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Prospects of single atom catalysts for dendrite-free alkali
metal batteries

The review of single-atom catalyst (SAC) technology for
the manipulation of alkaline metal anodes in batteries has
highlighted the efficient role in manipulating the alkali metal
anode in batteries. Sustainable paths for future critical
battery chemistry and material selections based on SACs
are further prospected to achieve advanced and sustainable
alkali metal batteries.
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High-energy-density alkali metal batteries (AMBs) offer a potentially promising and sustainable option for
energy storage. However, notorious dendrite growth and uncontrollable plating behaviors resulting from
random spatial ion/atom distribution and related high barriers restrict the development of AMBs. Different
from interphase engineering and architecture construction, the emerging catalysis modulation is pro-
posed to overcome above-related barriers, achieving uniform alkali metal nucleation and atom diffusion.
Among the various catalysts, single atom catalysts (SACs) exhibit an atomic exposure of nearly 100%, dis-
playing high atomic catalytic capability and efficiency. Although it is still at an early stage, the adoption of
SACs for modulating alkali metal ion/atom desolvation or diffusion has shown great promise in both fun-
damental research and practical applications. In this review, the fabrications and characterizations of SACs
are briefly summarized, and the principal mechanisms of SAC-incorporated alkali metal anode systems
Received 28th May 2024, are highlighted in terms of electrochemical analysis, microscopic/spectroscopic characterizations, and
Accepted 18th July 2024 theoretical simulations. In addition, sustainable paths for future critical battery chemistry and material
DOI: 10.1039/d4gc02590¢ selections based on SACs are highlighted. The associated opportunities and challenges are further pros-
rsc.li/greenchem pected to achieve a high-performance alkali metal anode.

1. Introduction
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(D) The competing kinetics between Li° localization with dendrite growth and Li° diffusion with lateral deposition.

vehicles (EVs), conventional LIBs have encountered capacity
bottlenecks owing to the limited specific capacities of cathodes
and graphite anodes.”™ Alternatively, alkali metal anodes
exhibit amazing superiorities such as the lowest standard
potential and high specific capacity, thus resulting in high
energy density. For example, a Li metal electrode shows a
capacity of 3860 mA h g™, which is about ten times higher
than that of a commercial graphite anode (Fig. 1A).>®
However, several challenges still remain that inhibit the devel-
opment of alkali metal batteries (AMBs):°>° (1) the dendrite
growth resulting from uncontrollable deposition behaviors,
causing severe safety problems; (2) the pulverization and for-
mation of “dead Li/Na”; (3) the repeated disruption and for-
mation of a solid-electrolyte interphase (SEI) on a metal
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surface. These problems are never independent but are com-
plicated via intrinsic interactions (Fig. 1B), especially under
harsh conditions such as low-temperatures.>*

To obtain dendrite-free alkali metal anodes, diverse efforts
and strategies have been undertaken to achieve dendrite-free
alkali metal anodes with long lifespans: (1) regulating electro-
Iyte components or additives for in situ electrochemical gener-
ations of a robust SEL;*** (2) employing inorganic/organic
artificial function layers with improved mechanical properties
on alkali metal surfaces;***” (3) constructing three-dimen-
sional architectures for infusing metallic Li/Na or buffering
volumetric expansion;**° (4) constructing conductive carbon
or alloy layers to modulate Li‘/neutral lithium atom (Li°)
transport.'®*'7% As observed, state-of-the-art SEI and host
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design approaches remain hot spots.’> To the best of our
knowledge, taking Li as a representative of alkali metals, the Li
plating process consists of several essential steps: interfacial
Li* desolvation, Li" diffusion and interfacial transfer, electro-
reduction of Li" to Li°, migration and redistribution of Li°,
nucleation and growth, as displayed in Fig. 1C.>*** These steps
are kinetically and/or thermodynamically controlled and are often
associated with various competitive processes at the interface. As
is known, the positive alkali ionic diffusion behavior is governed
by the strength of the electric field, interfacial desolvation, and
surface affinity. Fundamentally, as depicted in Fig. 1D, alkali
metal dendrite growth, such as Li anode, is attributed to the
heterogeneous spatial distribution of formed metal atoms and
their sluggish diffusion/migration to separate nucleus sites of
metal atoms on the surface, leading to the uncontrollable plating
morphologies.” Unlike the diffusion behaviors of metal ions, the
metal atom diffusion is less sensitive to the electric field and only
relies on the interfacial activity. Similarly, delocalizing and
spreading metal atoms rapidly across the surface is beneficial for
preventing the local metal aggregation and suppressing dendrite
growth.®”*>” Therefore, tuning surface chemistry for rapid
diffusion of alkali atoms is essential to achieve uniform and
lateral deposition, and the key issue is to clarify the main
obstacles to the diffusion barriers of surface atoms and how to
minimize them.?

To date, single atom catalysts (SACs) with nearly 100%
atomic utilization, anchored in nanocarbon or defect-abun-
dant particles, have been deemed the “holy grail” in catalytic
fields, opening up a new pathway for catalyzing chemical
reactions.>®*%*! Interestingly, SACs have also shown the
potential to address the challenges on alkali metal anodes,
consequently improving the performance of batteries. In these
battery systems, SACs are exposed and endowed with the
ability to accelerate solid phase conversions and activate the
surface for rapid ion transfer.’®*! Extending these knowledges
into alkali anode studies, SACs have also shown the merits in
regulating the ion/atom diffusion and plating behaviors.®***>
In this critical review, the typical synthesis and characteriz-
ations of SACs are initially introduced based on initial appli-
cation in sulfur cathodes; followingly, the studies of SACs for
achieving dendrite-free Li/Na/K anodes are reviewed, and the
roles of SACs in decreasing the energy barriers of the related
chemical processes are surveyed from a generalizable view-
point from desolvation, diffusion and nucleation; and finally,
the sustainable paths for future critical battery chemistry with
a special emphasis on materials selections and practical chal-
lenges in exploiting SACs for high-performance AMBs are
further outlooked.

2. Basic understanding of the
synthesis and characterization of SACs

To achieve the modulation effect of SACs in alkali metal
anodes, the precise fabrications of stable SACs face severe chal-
lenges because they tend to aggregate and grow into nano-
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clusters or nanoparticles, which greatly lowers the surface
energy and reduces the activity.*™*® Among the reports, the
widely used strategy can be classified into two aspects: (1)
heteroatom-assisted anchored coordination, typically for
N-doping; (2) semiconductor nanocrystals with defect-rich
sites as “trapping” sites to stabilize metal atoms.

Wet impregnation and high-temperature pyrolysis of
various metal-based precursors are often adopted. The metal
ion precursors are preferentially adsorbed on the heteroatom-
doped sites via sufficient immersion and are then transformed
into single metal atoms upon thermal treatment in a specific
atmosphere. As shown in Fig. 24, by dispersing the iron pre-
cursor and heteroatom-doped carbon matrix into the anhy-
drous ethanol suspension, a uniform distribution of single Fe
atom catalyst (SAFe) can be achieved in the hybrid composites
after evaporation and reduction treatment.’® Although the wet
impregnation method enables simple steps and low cost, the
low atom loading concentration and partial agglomeration
often limit its wide applications because the atomic concen-
tration is determined by the doping amount of N atoms in
nanocarbons.?>*® Therefore, the strategy of high-temperature
pyrolysis is developed, and the SAC precursors are initially co-
ordinated and dispersed by the N-provider. After pyrolysis,
single metal atoms are in situ anchored onto the carbonized
supports. For example, the Co precursors are well embraced by
the N-containing polymer after sufficiently mixing, signifi-
cantly improving the loading concentration of SACs in the
nanocomposites (Fig. 2B).*" After high-temperature treatment,
the N-provider is converted into N-doped nanocarbon and
serves as the holder to anchor well-distributed Co atoms.

Owing to the unstable chemical environment of defects in
metal compounds, the deficient sites are driven to trap metal
atoms to fill in the surroundings with high electronic density and
low coordinate numbers.>>® For instance, with the aid of the
atomic layer deposition (ALD) technique, the atomic Au is well-
captured by the oxygen vacancy in the TiO, and forms a Ti-Au-Ti
bonding structure.”® Because the application of ALD is limited by
the expensive facility cost and the complex production process,
more feasible methods, such as hydrothermal reactions, are also
developed in this regard. As displayed in Fig. 2C, the defect-abun-
dant Fe,_,S was synthesized through the hydrothermal reaction
with the reductive atmosphere, acting as a host for locating the
single Co atoms simultaneously.®

To verify the presence of atomic metal catalysts, aberration-
corrected scanning transmission electron microscope
(AC-STEM) and X-ray absorption spectroscopy (XAS) are usually
combined to observe electronic surroundings and chemical
information.*®* The bright atoms can be well judged by the
difference from the carbon matrix in the high-resolution STEM
(Fig. 2D).% Apart from observing the concrete morphology of
individual atoms, the valence state information of the single
atoms can be further obtained by resorting to the corres-
ponding electronic energy loss spectroscopy (EELS) pattern. In
the XAS, the near-edge information of the metal atom is avail-
able to detect an electronic structure that differs from the
references. The Fourier transform is also used to assign the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Synthesis of SACs using a heteroatom-assisted anchored coordination strategy: (A) wet impregnation. Reproduced with the permission.*®
Copyright 2019, Elsevier. (B) High-temperature pyrolysis. Reproduced with permission.*! Copyright 2020, Elsevier. (C) Defect site-assisted stabiliz-
ation. The atomic characterizations of SACs through (D) AC-STEM with EELS. Reproduced with permission.® Copyright 2021, American Chemical

Society. (E) XAS. Reproduced with permission.*® Copyright 2019, Elsevier.

coordination number and coordinate the bond between the
central atoms and neighboring atoms (Fig. 2E).*°

3. Roles of SACs in high-
performance Li metal batteries

In Li metal batteries, the utilization of Li metal anodes during
plating/stripping remains one of the most practical challenges

This journal is © The Royal Society of Chemistry 2024

to overcome. From the aspect of architecture design, the Li"
diffusion in electrolyte and across SEI/cathode-electrolyte
interphase (CEI) and electrode materials has been extensively
studied, and various strategies for constructing artificial layers
or hosts have been reported to enable the efficient operation of
Li metal anodes. However, poor knowledge of dynamic kine-
tics makes it hard to effectively reduce the barriers of Li* deso-
Ivation, diffusion, and nucleation at the interface, which are
responsible for sluggish kinetics.>® As discussed above, the

Green Chem., 2024, 26,10366-10382 | 10369
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constructions of 3D current collectors with lithiophilic sites
effectively reduce the local current density and promote
uniform nucleation of Li*. Unfortunately, the electron-coupled
Li atom (Li°) is non-sensitive to the electric field, usually
relaxes quickly and localizes in a confined region with limited
diffusion owing to the higher diffusion barrier. In this case,
the Li dendrites are also formed during the long-term plating/
stripping process. Meanwhile, the large applications of 3D
current collectors sacrifice the energy density of Li anodes.
Therefore, how to effectively manipulate the Li behaviors
across the interface and diffuse around the Li surface is much
more important. By bringing the metal-based or alloy modu-
lators down to the atomic level, the energy barriers of Li* depo-
sition at the interface can be reduced, and the Li° diffusion
path can be optimized. In this section, the behaviors of Li des-
olvation, nucleation, and diffusion are discussed in detail
under the modulation of SAC.

3.1 SAC in facilitating interfacial Li*-solvent desolvation

As known, the dissociation degree of the Li" solvation shell at
the interface during electroplating is related to the subsequent
Li* migration across the interface and further uniform Li°
diffusion.®>* The desolvation of solvated Li" has a high energy
barrier, which is the decisive step in the process of Li"

View Article Online
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migration and Li° diffusion candidates during plating.’>>>>°
To deal with the desolvation barrier, our previous work first
demonstrated the electrocatalytic method to dissociate Li"
from Li*-solvent molecular clusters.’® Fe-based atomic catalysts
were developed as compelling candidates due to their intrinsic
sustainability and practical applicability. Briefly, atomic Fe was
anchored on cation vacancy-rich Co,_,S embedded in 3D
porous carbon (SAFe/CVRCS@3DPC), as demonstrated by
theoretical simulation with the lowest formation energy, acting
as an interfacial promoter. Furthermore, the solvation struc-
tures of Li* with different degrees of coordination were inti-
mated. As the coordination number increases around Li*, the
higher desolvation barriers must be overcome from —0.65 eV
to —3.83 eV. For example, the dissociation of Li (DME)," to Li
(DME);" and the free DME molecule requires a desolvation
energy of 36.84 k] mol™" (Fig. 3A). However, the SAFe/CVRCS
helps to accelerate this process, and the spontaneous dis-
sociation was achieved by changing the strong coordination
structure of Li(DME)," to a weak coordination structure.

To visualize this process, the in situ sum frequency gene-
ration (SFG) method was developed to explore the dynamic
desolvation evolution behavior at the interface (Fig. 3B). At the
open-circuit voltage (OCV) state, distinct vibration peaks of
C=0 and C-H assigned to solvent molecules were observed.

IR
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Fig. 3 (A) SAC accelerates Li (DME),* desolvation. (B) Characterization of SFG in monitoring interfacial desolvation. TOF-SIMS of (C) SAFe/
CVRCS@3DPC-Li and (D) original Li. (E) Nucleation overpotential. Reproduced with permission.>® Copyright 2023, Wiley-VCH.
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Once a bias voltage is applied to the two systems, the charac-
teristic peak intensity of the solvent at the interface decreases.
However, the SAFe/CVRCS@3DPC-based system exhibited
much lower intensity, indicating the superior capability of
SAFe/CVRCS@3DPC in dissociating Li" from Li'-solvent clus-
ters. The dendrite growth and obvious cracks on the pristine
Li anode were observed by applying an ex situ scanning elec-
tron microscope (SEM), which was also detected by time-of-
flight secondary-ion mass spectrometry (TOF-SIMS).
Simultaneously, LiF,” and LiO~ in the SAFe/CVRCS@3DPC-Li
electrode were concentrated on the electrode surface and
evenly distributed uniformly, which was mutually verified with
the results of smooth metallic Li plating on the surface of
SAFe/CVRCS@3DPC-Li  electrode (Fig. 3C and D).
Consequently, the SAFe/CVRCS@3DPC-Cu electrode had a
lower nucleation barrier (29 mV), and the SAFe/CVRCS@3DPC-
decorated symmetrical Li cell had a surprisingly long lifetime
of 1600 h at 0.5 mA cm 2 (Fig. 3E). A high-capacity retention of
90.5% was achieved after 300 cycles at 0.5 C in the optimized
Li-LiFePO, full cell. Under the catalytic effect of SAFe/CVRCS,
solvated Li" was immediately dissociated at the interface of the
catalytic layer, and then free Li" and solvent were generated at
the interface, which accelerated the kinetics of Li" nucleation
and smooth Li anode formation.

3.2 SACs in delocalizing lateral Li*/Li° diffusion

SACs, with their highly active sites, can accelerate the desolva-
tion process of lithium ions, releasing Li" from the solvation
structure. Following desolvation, the uniformity of Li* distri-
bution and diffusion is also responsible for the possible depo-
sition of Li® against Li dendrites.®**** To deal with the poten-
tial barriers, inspired by the high catalytic activity of SACs, the
atomic Zn on the MXene layer (Zn-MXene) shows that Li" can
be nucleated uniformly on Zn-MXene and exhibits a smooth
surface during the initial plating stage.”” Through the synergis-
tic interaction of a strong electric field at the edge of MXene
and numerous Zn atoms, the nucleation barrier of Li* was
reduced, and the deposition of Li’® was rapidly promoted.
Enhancing the areal capacity to 60 pA h cm™?, the surface of
Zn-MXene could afford bowl-like Li deposition without den-
drites. In addition, a detailed understanding of Zn single-atom
catalysts (ZnSAs) in Li metal batteries was investigated through
theoretical calculation and chronoamperometry characteriz-
ation. The physical properties of electronic density difference,
binding bond, and Li" migration were compared with/without
ZnSAs. Compared to graphene, significant delocalization was
detected at the entire plane of the ZnSAs, indicating that the
space electron redistribution is attributed to the atomic Zn
(Fig. 4A).>® More importantly, the lower binding energy of Li°
on ZnSAs (—3.66 vs. —2.37 eV) indicates a higher probability of
Li" deposition at the ZnSA site. Simultaneously, the surface
migration energy barrier of Li’ in ZnSAs is also the lowest,
suggesting that Li° can easily migrate to adjacent regions,
which contributes to the uniform deposition of Li® and that
the ZnSA-modified Li anode exhibits lower plating/stripping
overpotential (12 mvV).

This journal is © The Royal Society of Chemistry 2024
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By regulating the core metal atom of SACs, electron density
states are redistributed, thereby improving catalytic activity.
The 3D structure of lithiophilic monatomic Co grew on
N-doped carbon nanosheet-carbon fiber cloth (CC@CN-SACo)
and was designed for dendrite-free Li metal batteries.>® The
Fermi level of the Co site shifts upon interaction with Li°
adsorption, especially for the 3d,, and 3d,,. More importantly,
the Li-s orbital hybridized with the Co 3d,, and 3d,, orbitals
forms a strong electron pairing, resulting in the high activity
of the SACo site (Fig. 4B and C). It is worth mentioning that
the SEI film generated on the CC@CN-SACo@Li anode was
more stable, inhibiting the continuous occurrence of side reac-
tions, and the symmetric cell maintained excellent long-term
stability (500 h at 5 mA cm™2). Inspired by sulfur cathode
systems, the molecular dynamics (MD) simulation of single
atom Fe as lithiophilic sites in an N-doped carbon matrix
(Fega~N-C) shows that Li" tends to diffuse around Fegy,-N-C,
rather than being randomly distributed on the original carbon
substrate.®® Meanwhile, the radial distribution function (RDF)
in Fig. 4D showed that there was a weak characteristic peak
between Li" and carbon structure (at 0.6-0.7 nm), while the
peak between Li" and Fegy,~N-C was sharp (at 0.2 nm), indicat-
ing the lithiophilicity of Fess,—N-C.

Various lithiophilic and catalytic activities of metal atoms
have been screened and guided for experiments. Different
single atoms were modeled on the N-doped graphene, and the
corresponding adsorption energies of Li were calculated and com-
pared. The interaction force between the metal atoms and the N
atom promotes the charge transfer from the SAC sites to the gra-
phene substrate, thereby optimizing the local electronic structure
(Fig. 4E).*" Moreover, the introduction of heteroatoms improves
the lipophilicity and optimizes the nucleation behavior of Li".
Among them, SAZr@NG had the largest Li’ binding energy
(—3.24 eV), while SAMn@NG had the lowest (—1.42 eV). However,
the selection of SACs not only focuses on the single theoretical
value of adsorption energy, but the stability of the SAC structure
is also very important. Fig. 4F shows that with the increase in
plating amount, the bond length and angle of SAZr@NG changed
dramatically (~0.103 A, ~9.05°), leading to the collapse of the
structure and the decrease in catalytic activity. On the contrary,
the structural change in SAMn@NG was much smaller than in
other control groups (~0.005 A, ~0.06°). Although much progress
has been achieved in the regulation of SACs, the research on opti-
mizing and reducing the nucleation energy barriers is still in its
infancy and early stage.

In addition to the central sites, the structures of the SACs
also include the adjacent coordination atoms and the func-
tional hosts. Notably, the regulation of coordination atoms
also causes local charge redistribution and a change in charge
transfer paths (Fig. 5A). To identify the catalytic nature from
the regulation of coordination atoms and coordination bonds,
Zhai et al. constructed single atom loaded N-doped graphene
(SAM-NG) to form an M-N,-C nanostructure, exploring the
relationships between SAC structure and catalytic activity.®?
Fig. 5B depicts the randomness of the Li" nucleation site on
the bare carbon substrate, while the lithiophilic metal hetero-
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atoms regulate the nucleation barrier of Li* and promote the
uniform deposition of Li’. In this case, the single-atom Ni on
the NG (SANi-NG)-based electrode had a smooth surface at
0.5 mA h ecm™ (10 h), while the pristine graphene sample had
a bumpy surface (Fig. 5C). Besides, single atom Ni onto 3D
ordered mesoporous N-doped carbon was constructed, and
related coordination atoms affecting the charge transport and
electron cloud distribution in the active site were also revealed.
Despite the nitrogen-related coordination environment,
different chemical coordinations for constructing an asym-
metric SAC environment are considered to achieve high cata-
lytic activity. For example, asymmetric N- and O-coordinating
Co atoms (Co-N/O) on graphene were proposed to accelerate

10372 | Green Chem., 2024, 26,10366-10382

the deposition kinetics of Li". As shown in Fig. 5D, the co1 site
in the Co-N/O-500 had the largest Li" binding energy (—1.832
eV), and the adsorption capacity of the coordination atom N
was also improved to a certain extent (N1 site, from —0.751 eV
to —0.963 eV).® In addition, the free energy of Li' to Li°
showed that the asymmetric coordination environment of O
and N increased the active site activity of the Co and reduced
the nucleation barrier of Li* (Fig. 5E).** Therefore, the asym-
metric coordination environment can induce the charge
rearrangement of the central atom so that the catalytic activity
of Co, N, and O atoms can be jointly improved.

Optimizing the structure of SAC can improve the catalytic
ability, and the number of active sites further increases the

This journal is © The Royal Society of Chemistry 2024
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catalytic efficiency. The nucleation and plating behaviors of
metallic Li are closely related to the number of active sites.
Compared with inorganic carbon substrate materials, the 2D
conjugated organic covalent organic framework (COF) has
more functional groups and can provide more abundant active
sites. Zhang and co-workers optimized the local coordination
environment by trapping a single atom Co in a coordination
conjugate COF (sp’c-COF-Co).** The DFT calculation results
show that the Co-N coordination and cyano-group (strong elec-
tron absorption) induced the electron transfer from the Co site
to the bipyridine site and then constructed a local electron-
rich state, which also accelerated the migration of Li' and
inhibited the dendrites growth (Fig. 5F). The theoretical calcu-
lation further verifies that the SACo made the binding force of

This journal is © The Royal Society of Chemistry 2024

Li* with sp”c-COF-Co better than that of sp’c-COF (—3.302 vs.
—1.856 eV). Based on this, suitable lithiophilicity, appropriate
porosity and charge transfer induced by SACo promote the
high migration barrier (0.532 eV) of Li" in the sp”*c-COF-Co
plane direction. Therefore, the sp”c-COF-based cell had a high
Li" transfer number (0.76) and a very low Li' nucleation barrier
(8 mv).

In our previous studies on sulfur cathode catalysts, the
defect-rich metal oxides/sulfides can change the electron
density, thereby accelerating the conversion kinetics of
polysulfides.**>*%>%¢ This inspired us to determine whether
SACs can be introduced on nanoparticles to further enhance
the catalytic efficiency. The methodology of “SAC-in-Defects”,
which utilizes the abundant defect sites in semiconducting

Green Chem., 2024, 26,10366-10382 | 10373
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nanocrystals to capture SACs, has been proposed and success-
fully implemented.® The active single atom Co on defective
iron sulfide and layered porous carbon (SACo/ADFS@HPSC)
acted as the validation model. Catalyzed and guided by highly
active SACo, much lower Li* nucleation from 18 to 12.5 mV
was achieved, and the cycle life of the SACo/ADFS@HPSC-
modified Li electrode was extended to 1600 h (Fig. 6A).
Meanwhile, the cycled surface morphologies of the original Li
electrode and SACo/ADFS@HPSC-Li show that SACo/
ADFS@HPSC regulates the distribution of Li" flux and inhibits
dendrite growth (Fig. 6B and C). On this basis, the large
number of atomic Co active sites in SACo/ADFS@HPSC is ben-
eficial for accelerating Li" transport and averaging related Li"
spatial distribution. The uniformly deposited Li° prefers to
deposit along the Li surface, thereby inhibiting dendrite
growth. Impressively, the fabrication of a pouch cell based on
SACO/ADFS@HPSC-Li with sulfur loading up to 5.4 mg cm™>
could provide an outstanding area capacity of 3.78 mA h cm™?,
Which can provide full energy for smart devices.

To explore catalytic activity at the heterojunction interface,
atomic Pt into In,S;/TizC, binary nanosheets (Pt SAs/In,Ss/
TizC,) was designed to protect Li anode.®” The rearrangement

A

SACo in defected Fe,,S
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i ,: a
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of electron density at the interface of Pt SAs/In,S; and Ti;C,
contributed to the exchange of the electrons from Li* to Li°,
which significantly reduced the nucleation barrier of Li" and
inhibited the formation of Li dendrites (Fig. 6D). Thus, the Pt
SAs/In,S;/Tiz;C,@PP-based symmetrical cell had a very low
overpotential (~49.6 mV) even after 1100 h plating/stripping at
1 mA cm™2 Furthermore, the Pt SAs/In,S,/TizC, separator
modification simultaneously fulfilled the functions of inhibit-
ing polysulfides with the shuttle effect. Under sulfur loading
(6.4 mg ecm™?), the Pt SAs/In,S;/TizCy-based Li-S cells exhibi-
ted an excellent long cycle life.

As discussed above, the single-metal atom catalyst could
reduce the barriers of desolvation, ion migration, and
diffusion at the interface and promote the nucleation of Li* to
Li°. However, the deposition behavior of Li® was also known to
be influenced by the interfacial tension, and the surface
diffusion is limited by a high barrier. More importantly, com-
pared with the original Li surface, the Li’ binding energy was
increased from 1.388 to 1.589 and 1.611 eV after introducing
SAFe and SANi, respectively.>* Moreover, the diffusion energy
barriers of Li° at SAFe@NC and SANi@NC were further
reduced, enabling smooth transverse surface diffusion of Li°
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Fig. 6 (A) SEM images of the different electrodes after plating. (B) Schematic of plated metallic Li behaviors on Li without/with SACo/ADFS@HPSC.
(C) Soft pack battery application. Reproduced with permission.® Copyright 2021, American Chemical Society. (D) Voltage—time curves of different
separator modifications based on Li//Li symmetric cells. Reproduced with permission.®” Copyright 2022, Wiley-VCH.
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(Fig. 7A). To signify the catalytic efficiency, the binary Ni and
Fe metal atoms in ultralight N-doped carbon nanofiber paper
(SAFeNi@LNCP) were proposed. The SEM images in Fig. 7B
further verify that Li® was uniformly deposited and transversely
diffused across the surface of SAFeNi@LNCP under the syner-
gistic action of SAFe and SANi, while the deposition of Li® on
the bare LNCP substrate showed serious aggregation (Fig. 7D
and E). Consequently, the SAFeNi@LNCP-Li-based cell had a
lower overpotential (25 mV) and a longer plating/stripping life
(900 h) at the practical capacity of 3 mA h em™2, showing great
prospects for future applications (Fig. 7C). Therefore, the depo-
sition behavior of Li® was influenced by the current density
and the Li° diffusion rate. When the deposition rate of Li®
exceeds the diffusion rate with increasing current, Li® grows
vertically on the surface of Li metal, and then dendrites are
generated. After the introduction of SACs, the diffusion rate of
Li® at the active site was accelerated to achieve the uniform
diffusion and lateral redistribution of Li® on the anode

This journal is © The Royal Society of Chemistry 2024

surface. Therefore, the SAFeNi@LNCP-Li-based cell had a
lower overpotential (25 mV) and longer plating/stripping life
(900 h) at the practical capacity of 3 mA h cm™?, showing great
promise for future applications.

4. Single atom catalysts in alkali
metal batteries beyond lithium

Furthermore, concerns over the geographical availability and
cost of lithium metal have recently triggered the study and
development of a “post-lithium” battery technology based on
more naturally abundant alkali elements, such as Na. Owing
to the abundance of elemental Na in nature, Na metal anode
has received more attention in industrial and research fields.
Similar to metallic Li, metallic Na anode also suffers from den-
drite formation and “dead Na” during the continuous plating/
stripping process, which in turn poses a safety risk to bat-

Green Chem., 2024, 26,10366-10382 | 10375
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teries.®® Similar to Li anode, Li et al adopted functional
hollow carbon nanotubes with single atom Zn embedded in a
carbon shell (Zng,-HCNT) as a promotor of Na' plating/strip-
ping kinetics.®® The In situ TEM in Fig. 8A shows that the
metallic Na grew uniformly along the tube wall of Zng,-HCNT
until it was completely coated, and the diameter of the tube
wall increased from the original 330 to 410 nm during plating
and gradually decreased to 340 nm during the subsequent
stripping process, indicating that the Zngy,-HCNT had
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sufficient strength and the ability to promote the rapid trans-
port of Na*, reduce the nucleation barrier of Na* and inhibit
the growth of Na dendrites.®® The Na symmetrical cell based
on Znga-HCNT electrodes can achieve a long cycle life of over
900 h at a high current density of 10 mA cm™2. The anode sub-
strate plays an important role in the nucleation behavior and
deposition kinetics of metal ions. The carbon substrate with N
anchored single atom Zn on carbon substrates (ZnSA-N-C)
was used to match the nucleation and deposition kinetics of
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Fig. 8 (A) In situ TEM observation of metallic Na plating/stripping on the ZnSA-HCNT anode.®® Copyright 2022, Wiley-VCH. (B) In situ optical

microscopy observations. Reproduced with permission.”®

Copyright 2019, American Chemical Society. (C) Dissociation energy barrier of HC-SLG

with/without SAZn to catalyze NaPF¢. (D) Schematic of the Zn-HC-enhanced rate capability mechanism. Reproduced with permission.”* Copyright

2023, Wiley-VCH.
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Na' to achieve the protection of the Na anode. The results
show that Na* on ZnSA-N-C had a very low nucleation overpo-
tential (0 mV), which is much lower than that on carbon cloth
(9 mV) and bare copper foil (32 mV) substrates. In particular,
SAZn had a strong binding ability for Na* (0.34 eV vs. 0.09 eV),
which can act as a sodiophilic site to achieve rapid nucleation
and uniform diffusion of metallic Na. Simultaneously, the
in situ optical microscopy results showed that dendrites and
dead sodium quickly appeared on the bare copper foil within
30 min of plating (Fig. 8B).”® However, homogeneous metallic
Na deposition occurs on the surface of the ZnSA-N-C-based
electrode, which preferentially nucleates at the SAZn site.
Thus, the Na-Znga-N-C-based symmetrical cell had a long
plating/stripping life of 1000 h at 0.5 mA cm™2.

It should be noted that the solvation phenomenon of Na*
with a delayed solvation shell structure becomes more severe
as the ambient temperature is lowered, leading to a decrease in
ion mobility in the bulk or at the interface. As discussed in the
Li metal anode, it is of great interest to accelerate the sluggish
diffusion/transport kinetics of Na" at low temperatures using
catalytic SACs. The placement of single-atom Zn on hard carbon
(zn-HC) on metallic Na and the long cycle life at low tempera-
tures was demonstrated by Lu et al”’ Meanwhile, the DFT
results in Fig. 8C revealed that the modulated electronic site of
Zn-HC promoted the decomposition of NaPFs and the for-
mation of Na-F (1.62 vs. 2.55 eV), contributing to the formation
of a dense and uniform NaF-dominated SEI layer. The results of
F 1s of Zn-HC after SEI formation showed that the content of
the Na-F characteristic peak (25.4%) was higher than that of HC
(12.1%), proving that SAZn accelerated the decomposition of
NaPFs. Simultaneously, the establishment of a local electric
field promoted the adsorption, transport, and storage of Na' at
the interface, achieving excellent cycling stability at —40 °C (85%
capacity retention after 400 cycles, Fig. 8D).”"

To improve the utilization of metallic Na, a porous N-doped
carbon with a single atom Co (Cosy@NC) was prepared by
direct pyrolysis of Co-doped organometallic frameworks.”” The
images of the morphology evolution of metallic Na plating
during the cycling were recorded using SEM and cryo-trans-
mission electron microscope (Cryo-TEM) techniques. It can be
observed that the rod-shaped Na dendrite was initially gener-
ated on the Co nanoparticle-controlled electrode and that the
generated dendrite shape changed to a nubby-like with some
“dead Na”. In Cryo-TEM, the Cos,@NC matrix showed a lateral
uniform distribution of plated Na on the surface and dead Na-
free morphology, which can be ascribed to the numerous well-
distributed catalytic Cog, sites in the direction of Na
migration. As simulated by theoretical calculation, the Coga
sites also exhibit a strong affinity to Na° (—2.29 eV), further
smoothing the deposition of Na'. The nucleation barrier was
extremely reduced with the highest activity of single atom Co
sites for Na* plating (11.5 mV overpotential, at 0.5 mA cm™?).
Increasing the binding strength between the active site and
the carbon substrate can promote the stability of the structure,
thereby achieving the long-term cycling stability of the battery
at 0.5 C (473 mA h g™ after 500 cycles).

This journal is © The Royal Society of Chemistry 2024
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As another sustainable energy storage technology, potass-
ium metal batteries have also shown potential for application
in large-scale energy storage due to their low cost, abundant
resources, and suitable working potential.”®> Compared with
Li* and Na*, K' has a smaller solvation radius (4.8 A vs. 4.6 A
vs. 3.6 A), a faster ion diffusion rate, and a lower solvation
energy barrier. However, consistent with Li and Na, slow
nucleation kinetics and uncontrollable dendrite formation
have also limited the development of potassium metal bat-
teries at the laboratory stage. As mentioned above, SACs could
accelerate the desolvation of alkali metal ions and reduce the
nuclear barrier, thereby promoting the uniform diffusion of
metal atoms. The biocarbon substrate modified by a single-
atomic Co catalyst (SA-Co@HC) was used as a host for K metal
to achieve a dendrite-free K metal battery.”* Furthermore, the
porous and vertical channels in HC can provide pathways and
space for metallic K deposition. Simultaneously, SA-Co had a
better K° adsorption energy (—1.16 eV) to reduce the nuclea-
tion barrier of K'. Therefore, the overpotential (3 mV) of the
SA-Co@HC electrode was much smaller than that of the Cu
foil and HC electrodes. More importantly, the uneven depo-
sition of metallic K in the bare Cu foil during the long cycle
induced the uneven distribution of the electric field, which in
turn generates dendrites and continuously destroys SEI. The
simulation results and SEM images showed that there was a
more direct and efficient K* transport route in the SA-Co@HC/
K composite electrode, and the current was evenly distributed,
resulting in the long-cycle stability of the K metal battery (over
2500 h). These results clearly demonstrated the potential of
SACs in boosting the Na and K metal battery technologies.
However, their development is still at a very preliminary
research level.

5. Sustainable path for future critical
battery chemistry and technology

5.1 Sustainable materials for next-generation battery
chemistry

It has been demonstrated that SACs can be utilized to enhance
battery performance, particularly in Li-based batteries, allow-
ing for kinetic and uniform plating. To achieve sustainability
in battery chemistry, it is essential to consider the necessary
factors, such as cost, availability of elemental resources, and
life-time cycling assessment.”®’”® These crucial variables play a
major role in the development of next-generation battery
chemistry. As is known, the practical applications of batteries
are significantly determined by the cost and energy density of
the electrode materials.”” The abundance of elements used in
batteries intrinsically determines their cost. Currently, there is
a shift in focus from lithium-based batteries to other post-
lithium ion/metal batteries, whose elements are more abun-
dant on the earth and more sustainable (Fig. 9). This shift has
spurred the development of next-generation alkaline ion
batteries, such as sodium and potassium-based batteries or
high volumetric-energy magnesium/calcium batteries.”®”®

Green Chem., 2024, 26,10366-10382 | 10377
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In addition to the direct transition of alkali metal, several chal-
lenges still remain in the electrode materials, especially on the
cathode side, which strongly relies on the transition metals.
Efforts should also be devoted to reducing the cost and
environmental impact of electrode materials. For example, the
organic electrode materials are proposed as “green” and sus-
tainable alternatives to conventional inorganic
compounds.®”®" Beyond conventional insertion cathodes, the
exploitation of O, or CO, as cathodes in alkali metal batteries
enables a much higher theoretical energy density integrating
battery sustainability, in which the energy storage chemistries
for cathode and anode get a potential breakthrough by the SAC
chemistry.?>® In terms of electrochemical catalysts, various
metal-based elements, ranging from noble to non-noble
metals, are being utilized or studied as indicated in above
works. The primary concern is that elemental abundance and
sustainability determine the same standard for choosing metal
atoms, even though they may have compromised electro-
chemical activity or efficiency. For example, cobalt-based cata-
lysts are currently regarded as the most efficient catalysts, and
they are much more expensive than iron-based catalysts.
However, the exposure of cobalt is believed to severely threaten
environmental harmony by contaminating the soil and water
and introducing health risks, such as neurotoxicity.>* Despite
the electrode materials, the electrolyte chemistry is also very
crucial for greener, safer, and more sustainable batteries. The
widely used organic electrolyte systems in current batteries
need to be considered by replacing green components, such as
F-free solvents and salts, even though the cathode or anode
contains less rare or toxic metal.®®> Because of the presence of
F-related ingredients in some electrolytes, such as PFs~ or
FEC, these F-containing electrolyte additives or salts may
break down and experience side reactions under certain cycles

10378 | Green Chem., 2024, 26,10366-10382

at the electrolyte/electrode interface, which inevitably generate
corrosive byproducts, toxic gas or substance and cause uneven
SEI on the electrode surface. To help achieve a sustainable and
green electrolyte, further intense focus or attention is required
in selecting green salts, solvents and electrolyte additives.
With significant effort, aqueous battery systems or novel green
chemistry for designing sustainable battery materials may
offer a sustainable path toward a greener future.®®™®®
Therefore, the integration of SACs in alkali metal batteries is a
multifaceted approach that addresses several aspects of sus-
tainability, from material selection to environmental impact,
and can significantly advance the field of green energy storage.

5.2 Greener synthesis of atomic catalysts for sustainable
battery technologies

Because of the 100% exposure, the SACs have an extremely
active catalytic capacity. As described in section 2, high-temp-
erature pyrolysis and wet immersion chemistry are the two
current methods used to synthesize SACs.®® The methodology
described above unavoidably involves the use of some organic
solvents or energy-consuming processes, neither of which is
advantageous for advancing the sustainability of scale-up pro-
duction. Generally, synthesis variables, such as the presence of
the center metal atom, the ability to adsorb materials, and the
chemical structures, are linked to the catalytic activity and
efficiency.”® Green chemistry requires redesigning or optimiz-
ing the fabrication process to avoid using dangerous chemicals
or solvents.”® Different coordination environments, such as
heteroatoms and defects, can be controlled to load SACs at
high concentrations without aggregating. Using a distinct
coupling mechanism that exhibits gradual activity, the precise
modulation of a metal atom from one atom to multiple atoms
can be achieved. Furthermore, the broader electronic inter-

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Challenges and prospective summary of single atom catalyst
modulators in alkali metal batteries.

action surrounding metal atoms and metal-based compound
hosts may also be used to anchor single metal atoms, demon-
strating the interconnected charge transfer across the inter-
face.”’ The optimal catalysts presented in the study should
maintain their activity and catalytic efficiency from nanoscale
to meter scale during the process of scaling up production. A
new path to different types of metal atoms may also be made
possible by intensifying efforts to streamline the template-
assistance synthesis procedure.**** In addition to the afore-
mentioned interfacial “single-atom-in-defects” catalysts, other
methods for preparing SACs have also been explored, such as
electrochemical methods and the molten salt method, which
represent milder, more environment-friendly and energy-
efficient routes towards high-quality SACs.”*°* Apart from
atomic metal designs, creative schemes and additional
support are crucial factors that impact commercialization to
achieve the goals of “Carbon-Peak” and “Carbon-
Neutralization”. Better yet, the atomic metals show varying
catalytic capacities due to distinct elemental coordination
sites. To advance the sustainability narrative in the fields of
green energy and green chemistry, particularly in relation to
SACs for battery technologies, it is essential to innovate by
enhancing the structural architecture of catalysts, optimizing
the interaction at coordination sites, and conducting more
extensive environmental impact assessments. This holistic
strategy aims to maximize efficiency and minimize the ecologi-
cal footprint in the development and application of next-gene-
ration energy storage technologies.

6. Conclusion and prospects

In summary, the applications of SACs in alkali-metal anodes
has opened a new route for fabricating dendrite-free alkali
metal batteries. SACs on the hybrid matrix provide the high
ability to break down associated barriers to modulate the kine-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical Review

tics of interfacial desolvation, ion diffusion and atomic
diffusion. Resorting to the uniform distribution of active SACs,
a uniform alkali metal deposition layer can be easily achieved
by the delocalization of atoms with random dendrite growth
disappearance activity. Despite several advances achieved, the
development of using SACs on metallic alkali metal surfaces is
still in its infancy, and further attempts should be made, as
suggested in the following aspects (Fig. 10):

(1) Scale-up fabrication with high atomic loading of SACs: as
discussed above, the ability to manipulate surfaces is influenced
by catalytic site numbers or concentrations. Improving the cata-
Iytic atom concentration in the modulation layer would be ben-
eficial for achieving a smoother lithium layer. To date, the fabrica-
tion of SACs is mainly supported on heteroatom-doped nanocar-
bon or defective metal materials and lacks technical capabilities
for scale-up. Developing theoretical calculations for screening
highly efficient SACs for alkali metal anode is required prior to
synthesis. A new methodology should be developed to synthesize
SACs with large-scale output. Meanwhile, conducting a systematic
summary or comparison is recommended to further guide the
synthesis directions.

(2) Quantitative assessment between catalytic efficiency and
plating morphology: as stated in previous reports, the electronic
density distribution of edged metal atoms in the matrix affects
the plating morphology. As illustrated, it is proposed to develop
precise interfacial analysis and quantitative detection methods to
study exploration. For example, more reliable and rapid detection
methods to accurately identify the type, position, and concen-
tration of SACs are urgently required prior to interfacial analysis.
For a better understanding of the catalytic or modulating ability
of alkali metal batteries, standard comparison parameters or pro-
cesses should be established to evaluate the practical effects of
lowering energy barriers. For example, the practical stripping/
plating capacity of 3 mA h em™ at a standard current density of
3 mA cm ™2 should be set when comparing the cycling lifespan or
coulombic efficiency. It is also recommended to calculate the
total gram capacity of the alkali metal electrode, including all
materials on the anode side.

(3) Recognizing ion/atom transport pathway across the SAC-
decorated artificial layer: many reports in the literature have
demonstrated that fabricating an electron-conductive artificial
layer with SACs on the top surface of lithium metal foil, the
lithium plating process still occurs mainly on the bottom lithium
foil instead of depositing on the upper surface of conductive
layers. Considering that the lithium ions can already be reduced
electrochemically when they reach the electron-conductive layer,
one has to admit that the lithium atoms created in this way will
migrate to the lithium foil rather than be deposited immediately
on the local place of the artificial layer according to the experi-
mental results. However, the key role of such conductive artificial
layers with SACs is still ambiguous in achieving dendrite-free and
smooth lithium plating. It appears that a clearer representation of
the atomic diffusion diagram can help modulate the lateral
diffusion rate to achieve dendrite-free plating more effectively.
Moreover, it is suggested to demonstrate whether the same
phenomena occur in other alkali metal systems.
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(4) Extending SACs to decorated high conductive modulator/
electrolyte: owing to the functionality of SACs in lowering deso-
lvation barriers and ion/atom diffusion across/along the
surface, it is meaningful to observe whether the SACs could
change Li" solvation shell structure when immersed in electro-
lytes. Furthermore, to deal with the problem of ion transport
in solid-state electrolytes, one could try whether the SACs play
a similar role in solid-state alkali metal batteries to accelerate
the diffusion of metal ions at the electrolyte-electrode inter-
face. Further experiments are urgently needed to expand the
application of SACs in alkali metal batteries.

(5) Adopting in situ/operando characterizations to trace plating
evolution and mechanism: to date, little attention and few
useful in situ characterizations have focused on the post-
lithium metal battery field.”*°® Most researchers apply optical
instruments to observe the smooth plating tenability of the
alkali metal from a macro-view for comparison. However, the
valid detailed information to disclose the interfacial inter-
action between alkali metal atoms and SACs is still missing,
and a non-destructive, precise, in situ, and real-time detection
method is more and more urgently required to uncover the
underlying mechanisms. For example, in situ XAS could help
determine the bond environment between SACs and atoms. By
combining EELS with cryo-TEM, real-time interaction videos
and electronic/chemical structure development can be created.
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