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Anode-free metal batteries (AFMBs) are a new architecture of battery technology that relies solely on
current collectors (CCs) at the anode side, eliminating the need for traditional metal anodes. This
approach can pave the way for higher energy densities, lower manufacturing costs, and lower
environmental footprints associated with metal batteries. This comprehensive review provides an in-
depth exploration of AFMB technology, extending its scope beyond lithium and into a broader range of
metals (sodium Na, potassium K, magnesium Mg, zinc Zn and aluminum Al). The concept of “metal-
philicity” is discussed, which plays a pivotal role in understanding and controlling metal plating behavior
within AFMBs, and also computational studies that employ first-principles calculations. This novel notion
offers valuable insights into the interactions between metals and CC surfaces, which are essential for

Received 3rd May 2024, designing efficient battery systems. Moreover, the review explores various materials and experimental
Accepted 6th September 2024 methods to enhance metal plating efficiency while mitigating issues such as dendrite formation through
DOI: 10.1039/d4mh00529¢ the realm of surface modifications and coatings on CCs. By providing a deeper understanding of
strategies for optimizing anode-free post-Li metal battery technologies, this review aims to contribute to
rsc.li/materials-horizons developing more efficient, sustainable, and cost-effective energy storage for the near future.

Wider impact

The global demand for more efficient and sustainable energy storage solutions has increased significantly in recent years. Traditional battery technologies face
limitations regarding energy density, manufacturing costs, and environmental impact. In response, researchers and industries have been exploring new
materials and architectures to overcome these challenges. Anode-free metal batteries (AFMBs) have emerged as a promising solution that can eliminate the
need for traditional metal anodes, relying solely on current collectors (CCs) placed at the anode side and use of a cathode as the sole active material, paving the
way for higher energy densities and potentially lower manufacturing costs and environmental footprints associated with metal batteries. Therefore, innovative
solutions for CC chemistries via surface modifications and coatings while mitigating issues such as dendrite formation are aimed at optimizing AFMBs. Central
to the discussion is the “metal-philicity” concept, which plays a pivotal role in understanding and controlling metal-plating behavior within AFMBs beyond
lithium metal batteries. Through computational studies employing first-principles calculations, researchers gain valuable insights into the interactions
between metals and CC surfaces, essential for designing efficient battery systems. Ultimately, this review serves as a guiding beacon for researchers, offering a
deeper understanding of the strategies necessary to optimize the CC of AFMBs.
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1. Introduction

As global energy demands will likely continue to rise for the
foreseeable future, the pressing challenge of energy storage
capacity emerges as a critical bottleneck." While renewable
sources like solar and wind power offer sustainable alternatives
to fossil fuels, their intermittent nature intensifies the need for
reliable and scalable storage solutions on various timescales.*
The limitation in storage technology due to various restrictions
like a high price and short life cycle impedes the integration of
renewable energy into existing grids, underscoring the impor-
tance of finding accessible, low-cost, and stable energy storage
systems. In this context, batteries play a key role as they
efficiently cover the role of mid-term (hours-weeks) storage

From left to right: Deik Petersen, Monja Gronenberg,
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and offer high energy densities, scalability, and an exceptional
power efficiency approaching 100%.°> Comparing batteries to
large energy storage systems like hydroelectric power stations,
which currently contribute to over 90% of the worldwide
storage capacity, battery storage offers the potential for decen-
tralization and does not have geological requirements. The
state-of-the-art batteries almost exclusively use lithium (Li) ions
as the mobile charge carrier due to Li having the lowest
electrochemical potential and therefore the highest power
density per charge. Li-ion batteries (LIBs) are widely used in
the transportation sector and are the preferred energy storage
system for portable electronic devices.® However, Li is not an
abundant metal in the earth’s crust, and currently rare ele-
ments like nickel (Ni) and cobalt (Co) are used for the cathode.

Deik Petersen and Monja Gronenberg (born Moller) are doctoral
students in the chair for Functional Nanomaterials (Prof. Dr Rainer
Adelung) at University of Kiel, Germany. Their current research is
focused on the development and application of porous silicon
anodes for Li-ion Dbatteries in cooperation with RENA
technologies and the Frauenhofer Institute for Silicon Technology
(ISIT). Furthermore, they are experienced in the field of
electrodeposition and electrochemical etching of semiconductors.
Rainer Adelung is Professor and holder of the Chair of Functional
Nanomaterials in the Department of Materials Science at the
Faculty of Engineering at Kiel University (Germany). He
specializes in various nanostructures, mainly in the synthesis
and design of porous materials. Applications range from energy
technology such as batteries and supercapacitors to sensor devices,
antiviral agents and advanced adhesion technology in engineering.

Mozaffar Abdollahifar received his doctorate focused on energy storage materials from the National Taiwan University (NTU). Before
becoming a battery group leader at Kiel University, he worked as a scientist for several years at NTU and then at the Battery LabFactory
Braunschweig (BLB). He is interested in developing supercapacitors and battery materials for Li, Na and sulfur chemistries, electrode
design and production, as well as recycling end-of-life batteries.

German Lener is an Associate Researcher at CONICET and an
Assistant Professor at the Faculty of Chemical Sciences, UNC.
His research interests include energy materials and solid-
state chemistry, with a focus on critical metal-free and
environmentally friendly batteries. His current research involves
theoretical and experimental studies of layered cathodes for
sodium-ion batteries, Zn-Mn aqueous batteries, and anode-free
devices. Guillermina L. Luque is an Associate Professor at the
Faculty of Chemical Sciences, National University of Cordoba
(UNC), and an independent researcher at the National Research
Council in Argentina (CONICET). Her research focuses on
advanced materials for lithium-ion batteries and post-lithium
technologies. She leads the lithium group at INFIQC-CONICET
and is part of the Academic Committee of the PhD Program in
Renewable Energies. Ezequiel P. M. Leiva is an Emeritus Professor
at the Department of Theoretical and Computational Chemistry, Faculty of Chemical Sciences, UNC, and a Senior Researcher at
CONICET. He has made significant contributions to lithium-ion battery research and theoretical electrochemistry, having published over
200 articles and holding one patent. His work includes pioneering projects, such as leading the installation of Argentina’s fastest
supercomputer for nanoscience simulations.

From left to right: German Lener, Guillermina L. Luque
and Ezequiel P. M. Leiva
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Fig. 1 (a) A compression of post-Li-ions (Li*, Na*, K*, Mg?*, Zn?*, A®*): (1) relative atomic mass, (2) standard potential (V) vs. standard hydrogen
electrode (SHE), and the values are negative. (3) theoretical specific capacity, (4) volumetric energy density, (5) crustal abundance, (6) data costs obtained
from.8 (b) Schematic illustration of cell volume for (left) a conventional metal-ion battery with an anode, (middle) a metal battery (MB) with a metallic
anode like Li, Na, K, etc., often denoted as 'half-cell’ for cathode testing, and (right) an anode-free metal battery (AFMB) using just a current collector (CC)
as a nucleation site for the metal anode. The cathode is fixed, and the electrolyte could be a solid electrolyte or a liquid electrolyte with a separator. The
AFMB clearly enables the highest volumetric energy density compared to a conventional metal-ion battery and a MB. (c) Schematic representation of
how a functionalization of the metal-CC-interface can guide the metal growth from a dendritic and non-uniform plating to a planar growth by changing

the surface energy of the CC.

This is especially relevant in geopolitical terms, since most of
the supply is concentrated only in a few countries. This leads to
a risk of supply instability and the possibility of price incre-
ments, which poses a high risk when implementing an energy
infrastructure strongly reliant on storage capacity. Further-
more, the price of Li and the components of the electrolyte
are expensive compared to other possible metals like sodium
(Na) or aluminum (Al) (Fig. 1a). In this context, the approach of
metal anodes has recently gained a lot of scientific attention. In
a historical context, this principle is not a new approach, the
first LIB ever built by M. Stanley Whittingham in the 1970s used
Li-metal as the anode material, however, their commercializa-
tion failed because of the high safety risks of dendrite for-
mation which caused the ignition of the batteries, as well as the
discovery of an intercalation type anode by Akira Yoshino in
1983. Since then, carbon-based approaches for the anode
material have dominated in the scientific community” but the
demand for higher power densities and faster charging time
rose sharply due to the successful introduction of electric
vehicles.

Anode-free metal batteries (AFMBs) represent a ground-
breaking approach to energy storage by eliminating the con-
ventional anode component found in metal batteries (MBs).
Having a look at Fig. 1b, it becomes clear that AFMBs have the
perspective of achieving significantly higher energy densities
compared to traditional metal-ion batteries. This increased
energy density can translate to longer-lasting and more

5916 | Mater. Horiz., 2024, 11, 5914-5945

powerful energy storage solutions for applications ranging
from consumer electronics to electric vehicles. In addition,
eliminating the anode simplifies the battery structure, poten-
tially reducing manufacturing costs and making these batteries
more economically viable on a larger scale. By reducing the
components needed for battery assembly, not only the costs but
also the energy consumption during manufacturing can even-
tually be decreased, resulting in a reduced environmental
impact.

2. Fundamentals of anode-free metal
batteries

The terms anode-free and anode-less are used interchangeably
in the context of metal battery technology. Both are used as
buzzwords to describe a battery design that lacks a traditional
anode material and do not describe actual physics. The anode
is in situ formed by electroplating metal ions on the anodic
current collector (CC) during the charging process and is
stripped during the discharge. In this review, ‘“anode-free” will
be used since this terminology seems to prevail over “anode-
less”.’ In AFMBs, a cathode and the electrolyte are the only
sources of metal-ions. During the charging of an AFMB, metal-
ions are released from the cathode material and plated on the
current collector (CC) on the other side of the separator. From
this point on, an AFMB (Fig. 1b) basically faces the same

This journal is © The Royal Society of Chemistry 2024
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challenges as any MB, which is mainly the risk of dendrite
formation upon repetitive plating/stripping of the metal’®™"* (in
some studies ‘“deposition”'*'® was used, however, in this
manuscript “plating” is fixed), as well as the decrease of
capacity by the loss of metal-ions through the formation of
‘dead metal’ or components of the solid electrolyte interface
(SEI). Another challenge that AFMBs as well as MBs face is the
volume change during the metal plating/stripping. AFMBs and
MBs also share the same safety concerns, i.e. if the battery pack
is damaged and the alkali metal is exposed to water or humid
air, it will catch fire and react violently. As can be seen in
Fig. 1a, by changing the metal-ion, some post-Li metal batteries
(PLMBs) could potentially outperform LIBs for certain applica-
tions like stationary and large-scale storage systems. Metal-ions
such as Mg>" or AI’* that carry more than one charge per ion
can reach higher volumetric energy densities than Li. Batteries
with larger alkali metals such as Na- and K-metal batteries
provide a much lower gravimetric and volumetric capacity
compared to Li-metal batteries (LMBs). But compared to con-
ventional LIBs with graphite as an anode, all PLMBs can
achieve superior energy densities. In addition, they are much
more abundant than Li and hence cheaper and can compete
with LIBs in various fields of application, such as stationary
energy storage systems.'®2°

Ongoing research and development efforts are actively
addressing these hurdles, paving the way for the widespread
adoption of this transformative technology in the near future."”
The main challenge is to enable a homogeneous plating/strip-
ping behavior over hundreds of cycles. Therefore, a homoge-
neous nucleation of the metal layer during the first cycle is
decisive. If the first metal layer that forms on the CC is not flat
and homogeneous, the same holds for the SEI that will form
and consequently, the local current density will change due to
locally enhanced electric field strengths and enhanced trans-
port kinetics. Over the course of several cycles, this can lead to
an amplification of the surface roughness and the formation of
dead metal or hazardous dendrites, decreasing the structural
integrity of the cell.

To ensure homogeneous metal plating conditions - espe-
cially during the first cycle - several measures can be taken. For
the homogenous nucleation of the metal on the CC, the so-
called “metal-philicity” plays a decisive role, i.e. the surface of
the CC should be functionalized in a way that the metal atoms
will preferably bond to the CC surface rather than to form
metal-metal bonds. The homogeneity of the metal layer is
decisive in enabling a homogeneous current density distribu-
tion and long-term cycling stability. The metal-philicity as an
important concept that will be explained in more detail in the
next section. Another way to homogenize the plating process
and to prevent dendrite formation is to introduce a mechani-
cally stable and ionically conductive SEI that cannot be pierced
easily by growing dendrites and that ensures the growth of an
equally smooth metal surface.

In this review paper, the advances in AFMB technology,
particularly on optimizing CCs for a variety of metals such as
Na, potassium (K), magnesium (Mg), zinc (Zn), and Al other
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than Li, or PLMBs, will be presented and discussed. Fig. 1c
gives an overview of the main strategies to increase the number
of nucleation sites on the CC that can help to increase the
philicity towards the metal to be deposited.>’** Generally
speaking, the surface can be functionalized by a physical
treatment changing the topology and the surface area of the
interface or by a chemical treatment changing the surface
energy and hence the binding energy towards the metal to be
deposited (or by a combination of both). Following the intro-
duction of metal-philicity, computational studies of AFMBs are
reviewed and discussed, and challenges and solutions of CC
chemistries for each metal in anode-free PLMBs are then
addressed in separate sections.

3. "Metal-philicity” concept

The term ‘“metal-philicity” (M-philicity, where M can be
either Li, Na, K, Mg, Zn, or Al) is the affinity or attraction of a
material to metal-ions, considering how good a material can
accommodate and interact with the metal-ion during the
electrochemical plating/stripping processes. The surface
energy, its adsorption ability for the metal, plays a key role in
the electric field distribution that takes place on the surface
and the electrolyte that circumvents it, also changing the
constitution of the SEI layer, contributing finally to the electro-
chemical performance.>*>* This is a common property that
should be considered independently for any studied AFMB. As
considered by Pande et al.,”® as a general term, a good CC
material for AFMBs should have a high electronic conductivity,
be stable against corrosion, and enable a homogenous metal
nucleation leading to a 2D growth and a fast surface diffusion
of the metal atoms on the CC surface. By controlling the ‘“M-
philicity”’ of the host material (e.g. CC), the plating behavior of
the metal during battery charging can be controlled to achieve a
stable AFMB with higher energy density, efficiency, and longer
cycle life.

For anode-free Li-metal batteries (AFLMB), talking about the
lithiophilicity factor, and similarly in the case of anode-free Na-,
K-, Mg-, Zn-, and Al-metal batteries, it would be sodiophilicity
(for AFSMB), potassiophilicity (for AFKMB), magnesiophilicity
(for AFMMB), zincophilicity (for AFZMB), and aluminophilicity
(for AFAMB). In each case, a material’s innate attraction and
interaction to M-ions or M-metal is referred, significantly
impacting the efficiency of M-based battery technologies.
Materials demonstrating elevated “metal-philicity” are highly
sought after for AFMBs, as they play a critical role in accelerat-
ing the plating/stripping of M-ions during (dis)charging pro-
cesses. This property is vital for maintaining the stability and
effectiveness of the AFMB playing an important role to ensure a
controlled and uniform growth of reduced metal. For each of
the metals, three main steps need to be considered in the
nucleation and growth of the metal on the CC to achieve a high-
performance AFMB, as discussed for Li-metal by Wang et al.””
The discussion is for AFLMBs, but could be considered for the
other metals as well. Firstly, the M-ions have to migrate to the
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CC surface under the driving forces of gradient concentration
and the electric field force within the battery. Secondly, M-ions
near the CC surface electrically contact the surface and reduce
to the metallic form, driven by the electrostatic interaction of
the nucleation sites and the ions. Finally, the M atoms diffuse
over the surface and nucleate. The metal plating is a competi-
tive process of M-M bonding and M-CC bonding. Nevertheless,
there is no singular formula to calculate the metal-philicity,
since it is related to different parameters such as the binding
energy of the M atoms, the nucleation overpotential, the wett-
ability, the electric field and the morphology of the deposited
surface as will be further discussed. This clearly goes beyond a
purely chemical picture and must also take into account
aspects of solid-state physics and crystallography, emphasizing
the importance of interdisciplinary research on that topic.

4. Computational studies of AFMBs

Theoretical computational studies play an important role in
accelerating the discovery of new materials that can be used for
providing valuable insights and knowledge about the struc-
tures, thermodynamics, diffusion kinetics, and phase transfor-
mations that take place in AFMBs, and helping in the full
understanding of the experimental findings.*® In this regard,
many studies concerning AFMBs complement experimental
studies with computational ones using density functional the-
ory (DFT) and/or ab initio molecular dynamic (AIMD) studies to
fully understand the processes that take place and the effect of
CC surface modification, SEI formation or electrolyte additive.

DFT is an atomistic first-principles modelling method used
in physics, chemistry, and materials science to investigate the
electronic structure of atoms, molecules, and condensed
phases. It allows to calculate the energies of atomic structures
and in order to gain a fundamental understanding of ion
transport mechanisms, the electronic structure and its
dynamics, thermodynamics, electron transfer, and various
other properties in materials. In addition, first-principles cal-
culations can be applied to predict new materials with little
empirical input, as has been demonstrated for a wide range of
battery, photovoltaic, thermoelectric, and catalyst materials.>
Meanwhile, AIMD simulations have several advantages over
other computational techniques. Compared to classical mole-
cular dynamics (MD) simulations that model the real-time
Newtonian dynamics of all atoms® in the materials using force
fields that may not be readily available for the candidate
material, AIMD simulations are chemically agnostic and are
more suitable for studying new materials. In addition, the real-
time ion dynamics of AIMD simulations allow direct observa-
tion of diffusion mechanisms without the need for a priori
assumption about diffusion pathways. Therefore, AIMD simu-
lations can be used to reveal diffusion modes within materials
and to predict new fast ion-conducting materials.*!

In general terms, the nucleation process that takes place in
AFMBs is controlled by thermodynamic and kinetic factors.
From the thermodynamic point of view, nucleation is governed
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by the decrease in free energy due to the phase transition and
the increase in surface energy because of the creation of a new
interface. A higher value of binding energy can lead to a lower
metal nucleation barrier and therefore to a lower nucleation
overpotential. So, the binding energy values of the metal to the
surface can be taken as a descriptor of the metal-philicity of the
CC surface.””*” In general terms, the binding energies E}, of the
atoms to the surface are calculated as:

Eb = Esubs+M - Esubs - EM (1)

where Egypsiy 1S the energy of the substrate plus the M atom,
Esubs is the energy of the substrate alone and Ey; is the energy of
the M atom. Depending on the study, E\ refers to the energy of
the isolated M atom or the energy of the M atom in the bulk M
material.

For AFLMBs, lithiophilicity is one of the most important
indicators to evaluate the quality of host materials when they
are used as substrates for Li metal plating. Even though, there
is not a direct way or formula to calculate the lithiophilicity,
there are indirect ways used to evaluate it. A surface is called to
be lithiophilic if it shows a good wetting towards Li-metal, i.e.,
if it has a low contact angle with molten Li. For a homogeneous
nucleation, ideally the interaction strength between CC and Li
metal should be strong, ie., stronger than the interaction
between Li and electrolyte and between individual Li atoms.
A lithiophilic surface also requires a lower nucleation over-
potential for Li metal plating compared to a lithiophobic
surface.® Yan et al®® performed studies of Li plating on
different metal surfaces. These authors deposited Li on two
groups of metals. The first group consisted of the metals Pt, Al,
Mg, Zn, Ag, and Au, which exhibit some solubility in Li. In the
second group of metals, they considered Li plating on Si, Sn, C,
Ni, and copper (Cu), which show negligible solubility in Li.
They found that while the substrates of the former group yield a
negligible overpotential for Li nucleation, this was not the case
for the second group. This behavior was explained by the
definite solubility of the substrate into the Li metal, which
produces a solid solution buffering layer, previous to the
formation of Li metal. Wang et al.>* studied the electrodeposi-
tion behavior of Li plating on a Li,Te-Cu surface and compared
it to the plating on a fec Cu surface using DFT and electro-
chemical studies. They found that the monolayer plating of Li
atoms on Li,Te-Cu is more stable than the formation of Li
clusters, concluding that the electro-deposited Li film will be
uniform. On Cu, however, the surface plating of three-
dimensional (3D) Li islands is as stable as the Li monolayer
plating, favoring in this way dendrite formation. Other surfaces
like Li alloys were shown by Pande et al.®® to present ideal
characteristics for Li nucleation and surface diffusion. In this
work, the authors found that the best-performing CC surfaces
should possess Li adsorption energy close to zero to present a
low activation energy of Li diffusion on the surface. The
nucleation overpotential is determined by the adsorption free
energy of Li on the CC surface and requires that the CC binds Li
strongly. Shin et al®* demonstrated by DFT studies that Li
adsorbs preferentially on Ag and AgLi than on Cu since Ag

This journal is © The Royal Society of Chemistry 2024
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forms an alloy with Li creating a homogeneous and smoother
surface morphology. Cho et al®® also used Ag as a highly
lithiophilic material using Ag nanoparticles in polyethylenei-
mine (PEI) as a stabilizing agent in the presence of LiNO;. They
analyzed the system by DFT and AIMD and experimental
studies finding that the Cu surface modification by Ag and
PEI in the presence of LiNO; allowed for achieving a stable SEI
surface controlling dendrite formation through a good nuclea-
tion process.

The nucleation rate J is a probabilistic process that is related
to the free energy of formation of a critical cluster size AGe;
according to:

—AGgi
J = Ae kT (2)

where A is a preexponential factor that depends slightly on the
supersaturation. The meaning of AG,,;; corresponds to a max-
imum in the free energy of a cluster on a surface, AG(N), as a
function of the number of constituent atoms N. by denoting
Nerie the critical cluster size can be fund that clusters with N >
Neric will grow spontaneously (AG < 0), while clusters with N <
Neiie will dissolve spontaneously. N = N, corresponds to an
unstable equilibrium.

For a cluster growing on a foreign surface the function
AG(N) can be written as:

AG(N) = —Nze|n| + g o d; + A_/'*(o/fﬁ) (3)
i#]
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where z is the valence of the deposited ions, e is the electronic
charge, 7 is the overpotential, 4; is the area of the i, face of the
growing cluster and o; its specific surface energy. j* labels the
face of the cluster in contact with the surface, with the area 4;,
its specific surface energy o;» and the adhesion energy of the
cluster with the surface f5. The effect of a metaphilic surface on
the nucleation rate in terms the parameter f§ in eqn (3) can be
interpreted. A larger metal-philicity will imply a larger  and a
negative shift of the free energy curve. Thus, for a constant
overpotential #, this means a smaller critical free energy barrier
AG.i: and a smaller critical cluster size N'for nucleation and
growth. While this is a qualitative prediction, model calcula-
tions based on eqn (3) could be helpful to provide quantitative
information.

In this sense, the metal-philicity of the different surfaces for
different metals has been studied using first-principles calcula-
tion and will be discussed within each of them in the following
parts. Broadly speaking, a review of the literature across various
metals suggests that the efficacy of specific surface modifica-
tions or functionalization tends to be generalizable. In other
words, a technique that proves beneficial for one metal is likely
to demonstrate similar effectiveness when applied to other
metals. As an example, the work of Chen et al®’ can be
considered that have studied the effect of doped carbon mate-
rials with the finding that O and boron (B) doping are the ones
that will perform better as materials for AFSMBs and AFKMBs.
They observed that Na and K present the same binding energy
tendency on the doped carbon surfaces as observed in Fig. 2a
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Fig. 2 The summary of binding energy on carbon materials: (a) the binding energy between Na and carbon, (b) the binding energy between K and

carbon. Reprinted with permission,® Elsevier, Copyright 2020.
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and b, respectively. They showed that apart from the presence
of a carboxylic group (aO-doping); doping (bgB-, egB-), pyridinic
N (pN-), epoxy (eO-), and ketone (kO-) doping are promising
doping alternatives for practical design of three-dimensional
carbon hosts taking in consideration the binding energy of Na
and K on these surfaces.

Theoretical computational studies not only help to screen
materials that potentially could be useful in the construction of
anode-free CC, but also these tools play an important role in the
understanding of the experimental results. These valuable tools
allow us to gain an atomistic understanding of the interactions
that take place between the surfaces of the CC and the metal-
ions. Through these studies, it is possible to explore the energy
barriers, the diffusion of atoms on the surface, and the reaction
pathways helping in the understanding and designing possible
new metalphilicity favorable surfaces. This last thing helps in
the screening process of a wide range of materials, accelerating
the discovery of the more promising ones. Computational
studies such as DFT and AIMD are efficient and cost-effective
tools that help to explore and understand the metalphilicity
properties of different materials.

5. Anode-free Na-metal batteries
(AFSMBs)

In recent decades, Na-ion batteries (NIBs) have attracted con-
siderable attention as a potential complement to LIBs in both
the academic and commercial sectors. The main reasons are
the unbalanced geographic distribution of needed materials
and the high cost of the elements required to make LIBs, such
as Li, Co and Ni, which are not required to make typical NIBs.
However, NIBs suffer from lower volumetric energy density as
the anode materials are hard carbons, as an alternative, Na-
metal batteries (SMBs) could provide higher energy density
since Na (as the anode) is characterized by its high theoretical
specific capacity of 1165 mA h g~'. Nevertheless, the practical
use of Na metal anodes has faced challenges related to non-
uniform Na plating and the formation of an unstable solid
electrolyte interface that degrades performance and reduces
Coulombic efficiency (CE). In addition, issues such as dendrite
growth pose safety concerns.’®*™*! In response to these chal-
lenges, extensive efforts have been made to improve the stabi-
lity and safety of SMBs, leading to research on AFSMBs. These
batteries contain no active material, conductive materials, and
binders in the anode electrode, reducing the cell weight and
increasing the volumetric energy density, as only a CC is
employed in the anode side.*>** In addition, the innovative
design of a CC is the key factor to prevent the formation of
dendrites during the plating/stripping processes. Safety con-
cerns associated with traditional NIBs are mitigated due to the
absence of a reactive Na-metal anode, eliminating risks of
dendrite formation and short-circuiting. This section will not
delve into electrolyte and SEI optimization for AFSMBs, as these
topics have been covered extensively in recent literature.**™*° In
the following sections, the recent studies on CC modifications/
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optimizations to overcome the challenges such as low CE,
uniform and dendrite-free Na plating will be discussed, result-
ing in an enhanced AFMBs electrochemical performance.

5.1. CC optimizations

Cu-based CCs are frequently used for AFSMBs due to their
excellent electrical conductivity, chemical stability, and com-
patibility with Na-ions. To overcome challenges such as the
non-uniform plating of Na and the growth of dendrites on the
CC surface, various strategies have been explored to improve
the performance of Cu-based CCs in AFSMBs. For example, the
formation of Na dendrites and the associated safety issues pose
a challenge. To address this issue, Cheng et al.*’ have modified
Cu foils with a bismuth (Bi) layer (Cu@Bi) that enabled con-
trolled Na plating (Fig. 3a and b). The Bi modification layer
exhibited excellent sodiophilicity, guiding the nucleation and
growth of metallic Na. This property ensured a more uniform
plating of Na metal, and reducing the formation of dendrites.
Additionally, the Bi modification layer not only reduced the
overpotential but also accelerated the reaction kinetics of Na
metal plating/stripping. This could be attributed to the sodio-
philicity of the Na-Bi alloy, which lowered the nucleation
barrier and promoted efficient plating. As a result, the Cu@Bi
CC demonstrated lower plating overpotentials compared to the
bare Cu CC, indicating improved electrochemical performance,
as the bare Cu CC exhibited a less conducive surface for Na
plating, which caused an uneven distribution of current density
and dendritic growth. The Bi modification layer also contrib-
uted to the formation of a stable and well-structured SEI on the
surface of the Cu@Bi CC. The Bi modification layer stabilizes
the SEI on the Cu@Bi CC by inducing uniform sodium metal
deposition, forming a dense protective layer. This layer miti-
gates dendrite formation, reduces electrolyte consumption, and
minimizes parasitic reactions for enhanced SEI stability. This
SEI layer acted as a protective shield, preventing parasitic
reactions and enhancing the stability of the Na metal anode
during repeated cycling. The Cu@Bi CCs showed remarkable
stability and efficiency during prolonged operation at various
current densities.

The uniform plating of Na on the CC is essential for
optimizing the performance, safety, and efficiency of anode-
free Na metal batteries. To achieve this, Lee et al.*® investigated
the development of novel 3D nanostructured porous carbon
particles with carbon shell-coated iron nanoparticles (PC-CFe)
as a host for controlled Na metal growth in AFSMBs. The PC-
CFe host was synthesized by carbonization of colloidal particles
of nanostructured block copolymers, resulting in the formation
of Fe nanoparticles coated with an ultrathin carbon layer
(Fig. 3c). This hierarchical structure, which included sub-
micrometer-sized carbon particles with ordered open channels
and uniformly dispersed carbon-shell-coated Fe nanoparticles,
enhanced cycling performance and demonstrated reversibility
in Na plating/stripping operations. The PC-CFe’s high efficiency
is attributed to its 3D conductive network, which reduces
energy loss, and its ultrathin carbon coating, which improves
sodiophilicity and promotes homogeneous Na nucleation while

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Schematic representation of the Cu@Bi preparation process and Na plating on Cu@Bi surface. Reprinted with permission,*” MDPI, Copyright
2023. (b) Schematic lllustration of uniform Na plating pattern on a Cu foil coated with PC-CFe. Reprinted with permission,*® John Wiley and Sons,
Copyright 2022. (c) Schematic lllustration of the Na plating mechanisms on both a planar Cu foil and a Cu NW-Cu substrate. Reprinted with permission,*®
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Diagram depicting the plating of Na on untreated Cu or Al foils, contrasted with Cu@C or Al@C substrates. Reprinted with permission,> John Wiley and
Sons, Copyright 2022.
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limiting dendrite formation and successfully preventing oxida-
tion. The hierarchical porous structure promotes efficient ion
transport and accommodates volume fluctuations throughout
cycle, increasing stability and lifespan.

Another notable contribution in this field was made by
Wang et al.,*® who worked on the development of a CC that
allows for uniform plating of Na-metal. Based on this, they
introduced an approach by using a three-dimensional Cu-foam
CC (CuNW-Cu) reinforced with Cu nanowires to enable rever-
sible Na storage (Fig. 3d). Incorporating Cu nanowires onto a
Cu foam CCs enhances its surface area, offering several benefits
for Na plating. These nanowires act as abundant nucleation
sites, promoting uniform Na deposition and mitigating den-
dritic growth. The increased surface area also reduces local
current density, further suppressing dendrite formation.
Experimental results demonstrate the CuNW-Cu CC’s stability
during prolonged cycling, ensuring the durability of sodium
metal anodes. While direct sodium plating offers energy advan-
tages, the CuNW-Cu design provided a practical solution by
controlling nucleation and minimizing dendrite growth,
enhancing the overall performance and safety of sodium metal
anodes. In addition, the CC exhibited stability throughout
prolonged cycling, showing minimal thickness variation.
Furthermore, the EIS results indicated a significant reduction
in charge transfer resistance for the Na@CuNW-Cu anode
compared to the unmodified Cu CC. The lower charge transfer
resistance of the Na@CuNW-Cu anode, compared to the unmo-
dified Cu CC, is due to the increased surface area and uniform
distribution of active sites provided by the in situ formed Cu
nanowires. This suggested that the modified CC promoted
efficient ion transport and electron transfer during the
charge-discharge process. The improved kinetics contributed
to higher CE and cycling stability, which are crucial for the
long-term performance of Na-metal batteries.

An alternative method to improve the stability of Na plating/
stripping processes involves the use of 3D Cu nanowires with
diameters of less than 40 nm, which was investigated by Lu
et al.>® They aimed to show how the unique structure of these
nanowires can efficiently distribute the electric field, make a
stable plating of Na-metal, and consequently suppress dendrite
growth, which is a typical challenge in other planar CCs
surfaces. The success of the study lies in the increased surface
area of the 3D Cu structure through thinner nanowires, which
stabilizes the Na plating by creating more nucleation sites.
Importantly, testing has shown that thin-diameter 3D Cu
nanowires are better at preventing dendrite growth than thicker
wires (about 300 nm). Charge centers on electrode surfaces are
crucial for uniform Na plating and dendrite prevention in MBs.
Thin-diameter 3D Cu nanowires offer abundant charge centers
due to their large surface area and inherent morphological
features, promoting uniform Na plating by evenly distributing
the electric field. While defects on flat Cu surfaces could also
act as nucleation sites, the inherent roughness of these surfaces
often leads to uneven plating. In contrast, the controlled,
structured surface of 3D Cu nanowires enhances plating uni-
formity, mitigating the potential drawbacks of increased SEI
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formation associated with larger surface areas. The stable
plating behavior and good capacity retention observed with
3D Cu nanowires further underscore their efficacy in improving
Na-metal battery performance. To avoid side reactions with
electrolytes and the growth of dendritic Na deposits during
(dis)charging cycles, a composite material derived from a Cu-
based metal-organic framework (Cu@C), consisting of Cu
nanoparticles integrated within a carbon framework (Fig. 3e)
was proposed.’ When applied to conventional Cu and Al CCs,
Cu@C serves as a layer that promotes uniform Na plating by
acting as a nucleus buffer. The Cu@C exhibited a high graphi-
tic carbon content and reduced the nucleation barrier for Na
plating on both Cu and Al CCs. In situ dilatometric measure-
ments showed that the Cu@C nucleating film promoted the
formation of dense metallic Na plating and suppressed the
thickness growth caused by the accumulation of dead Na,
which resulted in good cycling stability.

Al-based AFSMBs show significant promise due to their high
energy density and cost-effectiveness. While Al is an attractive
choice as a CC thanks to its abundance, light weight, and
excellent conductivity, modifications are necessary to address
challenges like metal-philicity, dendrite growth and cycling
stability. Ongoing research focuses on enhancing aluminum
foil’s sodiophilicity and ensuring stable cycling performance,
bringing these promising Al-based AFSMBs closer to practical
applications in energy storage systems. Several research has
revealed that carbon coatings can serve as nucleation sites for
Na plating, considerably enhancing the performance of Na
metal anodes. for example, Cohn et al.>® demonstrated that a
carbon film on an Al CC (C/Al) improved uniform Na plating,
reduced nucleation overpotential, and increased mechanical
stability. This resulted in a high CE of 99.8% over 1000 cycles
and an energy density of approximately 400 W h kg™ " (Fig. 4).
Similarly, Dahunsi et al.>* created nanosized carbon films on Al
(C@Al), which resulted in a more homogenous Na plating
procedure, lower overpotential, and better cycling stability, with
over 99.5% CE and 93.0% capacity retention after 100 cycles.
Furthermore, Cohn et al.*>” evaluated different nucleation layer
compositions and discovered that carbon-coated CCs, whether
hard carbon or carbon black, had lower nucleation overpoten-
tials and higher electrochemical performance. These findings
are applicable equally to Cu, highlighting the adaptability of
carbon coatings in improving the sodiophilic characteristics
and stability of Na metal anodes. Another work that investi-
gated obstacles related to undesirable dendrite growth was
conducted by Lee et al.>® by developing a core-shell structure
of silver nanofibers and nitrogen-rich carbon thin layers on Al
CCs (SNF@NCL). The SNF@NCL nanohybrid structure can act
as a catalytic template and improves Na ion nucleation by
providing a high concentration of sodiophilic sites, promoting
uniform metal deposition while reducing dendrite develop-
ment. This leads to excellent cycling stability, with CE values
exceeding 99% over long cycles. The combination of the con-
ductive silver nanofiber core and the nitrogen-rich carbon layer
promotes efficient electron transport and optimum Na ion
interactions, increasing the performance of the battery.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Photographs and micrographs of metallic Na on C/Al electrodes at 0.5 mA cm ™2, and also SEM and micrograph images of hexagon-shaped Na
metal islands. (b) Schematic Illustration of the charge/discharge process of the C/Al CC (anode) with sodiated pyrite cathode in a AFSMB cell, and some
electrochemical results. Reprinted with permission,®* American Chemical Society, Copyright 2017.

To address the common challenges in Na plating/stripping,
such as non-uniform deposition leading to dendrite formation,
and low CE, researchers have investigated alternative CCs
beyond conventional Cu or Al in AFSMBs. For instance, Wang
et al.’” created a 3D Ag@C cloth CCs as an efficient host for
alkali metals by a simple thermal evaporation method to enable
uniform Na plating. By pairing the Ag@C with a prussian white
cathode, they showed a high initial capacity of 133 mA h g™,
and the cells exhibited a capacity retention of around 56% after
undergoing 800 cycles. Besides the sodiophilicity and nuclea-
tion sites of Ag@C, the good results can be also due to the
smaller resistance created during Na plating/stripping cycles.

5.2. Computational studies of AFSMBs

By performing DFT simulations authors®” found that Na atoms
preferentially bind to Ag particles of the substrate being these
sites sodiophilic and thus enabling a uniform plating. Also, by
AIMD studies the authors found that Na moves away from the
carbon surface towards Ag forming a Na-Ag network. Lee
et al.*® prepared 3D carbon-coated iron nanoparticles, FeNPs,
(CFe) and evaluated the effect of the C coating using DFT
calculations to compare the binding energy of Na on Cu
(111), graphene, defective graphene surfaces, and CFe. They
found that the nucleation of Na on pristine graphene is not
favorable, but it is favorable in the presence of defects such as
mono-, di- and tri- vacancy, and stone-wales defects, and the
Na binding energy increases in the presence of Fe NPs serving
as sodiophilic sites, lowering the nucleation energy barrier. The
differential charge density studies showed that the presence of
Fe under the graphene layer promotes Na adsorption by Fe NPs
donating electrons between Na and graphene bond finding a
good correlation between the Na energy binding and the
amount of electron transfer of Fe in CFe atoms. The density
of states (DOS) showed a strong hybridization between C 2p and
Fe 3d near the Fermi level contributing to easier electron
transfer. They also studied the effect of the amount of carbon

This journal is © The Royal Society of Chemistry 2024

layers with the finding that there was a good Na adsorption on
the carbon-coated Fe, which was maintained up to three layers,
weakening sharply at four carbon layers and more. These
findings helped in the understanding of the better-observed
performance of CFe as anode-free for Na metals through the
higher adsorption of Na on these materials due to the presence
of Fe that acts as nucleation sites.

Liu et al.”® performed DFT calculations with the finding that
the simultaneous presence of functional groups containing O
and N on a carbon matrix could regulate the Na adsorption on
the surface in AFSMBs. The DFT calculation results helped to
design 3D carbon-based nanofibers with sodiophilic O and N
functional groups, which simultaneously facilitates homoge-
neous Na' distribution, a dendrite-free construction, and
reduces the plating overpotential. The sodiophilicity of 3D
carbon fibers derived from polyacrylontrile@zeolite imidazo-
late (PZC)*® was experimentally and theoretically studied by
means of DFT that observed that the presence of pyridinic and
pyrrolic N and Zn sites within the carbon fiber host helped in
the homogenous plating of Na decreasing the nucleation
barrier. The study of electrolyte additives®® has also been
performed to attain a homogeneous Na plating by AIMD,
helping in the design of a new electrolyte additive 1,2-
dibromobenzene, which has the advantage of regulating the
Na plating since it can decompose yielding sodium bromide
increasing the Na diffusion across SEI layer.

5.3. Conclusion of AFSMB development

It is worth noting that a growing number of studies have
focused on AFSMBs with optimized or modified CCs, particu-
larly those based on Cu and Al. Strategies such as modifying
Cu-based CCs with layers of metal nanoparticles or structuring
them with three-dimensional nanostructured porous carbon
particles have been found to enhance sodiophilicity, uniform
Na plating, and improve CE and cycling stability. Similarly, Al-
based CCs have been improved through approaches like thin
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Table 1 Summary of CCs used in AFSMBs with used cathodes and electrolytes
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Ref.

Capacity

Capacity retention

CE

Electrolyte

Cathode

CC

S A
0w

101.2 mA h g™ ! after 800 cycles at 2C

92.5 mA h g ! at 0.5C
81 mA h g~ 1900 cycle at 5C

88.2% after 400 cycles
99% after 200 cycles
98.7% after 80 cycles

99.7%
98%

99.9%
97.5%

1 M NaPF; in diglyme

1 M NaPF, in DME
1 M NaPF; in diglyme

1 M NaPFg in DME

NazV,(P0O,);/C
NazV,(PO,),/C

NazV,(PO,)3
FeS,

HCOONa

3D Cu nanowires
Cu@C(5Na)
CuNW-Cu
PC-CFe

Cu-based

49

320 mA h g~ for 50 cycles at a current density of 0.2 A g™"

114 mAhg ' at2C

48

104 mAh g ' at 2C

97% after 100 cycles
85% after 500 cycles

1 M NaPF; in diglyme

Na3V2(PO4) 3
Na3V2(PO4)ZF2
NazV,(POy);

1 M NaPFgz in DME

47

95.6 mA h g~ for 80 cycles at 1C

108 mAhg ‘at0o1Ag™?

99.2%

Cu@Bi

56
55

>99%
99.78%
99.90%
99.85%
99.63%
99.8%
99.9%
99.9%
94.1%
99.9%

Al-based

95% after 100 cycles

1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme
1 M NaPF; in diglyme

Na; sVPO, gFo 7
Na;V, (PO4) 3
NazV,(POy);
Na3V2(PO4) 3
Na;V, (PO4) 3

SNF@NCL
Hard carbon

300 mA h g~ after 3 cycles

82.5% after 100 cycles

>800 mA h g~ after 3 cycles

>100 mA h g™ ! after 3 cycles
320 mA h g™ ' after 3 cycles

Carbon black
Bi

Sn

Carbon
Cu@C

C@Al

53
51
54
57
61

>300 mA h g~ ! after 5 cycles
87 mA h g after 1300 cycle at 5C

pre-sodiated FeS,
NazV,(PO,)3/C
Na;V,(PO,);

96% after 30 cycles
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~93% after 100 cycles
56% after 800 cycles
91% after 1000 cycles

136 mA h g~ ! after 3 cycles at 0.1C

105 mA h g~ ! after at 1C

1 M NaClO, in EC/DEC/FEC

1 M NaPF, in G2

Prussian white
Na3V2(PO4) 3

Ag@C cloth

Naz(sz/56Te3/6V3C1/6)

View Article Online

Review

carbon films, nucleation layers with varying compositions, and
core-shell structures. These modifications have led to stable Na
plating/stripping processes with dendrite-free growth. Some of
the innovations discussed here not only contribute to improved
energy density and reduced first-cycle losses but could also be
promising for large-scale and cost-effective battery production.
Exploring alternative CC materials, such as silver-coated carbon
and metallurgical composites, has further widened the scope
for AFSMBs. Using the modified/optimized CCs exhibit sodio-
philic properties, enabling uniform Na plating and mitigating
safety concerns associated with dendrite formation.

Computational studies, particularly DFT simulations, have
provided valuable insights into the mechanisms behind Na
plating and the interactions between Na and different CC
materials. These simulations have aided in the design and
optimization of CCs with improved sodiophilicity and reduced
nucleation energy barriers.

There is a summary of CCs reported for AFSMBs in Table 1.
So far, NVP family cathodes and electrolytes with NaPF, are
commonly used in AFSMBs. As AFSMBs continue to develop,
these advancements could offer reliable and sustainable energy
storage solutions. The reported achievements in terms of
cycling stability, energy density, and capacity retention, coupled
with the exploration of novel materials and fabrication meth-
ods, highlight the potential of AFSMBs in revolutionizing the
landscape of Na-battery technology. As these innovations con-
tinue to evolve, AFSMBs hold great promise for addressing the
growing demand for high-energy-density, cost-effective, and
environmentally friendly energy storage systems in the future.
Upcoming researches may focus on further refining CC mod-
ifications, exploring novel electrolyte materials (solid, sem-
isolid and liquids), and integrating computational modelling
to accelerate the development of next-generation AFSMBs.

6. Anode-free K-metal batteries
(AFKMBs)

An all-metal-K anode has some great advantages over conven-
tional anode materials such as graphite electrodes. Being
composed of 100% active material, a metallic K anode has a
relatively high theoretical specific capacity of 685 mA h g™,
corresponding to 586 mA h cm >.°* Furthermore, in non-
aqueous electrolyte solvents, the electrochemical potential of
K is even superior to that of Li and Na, indicating a higher
operating voltage and energy density for a K-ion battery (KIB)
system.®® The reason for this lies in the weak interaction
between K' ions and the solvent molecules of carbonate elec-
trolytes, giving rise to a low desolvation energy and a small
Stokes radius (compared to Li* and Na'). Thus, K" ions can
easily strip off their surrounding solvent molecules and only
need to overcome a small energy barrier to pass the SEL. The
small Stokes radius also leads to a high ionic conductivity and
fast ion transport which make KIBs promising for high-
rate charging systems.®” Last but not least, K with ~2.09 wt%
is an abundant element in the earth’s crust compared to Li

This journal is © The Royal Society of Chemistry 2024
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(~0.0017 wt%), enabling lower costs and greater market
potential for rechargeable batteries.®*

On the other hand, metallic K is inherently more reactive
than metallic Li and must therefore be handled with greater
care. Because K is so demanding in storage and handling, there
is currently no K ribbon of defined thickness on the market,
making it difficult to design reproducible experiments.®* As K
reacts violently with water, cell damage could have severe
consequences and should be avoided at all costs. Additionally,
K has a low melting point of ~63.5 °C, which is much lower
than that of metallic Li (180.5 °C) and Na (97.8 °C). In the event
of a thermal runaway of a K-metal battery, this can lead to the
melting of solid K, further increasing safety issues.®® The low
melting temperature could on the other hand be useful to
flatten the metal surface by annealing at elevated temperatures
as a self-healing strategy. Summing up, the existing challenges
of K-metal anodes appear to be more severe than those of Li-
metal and Na-metal anodes. This is mainly attributed to the
high reactivity of K, the large volume expansion effect, the
unstable SEI, and the rapid growth of dendrites.®

AFKMBs avoid some of the disadvantages of K-metal by
eliminating the need to handle pure K-metal during manufacture.
For an AFKMB where each time the K is plated/stripped comple-
tely, it is of outmost importance to provide potassiophilic nuclea-
tion sites to guarantee a homogeneous nucleation and growth of
metallic K. This can, for example, be achieved by providing a
mesoporous host-material® or a tissue with good wetting proper-
ties as compared with K as a CC.*® To further homogenize the
plating process Wang et al.®® and Si et al.®” introduced a carbon
coating on the separator while Li et al.®* and Tang et al.®® tailored
the SEI such, that dendrite growth was suppressed.

6.1. Functionalized CC and host-materials

To enable a homogenous nucleation of the K on the CC, it
seems to be of outmost importance to tailor the surface energy
of the CC to make it potassiophilic. K has shown a good wetting
on reduced graphene oxide®*®”®° (Fig. 5a) and on other carbon-
derived surfaces that possess a high defect density like NiO
particles,”® a graphene modulated defect-rich surface”* or
nitrogen-doped defects.®* The contact angle of molten K on
graphene and also the plating overpotential on graphene
were reported to be reduced compared to graphite.”* The
wetting has also been enhanced on MXenes containing nitro-
gen, F-terminations, and a high defect density of Ti vacancies””
as well as on an amine-functionalized surface giving a large
amount of -NH sites at the surface.®* The ammonia-
functionalized carbon cloth of Meng et al.®® showed a complete
wetting within 4 s upon bringing the active carbon cloth in
contact with molten K (Fig. 5b). In combination with a stable
KF-rich SEI, they achieved a high cycling stability of 8000 cycles
at 1 A g ' for an AFKMB full cell with a relatively low specific
capacity of 80 mA h g™', using the ammonia-treated carbon
cloth as a CC (anode) and K, ;Mn, ;Ni, 30, as a cathode with
0.8 M KPF; in EC:DEC (1:1) as electrolyte.

Zhao et al.”" showed that a 150 nm thin coating of a defect-
rich graphene-derived coating (AI@G) on an Al-CC showed a

This journal is © The Royal Society of Chemistry 2024
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low plating overpotential and a superior wetting and plating
behavior when compared to a graphite coating (Al@C) and to
the bare Al-CC (Fig. 5c-€). As a reason for the homogeneous film
growth on Al@G Zhao et al. state that the surface energy of the
Al@G substrate is much higher (66.6 mJ m™~?) than the surface
energy of the K metal resulting in the Frank-van der Merwe (F-M)
mode (Fig. 5f). In contrast, if the surface energy of the substrate is
low, like for the bare Al CC, the surface energy of the K metal
determines the total energy of the system and the growth of
isolated islands (i.e. dendrites) becomes energetically more favor-
able (Volmer-Weber (V-W) mode). The Stranski-Krastanov (S-K)
growth mode describes the transition region and shows both
characteristics, i.e. island growth on top of a closed film. Electro-
chemical impedance spectroscopy (EIS) analysis revealed the
evolution of the charge-transfer resistance (R.) during cycling of
the differently functionalized CCs (Fig. 5g). The R, value for the
Al@G interface was not only the lowest, it even showed a decrease
during cycling (from 239 to 192 Q) while the R, of Al@C and of
the AI-CC showed a gradual increase. Zhao et al.”* concluded that
at the interface with the AI@G electrode a stable SEI was able to
form that would not suffer from repeated cycling. This underlines
that a smooth growth of K-metal is the key for a highly reversible
plating/stripping and a high CE.

Due to the unstable nature of bare K metal and the large
volume changes during plating/stripping, it is advisable to
introduce a 3D host material that serves as a robust matrix
for a homogeneous nucleation and growth of the K metal. An
ideal host material should provide a robust structure that
allows for good accessibility of all surfaces by the electrolyte.
Hence, the porosity of the host material must not be too small.
A large surface area would also lead to a huge consumption of
electrolyte to build up the SEI. A macroporous structure, how-
ever, is often not able to withstand the electrode’s volume
changes.®® As an answer to this, Li et al®® proposed a 3D
mesoporous, carbonaceous fibrous film (called MCNF) that
has a high mechanical strength. The MCNF is produced by
pyrolysis of polyacrylonitrile (PAN) fibers embedded into a
MOF. Its mesoporous structure of interconnected narrowly
distributed pores allows for good ionic conductivity while
having an overall surface area as low as 91.5 m*> g ".** The
surface of the carbonaceous host possesses nitrogen-doped
defects and is potassiophilic. In combination with their opti-
mized electrolyte Li et al. achieved an average CE of 99.3% for
their MCNF||K half cells with an area loading of 3 mA h cm ™2
and a very good cycling stability under galvanostatic cycling
with 3 mA em™>.** A Full cell with a stable Prussian blue (PB)
cathode (K; g;Fe[Fe-(CN)g]o.2-0.47H,0) against a MCNF matrix
CC (as anode) was also demonstrated. The MCNF||PB cell
achieved a high energy density of 362 W h kg™" at 20 mA gpp
for 100 cycles with a capacity retention of 86%.%*

Potassiophilic Pd/Cu CC was studied by Wang et al.”® based
on the selection of some potassiophilic materials using first
principles studies. Although the high cost of Pd, the choice was
due to the binding energy of K on this material. A comparison
with Cu showed that the Pd coating has a better potassiophi-
licity than the original Cu foam. This leads to the reduction of
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Fig. 5 Demonstration of the potassiophilicity of a functionalized CC in contact with molten K metal. (a) A reduced graphene oxide (rGO) coating on a Cu
CC leads to a complete wetting with molten K metal within 6 s, while the untreated Cu CC shows no K infusion at all. Reprinted with permission,®® John
Wiley and Sons, Copyright 2019. (b) An ammonia-treated carbon cloth CC shows complete K metal infusion within 4 s. Reprinted with permission,®®
American Chemical Society, Copyright 2022. (c) Wetting behavior of molten K on different CCs. (d) Top-view SEM images after 2.0 mA h cm™2 of K
plating, Scale bar: 10 um. (e) First cycle overpotentials at 50 pA cm™~2 for the three CCs. (f) Schematic representation of film growth modes with respect to
surface energy differences of film and substrate. (g) EIS Nyquist plots in the course of several cycles for the CCs Al@G, Al@C, and bare Al. Reprinted with

permission,”* John Wiley and Sons, Copyright 2019.

the overpotential of K* plating on Pd by effectively guiding the
uniform K' plating and inhibiting the growth of K dendrites,
finding a great correlation with the experimental results.

In general, AFKMBs can be built in combination with a variety
of different pre-potassiated cathode materials such as potassiated
prussian blue (KPB),**"* K,.5,V,05,%” Ko,Mng;Niy 30, (KMNO),*
3,4,9,10-perylenetetracarboxylicacid-dianhydride (KPTCDA),®
potassiated FeS,”" or cyanoperovskite K,MnFe(CN)s.”>

6.2. Functionalized separator

The idea behind a functionalized separator is to introduce
a layer through which the transport of the K' ions is
diffusion-limited. This limitation will lead to a homogeneous

5926 | Mater. Horiz., 2024, 11, 5914-5945

ion transport throughout the entire area of the separator. Si
et al.*” have shown that a coating of a glass fiber (GF) separator
with reduced graphene oxide (rGO) can significantly
improve the cycling stability of K plating/stripping on a Cu
CC, and they stated that by regulating the K" flux the formation
of dendrites is inhibited (Fig. 6). Furthermore, due to its
K-philicity the rGO coating in contact with K-metal promotes
the formation of a stable KF-rich SEI on the surface of the Cu
CC which further contributes to smoothening the surface
of the K-metal during plating/stripping. Liping Si and collea-
gues have previously stated that coating of the separator
with rGO and LiNbO; particles leads to a homogeneous
plating for K metal.®® However, their latest publication®”

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Comparison between K metal plating with a standard glass fiber (GF) separator (a), with a GF separator functionalized with rGO (b). The
functionalization with rGO leads to a homogeneous flux of K* ions and a smooth K metal surface, while dendrites are formed without the rGO-
functionalization. The rGO separator facilitates the reduction of K* ions by improving the interface between the electrolyte and the metal surface, leading

to increased peak currents during cyclic voltammetry (CV) (d) compared to the CV of an untreated GF separator (c). Reprinted with permission,

American Chemical Society, Copyright 2023.

suggests that the improved cycling stability is attributed
to the rGO and not to the LiNbO;. This group found an
increase in the peak currents during cyclic voltammetry (CV)
by the rGO-coated separator and they claim that the
coating therefore increases the ionic conductivity of the battery
(Fig. 6b and d).

This journal is © The Royal Society of Chemistry 2024
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To our understanding, the physics behind the positive effect
on plating/stripping that was observed by Si et al.®’ is indeed
different. The coating on top of the separator is unlikely to
improve the ionic conductivity. In contrast, the rGO rather
introduces a diffusion limitation that homogenizes local
concentration gradients and hence the electric field. At the
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same time, the transport of the K'-ions through the KF-rich SEI
is dramatically improved, leading to an overall increase in the
peak currents during CV. In other words, besides the effect of
homogenizing the ionic flux by building up a transport limita-
tion through the rGO coating, the rGO could act as an artificial
SEI that facilitates the removal of the solvation shell of the K"
ions and hence improves the cycling rate. rGO was also used by
Liu et al.® for coating their 3D-Cu CC. As already mentioned in
Section 6.1 (Fig. 5b) they found a good wetting of rGO with
molten K after 6s, indicating that rGO is potassiophilic.

6.3. Tuning of the SEI/electrolyte

A stable SEI that stays unchanged during cycling is crucial for
achieving a high CE and long-term cycling stability. For KMBs,
it turned out to be beneficial to have a strong and stiff SEI of
mainly inorganic, ceramic nature that promotes the growth of a
smooth metal surface without dendrite formation.®>”* This is
of course also true for AFKMBs where a stable SEI is of even
greater importance for two reasons: just like a functionalized
CC the backside of the SEI facing the CC can also serve as a
nucleation site for K metal and therefore it can help to homo-
genize the plating result.®”®® Additionally, if the SEI is not
stable enough and breaks up or is partly dissolved during
cycling, new SEI will form under consumption of K’ ions,
which will directly decrease the battery capacity as K atoms
are limited in AFKMBs compared to KMBs with a permanent
stock of K metal. In the case of AFKMBs, a KF-rich SEI was
found to improve the cycling stability.’® Tang et al.®® reported
the use of polydimethylsiloxane (PDMS), a Si-O based additive
in a non-aqueous low-concentration electrolyte of 0.4 M potas-
sium hexafluorophosphate in 1,2-dimethoxyethane for
AFKMBs. Using DFT calculations, they could understand the
effect of PDMS on the plating behavior of K ions. They
demonstrated that the presence of Si-O of PDMS modifies
the electric field environment of the K-metal surface, which
produces nucleophilic sites favoring uniform K-metal plating.
Li et al.®* suggested an inorganic bis(fluorosulfonyl)imide (FSI)
anion-derived SEI which was also found to be beneficial for
KMBs.®>” Li et al.®® stated that the best performance was
achieved with a ‘diluted high-concentration electrolyte’ (DHCE)
which acts like a high-concentration electrolyte (HCE) but with
a much lower K salt concentration. As a diluent, the hydro-
fluoroether TTE (1,1,2,2-Tetrafluoroethyl-2,2,3,3-tetrafluoro-
propyl ether) was used. The DHCE possesses like the HCE a
low amount of DME in the coordination shell around the K"
ions and as in the case of the HCE, the degree of dissociation of
the K salt is low, which favors the formation of an anion-
derived SEI. Compared to the HCE, the DHCE preserves a high
ionic conductivity and a low viscosity as well as a low K salt
concentration which makes the DHCE less expensive. As K
metal has a much lower shear modulus in comparison to Li and
Na, a robust SEI might be able to exert enough pressure onto
the K surface so that no dendrites can grow. If dendrite
nuclei are not able to pierce through the SEI, they will
stop growing. Tang et al."® produced a low-temperature AFKMB
by using a KPF6/DME electrolyte and by introducing a

5928 | Mater. Horiz., 2024, 11, 5914-5945
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polydimethylsiloxan (PDMS) interlayer. The PDMS showed
good wetting properties with the K surface and led to the
formation of a robust hybrid SEI with organic K-O-Si-bonds
and inorganic KF-based regions.

6.4. Summary of AFKMB development

It seems possible to get a good cycling stability and to suppress
dendrite growth in AFKMBs by controlling the wetting at the
interfaces and the nucleation and growth of the metal film
(summarized in Table 2). The K plating can be homogenized in
the following ways:

- A stiff and stable SEI that is mainly anion-derived and of
an inorganic nature helps to keep the metal surface flat and
suppress dendrites.

- Tuning the wetting properties, i.e. increasing the surface
energy of the CC helps to achieve a homogenous nucleation.
CCs with surface terminations like -OH, -O, -NH, and -F
demonstrated a high potassiophilicity, such as rGO (with
an increased defect density compared to graphene),
ammonia-treated carbons, and MXenes. Also, oxide materials
such as NiO nanoparticles on the CC surface could serve as
nucleation sites.

- Functionalizing a separator with rGO can limit the trans-
port of the K' ions and homogenize the ionic flux for a
homogeneous plating of metallic K.

Due to the large volume changes (by molecular weight)
compared to Li and Na, it is advisable to introduce a matrix
as a nucleation site and as a space holder for the plating of K.
Owing to its large atomic weight, K metal cannot compete with
Li metal in terms of volumetric or gravimetric capacity. K ion
batteries, however, can provide high energy and power densi-
ties and have the potential to become cheaper than LIBs.
Hence, it is likely that KIBs will play an important role in
stationary energy conversion systems. This is especially true for
AFKMBs as during the manufacturing of the AFKMBs no
handling of reactive K metal is needed. This will drop the costs
and prevent any accidents with burning K metal during cell
assembly. In addition, AFKMBs per definition can achieve
greater energy densities than comparable KMBs.

7. Anode free Mg-metal batteries
(AFMMBs)

There are several reasons why metallic Mg is a promising
candidate for rechargeable metal batteries. In the first place,
Mg has a large theoretical specific capacity, of 3833 mA h cm*
or 2205 mA h ¢ ', and a low electrode potential, of —2.37 V vs.
SHE.”® A second advantage is the relatively large occurrence of
Mg in the earth’s crust, three orders of magnitude larger than
that of Li, which is the current choice for state-of-the-art
batteries. Mg has a lower chemical reactivity and a higher
melting point (651 °C) than Li (180 °C), Na (98 °C), and K
(63 °C), something which is important at the time of safety
considerations. In addition, Mg-metal anodes are less prone to
yield 1-dimensional (1-D) growth, leading to the formation of

This journal is © The Royal Society of Chemistry 2024
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dendrites. These differences are attributed to two facts:’” On
one hand, the free energy difference found for crystals with
different shapes is more significant for Mg than for Li, thus
favoring more compact structures.”® On the other hand, Mg
exhibits lower diffusion barriers than Li, thus enabling the
structures to smoothen the surface after the nucleation
process.”® However, Mg electrodes are not immune to dendritic
growth, as found by Kwak et al® at current densities of
10 mA cm > and above, so under extreme charging conditions,
this is an issue that has to be taken into account.

The concept of anode-free batteries applied to Mg-metal has
emerged relatively recently, to the point that the academic
search on this topic with the keywords “anode-free Mg battery”
yields references from the year 2021 onwards,®*"®” Similar to
other metal-free arrangements, in an anode-free configuration,
Mg>" ions are extracted from a fully pre-magnesiated cathode
during an initial charging process. These ions are electrode-
posited as metallic Mg on the CC, made of another material,
which serves as a negative electrode for subsequent battery
cycling. In the following sections, we discuss Mg electrodeposi-
tion on different CCs, which may be of great relevance to use as
anodes in AFMMBs.

7.1. Mg electrodeposition on inorganic CCs

Based on the idea of magnesiophilicity, Li et al.®® performed a

conformal Au coating on a Cu CC using an ion-beam sputtering
method and compared its behavior with that of a Cu CC upon
Mg electrodeposition (Fig. 7a). While the Mg deposit on the Cu
CC develops several cracks (Fig. 7b), a similar deposit on the
Au-treated surface results in uniform and compact layers
(Fig. 7c). A detailed study of Mg electrodeposition at lower
capacities showed that the bare Cu electrode surface is initially
covered by scattered micron-sized Mg lumps, which later merge
into the large aggregates with cracks.

The superiority of the Cu-Au system is also reflected in
electrochemical experiments with asymmetric cells with
Mg||bareCu and Mg||Au-Cu electrodes (Fig. 7d). The cell with
a bare Cu electrode presented sharp fluctuations in the CE
curves, demonstrating a low CE at the first 25 cycles. In
contrast, the Au-Cu electrode presented an initial CE of
89.42%, increasing to 99.88% in the second cycle and holding
excellent behavior in the following 400 Mg plating/stripping
cycles. As shown in Table 3, Au presents a larger magnesiophi-
licity than Cu, resulting in a stronger energy reduction during
bonding. This contributes to homogenizing the Mg plating and
suppressing “dead” Mg formation. The benefits of using mag-
nesiophilic gold sites on different CCs were also demonstrated
by Kwak et al.®® They deposited diamond-shaped Au nanoseeds
on different CCs (stainless steel (SS), Au treated SS, and Au
treated Cu) using a sputtering procedure. While Mg plating on
a Mg CC showed a nucleation overpotential of ca. 0.57 V at
10 pA cm 2, the presence of the Au nanoseeds on the
Mg CC reduced this value to 0.43 V. Even at a high current of
10 mA cm 2, the Au nanoseeds were found to be effective in
reducing the Mg nucleation overpotential on SS and Cu CCs.
Under these high current conditions, in operando optical and
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with a capacity of 2 mA h cm™2. (d) Cycling performances of the CE of Mg||Cu and Mg||Au—-Cu asymmetric cells with a capacity of 1 mA h cm~2 under
1 mA cm~2. Reprinted with permission,®® American Chemical Society, Copyright 2022. (e) Comparison of galvanostatic profiles of Mg plating on different

CCs, and also operando optical observations after Mg plating at 10 mA cm™2
with permission,®% American Chemical Society, Copyright 2022.

X-ray observations showed that the Au nanoseeds prevented the
occurrence of dendrites (Fig. 7e). In this way, the Au particles
also delayed the short-circuit upon Mg plating compared with
plating on a bare Mg surface. The compatibility of Mg and Au
seems to be surprising when one starts to look for the physical
reason. In principle, the bonding of Mg towards Cu should be
energetically more favorable from the crystallographic point of
view. Cu has a higher theoretical surface energy compared to
gold and it can form alloys and interstitial phases with Mg. So,
most likely the native oxide on the Cu CC which is not-existent
on the more noble Au is changing the surface energy in a way
that binding/wetting with Mg is less favorable. For the case of
the Au nanoseeds, the mechanism might in fact rather be a
physical functionalization. By introducing many tiny, highly
conductive tips on the surface, the electric field is enhanced
around these particles converting them into nucleation sites.
Also, compared to a bulk material, nanoparticles do always
have a high surface energy due to their large surface to
volume ratio.

In principle, there may be several factors affecting the Mg
growth mechanism on a foreign surface, like the gradients in
electrolyte concentration, mechanical properties of the SEI,

5930 | Mater. Horiz., 2024, 11, 5914-5945

. stainless steel (SS), Cu and the same CCs treated with Au seeds. Reprinted

relative surface energies of the metal involved, etc. The authors
concentrated on two of them: the diffusion barrier of Mg atoms
on the metallic substrate, and the binding energy of Mg atoms
to the surface. A quantitative assessment can be made in terms
of energetic considerations using DFT as a powerful tool. In
Table 3, different binding energies for the interaction of a Mg
atom with different substrates are shown. Depending on the
references, En,, may be the reference of the isolated Mg atom or
the Mg atom in the bulk Mg material. The latter is indicated
with an asterisk on the Table 3. To relate both references, it may
be considered that the cohesive energy of Mg is —1.50 eV.”®
According to this table, for example, an Au(111) surface pre-
sents a considerably larger magnesiophilicity than a Cu(111)
surface, since it presents a larger binding energy.

Kwak et al.®° calculated by DFT the diffusion barriers for the
motion of a Mg-ion to an adjacent site on Au(111), Cu(111) and
Mg(0001). They pointed out that these values (0.033, 0.018 and
0.018 eV) were considerably lower than the diffusion barrier for
a Li atom (0.14 eV), suggesting that this may be the reason why
Mg is less prone to dendritic growth than Li metal.

Concerning the first of these factors, the discussion given in
Section 3 can be addressed, where it was found that the barriers

This journal is © The Royal Society of Chemistry 2024
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Table 3 Binding energy of Mg atom to different surfaces, as calculated
using DFT in different articles according to egn (1)

System: Mg atom on Binding energy/eV  Ref.

Au(111) —0.83“ 79
Cu(111) —0.22¢ 79
Au(111) —2.01 79
Cu(111) —-1.61 79
Mg(0001) —0.57 79
In(101) —-1.36 89
MgIn(001) —1.56 89
In(101) —0.81 89
Mg(002) —0.75 89
Mg(001) —1.12 90
MOF —2.73 90
MgO(001) surface —0.51 90
MgO(001) step —1.26

Cu(111) —0.28° 91
Mo(110) —0.46" 91
Mg(0001) 0.67° 91
O-terminated graphene —1.06" 91

Graphitic, pyridinic, pyrrolic N at graphene —0.03, —1.44, —3.23 91

C=O0 and -OH at graphene —1.88, —1.33 91
M-Xene Ti;C,0,, —2.82 91
Ti;C,(OH)2, —0.73

and Ti;C,F, —0.33

Ni(OH), (110) —1.89 92
Ni(OH), (002) —0.963

Graphite —0.57 92
Cu —0.36 92

“ values refer to bulk Mg metal.

for Mg diffusion are considerably lower than those for Li
diffusion, thus justifying why Mg is less prone to dendrite
formation. As shown in Table 3, indium-containing surfaces
should also show magnesiophilicity. For this reason, Yang
et al® used InCl; as an additive in magnesium triflate
((Mg(OTf),))in combination with 1,2 dimethoxyethane as a
solvent. The test was performed in Mg| Al asymmetric cells.
While the cells prepared using pure Mg(OTf), electrolyte only
lasted for 60 cycles, with a CE of 71.6%, the cells prepared with
the InCl; additive endured 250 cycles, with an average CE of
98.7%. Besides the specific magnesiophilic effect, the presence
of InCl; also resulted in improved reaction kinetics, as inferred
from exchange current density measurements. The SEM mea-
surements of deposits with and without the additive and finite
elements simulations showed that the flat deposits obtained
with InCl; yield a more homogeneous distribution of the
electric field, in contrast with the surfaces without any additive,
which yields a large electric field around sharp edges that lead
to preferential plating on them.

Another example of the study of Mg plating on inorganic
CCs can be found in the work of Bae et al.®* They prepared a
MgO-wrapped Zn-skeleton, which was used as a CC for Mg
electrodeposition. To prepare these CCs, the surface of a Mg CC
was scratched and immersed in a 1 M ZnCl, in tetrahydrofuran
solution. Under these conditions, a chemical conversion reac-
tion deposits Zn, while Mg** ions are dissolved into the
solution. As a consequence of this reaction, a 5 um Zn layer
appears on the Mg collector. Simultaneously, an ultra-thin layer
(2 nm) of amorphous MgO appears on the Zn-skeleton. The
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Magnesium plating reaction occurring on these structures
leads to an interphase which is mainly composed of a MgO/
Mg,O,/Mg mixture, subtended to a 6 nm region. Symmetric Zn-
skeleton cells were assembled and their behavior was compared
with that of Mg CCs. Upon cycling, the former presented an
interfacial resistance reduced by a factor of 20.

While the bare symmetric Mg cells showed a rapidly increas-
ing overpotential (1.58 V) due to the formation of a passivation
layer on the Mg surface, the symmetric Zn-skeleton cell pre-
sents a very stable cycling performance with a considerably
smaller overpotential (0.03 V). The authors attributed the good
performance of the Zn Skeleton to the fact that the lattice
mismatch between the Zn-skeleton and the MgO layer results in
a very defective MgO layer, where the Mg* ions may be rapidly
transported, facilitating Mg plating. However, the authors did
not appeal to the concept of magnesiophilicity in this work, for
the sake of completion the binding energy of a Mg atom to Mg
(001) surfaces and steps in Table 3 is added, which were found
to be of —0.51 eV and —1.26 eV respectively. Since the authors
point towards the occurrence of defective nanocrystalline MgO
layers, the latter value should be rather considered for a
measure of the magnesiophilicity of the surface. A Mg-Li hybrid
battery prepared based on the Zn-Skeleton anode and a NMC
(layered lithium-nickel-manganese-cobalt oxide) cathode
endured 250 cycles at 0.5C and resulted in an energy density
of 412.5 W h kg™ ' at 0.1C, which compares with the energy
density of Graphite|NMC LIB.

The concept of magnesiophilicity also led Kwak et al.** to
prepare Ag-decorated Cu foams (ACF) using a straightforward
galvanic replacement procedure, by immersing a Cu foam (CF)
in a 1.0 mM AgNO; solution. This led to the formation of Ag
nanoparticles on the CF, resulting in a magnesiophilic surface
with excellent behavior for Mg plating/stripping. The ACF CC
reduced considerably the Mg nucleation overpotential at two
different current densities.

7.2. Mg plating on carbon-containing CCs

Carbon cloth CC surfaces modified by o-Ni(OH), and f-
Ni(OH),, have also been used to improve Mg electrodeposition
in Mg anode-free cells with a nucleation overpotential of
—0.191 V compared with —0.491 V/—0.459 V for carbon cloth/
Cu. Additionally, the modified CC showed better electrochemi-
cal cycling stability (Fig. 8a-d).°” In this case, the improvement
was discussed in terms of three concepts. On one hand, the
concept of magnesiophilicity was discussed as in the previous
case, but with the addition of two ingredients: lattice matching
and electrostatic confinement effect. Further discussions for
their results can be related to the fact that the binding energy of
Mg to Ni(OH), (110) and Ni(OH), (002) surfaces (Table 3) is
considerably larger than the binding energy of Mg to graphite
and Cu. Thus, the larger magnesiophilicity of Ni(OH), as
compared with the magnesiophilicity of carbon and Cu
explains the lower overpotential observed in the red curve of
Fig. 8a. The other condition, that a small lattice mismatch
favors epitaxial electrocrystallization of Mg on the CC, is also
fulfilled in this case, since the geometrical deviation is about
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[CC, and Mg]||Cu) at different current densities of (a) 1 mA cm™2 and

~1 (d) Electrochemical Mg plating/stripping profiles at 4 mA

cm™2. Reprinted with permission,®? American Chemical Society, Copyright 2022. (e) The schematic illustration of Mg electrodepositing on carbon cloth
and VNCA@C (nitrogen- and oxygen-doped carbon nanofiber arrays on carbon cloth) CCs. (f) Cyclic voltammograms for Mg stripping/plating on the
CCs. (g) Overpotential as a function of plating time for the galvanostatic plating on the CCs at 10 mA cm™2. Reprinted with permission,®* John Wiley and
Sons, Copyright 2021. (h) and (i) Schematic representation of Mg plating behaviors on Cu and TizC,T, MXene CCs. Reprinted with permission,®’
John Wiley and Sons, Copyright 2023. (j) and (k) Schematic illustrations of three-stacked Cu mesh (3D-CM) and the 3D Mg affinity-controlled
architecture (3D-MACA) CCs and their Mg plating behaviors. Reprinted with permission,®® Elsevier, Copyright 2023.

2.8% in contrast to the mismatch for Cu (20.9%) and for
graphite (55.7%). Finally, the third concept introduced the
alternate periodic arrangement of cations and anions of the
Ni(OH),@CC that would contribute to capturing and confining
the Mg species, inducing a uniform Mg nucleation at the
atomic level.

Lim et al®" have explored the use of a three-dimensional
macroporous graphitic carbon nanosubstrate (GC-NS) for Mg
plating. This GC-NS was prepared through thermal treatment of
cellulose pellicles of bacterial origin, yielding a complex net-
work structure, with many macropores. They compared Mg
plating on GC-NS with the same phenomenon on Mo, Cu,
stainless steel, and Mg as a CC. They found that the over-
potential for GC-NS, (0.20 V) was considerably smaller than for
Mo (0.27 V), Cu (0.53 V) and SS (0.43 V). Besides a better
performance towards Mg nucleation, the GC-NS anode pre-
sented a larger affinity for the Mg deposit. The latter feature was
derived from observations of the separator of the cell. While the
system with the GC-NS anode presented a clean surface of the

5932 | Mater. Horiz., 2024, 1, 5914-5945

separator after the plating of 5 mA h cm™~? of Mg, the separators
used with the other CCs were at least partially stained by the Mg
metal. The calculations presented in Table 3 suggest that
oxygen species terminating the CG-CS, which provide a binding
energy of —1.06 eV relative to bulky Mg, may be responsible for
the improved affinity of GC-NS for Mg.

Structures based on carbon nanofibers have also been used
by Song et al.”* in Mg anode-free cells for Mg plating, with the
additional doping of N-species via polypyrrole nanofiber arrays
on carbon cloth plating, which were carbonized at 800 °C in a
nitrogen atmosphere to yield a cloth containing C (graphitic),
N (pyridinic, pyrrolic, graphitic) and O(C=0, OH, O*"). This
cloth was denoted with VNCA®@C, to describe a Vertically
aligned Nitrogen and oxygen-doped Carbon nanofiber array
(Fig. 8e). Mg stripping/plating kinetics was investigated on
these VNCA®@C structures by cyclic voltammetry and galvano-
static transients uniformly electrodepositing metallic Mg,
in comparison with the same process on carbon cloth and
Cu CCs (Fig. 8f and g). All experiments were conducted in

This journal is © The Royal Society of Chemistry 2024
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all-phenyl-complex electrolytes.’® While the voltametric profiles
show that the VNCA®@C electrode presents higher current
responses during both cathodic and anodic sweeps as com-
pared with those of carbon cloth and Cu electrodes (Fig. 8f) the
galvanostatic transients for the former also show much lower
overpotentials than for the other electrodes (Fig. 8g). The
galvanostatic cycling performance of asymmetrical cells with
Mg was tested at a current density of 10.0 mA cm ™%, and the
Mg||[VNCA@C could run for 40 hours with overpotentials of less
than 0.5 V, but the other alternatives endured less than 5 hours
with overpotentials over 1.0 V.

Besides the magnesiophilicity, a further factor that influ-
ences the Mg plating was the concavity of the surface on which
this metal is deposited. A surface with periodically arranged
concave structures would facilitate Mg nucleation on these sites
by periodically enhancing the electric field strength and thus
yield a smooth top surface. When many nuclei form and grow
equally distributed on the surface, they will finally form a
homogeneous film. In this respect, protrusions of Mg electro-
deposits trigger the occurrence of large aggregates, as observed
with carbon cloth and Cu foil (tip effect).

At the time of writing this review, the most recent work
related to AFMMBs was that of Li et al.*” who prepared MXene-
based AFMMBs. They prepared 3D MXene (Ti;C,T,) films as a
CC, where T, represents the fact that the surface contains -O
and -F containing terminations. A high magnesiophilicity,
could be driven particularly by the oxygen terminations
(Fig. 8h and i). This is mirrored in the large binding energy
of Mg to TizC,0, of Egi3c202 = —2.82 ¢V (Table 3). This strong
interaction and the small lattice missmatch of MXene with Mg
leads to dendrite-free Mg plating. The estimated lattice mis-
matches of Mg (001) with Ti;C,0,, Ti;C,(OH),, and Ti;C,F, are
4.7%, 3.8%, and 3.8%, respectively. Fluorine terminations lead
to the formation of a homogeneous and resistant MgF, solid
electrolyte interface layer. This is very important for inhibiting
the consumption of Mg via a reaction with liquid electrolytes.
Furthermore, the (Ti;C,T,) films provide a reasonable conduc-
tivity of 4.69 x 10* S m ™' making it suited as a CC (Fig. 8i). Ata
large current density of 5.0 mA cm ™2, these electrodes run over
350 cycles with an average CE of 99.7%. In contrast, under
analogous conditions a Cu electrode shows severe voltage
fluctuations, collapsing after about 120 cycles.

7.3. Mg plating on structures with Mg controlled affinity

Recently, Kwak et al.® have proposed structures that present a

gradient of magnesiophilicity as negative electrodes for
AFMMs. The idea of this electrode, which is called a Mg
affinity-controlled architecture (3D-MACA), is visualized in
Fig. 8k. Since this idea could be extended to the engineering
of other anode-free systems, we discuss it in some more detail.
Three modified Cu meshes (CM), with different magnesiophili-
cities are stacked. The lower mesh is a CM modified with Au
nanoparticles, and is denominated gold-decorated Cu mesh
(GD-CD). This structure has a high magnesiophilicity, as dis-
cussed above. The mesh in the middle is obtained by thermal

This journal is © The Royal Society of Chemistry 2024
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treatment (180 °C and 300 °C) of Cu(OH), nanofibers deposited
on a Cu mesh, and has an intermediate magnesiophilicity. This
layer is denominated heat-treated carbon mesh (HT-CM). The
upper mesh is made of Cu(OH), nanofibers deposited on a Cu
mesh that was dried in a convection oven at 80 °C, without
further thermal treatment. This is denominated nanofiber-
coated Cu mesh (NF-CM), and has a low magnesiophilicity.
The behavior of this stack was compared with a similar stack,
which consists of three layers of CM, without any treatment
(Fig. 8j), denoted with 3D-CM.

The intermediate figures of Fig. 8j and k illustrate the
nucleation and growth of Mg in the two types of architectures.
While in the 3D-CM Mg is electrochemically deposited mainly
on the top layer, since ions in the electrolyte find the shortest
pathway, in the case of the 3D-MACA, the initial nucleation and
subsequent growth take place in the bottom layer, which has
the largest magnesiophilicity. This translates into the voltage-
capacity behavior: While 3D-CM presents an overvoltage of
0.214 V, 3D-MACA this overvoltage is reduced to 0.064 V.

The different anodes were pre-deposited with Mg in a half-
cell to 1 mA h ecm™2, then re-assembled into a full-cell in
combination with the Chevrel phase as a cathode and cycled
galvanostatically. The results showed that the 3D-MACA elec-
trode presents an efficiency close to 100% up to 300 cycles, with
capacity retention of about 80%. However, the 3D-CM electro-
des showed a drop in capacity below 60%.

7.4. Electrolyte optimization

Especially for anode materials operating at low potentials, the
SEl is a crucial component. In the case of metal anodes, a major
problem of the SEI is its instability, mainly due to the large
volume changes taking place during the charging/discharging
processes. Mg-metal batteries have the additional downside
that the SEI that is formed in electrolytes containing popular
ions, like perchlorate and hexafluorophosphate in carbonate
solvents, is impermeable to Mg”* ions.”” This problem is
related to the high charge density of the Mg ions and their
small radius, leading to strong interactions with the materials
where they diffuse. For this reason, electrolytes commonly used
in Li batteries are inappropriate for the Mg-metal anode. For
example, Mg(PF¢), did not attract much interest in Mg-metal
batteries since the (PF¢)~ anion strongly passivates the surface
of the Mg metal.”®

There are excellent reviews discussing the choice of electro-
Iytes for secondary Mg batteries, which in principle could also
apply to anode-free Mg systems. For the work previous to 2019
the review of Deivanayagam et al.,’” Ma et al.’® and Attia et al.**°
can be addressed. A more recent review also addressing inter-
phase issues has been given by Sun et al.***

In general, a plethora of electrolytes are viable for Mg metal
batteries, however, the requirements of a large voltage window
limits the practicality of many for battery applications. Among
the articles revised for the present topic, by far the most used
choice of electrolyte is the so-called all-phenyl complex (APC) in
tetrahydrofuran (THF).
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The first generation of electrolyte solutions was based on
Grignard-type compounds.'® They resulted from the reaction
of organo-magnesium R,Mg (R = alkyl of aryl group) with
organic halo-aluminum compounds of the type AICl; ,R,. In
a suitable combination, this reaction yielded compounds with
the formal composition Mg(AICl, ,R,),, which were dissolved
in THF or glymes.'®> While exhibiting an excellent electroche-
mical performance for Mg dissolution plating, it was found that
they presented a relatively reduced electrochemical window of
2.4 V, which precludes its practical application in combination
with some Mg-cathode oxides like V,05 and Mo0;.'”> The
reason for this reduced electrochemical window was found
to be the relatively weak Al-C bond of the electrolyte, that
breaks via a B-H elimination in an electrochemical reaction.'®*
Thus, the solution found by Mizrahi et al.’® was to replace the
R- aliphatic ligands with phenyl Ph-, which does not have a f
hydrogen.

This proposal led to the so-called all phenyl complex (APC)-
type electrolytes, which exhibit high anodic stability (>3.3 V),
low overpotential for Mg plating/stripping, and high CE. The
second most used electrolyte was the magnesium trifluoro-
methane sulfonate (Mg(OTf),)-based electrolyte, where OTf
represents SO;CF3, also denominated triflate. This compound
was used with the addition of MgCl, or InCl;. Mg(OTf), has the
advantages of being thermally stable, insensitive to ambient
moisture, non-toxic, and available commercially with high
purities.'® The addition of Cl~ salts allowed the complete
dissolution of the triflate into the 1,2-dimethoxyethane solvent,
and the resulting solution outperformed the behavior of
Mg(TFSI), (TFSI = bis(trifluoromethane)sulfonilimide).

7.5. Summary of AFMMB development

Although at its early stages, the development of AFMMB
arrangements has very recently started with promising perspec-
tives. The most widespread concept used in the literature is that
of magnesiophilicity, which refers to the affinity of the CC for
the Mg atoms being deposited, as compared with the affinity of
Mg for itself. Evaluated from first-principles calculations, a
high magnesiophilicity leads to epitaxial growth over dendritic
one. Thus, calculations on different systems may be useful to
select and/or design CCs. Connected to this is the diffusional
barrier for Mg atoms on the CC. Lower barriers seem to favor
the spreading of the atoms over the surface, thus preventing
localized growth. Local electric fields are mentioned in the
literature concerning two aspects: one referred to locking Mg
atoms on fixed spots on the CC, which is an effect at a
nanometric level. Another one referred to electric fields at a
mesoscopic level, where a large electric field at tips may trigger
dendritic growth. A small lattice mismatch between the CC and
the growing Mg phase is also found to be positive for the quality
of the growing interface. However, in some cases, defective
structures, with many steps providing nucleation centers for
Mg growth have shown to be useful for the present problem.
Finally, the conductivity of the layer over which the Mg growth
is achieved should also be evaluated to prevent resistive
limitations.
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8. Anode-free Zn-metal batteries
(AFZMB)

Zn is a versatile and important metal in energy transition
scenarios. A high theoretical capacity (820 mA h g™ "), low cost,
earth abundance and distribution, and environmental compat-
ibility, are the main advantages of Zn in reversible battery
devices. In recent years, research in this area has increased,
particularly in the development of anodes for both aqueous and
organic-based electrolytes. As it is the case for most metal
anode batteries, an excess of metal drastically reduces the
energy density.'®® Therefore, scientists and research groups
are currently interested in developing AFZMBs to improve the
energy density (zero excess Zn) by combining the environmen-
tal friendliness, high availability, and high cycling character-
istics of these technologies for stationary energy storage, and
smart grids. As the potential window of water as a solvent
(~1 V) is limited by the water-splitting reaction, it is not
possible to implement it in applications that require high
power densities.' In this sense, AFZMBs in organic solvents
are being developed, increasing the operating voltage.

As usual in metal-based batteries, the formation of dendrites
is one of the main bottlenecks to be solved to ensure safety and
reliability. Zn surfaces with (002) preferential orientation offer a
series of advantages, mainly because they provoke a planar and
dendritic-free plating of Zn."”” There are different strategies to
achieve this, such as interfacial layer, heterostructures, electro-
lyte composition, and metal surface modification with zinco-
philic structures, among others."'%¢*

8.1. Functionalized CC surface and host-materials

As is mentioned above, the most promising approach is to
create zincophilic structures as a coating of the CC which
induce (002) planar Zn nucleation. Xu et al. design a three-
dimensional nano-Cu host modified by zincophilic antimony
(Sb) nano-particles (ZA@3D-nanoCu) for AFZMB.'* A full cell
test was performed using MnO,/Br, as a cathode, TPABr; +
ZnBr, as the electrolyte, and ZA@3D-nanoCu as the anode. The
battery was stable for 1000 cycles, showing a high specific
capacity of 400 mA h g~' and an areal capacity of 10 mA h
cm-~2 with a CE of 98.95%. The specific capacity is maintained
even at high current densities. The modification of Cu with
nanostructures capable of anchoring Sb zincophilic sites can
induce desired Zn sites for homogeneous nucleation and
stabilize the plating/stripping cycles.

Another zincophilic strategy to regulate Zn plating over a
modified Cu-CC using Sb (Fig. 9a and b) has been proposed by
Zheng et al'® The authors designed a Sb/Sb,Zn,@Cu-
heterostructured interface as a CC for an anode-free Zn-Br,
battery (Fig. 9c). They first studied the nucleation and growth of
Zn over the modified Sb/Sb,Zn;@Cu surface using Zn foil as a
counter electrode in a half-cell configuration, exhibiting a high
stability over 700 h with an average CE of 97.8% and low
overpotential of —20 mV. The improved performance in com-
parison to the Cul||Zn asymmetric cell is attributed to the
suppression of Zn dendrites by uniform, homogeneous, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Scheme for the Zn nucleation and growth using Sb/Sb,Znz@Cu modified and Zn foil. (b) Scheme for the full cell operation. (c) Scheme for the

scaled-up cell applied to photovoltaic panel. (d) Capacity stability for the scaled-up cell. Reprinted with permission,**° Springer Nature, Copyright 2023.
(€) Scheme for the Cu@AOF synthesis and coating over Cu CC. (f)-(i) electrochemical results. Reprinted with permission,** John Wiley and Sons,

Copyright 2023.

compact Zn electrodeposition without any discernible den-
drites. After the excellent results in the half-cell, the full cell
was built using Sb@Cu as an anode, carbon felt (CF) as
cathode, ZnBr, and tetrapropylammonium bromide (TPABr)
as the salts of an aqueous electrolyte. The authors first explored
the rate capability and long-term cyclability. After cycling, the
CC surface exhibited a dendrite-free morphology, indicating a
homogeneous Zn nucleation given by the zincophilicity of the
surface. Finally, this technology was scaled up (Fig. 9¢) and
connected to a photovoltaic cell panel as a battery module,
resulting in an energy of 9W h (6 V, 1.5 Ah) and 400 mA h g~ of
specific discharge capacity over 400 cycles (Fig. 9d).

An additional Cu CC modification for an anode-free aqueous
Zn battery has been proposed by Wang et al.'** for room and
low temperature operation. They synthesized and deposited
Al ((OH)g.46F0.54)6'H20 (AOF) on Cu foil (Cu@AOF) to guide the

This journal is © The Royal Society of Chemistry 2024

Zn nucleation and suppress dendrite formation. The deposited
AOF shows a high crystallinity, a strong binding with H,O
molecules and a low diffusion energy for Zn adatoms which
leads to good desolvation and fast diffusion processes on the
surface, which drastically enhances layer-by-layer growth. The
full cell setup was completed using pre-zincified VO, as a
cathode, ZnSO, and Zn(OTF), as the electrolyte, and Cu@AOF
as an anodic CC. The asymmetric Zn||Cu@AOF half-cell
showed a high cyclability of 6000 cycles at room temperature
and 500 cycles at —20 °C. That is caused by a homogeneous,
thin, and dense electrodeposition, as well as highly controlled
plating/stripping processes which drastically inhibit the den-
dritic growth and side reactions such as ZnSO, formation on
the CC surface and hydrogen evolution. The full cell ensemble
displayed an initial specific capacity of 200mAh g 'at1Ag™"
with 60% capacity retention after 2000 cycles at room
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temperature, whereas 140 mA h g~ at 1 A ¢! with 80%
capacity retention after 500 cycles at —20 °C (Fig. 9e-i).

8.2. Dual Li-Zn Hybrid aqueous battery

Dual Li-Zn batteries usually involve Zn plating on the anode
side and the simultaneous intercalation of other ions (i.e. Li",
Na', TFSI~, PF6 ™, etc.) on the cathode side. Thus, the cathode
has a similar intercalation behavior to that of conventional
LIBs, and the electrodeposition of Zn** occurs on the CC.
However, excess of ions and highly concentrated electrolytes
can cause corrosion of the CC surface, giving rise to various
problems during the plating/stripping.

To improve the Zn plating on Cu CCs, Wang et al. proposed
an anode-free Zn-graphite (ZGBs) dual ion battery with Cu
protected with a thin layer (40 nm) of Ag as a CC and
Zn(TFSI)2/EMC as electrolyte.'”” Thus, the Zn** deposits on
the Cu@Ag CC by electroplating and the FSI™ intercalates into
graphite cathode. The authors evaluated the system using half-
cell and full-cell tests. Thus, they found an excellent behavior of
the Zn plating/stripping process leading to a uniform Zn
plating on Cu@Ag. They identified AgZn/AgZn3 alloys as zin-
cophilic, which guides the subsequent dendrite-free Zn metal
plating, and delivered a specific capacity of 117 mA h g~
In terms of full cell, the cycling was done under 0.1-2.85 V at
0.1 A g~". As a result, the full-cell ensemble presented a specific
capacity of 114 mA h g~ ' (based on the graphite mass in
the cathode) with 82% capacity retention after 1000 cycles at
0.5Ag "

Duan et al. developed an approach by controlling the reac-
tion kinetics of the electrolyte in AFZMB using a Cu CC.'** The
authors proposed LiFePO, (LFP) as cathode, Zn(CF;SO3), and
LiCF;S0; as aqueous/Ethylene glycol (EG) electrolyte, and Cu
foil as a CC. The presence of EG in the electrolyte provokes the
uniform Zn plating and prevents the Zn dendrite formation
thorough steric hindrance of [Zn(H,0),,(EG),]>* complex, which
retards the Zn** deposition."™* The full cell LFP||Cu delivered
an initial specific capacity of ~120 mA h g~ " at 1 mA cm™ > with
75.2% capacity retention after 100 cycles.

In another recent study, An et al. designed a zincophilic
robust heterointerface composed of 0D and 2D metal carbide
nanosheets to adjust the Zn nucleation and growth for stable
and homogenous Zn plating/stripping.'*> Thus, they synthe-
sized an interface based on Na intercalated MXene Ti;C,T,/Sn
composite as a coating of the Cu CC (Cu@Na-MX@Sn). Herein,
the rich O and F surface terminations of MXene likely anchor
the Sn nanoparticles. The final surface has zincophilic sites
distributed on it, favoring the (002) hexagonal Zn nucleation,
avoiding the dendrite formation. The homogeneous Zn plating
is probed at different rates and capacities. At current density of
1.0 mA h cm™2, the Cu@Na-MX@Sn delivers stable CEs and
long cycle life, whereas Cu@Na-MX shows a short-circut after
129 cycles. The full cell was assembled with a LiMn,0, (LMO)
cathode. The LMO||Cu@Na-MX@Sn cell showed a higher
initial CE (71.2%) than LMO||Cu (42.1%). At a charging rate
of 100 mA g~ ' the specific capacity of LMO||Cu@Na-MX@Sn
was 50.09 mA h g~', with a capacity retention of 73.97%,
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whereas LMO||Cu delivered 11.96 mA h g~'. The improvement
is not only due to the zincophilic sites of Sn but also by the SEI
stability given by ZnF, and homogeneous electrical field pro-
vided by MXene.'*®

A similar approach was conducted by Chen et. Al who also
used Ti;C,T, as a robust heterostructure interface to control the
Zn nucleation and growth."'® The authors designed TizC,T,/
nanocellulose hybrid films with different weight percentages of
Ti3C,Ty. The aqueous hybrid Zn-Li batteries were assembled
with Li,MnO, as the cathode, a mixture of Li,SO,, ZnSO,, and
ZnF, as the electrolyte, and Cu coated by Ti;C,T,/nanocellulose
as a CC. In addition, they developed quasi-solid-state batteries
using polyvinyl alcohol (PVA)/ZnS0,/Li,SO4/ZnF, hydrogel elec-
trolyte. A specific capacity of about 100 mA h g during
100 cycles at 0.2 A g ' and 60 mA h g ' at 1 A g " were
obtained for the liquid electrolyte. Moreover, the full cell
showed a lower nucleation overpotential with respect to the
comparative hemi-cells. In the case of quasi-solid-state bat-
teries, the full cell delivered a specific capacity of 42.4 mAh g™*
over 2000 cycles with a capacity retention of 81.5% at
1 A ¢!, corresponding to a gravimetric energy density of
187.7 W h kg™' at a power density of 181.2 W kg™ " (based
on the LMO mass) and a volumetric energy density of
24.1 mWh cm* at 23.2 mW cm® (based on the total volumes
of two electrodes and hydrogel electrolyte). The demonstrated
performance is associated with the synergist effect of the
nanocellulose and Ti;C,T, to improve the mechanical proper-
ties, electrical conductivity, and electrolyte wettability.

8.3. Computational studies of AFZMBs

In 2021 Zhou et al.""” performed a theoretical and experimental
analysis of the relationship between the surface structure and
the interfacial reaction of the Zn anode. They found that on Zn
(002), the Zn deposit initiated along the horizontal direction
parallel to the sheet surface because of the stronger adsorption
energy (—0.87 eV) between the (002) plane surface and Zn,
compared to that of site 2 (—0.50 eV) maintaining a horizontal
growth dendrite free Zn (002) surface. Nevertheless, on the
Zn (100) plane, Zn preferentially nucleates at individual
points (site 2) and subsequently grows vertically in a dendritic
formation.

Yan et al.'*® studied the preferential growth of Zn (002) on
Cu (100) obtaining a compact and planar-free dendrite anode.
To demonstrate the preferential crystal orientation of Zn on Cu
(100) they performed AIMD simulations and observed that the
first Zn layer (underpotential plating of Zn on Cu) transforms
from a hcep to a fece crystal structure (close to the interatomic
distance of Cu (100)). The first Zn layers that adopt the Cu (100)
structure serve as a template for bulk Zn plating in a (002)
direction inhibiting the growth of dendrites. Wang et al.'*’
identified AgZn/AgZn; alloys as a zincophilic phase that guides
the subsequent dendrite-free Zn metal plating, and the cell
delivered a specific capacity of 117 mA h g '. DFT calculations
suggest that the trans-bis(trifluoromethanesulfonyl)imide
anion (TFSI) -intercalated graphite is more stable than the
cis-TFSI” intercalation compound by 0.435 eV. Also, by DFT
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calculations An et al."'® indicate that Sn (101) interacts effec-
tively with Zn with a strong interfacial charge density. The
electric field distribution modeled by COMSOL reveals that Na-
MXene@Cu can homogenize the electric field and improve the
wettability with ZnSO, electrolyte. MXenes are a kind of two-
dimensional materials that consist of transition metal (M)
atoms sandwiched between layers of carbon/nitrogen atoms.
They are similar to graphene, but with the addition of transi-
tion metal atoms, which give them unique properties and
possible applications in various fields of technology.'*® The
improved electrochemical performance observed by Wang
et al.'"? for aluminum hydroxide fluoride (AOF) coated on Cu
foil was explained by DFT. The adsorption energies were
obtained, giving as a result that AOF promotes the desolvation
process of Zn>*. Binding energies showed that AOF favored a
uniform Zn plating on the surface AOF.

8.4. Electrolyte design.

The electrochemical performance of AFZBs can also be
improved by electrolyte engineering. To avoid side reactions
and mitigate the capacity fading An et al.'®' used multifunc-
tional zinc fluoride (ZnF,) as an additive into the electrolyte to
induce a stable F-rich interfacial layer. The authors investigated
the effect of different concentrations of ZnF, in the electrolyte
on the nucleation and side reaction of Zn on stainless steel as a
CC. The nucleation and plateau overpotentials decrease signifi-
cantly compared with the pristine 2 M ZnSO, aqueous electro-
lyte, indicating a lower resistance to Zn nucleation and
deposition processes. The morphology of the Zn deposits
showed a homogeneous surface when 0.08 M of ZnF, was
added to the 2 M ZnSO, electrolyte, whereas an irregular
particle distribution and dendrite shape was observed in pris-
tine 2M ZnSO,. XRD postmortem analysis shows the accumula-
tion of Zn,SO4(OH)s-H,O during the cycling in the case of the
pristine ZnSO, electrolyte. In contrast, the amount of
Zn,S04(OH)¢-H,O remains is practically negligible with the
ZnF2 additive. The full cell LMO||stainless steel assembly
exhibited an improvement in the specific capacity and CE when
ZnF, was used. In this way, F~ species interfacing with the Zn
surface may not only help to induce a homogeneous dendrite-
free Zn deposition but also inhibit side reactions with the
electrolyte interfaces.
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Another interesting strategy is the design of co-solvent
electrolytes. In this sense, Ming et al.’>*> have proposed propy-
lene carbonate (PC) and triflate anions in Zn(OTf), aqueous
electrolyte to form hydrophobic domains resulting in a solid
electrolyte interface that avoids Zn dendrite formation and side
reactions in a wide range of cathode materials. The salt effect is
due to the amphipathic effect of the OTf- anion; the hydro-
phobic -CF; group and the hydrophilic SO;- group.'** Using FT-
IR spectroscopy, it was found that the presence of propylene
carbonate (PC)/water mixture can regulate the coordination
environment of OTf- anions by forming a [PC-Otf—H,0]
complex. In terms of electrochemistry, the authors studied
the compatibility of the hybrid electrolyte with different cath-
odes in the full cell set-up at a low rate of 50 mA g, finally
choosing the Zn-rich ZnMn,0, cathode to avoid complicated
and time-consuming pre-zincification reactions. The anode-
free Cu (CC)|| ZnMn,O, with Zn(OTf), in propylene carbo-
nate/water as electrolyte showed a high capacity retention of
80% after 300 cycles.

In other study, Duan et al. developed an approach
by controlling the reaction kinetics of the electrolyte in
AFZMB using a Cu CC."** The authors proposed LiFePO,
(LFP) as cathode, Zn(CF;3S03), and LiCF;SO; as aqueous/Ethy-
lene glycol (EG) electrolyte, and Cu foil as a CC. The presence of
EG in the electrolyte provokes the uniform Zn plating and
prevents the Zn dendrite formation through steric hindrance
of [Zn(H,O)m(EG)n]>* complex, which retards the Zn>*
deposition."™* The full cell LFP||Cu delivered an initial specific
capacity of ~120 mA h g~* at 1 mA cm™ 2 with 75.2% capacity
retention after 100 cycles.

8.5. Summary of AFZB development

Table 4 summarizes the main results of the strategies for
AFZBs. The CC coating is one of the most important problems
to be solved in AFZBs. The appropriate modification of the CC
by zincophilic species, such as nanoparticles and heterostruc-
tures, and the electrolyte formulation with amphiphilic salt and
organic/water-based solvent are emerging as promising strate-
gies to selectively induce the hexagonal (002) Zn nucleation and
growth. That can help to homogenize the electric field, and
prevent the formation of dendrites, showing specific capacities
and energy densities suitable for renewable energy storage
probed in solar cell integrated grids.

Table 4 Summary of composition and electrochemical properties for the different AFAZBs. VW = voltage window, SC = initial specific capacity, CR =

capacity retention

Cu coating CC Electrolyte

Organic: Zn(TFSI),/EMC

Aqueous: Znl,, I, ZnSO,

Aqueous: Zn(CF3S03),, Mn(CF3503),

— Aqueous/EG: Zn(CF3S03),, LiCF350;
@Mxene-Ti;C,T,/Sn Aqueous/ZnSO,

@Ti3C,T,/nanocellulose Aqueous/Li,SO,4, ZnSO,, ZnF,
@Ti;C,T,/nanocellulose Aqueous-PVA/Solid State Li,SO,4, ZnSO,, ZnF,
@Cu 3D-nanostructured Aqueous/ZnBr,, ZnSO,

@Sb/Sb,Zn; Aqueous/ZnBr,, TPABr
@Al,((OH).46F0.51)6 H,O Aqueous/ZnSO, Zn(OTF),

@Ag
@Polyvinil Pyrrolidone
@Carbon nanodisc

This journal is © The Royal Society of Chemistry 2024

Cathode VW/V SC/mAh g ' CR/cycles Current Density Ref.
Graphite-Zn 0.1-2.8 114 82%/1000 0.5A g71 107
Znl, 0.6-1.6 150 64%/200 1A g7l 124
MnO, 0.8-1.8 200 69%/80 1Acm? 125
LiFePO, 0.6-1.6 120 75%/100 cycles 1 mA cm ™2 113
LiMn,O,  1.4-2.1 50 50%/ 100 mA g * 115
LiMn,0, 1.4-2 60 86%/2000 1Ag! 116
LiMn,0, 1.4-2 42 82%/2000 1Ag! 116
MnO,/Br,  0.6-1.6 450 89%/1000 10 mA cm™> 109
Br, 0.5-1.6 220 95%/40 20 mA cm 2 110
ZnysVO,  0.3-1.6 200 60%/2000 1Ag? 111
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The scalability and application in real systems are still at an
early stage in terms of engineering, design and development. At
present, the processes such as the synthesis/deposition of the
nano-heterostructures and the pre-zincification of the cath-
odes, are not easily transferable to an industrial scale. Never-
theless, these problems can be overcome in the near future.

9. Anode-free Al metal batteries
(AFAMBS)

Al-ion batteries (AIBs) have great potential due to their high
theoretical specific capacity (gravimetric capacity: 2980 mA h
g™, volumetric capacity: 8040 mA h cm™?), the abundance of Al
in the earth’s crust, and good safety. The predominant bottle-
neck for the commercialization and therefore the primary focus
of research is the cathode material, to which most of the failure
mechanisms are attributed.'® However, the Al anode shows
low stability and reversibility due to hydrogen evolution in
aqueous electrolytes, dendrite growth, and the formation of a
passivation layer of Al,O;, which hinders or even prevents the
oxidation of the Al to free AI*" ions depending on the
electrolyte."”” To date, most AIBs use chloroaluminate-based
electrolytes due to their ability to reduce the native oxide layer
and their high oxidation and reduction power for Al. The
downsides are the possibility of the formation of highly toxic
chlorine gas and that chloride-based systems corrode most CCs,
limiting the choice of the CC to graphite paper or more expensive
materials such as molybdenum or titanium."*® This drastically
reduces the degrees of freedom for an anode-free approach.
Electroplating in general is a process that is strongly influenced
by the interfacial properties of the substrate and the amount, size,
and crystal orientation of nucleation seeds.'**'°*'** This means
that anode-free approaches offer great potential in terms of tun-
ability, but also increase the complexity and price of such batteries.

9.1. Comparison of various current collector materials

Wang et al. investigated eight different anodic CCs, including
Al, Molybdenum (Mo), Cu, Ag, Ni, Mg, stainless steel (SS), and
graphite paper (GP) for AFAMBs with a GP as a cathode and also
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as a cathodic CC, and AICI;/[EMIm]CI as the electrolyte."”®
Metals susceptible to corrosion by Cl~ such as Cu, Ag, Ni, or
Mg have a low initial CE (ICE) of about 50% to 60% and a low
average CE of around 95% (Fig. 10a). Once the electrolyte is
reduced to a certain extent, a rapid fading of the capacity is
observed. The CE of the cells/electrodes made with SS CC
increases with subsequent cycles up to 98% where it stabilizes,
indicating the formation of a stable passivation layer. It should
be noted that excessive amounts of electrolyte were used for
these tests, so larger amounts of electrolyte may be needed to
compensate for the losses until the cell stabilizes. Mo and GP
CCs, which are resistant to Cl~ corrosion, show high ICEs of
98,7% and 92,1%, respectively, and an average CE above 98%
during subsequent cycling. Although the loss mechanisms were
not further elucidated, the formation of stable deposits that
cannot be stripped due to a high surface energy is likely to be
the reason in the initial cycle."®*® This conclusion is supported
by Fig. 10b, where clear clusters are visible on some electrodes
in SEM and EDX images of a fully discharged cell with a Mo CC
after 100 cycles. Since the cathode of all batteries is GP,
cathodic reactions are unlikely to be the cause of the differ-
ences in the ICE. Plating of Al metal on the surfaces of the
electrodes was confirmed with XRD analysis, which indicated the
proportion of (111) and (200) Al deposits. The GP as anodic CC
results in a homogeneous layer of plated Al with some particles
forming on the surface (Fig. 10c). Due to the low surface energy of
graphite, it generally shows poor wettability.”! Aluminophilicity
might be achieved by increasing the density of defects at the
interface and thereby reducing the overpotential of the electro-
chemical reaction. The metals used for the different electrodes
were purchased and used directly as the CC without further
modification, except for the GP anodic CC, which was calcined
in Ar at 1000 °C for 3 h. Therefore, it is possible that surface
modification or the use of monocrystalline metals can strongly
increase plating and stripping efficiency.

9.2. Functionalized CC surface

In 2020, Zhao et al.**’ first demonstrated the importance of the
lattice mismatch between the CC and the Al on the

[o]
o

40

Fig. 10 Electrochemical measurements and ex situ characterization of different anodic CCs. (a) Cycling performance of different anodic CCs at a fixed
rate of 50 mA g~* (b) SEM and EDX measurements of fully discharged Mo anodic CC after 100 cycles. (c) AES image and corresponding AES elemental
mapping of fully charged GP anodic CC etched for 20 min by argon ion bombardment. Reprinted with permission,*?® Elsevier, Copyright 2022.
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Table 5 Summary of composition and electrochemical properties for the different AFAMBs. VW = voltage window, SC = specific capacity, CR = capacity

retention

CC Electrolyte Cathode VW/V SC/mAhg! CR/cycles Current Density Ref.
Al AICI3/[EMIm]CI Graphite Paper 1.5-2.5 58 98.6%/1000 02Ag " 128
GP AICI3/[EMIm]CI Graphite Paper 1.5-2.5 54.6 98.1%/1000 02Ag? 128
Mo AlCI3/[EMIm]CI Graphite Paper 1.5-2.5 53.2 95.8%/1000 02Ag" 128
Ag AICI3/[EMIm]CI Graphite Paper 1.5-2.5 ~28 0%/300 02Ag" 128
Ni AICI3/[EMIm]CI Graphite Paper 1.5-2.5 ~25 0%/~ 150 02Ag? 128
SS304 AlCI3/[EMIm]CI Graphite Paper 1.5-2.5 ~20 0%/~ 670 02Ag" 128
Mg AICI3/[EMIm]CI Graphite Paper 1.5-2.5 ~10 0%/ ~ 400 02Ag" 128
Cu AICI3/[EMIm]CI Graphite Paper 1.5-2.5 ~35 0%/ ~140 02Ag" 128
Au-SS Aqueous/ZnBr,, TPABr Graphene 1.5-2.5 ~45 74%/2000 1.4 mA cm > 127
Au@Ti Aqueous/ZnSO, Zn(OTF), EG 0.5-2.3 107.4 80%/900 02Ag! 131

homogeneity of the plating and thus on the growth of den-
drites. They hypothesize that a lattice mismatch between CC
and Al below 15% is necessary for the electrochemical plating
of dense Al layers. Their calculations have shown that the (111)
facet of Al has the lowest surface energy (0.96 ] m~?), which
favors compact growth in this orientation. To take advantage of
these properties, they investigated the Al plating/stripping
behavior of SS CCs coated with a 2D Au structure that pre-
dominantly exposes the (111) crystal plane. Au has a lattice
mismatch of only about 0.72% compared to Al, which signifi-
cantly improves the plating homogeneity compared to
uncoated CCs. The nucleation density of particles is drastically
increased with an average size below 250 nm, whereas on the
SS, which has a large lattice mismatch, clusters, and dendritic
structures dominate. In a cell configuration of SS-Au/Au-Al,
Zhao et al. achieved plating/stripping efficiencies of over 99%
for 500 cycles. This is especially good considering that the CC
was made of SS, which can be corroded by the electrolyte.'®
Meng et al. improved this concept by using titanium (Ti) as
the CC with a 10 nm Au lattice-matching layer, resulting in an
average CE of 99.92% for more than 4500 h in a cell versus Al-
Metal."*! In a dual-ion battery configuration with Ti/Au as an
anode and graphite as the cathode, a CE >98% was achieved
with a capacity retention of more than 78% after 2000 cycles.
Furthermore, a reduction of the Au layer thickness to 2 nm did
not significantly decrease the stability of the plating/stripping.

9.3. Summary of AFAMB development

The discussion above emphasizes the importance of the crystal
structure, interfacial structures, and nucleation sites for anode-
free AIBs. However, in terms of a commercial application, it can
be argued that the anode-free approach for the case of Al-ion
batteries is only suitable for niche applications. The low effort
of using Al-metal as an anode and CC at the same time and the
low price and abundance of the metal make the usage of more
complex approaches using surface modification and less abun-
dant materials unattractive."*” This is especially true since the
main advantage of Al is supposed to be the low price and
abundance. For an anode-free approach to be feasible, a stable
cathode of the conversion type or one that intercalates Al
cations has to be discovered.'*® Additionally, it has to be
manufactured in a fully charged state. Since the only good
performing and stable Al-ion batteries are based on carbon

This journal is © The Royal Society of Chemistry 2024

cathodes and nonaqueous chloroaluminate-based ionic liquids
as electrolytes and therefore the intercalation of chloroalumi-
nate anions, they are dual ion batteries and the amount of
electrolyte can be a limiting factor for the achievable
capacity.'”” The high price of non-aqueous chloroaluminate-
based electrolytes and the amount needed is prohibitive for a
successful commercialization. The composition and electro-
chemical properties for the different AFAMBs are summarized
in Table 5.

10. Conclusions and perspectives

In the present article, recent developments in anode-free metal
batteries that offer an alternative to anode-free lithium bat-
teries are reviewed. The metals considered were Na, K, Mg, Zn,
and Al. Seeking a common denominator to the understanding
of the present problem in a unified framework, special funda-
mentals to the concept of metal-philicity are provided, which
denominates the affinity of a metal for being deposited on the
CC, relative to the affinity of the metal for itself. This idea
seems to be common to all the systems studied and plays a very
important role in reducing the nucleation overpotential for
metal plating, in producing a smooth deposit, and in prevent-
ing the formation of dendrites. Since this concept is often
expressed quantitatively in terms of the binding energy of a
metal atom to a surface, which is assessed by DFT first-
principles calculations, a whole section is devoted to the
computational studies of AFMBs. The performance of AFMBs
could only be improved if the nucleation and growth mechan-
isms of the corresponding metals and the electrolyte decom-
position, SEI and dead-metal formation on the corresponding
metals are well-explored.

Promising electrochemical performances have been
obtained in full-cell configurations, but in all cases the CE
and specific capacity are still decreasing during cycling. In this
sense, the modification and coating of the CC surface, which
induces the desired metal philicity, plays a fundamental role in
the ordered plating of the metals, diminishing the overpoten-
tials and the dendrite formation. There are some common
materials for AFMBs, such as M-Xenes, carbon coatings, metal
alloys, nanoparticles, etc., which could allow the consideration
of these strategies as a possible general solution for the
different AFMBs.

Mater. Horiz., 2024, 11, 5914-5945 | 5939


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh00529e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 2024. Downloaded on 11/8/2025 2:05:11 AM.

(cc)

Materials Horizons

All these coatings have in common that they exhibit a high
surface energy compared to the surface energy of the metal to
be deposited. A high surface energy is generally achieved by
introducing a functionalization with a high defect density, e.g.
Nitrogen defects, vacancies or polar -F or -NH sites.

Furthermore, a functionalization of the separator side facing
the metal can be beneficial. As for the CC, a good wettability
between separator and metal enable a homogeneous nuclea-
tion which is especially important for anode free batteries. To
ensure a planar growth of the metal, the electrolyte should be
tuned such, that a smooth and strong anion-derived SEI can
build up. Ideally, such a strong SEI that does not break during
cycling can guide the metal to grow as a planar film. One
further requirement for the SEI is that its ion channels have to
be evenly distributed. As is well known by now, a SEI is rarely
comprised of one single compound but rather agglomerates of
different decomposition products, which can have totally dif-
ferent ionic conductivities. Therefore, an even distribution is
necessary to avoid uneven electroplating and thereby contin-
uous rupture and reformation of the SEI.

Broader implications and future directions

e More research is needed in the field of an artificial SEI or in
the case of an anode-free battery of a functionalized separator.
Here, the interaction energy between the SEI and the metal to
be deposited should be low, so that the SEI does not get
destroyed by the volumetric changes of the metal anode.

e The authors suggest to enable a homogenous metal
nucleation by an adjustment of the cycling routine. A pulsed
deposition in the first formation cycle can result in a much
more homogeneous plating. In this context, the series resis-
tance of all individual components should be taken into focus
of research as the network of all series resistances is what
determines the electric field distribution.

e The study of Fang and al.”** indicates that also the cell
pressure affects the homogeneity of the plated metal morphol-
ogy, i.e. a high cell pressure promotes planar growth. However,
this parameter is not yet in the focus of AFMB-research. There-
fore, for future works the authors suggest to provide detailed
information about the stacking height and the spring chosen
for coin cells. Advanced in situ imaging techniques such as
in situ optical microscopy, transmission X-ray microscopy, and
similar need to be further developed to learn more about the
nucleation and growth mechanisms of different metals. Mean-
while, in situ spectroscopic techniques such as in situ FTIR,
in situ Raman, in situ XPS, in situ NMR etc. should be used to
explore the electrolyte decomposition, SEI and dead-metal
formation on various metals.

e More studies on binding energies between the individual
battery components - CC, metal anode, SEI and separator — will
help to effectively tackle the main difficulties.

e Recycling and life-cycle analysis: It’s crucial to assess the
recyclability and overall environmental impact of AFMBs
throughout their lifecycle to ensure they truly represent a
sustainable alternative.
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e Scalability: While lab-scale demonstrations are encoura-
ging, the scalability of AFMB production processes needs care-
ful evaluation to meet the demands of large-scale energy
storage - especially with respect to safety concerns during
fabrication and operation.

Overall: post-lithium AFMBs improve
effectiveness through the use of abundant and inexpensive
materials, streamlined manufacturing processes, and an
increased energy density, making energy storage more acces-
sible and economically viable. These advances have the
potential to drive innovation in various industries, leading to
more sustainable, efficient, and affordable energy in the future.
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