu|[NCM811. Reproduced with permission from Ref. [70].
Copyright © 2022 American Chemical Society.

3.2.2. Anode-Less Sodium Batteries

Correspondingly, the construction of an artificial mechanically robust sodium formate interface (HCOONa)
would lower the electrolytic resistance and diffusion barrier and unveil the possibility of directed Na metal growth
onto the anodic CC. It is been observed that the bare Na foils after gaseous treatment with HCOONa, exhibited a
smooth morphology (Figure 9a) and when tested for their electrochemical efficiencies by charging and discharging
at 2 mA cm2and 1 mAh cm2, the symmetric HCOONa-NaJHCOONa-Na cell displayed ~45 mV of hysteresis
voltage and was effective in extending the longevity (Figure 9b,c) of the cell structure [75]. Chemo-mechanical
studies of Na plating/stripping behaviour concerning a deformable Li metal interface on the anodic Cu CC instead
of using an Al CC were also studied using conductive carbon C45 as a nucleation layer. The pressure generated
was averted uniformly due to the lowest elastic modulus of Li than Al and Cu CCs. This is evident in half-cell
configuration Na||C45, where sodiation during the initial cycles reduced the irrevocable capacity loss, regulated a
stable SEI erection, and helped in maintaining C.E. to around 99.8% (Figure 9d—f) for over 500 cycles [76].
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Besides, erecting a carbon-aluminium interface to aggravate the sodium reversible behaviour has proved potent
due to their ability to suppress Na dendrites, which thereby displayed an enlarged C.E. of 98.8% at 2 mA c¢m 2,
maintaining a stable performance for around 200 operational cycles (Figure 9gh). Their corresponding
plating/stripping morphology is depicted in Figure 9i,j [77]. Subsequently, the low lattice mismatch achieved
between sodium-tin alloy (NagSns) and the Al CC permitted homogeneous Na deposition at a high areal capacity
by mitigating the lattice stress. This is because, the strong interaction of Sn with the electrolytic anions leads to
the formation of an extremely thin SEI, which endows the cell with an areal capacity of 5 mAh cm ™2 and a C.E. of
99.7% respectively. The Sn-Al|[NVP cell exhibits 90 mAh g! of reversible capacity after 10 cycles and can light
up LEDs connected in parallel [78]. This opens new horizons into the interrelationship between the alkaliphilic
nature and lattice matching of the current collector, paving way for the formation of a stable inorganic SEI which
is indispensable in augmenting the cycle life of ALSIB greatly.
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Figure 9. SEM and FIB micrographs of (a) Na and HCOONa-Na, Voltage curves of NaNa and HCOONa-
Na/HCOONa-Na at (b) 2 mA ¢cm 2, (¢) 0.5-5 mA cm 2. Reproduced with permission from Ref. [75]. Copyright ©
2023 Wiley-VCH GmbH, (d) Pressure distribution on the NVP//C45 cell with and without Li layer, (e) Sodiation
and the C45 layer plating/stripping at 0.04 mA ¢cm 2, and (f) C.E. at 0.5 mA cm 2. Reproduced with permission
from Ref. [76]. Copyright © 2024 Elsevier B.V., (g) Voltage curves of 1st cycle and C@Al/Na, (h) Profiles at 5
uL electrolyte conditions, SEM micrographs of (i) C@Al, and (j) Al CC after cycling for 50 cycles of plating and
stripping at 3 mA cm 2. Reproduced with permission from Ref. [77]. Copyright © 2023 Americal Chemical Society,
(k) Cyclic performance of E-Zn@AI-Na|[NVP cell at 0.1 C. Reproduced with permission from Ref. [80]. Copyright
© 2024 Wiley-VCH GmbH, (1) HAADF image of the HEA-NbMoTaWV and its corresponding (m) Cyclic stability
graphs. Reproduced with permission from Ref. [81]. Copyright © 2024 Wiley-VCH GmbH.

In highly anisotropic metals like zinc, a surface-regulated interface growth was promoted by plating/stripping
Zn on a Bi substrate using a modulated solid-state surfactant approach, which lowers the nucleation overpotential
and prevents the dendritic growth of Zn. The half-cell configuration with Zn|Bi cell uncovered a smooth surface
devoid of Zn residues, capable of improving the cyclic stability for over 2400 h at a constant areal capacity of 5
mAh ¢cm? respectively [79]. In recent years, high entropy materials have been widely employed to improve the
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stability of SEI formed during cycling. In this context, the formation of a SEI layer with high entropy on the Al
CC in the form of zinc, ordered with flower edges (E-Zn@AI-Na) exposing (100) and (101) facets donates
electrons to promote interfacial decomposition, greater Na metal nucleation, and growth respectively. Meanwhile,
the formed high-entropy SEI layer in AL E-Zn@AI-Na|[NVP cell with a high-mass loaded cathode (32 mg cm™?)
facilitated better Na ion transfer retaining nearly 86% (Figure 9k) of its capacity after 90 cycles of operation [80].
Similarly, an interfacial layer with a high-entropy alloy composed of densely packed NboMoTaWV nanoplates was
constructed on Al CC (NbMoTaWV@ALI) to reduce the Na nucleation barrier and its corresponding over potential.
The as-developed AF cell incorporating NbMoTaWV@AL at the anodic side achieved remarkable cyclic stability
for over 300 cycles (Figure 91,m) highlighting its unique properties to provide abundant sodiophilic sites which
thereby improved the reaction kinetics of the cell greatly [81]. Thus, it is imperative to regulate the interfacial
design with conformal thickness rationally, enabling better ionic transfer with emphasis on AM nucleation,
pressure, and mechanical integrity.

3.3. Revamped Solvation in Electrolytes

Precise tuning of the electrolytic composition can have a noteworthy effect on the deposition morphology of
Li and the nature of SEI layer formation. This is reflected during the decomposition of electrolytes that can even
be channelized to form a desired SEI layer, which is vital in regulating the electrochemical behaviour of the cell
favouring large ionic conductivity. Henceforth, modulating the additives and salt concentration in the liquid
electrolyte can be effective in containing the AM ion inventory loss and can homogenize the Li flux during
discharge cycles.

Anode-Less Metal Batteries

A cumulative additive 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) capable of redox shuttle was
effectively integrated into the liquid electrolyte of AFLMBs by Zhang et al., where during charging, TEMPO
oxidizes into its cationic counterpart and starts diffusing into the electrolyte. These TEMPO™ function as acceptors
of electrons, oxidize the dead Li present in the electrolyte, and reactivate them into active Li ions. The voltage
curves of AL-LMB with and without TEMPO" are identical in their initial cycles, whereas the cell with TEMPO
after 75 cycles showed minimal capacitive decay due to reduced polarization (Figure 10a—c), thereby influencing
the C.E. of the battery [82]. During extended cycling, corrosion at the reactive metal anodes is obvious which
instigates the formation of a cavity-like structure, exacerbating the Li dendrite formation, and aggravating safety
concerns (Figure 10d—g). This was alleviated by replacing the solvent with 4M LiFSI in 1,2-dimethoxyethane
(DME) instead of 1,2-dimethoxypropane (DMP), having poor solvation properties. Comparing their solvation
properties, the deposition of Li was uniform and dense in DMP-based electrolytes than in DME. In AL
Cu|[NCMS811 cell with 4M DMP, self-discharge is mitigated, thereby maintaining a stable C.E. for over 100 cycles
and exhibiting only 0.03 V reduction in cut-off voltage (Figure 10h,i) [83].

In addition, the performance of different liquid electrolytes (LiTFSI, LiPFs, and LiFSI) was contrasted using
in situ polymerized electrolytes and Ga-based liquid metal at room temperature. The liquid metals play a major
role by reducing the nucleation barrier required for Li deposition. The synergistic performance of GalnSn alloy in
the 3M LiFSI electrolyte with DOL/DME solvent accedes the formation of a uniform Li-deposited morphology.
The as-assembled ALB with optimized Li/LiFSI/NCM combination delivered an average C.E. of 99% (Figure
10j—k) and implicitly jeopardized the Li metal dendrite growth [84]. The longevity of the AL cells can be amplified
by utilizing a dual carbonate-based electrolyte containing LiDFOB and LiBF4, which when plated for different
numbers of cycles and tested for its safety showed different plated morphologies and reactivities. Consecutively,
the depletion of electrolytes at various pressure conditions was also analyzed, in which cells at higher pressure
exhibited superior wetting capabilities accompanied by lower surface area and reduced porosity, vital for hindering
the degradation [85]. Relatively, using a dual-salt electrolyte comprising LIDFOB and LiTFSI, with a mere amount
of'additive LiPFsadded FEC and TTE solvent in a Cu||[NMC cell showed different Li plating morphologies (Figure
10l-0) and exhibited 63% of capacity retention with 98.6% of C.E. after 50 cycles (Figure 10p) and the
performance was 27% more when compared to the cell with an electrolyte containing single salt [86]. A similar
configuration of electrolyte analyzing the effect of DEC solvent on 1 m LiDFOB and 0.05 m LiPFsin FEC, TTE,
and DEC (Figure 10q,r) was investigated concerning their voltage and C.Es [87].

Besides tuning the composition of salt, additives, and solvent in the electrolyte, preconcentrating 2M LiTFSI
salt in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide on a nanoporous Al,O3 layer of Cu CC was
effective in reducing the nucleation overpotential, activation energy, and enhancing the stability respectively. The
as-fabricated AL cell with ALO3-IL@Cu/NMC90 combination remarkably enhanced the rate performance and
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stability of the cell [88]. Controlling the amount of sacrificial additives added to the electrolyte is equally important
as they aid in the stable SEI layer formation. Jiang et al. fabricated an AL system with NCM811 cathode and
assimilated LNO and diphenyl disulphide (DPDS) additives (SNA) into the DME solvent, where the cell retained
68.9% of its capacity after 50 cycles. It was also observed that the fracture of SEI is highly constrained due to the
consistent release of SNA additives during extended cycling (Figure 11a—c), underscoring the significance of
additive-enhanced electrolytes [89]. In addition to using dual salt concentrations in the electrolytes, incorporating
trioxane (TO) in sulfolane (SF)/DME dual solvents with higher LiFSI concentration (DS-LHCE) promotes the
formation of a stable LiF SEI layer on the Cu CC during cycling (Figure 11d). AL pouch cell Cul| NMC811
configuration with DS-LHCE—1.3 + 0.15 TO electrolyte cycled stably for >200 cycles at room temperature with
80% capacity retention. The as-assembled ALB cell after undergoing hot formation (40 °C) at initial cycles,
exhibited extraordinary safety performance when operated under a cell pressure of 1.2 MPa respectively [90].
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Figure 10. (a) Digital photographs of Li-plated Cu CC with and without the effect of TEMPO", Charge/discharge
curves of Cu|[NCM AFLMB (b) with and (¢) without TEMPO". Reproduced with permission from Ref. [82].
Copyright © 2023 Wiley-VCH GmbH, (d—g) SEM images of deposited Li without and with rest in 4M DME and
4M DMP, (h) C.E. of cell with 4M DME and 4M DMP, (i) Voltage profiles of 4M DME and 4M DMP. Reproduced
with permission from Ref. [83]. Copyright © 2024 Elsevier B.V., (j) EDAX images of CC@LM-C, and (k) Cycling
performance of AF cells. Reproduced with permission from Ref. [84]. Copyright © 2024 Wiley-VCH GmbH, Top
and cross-sectional SEM micrographs of cells cycled with Cu|[NMC cell with (I,n) 1.2 M LiTFSI and (m,0) 0.9 M
LiTFSI+0.3 M LiDFOB (inset shows the digital photograph of Cu CC discharged after Sth cycle), (p)
Electrochemical performance of the Cu|[NMC cell with different Li salts, Reproduced with permission from Ref.
[86]. Copyright © 2022 Elsevier B.V., and (q,r) Charge/discharge profiles of Cu|[NMC in FTD 2:2:1 and its
corresponding C.E. Reproduced with permission from Ref. [87]. Copyright © 2020 Elsevier B.V.
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Figure 11. (a,b) Graphical representation of the influence of sacrificial LNO additive during cycling, (¢) SEM
micrographs of Li deposited CC surfaces, Reproduced with permission from Ref. [89]. Copyright © 2024 Wiley-
VCH GmbH, and (d) Li deposition behaviour and the SEI layer formation in DME and DS-based LHCE solvents
with TO. Reproduced with permission from Ref. [90]. Copyright © 2024 Elsevier Ltd.

Similarly, the effect of LNO additive in a reduced concentration of tetracthylene glycol dimethyl ether
(TEGDME) electrolyte was studied, where the half-cell configuration 2M of LiTFSI improved the C.E. due to the
stability conferred by the Li,O to the SEI during cycling [91]. Contemporary research also focuses on developing
post Li-ion metal batteries, because they can be used in aqueous environments without conceding their energy
density [76,92]. In this aspect, aqueous zinc-based anode-free batteries have gained widespread interest owing to
their lower redox potential and the cost-effectiveness of the zinc metal. However, the insufficient reversibility of
Zn metal limits the longevity of the cell, which hinders their practical implementation. This was addressed by
suitably regulating the nucleation and growth of zinc during the initial stages of cycling by Shi et al., where lithium
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iodide was used as an additive in the electrolyte to significantly lower the nucleation overpotential. As a result, the
Zn||iodine anode-free battery demonstrated exceptional cycling stability of over 10,000 cycles with nearly 88.2%
of capacity retained at 0.99 mAh cm™ respectively [93].

The effect of Li deposition morphology on the Cu anode employing three different electrolytes such as dual-
salt, conventional carbonate-based (LP57), and localized high-concentration electrolyte (LHCE) was investigated
in AL-LMBs. Compared to the traditional LP57 electrolyte, Li morphology was even without nucleates with
homogeneous distribution all over the Cu surface. Further, the electrochemical tests in the Li|Cu and Li|Li
combinations uncovered the stable cycling performance with LHCE electrolyte having a consistent overpotential
upsurge throughout charge/discharge [94]. The dual additive-enabled electrolyte also plays an eminent role in
accelerating the mechanical stability and ionic conductivity of AL-LMBs. The synergy between ethylene sulphite
(ES) and LiNOs in the 1M LiTFSI/DOL: DME electrolyte, enabled the formation of a stable SEI layer that
maintains structural integrity, represses the dendritic growth of Li, and helps in achieving an appreciable
electrochemical performance. The CC surface exhibited a smooth deposition morphology after the incorporation
of the ES+LiNO; additive at varied current densities (Figure 12a—j) and the electrochemical performance of
LFP||Cu-based AFBs with ES+LiNOj3 in LiTFSI electrolyte, retained 44.5% of its capacity and 99.2% of its C.E.
after 100 cycles (Figure 12k,1) respectively [95].
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Figure 12. (a,b) Surface roughness of Li|Cu cell with LiNO3 and ES+LiNOs additive enhanced cell, SEM
micrographs of Li plating morphologies for cells comprising electrolyte with (e—j) LiNO3 and ES+LiNOs additive
at varied current densities, (k,1) Electrochemical results of AF LFP||Cu cell with ES+LiNOs3 additive, Reproduced
with permission from Ref. [95]. Copyright © 2023 Press and Dalian Institute of Chemical Physics, Chinese
Academy of Sciences. Published by ELSEVIER B.V. and Science Press, (m,n) Formation of SEI layer from 0.4 m
KPFs-DME electrolyte with and without PDMS additives, and (o) Specific capacities of the Cu|[KPTCDA cell
based on KPTCDA mass. Reproduced with permission from Ref. [96]. Copyright © 2023 Springer Ltd., (p,q) SEM
micrographs of cycled Ni foil collected from Ni||Li2S cell with plain and Nd(OTf)s; enhanced electrolyte.
Reproduced with permission from Ref. [97]. Copyright © 2024 American Chemical Society, (r,s) Cycling stability
curves of Cu|[NVP cells with conventional and SiO2 additive enhanced electrolyte. Reproduced with permission
from Ref. [98]. Copyright © 2024 Elsevier Ltd.

Moreover, realizing the use of anode-less AMBs at low temperatures is challenging as the formation of less-
stable SEI layers together with aggravated dendrite formation is inevitable. Incorporating Si-O additives such as
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polydimethylsiloxane (PDMS) into potassium hexafluorophosphate (KPFs) in DME instigate the formation of an
organic-inorganic hybrid Si-O-O and KF SEI layer, which proved potential for ameliorating the ionic reversibility
and cyclability during K plating/stripping (Figure 12m-n). Assembly of the novel electrolyte with pre-potassiated
3,4,9,10-perylene tetracarboxylicacid-dianhydride||Cu (KPTCDA||Cu) exhibited a discharge capacity of 6.28 mAh
¢! during the initial cycles and retained nearly 90% of its capacity after 20 cycles of operation at —40 °C (Figure
120) [96]. An effective amalgamation of a neodymium triflate [Nd(OTf);] additive into 1 m LiTFSI/DOL: DME
electrolyte can inhibit the polysulphide shuttle, promote its adsorption, and implicitly stabilizes the Li
plating/stripping behaviour. Li||Li,S cell with the prepared electrolyte combination exposes a compact and dense
Li morphology (Figure 12p,q) at a C/10 rate after 20 cycles and aids in 78% capacity retention after 100 cycles
[97].

Correspondingly, assimilating nano-silica as an additive into 1 m NaPFs in diglyme electrolyte facilitates
better cationic Na transport and progressively induces stable nucleation-growth of Na onto the Cu CCs without
dendrite agglomeration. The anode-less cell structure with Cu|[NVP in conventional electrolyte without nano-silica
displayed an unexpected drop in discharge capacity at 0.5 mA cm 2, whereas the cell with 1 wt% nano-silica
showed 75% capacity retention at 0.5 mA cm 2 after 50 cycles (Figure 12r,s) [98]. In addition, introducing
hexamethyldisiloxane (HMDSO) additive into the electrolyte of AL cell with NVP cathode and GalnSn-coated
Cu CC displayed 84.5 mAh g! of discharge capacity with 87.6% capacity retention, due to the synergistic effects
of modified interfacial design and the additive enhanced electrolyte which was vital for improving the Na metal
ion reversibility during extended cycling [99]. Another potential way to enhance the stability of the interface layer
formed during cycling is to engineer the electrolyte solvation structure capable of operating at higher temperature
conditions. So, an electrolyte design with an anion-stabilizing weak solvation structure was introduced to balance
the interaction of Na* anion and Na' in the solvent. Benefitting from this structure, the multi-layered AL cell
functioned stably for 50 cycles with 74.3% of capacity retained at —30 °C, indicating enhanced reversibility of the
Na during plating/stripping respectively [100].

Although the proposed strategies play a concurrent role in augmenting the rate capability, cyclic stability,
and E.D. of the liquid electrolyte-based ALAMBS, the likelihood of accelerated short circuits due to dendrite
growth can cause flammability of the conventionally used organic electrolytes leading to tragic cell failure. This
calls for a paradigm shift toward solid-state electrolytes (SSE) which outperform conventional liquid electrolytes
making it a promising alternative to realize higher E.D. without conceding safety.

4. Anode-Less Solid-State AMBs

The development of anode-less solid-state AMBs (AL-SSAMBSs) is considered prominent due to the
elimination of polymeric separators and the integration of SSEs that are devoid of the evolution of toxic gases,
thermal runaway, and flammability as a consequence of battery short-circuiting. The intrinsic advantages of SSEs
namely a wide electrochemical potential window, thermal and mechanical stability, and improved ionic
conductivities at room temperature, makes them reliable for futuristic demands of high E.D. to drive the EV market
in the world. However, their electrochemical performance is mainly constrained by the AM plating/stripping
efficacy as there is deficient AM to replace the irrevocable loss, and the interplay between the electrode and SSE
largely determines the C.E. and stability of the cell. In addition, the so-far-developed solid electrolytes’ negated
decomposition energy driven by the interfacial reactions at the anode exhibits thermodynamic instability against
AM possessing reduced electrochemical potential. This majorly affects the electrochemical potential window of
the SSEs. Further, the stability of the SSE is determined by the nature of the SEI formed, which jeopardizes the
electrolytic ion reduction and affects the longevity of the cell during further cycling. Despite the presence of an
enlarged reactive area at the interface between AM and SSE, the inhomogeneous AM deposition onto the CC
influences the irreversible capacity loss. Henceforth, various cumulative efforts taken by the research community
to appropriate a rationally designed CC and interface for an AL-SSAMB with a suitable solid electrolyte to
heighten the cyclability are summarized as under.

Alkaliphilicity of the metallic CCs is a major concern in AL-SSAMBs as they are vital in validating the
electrodeposition and electrodissolution kinetics that prompt dendrite growth. In this context, the attributes of an
AL-SSLMB was analyzed using a sulfide-based SSE (LicPSsCl), with a telluride-coated Cu CC. The formed Li,Te-
alloy during extended charging/discharging significantly reduced the overpotential required for
electrodeposition/electrodissolution with an overall improvement in C.E (Figure 13a—k). It is evidenced that Li>Te
forms a uniform wetting with stable deposition of Li. When assembled in an AL configuration of NMC|SE|Li,Te-
Cu, the cell exhibited stable cycling with 80% capacitive retention after 50 operational cycles [101]. In a similar
study, the Cu CC surface was roughened to enhance the Li plating/stripping efficiency. The CC with a roughness
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value of around 180 nm with a modulated sulfide solid electrolyte combination, augmented the reaction sites and
reduced the SSE decomposition to increase the performance of AL-ASSBs [102]. To promote the solid-solution
behaviour of Cu with SSE, atmospheric plasma spraying (APS) was implemented by Ockel et al. to endorse the
adhesion of Cu CC with the solid electrolyte LAGP. This is facilely promoted by considering the substrate
temperature, particle velocity, thickness of coating, etc. It was found that a clear boundary was visible segregating
both CC and the SE. In addition, the surface roughness is also higher on the surface after plasma spraying. Thus,
the greater deposition rates achieved by APS render it more promising than conventional CVD/PVD techniques
for large-scale commercialization of ALSSBs [103].
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Figure 13. (a—c) Graphical representation and (d—f) SEM images of Li|SE|Li>Te-Cu cell at three stages namely
activation, electrodeposition (1 mAh cm™2), and electrodissolution (1V), (g,h) SEM, (i,j) FIB images of the surface
of SSE with SEI formation and dead metal accumulation, and (k) Cyclic performance of Li|SE|Li>Te-Cu.
Reproduced with permission from Ref. [101]. Copyright © 2022 Wiley-VCH GmbH, (1) Ag-In alloy metallic
coating via CCS sputtering method, (m) Voltage profiles, (n) Retention curves of AL Ag-In|[NCM cell, SEM and
EDAX images of (0, p) Ag-In coated CCs during Li metal alloying, plating, and stripping. Reproduced with
permission from Ref. [104]. Copyright © 2024 Elsevier B.V., (q—t) SEM micrographs of Ag NP/C enabled CC
before and after charging, and (u) Discharge capacities of different metal nanocomposite coatings. Reproduced
with permission from Ref. [105]. Copyright © 2022 Frontiers.

Lithiophilic coating on the CC with a multi-metal involving Ag and indium (In) via continuous composition
spread sputtering (CCS) method was effective in the passivation of Li metal dendrite growth. Moreover, In owed
to its inert nature can lower the SE decomposition behaviour (Figure 131-n) and showed a homogeneous Li
alloying and cycling morphology (Figure 130,p). The Ag-In coated at different time intervals in the SUS CC, when
paired with NCM cathode cycled stably between 4.3 and 2.4 V, and the one deposited at a lesser time interval
delivered better performance improvement [104]. Further, the impact of different lithiophilic metals such as Sn,
Zn, and Ag on the Cu CC was investigated, among which the Ag nanocomposite layer exhibited promising values
of discharge capacity, retention capacity, and C.E. respectively. Also, the morphology of the cell with Ag
NP/C|PEO-LiTFSI|LFP even after cycling showed minimal to null Li accumulation (Figure 13g—u) indicating the
suitability of nanocomposite-based lithiophilic metal-coated CCs for use in ALAMBs [105]. A similar study by
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Kim et al. validated the robustness of the Cu-Sn nanotube layer constructed onto the anodic layer to guide the Li
deposition behaviour. After the initial stages of cycling, the LixSn phases in the Cu-Sn nanotube layers
demonstrated better Li-ion diffusivity, which engendered the ALNCM with 99.85% of C.E. at room temperature
with 83.8% capacity retention after 150 cycles of operation [106].

Curbing interfacial resistance has been an area of interest in improving ionic transfer as it provides pragmatic
insights into Li deposition morphology. In this context, the failure mechanism behind introducing LLZTO SSE
into ALLMBs was quantitatively analyzed. Though Au was sputtered onto the SSE to enhance the wettability
property, the capacity loss was inherent at greater current densities due to lumped Li deposits on the surface of CC
with traces of oxygen (Figure 14a,b). Moreover, the dendrite-shaped Li deposit displays a huge upper part
indicating only a partial Li being stripped (Figure 14c). This was alleviated by the introduction of a PDMS
elastomer to hinder pulverization, thus improving the electrochemical performance greatly. Half-cell
measurements were vital for observing the short-circuit behaviour (Figure 14d,e) in cells without PDMS during
cycling, whereas the cell with PDMS delivered a notable C.E. over the course of cycling [107]. Further, the
influence of current density on the Li deposit nucleation on the Cu|LLZO interface was studied, and it was observed
that ameliorating the current density facilitates heterogeneous deposition of Li (Figure 14f-i), highly anticipated
for realizing a uniform coverage over the entire CC. However, this has to be leveraged by adopting thicker CCs or
applying a uniform stack pressure [108]. Meanwhile, interfacial engineering using Li,S as a promoter of an
interfacial layer formation acts as a supplement for compensating the irreversible Li loss in the LFP cathode and
when combined with a quasi-lean gel polymer electrolyte exhibited a specific capacity of 134 mAh g ! after 100
cycles of operation with an average C.E. of 99.6% at 0.2C (Figure 14j,k). The increased enactment is due to the
stable Li deposition behaviour without dendrite formation [109]. Similarly, the organization of the dual interface
layer was effective in ion conduction and Li flux orientation. An anode-less solid-state configuration utilizing Ag-
modified Cu CC with lithium polyacrylic acid-coated as the buffer layer (LiPAA-Ag/Cu)/LiCes alongside LLZTO
SSE/LCO cathode delivered 171.7 mAh g! of discharge capacity initially at 0.05 C (Figure 141) with a retention
of 80% after 20 operational cycles [110].

In another study, short-circuiting at lower current densities was avoided by erecting a nano-bilayer of tungsten
(W) and magnesium (Mg) onto the anodic current collectors. The AL cell with NCM cathode, sulfide solid
electrolyte, and W/Mg-Cu displayed a stable rate performance due to facile ion transport and compact dense
morphology of the W/Mg layer during cycling [111]. Besides constructing a stable interlayer favorable for
effective Li plating/stripping, adjustment of intrinsic pressure is equally essential to uphold firm contact between
the SSE and the electrode. An AL cell with an NMC cathode, high ionically conductive sulfide SSE, and the anodic
CC was erected by regulating the internal pressure with a compressible carbon felt placed between an SS rod and
a CC (Figure 14m,n). The self-adjustable elastic layer increased the C.E. from 58.4% to 83.7%, followed by
cycling stably for 100 operational cycles, achieving a critical current density of 1 mA c¢cm? respectively [112].
During cell stacking, volume change accompanied by an intrinsic pressure build-up is unavoidable. This can be
minimized by appropriately tailoring the anode structure with strain-free 3D titanium nitride (TiN) nanotubes in a
vertical orientation. By embedding an Ag-C interlayer between the TiN nanotubes and LLZTO electrolyte, swift
transport of Li metal is facilitated into the nanotube structure (Figure 140), thereby promoting a homogeneous Li
deposition [113]. Besides, to effectively mitigate the non-uniform Li metal deposition onto the anodic current
collectors, Ma et al. devised anion-recognition electrodes, where the interactions of anion-m systems promoted
better ion solvation in electrolytes accompanied by the formation of stable inner Helmholtz plane with a perpetual
quadrupole moment (Q,,) to enhance Li metal plating/stripping behaviour. In this context, among the various
current collectors designed with differing Q,, values, modified carbon cloth-based CC with greater Li metal
plating/stripping behaviour achieved a C.E. of 99.1%, when tested for its efficiency in a carbonate-based
electrolyte for over 230 cycles respectively [114]. In addition, to better comprehend the properties of Li metal
electrodeposited onto the Cu CC during initial cycling, Becker et al. studied the microstructure of layers of Li
deposited between the LicPSsCl and steel interface. With reference to the Monte Carlo Potts model, it was
concluded that the Li microstructure is independent of current density and is dependent on the layer thickness
[115]. Furthermore, limited Na metal utilization due to poor interfacial contact between SSE and the Na metal
anode enabled the introduction of a Pb/C interlayer to endorse the wettability to 0° at nearly 120° C. Moreover,
the CCD for the half-cell with Na metal and NZSP SSE remained the same at all temperatures (Figure 14p) making
them reliable for developing pragmatic AL-SSLMBs [116].
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Figure 14. (a) Li plated morphologies at varied current densities, (b) Lump-shaped Li cross-section and its EDAX
with the presence of O element, (¢) Different Li morphologies after stripping, (d) Impedance, and (e) Stability
graphs of LiLLZTO|Au cells with and without the effect of PDMS membrane. Reproduced with permission from
Ref. [107]. Copyright © 2022 Frontiers, (f-i) SEM images of Li-plated morphologies, Reproduced with permission
from Ref. [108]. Copyright © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH,
(j) Li deposition morphologies on Cu CC surface, and (k) Cyclic performance of AL LFP@Li:S|GPE|Cu and
LFP|GPE|Cu. Reproduced with permission from Ref. [109]. Copyright © 2023 Wiley-VCH GmbH, (I) Cyclic
stability of LFP|[LLZTO-LiCe|LiPAA-Ag/Cu. Reproduced with permission from Ref. [110]. Copyright © 2023
Wiley-VCH GmbH, (m,n) Effect of carbon-felt on the SS CC. Reproduced with permission from Ref. [112].
Copyright © 2023 American Chemical Society, (0) Pictoral representation of TiN NT- infiltrated LLZTO AL cell
configuration. Reproduced with permission from Ref. [113]. Copyright © 2024 Springer Ltd., (p) Cyclic
performance of NalPb/C@NZSPINa at 55 °C. Reproduced with permission from Ref. [116]. Copyright © 2022
The Royal Society of Chemistry.

Despite the advantages posed by SSE in hindering flammability, and volatility, and providing enhanced
thermal stability, their commercialization is impractical due to their constrained ionic conductivity and inferior
interfacial properties. This was addressed by developing an intermediary quasi-SSE (QSE) with improved gelation
behaviour to promote better ionic transport. However, the liquid component in QSE is prone to fire due to the
presence of hydrocarbon-based solvents and plasticizers. So, hexafluorobutyl acrylate (HFBA) as a thermally
stable monomer and pentaerythritol tetraacrylate (PETEA) as a cross-linker was used in a liquid electrolyte to
convert into a QSE. At higher temperatures, the prepared HFBA-PETEA-based QSE can efficiently capture H
radicals which causes combustion during cycling (Figure 15a). The Au/rGO||QSE||Li,S-based AL cell exhibited
690.1 mAh g! of discharge capacity initially and retained nearly 315.7 mAh g! of specific capacity after 300
operational cycles (Figure 15b,c) displaying a stable performance [117]. Meanwhile, the elimination of an
interlayer and pressure can provide realistic insights into the plating/stripping behaviour of Li in a sulfide-based
AL-SSB. In this respect, halide and sulfide-based electrolytes with various chlorine concentrations were analyzed
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for their electrochemical efficiencies. It was found that Li-argyrodites with the highest chlorine content namely
Lis sPS4.5Cly s outperformed other sulfide and halide combinations, and proved effective but faced a deterioration
in C.E. in the initial cycles. This was mitigated by introducing an Ag-C interlayer due to the facile solid solution
behaviour of Ag with Li and was able to improve the initial C.E. loss without any external stack pressure
[118].Correspondingly, a combination of Cu|CGPE|Li,S@MX displayed a dendrite-free smooth morphology at
1.2 mA c¢cm 2 whereas an origin of granular growth was evident in cells with liquid electrolyte, paving the way for
mossy Li dendritic growth (Figure 15d). Further, a 0.51 Ah level capacity pouch cell with the CGPE configuration
was able to deliver 340 Wh kg ™! of E.D. and could sustain continuous rolling and bending with a stable power
output (Figure 15e,f) [119]. Active Li loss was further limited by fabricating an SSE comprising LiFSI and CsClO4
and was compared with in situ polymerized LiPFs electrolyte. Li plating/stripping behaviour was enormously
improved with LiFSI + CsClOj4 electrolyte, by obtaining a 3D porous morphology with a nominal Li deposition
thickness, whereas with LiPFs the amount of porosity was close to 55% which may lead to irreversible loss of Li
metal (Figure 15g—i). Also, it is found that the stable SEI layer formed during cycling (Figure 15j) lowers the
capacitive loss of LiFSI + CsClO4 electrolyte providing insights into the interrelationship between the Li
deposition-dissolution and the AM reversibility during cycling [120]. Oxidative decomposition of the existing
electrolytes in sodium batteries was suppressed by incorporating “liquid-in-solid” electrolytes with ether
electrolytes in a liquid state effectually confined into the molecular sieves of zeolite (Na-SSZE). This improved
the Na* transference number to 0.68 and when assembled in a 4.25 V AF pouch cell, it increased the cell E.D. to
412 Wh kg ! and retained 89.2% of capacity retention after 370 cycles of operation [121]. Consequently, dendrite
formation and the transition metal-ion dissolution from the cathodes of anode-free aqueous zinc batteries due to
the side reaction induced by H,O was combated by introducing a solid polymer electrolyte with poly(3
methacryloxypropyl trimethoxysilane) (PMPTS). This led to the formation of a structurally stable zinc-salt-rich
inorganic hydrophobic SEI layer which was thermodynamically stable and achieved a very low overpotential of
126.1 mV at 10 mA cm 2 after 7000 hrs of cycling in a symmetric cell configuration. The anode-free configuration
with the as-erected SPE retained nearly 99.2% of its capacity after 110 cycles respectively [122].
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Figure 15. (a) Schematic of the advantage of QSE, and (b,¢) Cyclic performance and specific capacity curves of
AL Au/rGO|Li2S and Cul|Li2S. Reproduced with permission from Ref. [117]. Copyright © 2023 Wiley-VCH
GmbH, (d) Inoperando studies on Li deposition in LizS@MX|LE|Cu and Li2S@MX|CGPE|Cu, (e) Cyclic
performance of Li2S@MX|CGPE|Cu, and (f) LED powered by Li2S@MX|CGPE|Cu cells when connected in series.
Reproduced with permission from Ref. [119]. Copyright © 2022 Springer Ltd., (g—i) SEM micrographs, and (j)
Function of SEI vs. cycle number. Reproduced with permission from Ref. [120]. Copyright © 2024 Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and
Science Press.

Although noteworthy strategies have been proposed to lessen the interfacial charge transfer resistance, the
recovery of dead AM shows prominence as they are vital for enhancing the capacity and cyclic performance of
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AL-SSAMBs. This requires careful selection of an SSE, which should be compatible and influence the ionic
transport at room temperature. In addition, apart from using alkaliphilic metals for improving the wettability
properties of the CC and the SSE, a tailored-made CC design to effectively relieve the stress and temperature
generation during AL-SSAMB cycling also warrants further investigation. Besides, the role of cycling protocols
has proved effective for upholding the AM inventory in the cell as the AM formation during the formation cycles
plays a major role in the development of a stable SEI layer before cycling. Optimized cycling protocols
investigating AM plating/stripping with modification in current densities, cycling conditions, temperature-
dependent deposition, cut-off voltages, pressure, and salt concentration in electrolytes [123—127] cannot be
undermined as their integration into the existing systems can provoke high-end commercialization in the future.
Furthermore, upcoming research should necessarily focus on developing metal anodes with strain-relieved
architectures by careful engineering of the CC or the electrodes in conventional, aqueous, and dual-ion batteries
and should largely be studied using advanced characterization techniques to better interpret their interfacial and
ion-transporting characteristics [128—132]. Table 1 summarizes the electrochemical behaviour of all the anode-
less alkali metal combinations discussed in this literature.

Table 1. Electrochemical performance of all the anode-less combinations discussed in this manuscript.

S. No. Anode Cathode Electrolyte %}:.lilct:::z;c l;::tgi:il(t))ryn Stability Ref.
. IM LiTFSI in DME/DOL ) )

1. Cu-CNT LiFePO, (11 vb) + 3 wi% LINO3 >95 % 69.4%at0.5C 100 cycles  [31]

. 1.3 M LiPF in EC/DEC , 52% at 4.2 mAh
2. BPEI-Ag/LiNO; NCM 811 (327 v/v) +10 wt.% FEC 99% o 100 cycles  [32]
A A -

3. Zn@NC@RGO@Cu LiFePO, M L‘TF(SiI_ IIHV%\AE/ DOL 99510,  614% “(20'6 Ol 100 eycles  [33]
. . IM LiTFSI in DME/DOL ) .

4. Si0,@G-/Cu LiFePO, (1:1 v/b) + 2 wi% LINO3 98.62% 85.40%at0.5C 100 cycles  [36]
5. Zn-N-CNF LiFePO, IM LiTFSI in DME ~100% 91%at0.5C 120 cycles  [37]
) IM LiTFSI in DME/DOL )

6. Cu_40@Cu;P LiFePO, (1:1 v/b) + 2 wi% LINO3 98.64% - - [38]

. IM LiTFSI in DME/DOL . )
7. Cu-CNF-CNT LiFePO, (1:1 v/b) + 2 wi% LINO3 ~100% 57.6% 100 cycles  [39]
0.6 mol LiDFOB+LiBF, in )
8. 3D CC-MnO, NCM532 FEC/DEC (122 ) - 91%at0.5C  200cycles  [40]
. IM LiTFSI in DME/DOL ) .
9. Au/rGO LiFePO, (1:1 vA) + 2 wi% LiNO, - 96% at 30 mA g=' 100 cycles [41]
1 M LiPFs EC/DEC/DMC )
10. HBSA-Co SA NCM 811 (L-1:1 wA) + 1 wi%% LINO, - 98.8%at0.1C 150 cycles  [42]
1 mol L™! LiPF (v/v = o 0
11. HEA/CF NCM 811 1151 FEC 10%) 99.2% 71.8%at1C 160 cycles  [43]
12. BCCC NCM 811 EC/DEC (1:1 vv) 99.1% 50%at02C 100 cycles  [44]
1 3 . 0,
13. Cu@p-PVDF NCM I MLiPFs " /SC/ DEC(LT g9 0495 6145 /z;‘lt,? A 30 cycles  [45]
1 M LiPFs in
EC/DEC/EMC (1:1:1
14. LDP @Cu-Ag LiFePO4 v/viv) + 5 wt% FEC and - - - [46]
1M LiTFSI in DME/DOL
(1:1 vA) + 2 wt% LiNO;
15. E-Cu NCMS11 6 M LiFSI in DME ~99% 84% 50 cycles  [47]
. . M LiTFSI in DME/DOL 000 .
16. LiF@PVDF/Cu LiFePO, (1:1 v + 3 wi% LINO3 99% >20%at 1 C - [48]
. 1M LiTFSI in DME/DOL ) 20% at 0.5 mA
17. Pl@Au LiFePO4 (1:1 wh) + 2 wi% LiNOs 98.7% om? 340 cycles [49]
13. Cu@Si-PAN LNMO 4.5 M FSI-TFSI ~99% 80% 120 cycles _ [50]
19. Cu-Mg LiFePO, I MLP F"’v'fvc)/ DEC(:L 900, - 70cycles  [51]
20. Al@G K-FeS, 4M KFSI in DME >90% >25% 30 cycles  [54]
21. Cu-OSe NWs KosMnO, 4M KFSI in DME >90% 63.5% 200 cycles  [55]
0,
22. CusSn@Cu PTCDA 4M KFSI in DME ~100% 94 A’gflzo MA 30 cycles  [56]
23. Pb-Al@C NVP - - 81.9% 200 cycles  [57]
24. Na-MgF,@NCHNF NVP 1 M NaPF in diglyme - 96%at2C___ 400 cycles  [58]
25. Bi-NA@Cu NTP 1 M NaPFg in diglyme ~100% 93.22%at 1 C 267 cycles [59]
26. Al-Cu@C NVP/C 1 M NaPFs in diglyme 99.9% >95% at 5 C 1300 cycles  [60]
27. 3D Zn@Al NVP 1 M NaPFq in DME ~100% 98.8%at0.5C 100 cycles  [61]
1M LiTESI+ 1.5 M LiFSI
28. Cu NCM811@Li,O in glycol dimethyl ether + ~99% 80% 300 cycles [65]
HFE additive
o 89.5% at C/5
29. pG@Cu NMC622 I LiPFe in ECDEC: EMC g9 (oo, (charge)-C/2 100 cycles  [66]
with 5% FEC (discharge)
. . IM LiTFSI in DME/DOL )
30. LiF-LiPON/Cu LiFePO4 (1:1 wh) +2 wt% LiNO; - 66% 100 cycles [67]
31. LissSn@Cu NCM8I11 6M LiTFSI in DME 99% 85.5% 50 cycles  [68]
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1 LiPFs in
32. Cu/C-Sn LMR FEC:FEMC:HFE (2:6:2 99.4% >90% 20cycles  [69]
wt%)
3. PFGM@Cu NCM ElLfPlFi’ " j%ff;f%cc 100% 54.8% 1000 cycles  [70]
34. CuWs LiFePO, 1(1;41L:/Tv§§1 énw?‘%f/iggg ~75% 92%at1C 30cycles  [71]
35. DNA-Cu LiFePO, I(%ILV‘/T;T TN, 9% 54.5% 400 cycles  [72]
36. Cu NVP 1 M NaPFg in diglyme ~99% 88.2% at 0.5 C 400 cycles [75]
37. C-45@C NVP 1 M NaPFg in diglyme 99.97% 97.4% at C/3 100 cycles [76]
38. C@Al NVP 1 M NaPFg in diglyme ~100% 93% 100 cycles [77]
39. E-Zn@Al NVP 1 M NaPFg in diglyme - 86% at 0.1 C 100 cycles [80]
40. NbMoTaWV@AL NVP 1 M NaPF¢ in DME ~99% 96.5% 300 cycles [81]
2M LiTFSI in DME/DOL
41. Cu NCM (1:1vw) + 2 wt% LiNOs + 99.5% 71.8% 75cycles  [82]
1 wt% TEMPO additive
42. Cu NCMS11 4 M LiFSI in DMP ~100% - - [83]
43. GalnSn-C NCMS11 3 M LiFSI in DOL/DME 99.7% 50%at0.5C 100 cycles  [84]
4. Cu NMC532 12M ;SE%C‘?DEECC'DEC - ; 200 cycles  [85]
0.9M LiTFSI + 0.3M
45, Cu NCM LiDFOB in FEC/TTE (2:3  98.6% 63% 50cycles  [86]
v/v)
1 M LiDFOB + 0.05 M After 35
46. Cu NMC532 LiPF6 +FEC/TTE/DEC 98.07% 45% [87]
. cycle
(2:2:1 vivlv)
47. ALOs-IL@Cu NMC90 [ZE%LI\‘/IT][FTS%‘I‘] >80% - 50cycles  [88]
43. SNA Cu NCMS11 DPDS and LNO in DME >99% 68.9%at03C__ 60cycles  [89]
49, Cu NCMS11 DS-LHCE-13 +0.15TO ___ ~100% 80% 206 cycles _ [90]
50. Cu NMC111 0.6M L‘]EiFBOF? *+0.6M ~99% - 100 cycles  [94]
51. Cu LiFePO, M L;TVFVE,ZIE?I\%?ME * 99.2% 44.5% 100 cycles  [95]
5. Cu KPTCDA 0'4M‘I§;I,;j ]I?Bﬁsw ith 2 >98% 82%at02C  50cycles  [96]
M LiTFSI+0.2M LiNO;
53. Ni LiS in DOL/DME (1:1 v/v) + 91% 62% at C/10 rate 60 cycles [97]
1.5 mM Nd(OTH);
54. Cu NVP M Napvljti,/zns‘iigzlyme 1 ~99% 75% 100 cycles  [98]
55. GalnSn-Cu NVP HMDSOIn I MNaPFsin —_gq o, 87.6% 200 cycles  [99]
diglyme
56. Cu NFM 2M NaPFg in DEE - 82.3%at0.5C 100 cycles _ [100]
57, Cu NMC811 LisPSsCl 99% 30% 50 cycles  [101]
58, Ag-In/Cu NMC LisPSsClosBros 99.8% 80.19%at 1 C__ 250 cycles  [104]
59. Ag/C LiFePO, PEO-LIiTFSI - - - [105]
60. Cu-Sn NT NCMS11 LisPSsCl 99.85% 83.8% 150 cycles  [106]
6l Au LiFePO, LLZTO - - - [107]
62. Cu LFP@Li,S GPE ~98.5% 65% 500 cycles  [109]
63. Ag-CuLiPAA LiFePO, LiCq -LLZTO 99.7% 90.3%at0.1C__ 120 cycles  [110]
64. W/Mg LiNbO;-NMC811 LisPSsCl 99.7% 86.7% 200 cycles  [111]
65. Ag-SUS NMC Lis4PS.Clis >99.5% ~55%atC/5 100 cycles  [112]
66. Ag-C coated TiN NT NMC LLZTO 99.8% 78.3%at 60 °C__ 600 cycles  [113]
67. CC-HPBF NCMS11 1 M LiPF, in EC: EC:.DEC _ 99.87% - 200 cycles  [114]
68. Na NVP Pb/C@NZSP 99.7% 96.5%at0.5C__ 200 cycles  [116]
69. AurGO Li,S HFBA-PETEA QSE ~99.99% >40% 300 cycles  [117]
70. Ag-C/SS NMC811 Lis sPS4sClys 99% - - [118]
71, Cu Li,S@MX CGPE ~99% 60% 150 cycles  [119]
72. Cu Li LiFSI + CsClO, 83.2% - - [120]

5. Compensatory Effects in ALAMBs for Achieving Optimized Performance

Depletion of AM is caused by the SEI formation at the initial stages of cycling and the electrolytic degradation
is recurrent during subsequent stages of cycling leading to the dead Li/Na/K formation. This however cannot be
compensated by a renewed AM source, as all the AM in the system originates from the cathode. This rigorously
limits the cyclability of the ALAMBs [133-136]. Henceforth, various approaches are being modulated to facilitate
the perpetual recovery of the AM lost via cycling and other side reactions involving electrolytes and electrodes.

5.1. Modification of Cathode Material

One such strategy revolves around prelithiation/presodiation that can efficiently reduce the AM consumption
during the formation of SEI, and these surplus AM sources can counterbalance the irreversible capacity loss. Two
main approaches are proposed in this regard where (1) an appropriate amount of sacrificial AM salt addition
namely Li,S, Li3N, LiyO, etc. causes the metals to oxidize and generate gases such as CO,, N, or CO which
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indirectly affects the E.D. and (2) prelithiation/presodiation can serve as an AM reservoir, where the vacancies
created in the crystal can accommodate more number of AM ions during first charge [137]. In a study by Lin and
his group, Li-rich Li[NipgCoo.1Mn1]O, when used as a cathode for AL-LMB without the introduction of
sacrificial agents endowed the cell with greater reversibility of Li-ions and delivered an enlarged E.D. of 447 Wh
kg! respectively [138]. A similar configuration of Co-free spinel with Li-rich Li;NigsMn; sO4 cathode cycled
stably and delivered a large number of Li-ions at the initial charging process and in an AL configuration exhibited
367 Wh kg ! of E.D. with 80% of capacity retained after 50 operational cycles [139]. A recent study by Xu et al.
contrasted the effect of chemical and electrochemical prelithiation on NCM622 and NCMS811 cathodes for anode-
free Li metal batteries. It was observed that the electrochemically lithiated NCM622 cathode exhibited higher
degree of lithiation eliminating the generation of by-products, and was found to cycle stably to >150 cycles with
80% of capacity retention when assembled in a coin cell [140]. Though prelithiation has proven adequate for a
prolonged lifespan of the ALAMBES, structural changes encountered during cycling greatly results in significant
capacitive decay. Tian et al. addressed this by fabricating a hybrid cathode consisting of NCM811 and LMO in
the ratio of 3:1. Here, the greatly mass-loaded hybrid cathode with a balanced ratio of LMO and lean electrolyte
conditions enhanced the as-assembled pouch cell’s E.D. to 405 Wh kg™! providing new perspectives into the
concept of pre-lithiation [141]. Meanwhile, in SMBs, as Na3V,(PO,); can release only 2 Na ions/Na;VP, Wu et al.
designed a Na-rich NASICON-type cathode, which during cycling transitions from Na3;VP to NasVP and then
NasVP, delivering more Na ions to the system. The AL configuration retained 92% of its capacity at 1C displaying
320 Whkg ! of E.D. respectively [142]. Though these strategies were found operational, functional use of additive-
enhanced electrolytes with prelithiated/presodiated cathodes can essentially prolong the life cycle and E.D. of
ALAMBs.

5.2. Activation of Dead Li/Na/K

Dissolution of dendrites during extended cycling of ALAMBs leads to pulverization of the surface layer of
the AM-plated CC, which results in the realization of dead Li/Na/K leading to the depletion of alkali metal sources.
Dendrites usually do not consist of a pure alkali metal. They are mainly composed of an alloyed Li-compound
such as the Li-carbide with a hollow and hard morphology that can easily penetrate the diaphragm causing battery
short-circuits [143]. Most of the research studies focus on inhibiting dendritic growth to reduce dead alkali metal
accumulation [144—146]. This was greatly addressed by introducing redox additives into the electrolyte capable
of capturing the dead alkali metal and reactivating it. Calendar aging is one such phenomenon, where isolated AM
recovery is accomplished at the discharge state to engender capacity enhancement, in addition to resting at the
charged state to regulate the utilization of active AM in the electrolyte [147]. Thus, it is imperative to meticulously
utilize an additive-enhanced electrolyte with an appropriate cycling protocol to improve dead AM recovery.

6. Conclusions and Future Outlook

Performance improvement in contemporarily used battery systems is constrained due to their increased
demand for practical realization. Owed to their facile manufacturing process, structural optimization, and enlarged
EDs, the ALAMB development is encouraging. However, the research enhancements carried out in this nascent
field of study face commercial impediments due to inhomogeneous AM deposition, irreversible AM loss, and
volume changes that halt further progress. This is because, the undiversified AM deposition at the interfaces tends
to form dendrites, which eventually leads to stripping away of the dead AM at the top surface of dendrites during
cycling. This depletes the active AM reservoir in the system and with subsequent cycles of deposition and
stripping, there is a build-up of stress and volume changes in the cell increasing the chances of fracture of SEI
aggravating side reactions with AM depletion. To address these challenges, effective appropriation strategies such
as constructing alkaliphilic interfaces incorporating composite and alloyed 3D current collectors with protective
coatings and modified interfacial layers can support competitive AM deposition by providing ample nucleation
sites and balanced nucleation-growth rates, leading to uniform and dense deposition. Additionally, using dual and
increased localized salt concentration in liquid and SSEs has been shown effectively to regulate ion transport and
stabilize the SEI, thereby reducing the inherent stress and the side reactions. Meanwhile, the review also highlights
the importance of post-Li metal batteries, with a few insights under each section on the emerging aqueous Zn
batteries. Further, strategies to supplement AM, such as the use of supplementary AM additives, and AM-rich
cathodes, can significantly replenish AM losses in the system. The importance of cycling protocols for both
ALAMBs and ALSSAMBs has a direct impact on performance outcomes and has been effectually outlined in this
article.
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Even with the recent tremendous advancements, this field is still in the embryonic stage of development. To
better comprehend the main scientific challenges and develop solutions for enhancing battery performance, more
research is required. Herein, we provide several potential avenues for ALAMB development that could result in
worthwhile and effective solutions as follows,

(1) Cyeclic Stability: Improvement in cyclic stability can be achieved by guided AM deposition. In addition to
employing alkaliphilic CCs for reducing the nucleation overpotential during cycling, the design of 3D CCs
with greater surface area is warranted, as it prevents coplanar growth of alkali metals resulting in more
direction AM growth with stable interlayer formations. Apart from conventional techniques, novel and
emergent methods like additive manufacturing (3D printing), and lithography can be effectively routed to
fabricate 3D CCs with ease,

(2) Stable SEI Layer: To alleviate the volume changes that the AM anodes experience during cycling, utilizing
appropriate fluorine-based additives can appropriate the formation of a stable SEI layer with mechanical
robustness, greater ionic conductivity, and can effectively hinder electrolytic degradation,

(3) Solid Polymer Electrolytes: Promoting the use of alternative solid polymer composite electrolytes instead
of widely experimented argyrodite-sulfide electrolytes for ALAMBES, can lessen the interfacial resistance and
promote electrochemical stability of the system,

(4) Emergent Materials: With a plethora of research on carbon-based coatings for regulating the metal
deposition and conductivity of the electrodes/current collector, utilizing nanocarbon can be promising as it
improves the alkaliphilic nature of the CC favouring uniform nucleation and growth of metal
electrodeposition during cycling,

(5) Cycling Protocols: Achieving greater ED and rate performance involves modifying the test conditions such
as current density, stacking pressure, temperature, etc. However, cycling the cell at a reduced current density
limits their practicality, and hence cycling protocols with optimized charge and discharge times can improve
the stability and cycling,

(6) Other Parameters: Moreover, the necessary construction of the metal anodes with stress-relief architectures
and low tortuosity electrodes can effectively modulate the operating temperature, and the upper cut-off
voltage range of the cell to help deliver greater EDs,

(7) Advanced Characterization Techniques: Prospects on utilizing solid electrolytes for ALAMBS, require
probing the solid solution behaviour, via advanced characterization techniques such as solid-state nuclear
magnetic resonance (NMR), synchrotron X-ray, and neutron scattering for investigating their electronic
structures, ionic movement, and predicting the position of AM in the solid structure,

(8) Dual-ion Batteries: More research into dual-ion storage mechanisms instead of conventional “rocking chair”
is highly warranted as it can necessarily compensate for the alkali-metal ion loss during cycling and can aid
in improving both P.D. and E.D. simultaneously,

(9) Aqueous-based Systems: High reactivity of the alkali metals engenders the development of aqueous
batteries based on iron, zinc and aluminium, due to their cost-effectiveness, facile reversibility, safety, and
comparable theoretical specific capacities as that of lithium,

(10) Deep Learning Models: Since ALAMBs are still in their embryonic stage of development, integrating deep
learning models into the existing battery production line is more challenging as it requires extensive databases
on the properties and fundamental parameters of materials that define their electrochemical performance.
However, the artificial intelligence-aided ALAMB design can address the challenges encountered during data
collection for computing the typical interfacial formation, and can even provide insights into the material
perspective, appropriate prediction on the microstructures, degradation mechanism, and can even quantify
the AM inventory loss at the initial stages,

(11) Safety: Safety is equally important as the influence of higher stacking pressure on the fabrication of Ah-class
cells made from common SSEs including polymers, oxides, and sulfides requires safety testing with
beneficial guidance.

Thus, the insights provided in this review offer an important research direction to realize practical ALAMBs
to satisfy EVs’ energy and power density standards. In addition to moderating the current collector and interfaces,
further research should necessarily focus on developing ALAMBs with greater mass-loaded cathodes, and thin
electrolytes that facilitate the formation of a stable SEI layer endowing the cell with greater electrochemical
performance. However, the fundamental limitation of achieving desirable cyclic stability as compared to
conventional MIBs, can be effectually overcome by appropriate cell engineering that can achieve C.E. and stability
up to 100% and >500 cycles respectively for enhancing the ionic reversibility and improving the characteristics of
ALAMB:s.
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