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Challenges and Opportunities for Rechargeable Aqueous Sn

Metal Batteries

Haozhe Zhang, Di-Jia Liu,* Kang Xu,* and Ying Shirley Meng*

Rechargeable aqueous batteries based on metallic anodes hold tremendous
potential of high energy density enabled by the combination of relatively low
working potential and large capacity while retaining the intrinsic safety nature
and economical value of aqueous systems; However, the realization of these
promised advantages relies on the identification of an ideal metal anode
chemistry with all these merits. In this review, the emerging Sn metal anode
chemistry is examined as such an anode candidate in both acidic and alkaline
media, where the inertness of Sn toward hydrogen evolution, flat low voltage
profile, and low polarization make it a unique metal anode for aqueous
batteries. From a panoramic viewpoint, the key challenges and detrimental
issues of Sn metal batteries are discussed, including dead Sn formation,
self-discharge, and electrolyte degradation, as well as strategies for mitigating
these issues by constructing robust Sn anodes. New design approaches for
more durable and reliable Sn metal batteries are also discussed, with the aim

While lithium-ion battery dominates to-
day’s energy storage technologies in pow-
ering literally everything from small ap-
pliances to electric vehicles and grid, it
faces limitations in operation safety, re-
source scarcity, and high costs, especially
for tera-watt-hour energy storage demands
projected in the near future.?] Recharge-
able aqueous batteries (RABs), which uti-
lize water-based electrolytes with intrinsic
incombustibility and high specific heat ca-
pacity, have attracted increasing attention
by promising inherent benefits such as
high safety, low cost, manufacturing sim-
plicity and convenience, and environmen-
tally friendliness.’] These features make
RABs ideal for stationary grid-level en-

of fully realizing the potential of Sn anode chemistry.

1. Introduction

The growing demand for sustainable energy sources has created
an urgent need for reliable and safe energy storage systems.!!]

H. Zhang, D.-). Liu, Y. S. Meng

Pritzker School of Molecular Engineering

The University of Chicago

5801 South Ellis Avenue, Chicago, IL 60637, USA
E-mail: djliu@anl.gov; shirleymeng@uchicago.edu
H.Zhang, D.-). Liu

Chemical Sciences and Engineering Division
Argonne National Laboratory

9700 Cass Avenue, Lemont, IL 60439, USA

K. Xu

SES Al Corporation

35 Cabot Road, Woburn, MA01801, USA

E-mail: kang.xu@ses.ai

H.Zhang, D.-J. Liu, Y.S. Meng

Energy Storage Research Alliance

Argonne National Laboratory

9700 South Cass Avenue, Lemont, IL 60439, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202417757

© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202417757

Adv. Mater. 2025, 2417757 2417757 (1 of 20)

ergy storage, which could tolerate some-

what lower gravimetric and volumetric en-

ergy densities when compared to portable

and electric mobility applications.*] Up to

now, RABs occupy approximately half of
the rechargeable battery market. However, the mediocre energy
density (<50 Wh kg~!) and poor cycle life (<500 cycles) of these
batteries developed decades ago (e.g., Pb-acid, Ni-MH)"®! become
increasingly unable to satisfy the automotive and grid energy stor-
age application needs.[®]

Enhancing the energy density and output voltage of RABs re-
mains the most formidable challenge, which is confined by the
electrochemical stability windows of aqueous electrolytes (1.23 V)
as defined by the potentials of oxygen- and hydrogen-evolution
reactions (OER and HER), respectively.”] Metal anode materials
constitute the key to achieving these goals because they provide
low and flat electrode potential, high specific capacity, and most
importantly, potentially high overpotential for HER, suppressing
hydrogen formation on anode surface below 0 V versus RHE to
expand RAB’s operation voltage.[!l Among various metals, those
based on plating/stripping electrochemistry (e.g., Zn,[°! Cu,[1%
Fe,1I Sb,[121 Mn, 131 AL Cd*)) have emerged as promising
candidates because of faster reaction kinetics. To date, a series
of metal batteries based on Zn anode have become the focus of
attention.'! However, most of the anodes in an aqueous system
(especially in extreme pH conditions) still suffer from some fatal
flaws such as dendrite formation, self-corrosion, passivation, and
especially hydrogen formation, which lead to poor Coulombic ef-
ficiency, limited cycling life and safety issue.l*”]

As an alternative to Zn, Tin (Sn) recently emerged as a com-
petitive RAB anode due to its relatively low cost, nontoxicity,
good recyclability, and reasonably high specific capacity by its
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bivalence/tetravalence of ionic forms.["®] The most important ad-
vantage of Sn lies in its high acid tolerance, which renders its
operational stability in both acidic and alkaline environments,
where other metal anodes, such as Zn and Fe, experience sus-
tained corrosion and degradation.[*®! Unlike Zn, metallic Sn pos-
sesses a body-centered tetragonal crystal structure with isotropic
surface energy but high surface anisotropy, which promotes pref-
erential electrodeposition as polyhedron particles hence less sus-
ceptible to dendrite formation.?”) With aqueous tin metal bat-
teries (SnMBs) still in their infancy, several challenges remain
unresolved. A key issue is a formation of “dead Sn”, whose ac-
cumulation directly leads to loss of active materials and subse-
quent capacity fade over repeated cycling. Meanwhile, the com-
petitive HER on the Sn surface and the accompanied electrolyte
consumption severely reduce the practicality of the Sn metal an-
ode. Although certain improvements have been achieved via elec-
trolyte and interfacial engineering in attempts to fully unlock
tin’s potential, its performance is still far from being satisfactory.

In this perspective, we aim at capturing the recent efforts
made on Sn metal anode in aqueous electrolyte and envision the
path forward. We first review the fundamental electrochemistry
underneath Sn anode material, its development history, unique
characteristics, and recent advancements, with emphasis placed
on a comprehensive summary of its material innovations and
battery system designs. We then explore future opportunities for
such chemistry in both acidic and alkaline systems and offer our
projection on its future directions and potential role in the wide
energy storage landscape.

2. Fundamentals of Sn Metal Batteries

Since the very first demonstration in the 1860s, RABs have been
the workhorse that powered the industrial revolution.l?!] Even in
the era after Li-ion batteries, RABs maintained their footprint in
extensive applications from household to electric mobility and
electric grids. The combined merits of their relatively low man-
ufacturing requirements, earth-abundant and cheap raw mate-
rials, low maintenance, and minimized system packaging ren-
der them the most cost-effective system.!?”! However, their major
limit are also apparent: low output voltage (mostly < 1.5 V) and
consequently low output energy.?? Pure water under thermody-
namic equilibrium has a narrow electrochemical stability win-
dow of 1.23 V, dictated by HER and OER redox reactions. (green
area, Figure 1a). This feature by thermodynamics constrains the
operation window of the RABs (yellow area). However, if a certain
reaction on an electrode experiences a kinetical barrier, the actual
onset potential could be pushed away from the thermodynamic
equilibrium, resulting in a phenomenon known as “polarization”
in electrochemistry, which in fact expands the operational volt-
age window. In reality, the overpotentials of HER and OER, as
well as the electrolytes of different compositions will expand the
actual operation window. Between these two reactions associated
with the decomposition of water, OER often suffers a higher ki-
netic barrier given its four-electron nature, while HER typically
encounters little polarization. Hence for a metal anode to oper-
ate beyond the voltage limits allowed by its thermodynamics, one
expects anode materials to have high overpotentials for HER, so
that the undesirable hydrogen production can be suppressed, and
the working voltage of the RABs can be effectively expanded (blue
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area). Generally speaking, anode candidates that meet such ex-
pectations are metals of low redox potential (<0 V vs RHE) and
high specific capacity. When the redox potential of M** /M resides
below HER, the hydrogen evolution becomes competing reac-
tions with metal deposition, which inevitably causes low coulom-
bic efficiency and severe hydrogen gas formation. Although aque-
ous electrolytes are intrinsically non-flammable, continuous wa-
ter decomposition and hydrogen accumulation could lead to an
alternative safety hazard.!?’]

Hence high intrinsic HER overpotential on metal anode is es-
sential in preventing hydrogen formation, which not only en-
sures higher Coulombic efficiency at more negative potentials al-
lowed by Pourbaix limits but also mitigates the self-discharge.?*]
An HER at a metal surface typically involves two key steps:
the electrochemical proton or hydronium adsorption and subse-
quent charge-transfer (Volmer step) followed by either a sequen-
tial electrochemical proton-electron transfer desorption (Hey-
rovsky step) or a synergistic chemical desorption of H, by comb-
ing two adsorbed H atoms (Tafel step), as listed below:[?°]

(1) Electrochemical adsorption (Volmer step)

H,0*+M+¢ & M- H"+ H,O (in acid) (1)
H,0+M+¢ < M- H"+ OH™ (in alkaline) (2)

(2) Electrochemical desorption (Heyrovsky step)

H*+ M- H"+e¢ < M+ H, (in acid) (3)
H,0+M - H"+¢ < M+ OH™ + H, (in alkaline) 4)
Or

(3) Chemical desorption (Tafel step)
2M — H* « 2M + H, (in both acid and alkaline) (5)

In addition, the HER process in neutral and near-neutral elec-
trolytes with low H;O% concentration will proceed with a hy-
brid reduction mechanism due to the involvement of both H,O
molecules and dissociated H,O" ions. In neutral conditions,
H,O" ions will serve as the primary reactants at low overpoten-
tials near the equilibrium potential (0 V vs RHE). The reaction
rate is slow due to the limited H;O*% concentration to sustain
the process. As overpotentials increase, rapid H;O* consumption
near the electrode surface creates a localized pH gradient, lead-
ing to diffusion-controlled kinetics. The direct reduction of H,O
molecules is thermodynamically unfavorable at low overpoten-
tials, as it requires a higher overpotential than H,O" reduction.
At higher overpotentials, the dominant reactants will shift from
H,O" ions to H,O molecules. Consequently, the HER activity of
metals in acidic and alkaline conditions is much higher than that
in neutral conditions, so the development of metal anodes in ex-
treme pH conditions is more challenging.

The HER overpotential depends heavily on the efficiency of the
above reactions.?®! The Sabatier principle states that for a catalyst
to be effective, the interaction between the catalyst and the reac-
tive intermediates must be optimized.!?”] Both the effectiveness
of hydrogen adsorption (H") and hydrogen desorption (H,) can
be quantified by the Gibbs free energy of hydrogen adsorption
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Figure 1. a) The electrochemical stability window of aqueous electrolytes. The overpotential against HER of anode could expand the electrochemical
operating window. b) The comparison of HER on various metal surfaces in acidic aqueous solutions. The trends in acid and alkaline media are similar.
Experimental HER activity is expressed as the exchange current density, log(jo), as a function of the calculated H* Gibbs energy, AGy,.. c) Pourbaix
diagram of the H,O-Sn system at 298 K. Dissolved Sn activity is 1076 and p(SnH,) = 1. The solid line means where solid exists in equilibrium with the
adjacent species, and the dashed line means available Sn species in solution are equally distributed in the two adjacent zones.

(AGy+).12%) For H, generation, a near-optimal AGy;. ensures that
hydrogen is adsorbed just strongly enough to promote the reac-
tion but can also desorb readily. Therefore, the AGy;. value of the
metal anode candidate must be deviated from zero to prohibit
the HER.[?°] If this interaction on the metal anode surface is too
weak (AGy.>0), insufficient intermediates will adsorb onto the
surface, leading to sluggish HER kinetics and high overpotential.
On the other hand, if the interaction is too strong (AG;.<0), the
reaction products will remain bound to the surface, preventing
further reaction by occupying the active sites and also resulting
in high HER overpotential.l>"!

In general, the HER inertness of metal anode can be predicted
by its intrinsic electronic band structures. The relationships be-
tween the AGy;. values and the HER performance represented by
the exchange current density j, over common metals are summa-
rized in Figure 1b.*" It shows that the d-metals are not suitable
for metal anodes due to their fast HER kinetics. The Fermi level
of the d-metals lies within the d-band, which is crucial for bond-
ing H” onto the metal surface during the Volmer step of the HER
with negative AGy;. values.??] Moderate d-orbital occupancy will
render some d-metal such as Pt and Pd with balanced adsorption
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and desorption energy of hydrogen, resulting in unsatisfactory
anode suitability due to high HER activity.**! In coinage metals
like Cu, Ag, and Au, the d-band center gradually shifts away from
the Fermi level resulting in relatively weak binding to hydrogen,
but their HER inertness is still not sufficient for an anode can-
didate. The sp metals are selected to expand the HER overpoten-
tial due to their electronic structure. The AGy; of sp metal is ex-
tremely high because their d band lies so low that it plays no role
in the bonding of hydrogen, and the sp band at the Fermi level
does not overlap with H 1s orbital effectively. As a result, metals
like Pb, Hg, Sn, and Zn have high HER overpotential and could
be used as anode candidate for aqueous batteries.[**]

Sn metal is a typical sp metal with a long history of serving
civilization since 3000 BC.I*! Pure Sn has a silver-grey metal-
lic luster and good tensile properties and has been widely-used
as solder, alloy component, anti-corrosion protect layer, etc.[3¢ It
has a relatively low price (ca. 23 $ kg71)37] and a stable global
supply chain,*®! because it is relatively abundant in the earth’s
crust (2.3 ppm) and is distributed among every continent.[**) The
recycling process of Sn is very mature, with more than 35%
of tin products being recycled.*” In addition, Sn is nontoxic,
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Figure 2. a) Experimental data of galvanostatic charge—discharge curves of Sn metal anode in typical acidic and alkaline electrolytes under the current
density of 2 mA cm~2. b) Schematic illustration of the charge storage mechanism of the Sn anode in acidic and alkaline electrolyte. The anions are
omitted. c) Redox potential and gravimetric and volumetric specific capacities of typical metal anode for aqueous battery. Redox potentials and specific

capacities of Sn metal anode and typically reported electrodes in d) acidic!®?
plateau.

unlike most of its sp metal counterpart such as Pb, Cd, and Hg.[*!]
The manufacturing process of Sn metal from Cassiterite (SnO,)
also has a lower environmental impact compared to other metals
widely used in batteries such as cobalt. These sustainable features
of Sn make it a viable candidate for large-scale energy storage ap-
plications where the environmental impact is an important con-
sideration.

The ideal metallic anode needs to meet the essential ki-
netics, capacity, and redox potential requirements for RAB
performance.®173] The metal anode used in aqueous batteries
can be divided into two types based on the electron storage
mechanism.['? The first type is “solid conversion metal” such as
Pb,[*21 B[] and Cd.I**] These metals undergo phase conversion
from metal to insoluble compounds, such as metal hydroxides
and sulfate, during the energy storage process. Poor conductiv-
ity and slow reaction kinetics caused by these compounds lead
to low capacity and limited rate capability.**] In contrast, the sec-
ond type plating/stripping metals such as Zn and Sb, avoid these
issues by relying on the reversible transformation between metal
and metal ions during the charge/discharge cycle, thus achiev-
ing fast reaction kinetics.[*®] The H,0-Sn Pourbaix diagram at
25 °C in Figure 1c shows that Sn exists in metallic form under all
pH or soluble ionic form under extreme pH (<4 or >9), suggest-
ing that Sn could serve as plating/stripping-type anode in both
acidic (Sn/Sn?* or Sn/Sn*") and alkaline (Sn/Sn(OH),", trihy-
droxostannite ion or Sn/Sn(OH),2~, hexahydroxostannate ion)
batteries.!”]

Figure 2a illustrates galvanostatic charge—discharge experi-
ments conducted based on two electron transfer Sn chemistry
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4%l and e) alkaline system.[202%1 P and P2 indicate the first and the second

in both acidic (red line, 1 M H,SO, + 0.2 M SnSO,) and alkaline
(blue line, 3 M KOH + 0.2 M SnSO,) electrolytes with graphite
paper as a current collector. The current density is 2 mA cm™2,
and the deposition capacity is 0.5 mAh cm~2. Both Sn electrodes
in acidic and alkaline systems show stable, flat voltage profiles
during the plating/striping process with low polarization, vali-
dating Sn metal as an anode for both aqueous acidic and alkaline
batteries (Figure 2b).

The multiple-electron transfer capability and its high density
(7.31 g cm~3) enable SnMBs of a relatively high specific gravimet-
ric (451.6 mAh g~! based on 2e~ and 903.2 mAh g~! based on 4e™)
and volumetric (3281.3 mAh cm~ based on 2e~ and 6562.5 mAh
cm3 based on 4e”) capacity.l*®! As shown in Figure 2¢, Sn metal
exhibits advantages over most aqueous metal anodes in terms
of redox potential and specific capacity. The energy advantages
are detailly shown when we list the profiles of commonly used
cathode and anode materials in acidic (Figure 2d)[3**! and alka-
line (Figure 2€)(2%5% battery systems. The acidic battery repre-
sented by the lead-acid battery is one of the most widely used bat-
teries in the world. However, its performance is severely limited
by the anode materials like lead. Many traditional battery anodes
using metal/metal compounds could not survive in acid, which
limits the material selection. Furthermore, most metal electrode
potentials fall within the range of 0.2 to 1.0 V versus SHE, lim-
iting their pairing ability to full-cell configurations of high volt-
age output. To this end, the Sn metal electrode stands out with
its negative potential and high capacity, allowing it to pair with a
wide range of electrodes to achieve output voltages ranging from
over 0.5 V up to 1.8 V. In the alkaline system, the application
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Figure 3. Roadmap scheme with typical achievements of Sn metal batteries. Blue means alkaline SnMB systems, grey means neutral SnMB systems,

and red is acidic ShMB systems.|18,202,51-55,56b,57-62]

of tin metal has challenged zinc metal as the best anode can-
didate in aqueous battery. Metallic Sn shows compatible energy
to that of Zn metal batteries along with the intrinsic HER inert-
ness and dendrite-less feature, which may achieve better cycling
performance.

3. Roadmap of Sn Metal Batteries

SnMBs in an aqueous alkaline system were first proposed in
2010 by Minakshi from Murdoch University, Australia, using y-
MnO, cathode and Sn metal anode in a saturated LiOH aque-
ous electrolyte (Figure 3).°Y This first reported alkaline SnMBs
provided an output voltage of 1 V and a discharge capacity of
110 mAh g~! with stability advantages over Zn under limited
cycling performance (85% capacity retention after 50 cycles).
Lithium-intercalation/deintercalation compounds were applied
as cathodes in LiOH-based SnMBs afterward but the perfor-
mance was still less than desirable.l>?! The lack of appropriate
characterization tools limited the cognition, which researchers
believed the Sn may convert to Li, ,Sn instead of Sn ions. With-
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out Sn salts added to the electrolyte, the reversibility of Sn an-
ode remains unsatisfactory. The study on static alkaline SnMBs
was somewhat stalled until 2023 when two different research
groups reported reversible 2e” transfer Sn stripping/plating in
KOH + Sn(OH);~ electrolyte nearly simultaneously.>*] Two types
of batteries, Sn//Ni(OH), and Sn//air batteries were proposed
with promising energy densities. These systems attracted instan-
taneous attentions in a short time for further enhancement in-
vestigations such as light-assisted Sn//air batteries.[>* Sn strip-
ping/plating chemistry with 4e~ transfer from Sn° to Sn** can
provide more capacity but with a major challenge in the re-
versibility. Yao et al. first achieved the reversible Sn/Sn(OH),*~
conversion in an aqueous redox flow battery under high tem-
perature (60 °C) in 2021 and demonstrated better performance
than Zn because Sn is less prone to dendrite growth.?%] Very
recently, Mefford and co-workers verified a 2-step redox process
of Sn/Sn(OH),2~ at room temperature and achieved reversible
Sn//Ni(OH), SnMBs based on four-electron transfer mecha-
nism (143.1 Wh L_;7!) by applied lean electrolyte and selec-
tive membrane.l! Such competitive performance to popular Zn
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metal batteries shows SnMBs as an alternative for high-energy
aqueous batteries.[>%]

Fast kinetics, high capacity, and low redox potential render
metallic Sn anode unique choices in acidic batteries. Sn was first
applied in acid as an anode in aqueous redox flow batteries in
2015 due to its fast kinetics and stability under a current den-
sity of 180 mA cm=2.57] Sn metal has been since paired with
a series of aqueous flow battery catholytes based on Fe’* %8l
Mn?+ 5% and Br,[% and delivered good energy efficiency. How-
ever, all these flow batteries used carbon-based current collec-
tors and did not optimize Sn-based anolyte, resulting in subpar
cycling performance. In 2023, Meng, Lu, and their co-workers
first focused on the Sn anode optimization and applied Sn metal
as a universal anode in static aqueous acidic batteries, demon-
strated a series of SnMBs with different cathode chemistries in-
cluding Sn//MnO, battery (stripping/plating), Sn//PbO, battery
(solid conversion) and Sn//PANI battery (de/intercalation).(*8]
Sn//Mn3** SnMB was also developed using proton and complex-
ing agents to achieve a reversible Mn**/Mn?* cathode.[®!] Since
then, more research strategies have developed to improve the re-
versibility of Sn metal anode in various acidic SnMBs.[%?] Emerg-
ing Sn metal anode studies initiated a major challenge to the tra-
ditional lead anode in energy, power, and sustainability. In ad-
dition, the advanced kinetic feature of Sn metal provides an ex-
cellent match to the proton battery cathodes of fast proton in-
tercalation. Up to now, all existing acidic Sn anode chemistry is
based on 2e~ transfer process. Although the redox potential gap
between Sn(IV) species and Sn metal in acid is larger than that
in alkaline, the study of reversible four-electron Sn anode with
high capacity may still represent another direction for further
development of acidic SnMBs.[%3] Furthermore, while research
on near-neutral SnMBs battery systems remains limited, inter-
est in these systems is steadily growing.!*®*! However, their per-
formance faces significant competition from the well-established
zinc metal batteries in near-neutral systems. Advancing the de-
velopment of near-neutral Sn metal batteries, especially through
achieving a reversible four-electron reaction, could significantly
enhance their competitiveness and potential.

4. Growth Behavior and Challenge of Sn Metal
Electrodeposition

To build reversible SnMBs, it is essential to understand the
growth behavior of Sn metal. It is well known that Sn had four
allotropes, including a-, f-, y- and o-Sn. The latter two types of tin
are only existing in high temperature (>161 °C) and high pres-
sure (>2.9 GPa) conditions, which will not be detailly discussed
here.[*] Under atmospheric pressure, Sn metal mainly exists as
nonmetallic a-Sn and metallic #-Sn, and their critical transition
temperature is 13.2 °C.[®] The most common form of Sn in prac-
tical applications is ductile metallic #-Sn, which is stable at room
temperature and above. Before its use in aqueous batteries, f-Sn
is extensively utilized as an anode material in non-aqueous bat-
tery systems, including lithium-ion and sodium-ion batteries.[®]
The low-temperature phase of Sn, known as a-Sn or gray tin,
adopts a diamond cubic structure similar to that of diamond and
silicon.l®”] The atoms in a-Sn form a covalent structure, restrict-
ing free electron movement and resulting in nonmetallic proper-
ties, making it unsuitable for electrodeposition. Below the critical
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transition temperature, f-Sn gradually but spontaneously trans-
forms into dark gray a-Sn powder, a phenomenon commonly
referred to as “tin pest”. This feature needs the researchers to
become super careful when designing low-temperature SnMBs.
Fortunately, the phase transition process can be suppressed by
various strategies like doping Sb and Bi to stabilized the crystal
structure of Sn.[%8]

p-Sn has a body-centered tetragonal (BCT) crystal structure
(Figure 4a), which is different from most commonly used metal
anodes like body-centered cubic (BCC) type metals (e.g., Li, Na),
face-centered cubic (FCC) type metals (e.g., Al, K) and hexago-
nal close-packed (HCP) type metals (e.g., Mg, Zn).l%! The lat-
tice is stretched along one axis when creating the tetragonal
structure, which means the atoms may arranged in a way that
results in a more uniform distribution of energy across dif-
ferent lattice planes depending on the c/a ratio. This elonga-
tion can reduce the anisotropy of surface energy between dif-
ferent planes, which may leading to more similar surface ener-
gies in different crystallographic directions compared to other
structures like BCC and HCP.”" As shown in Figure 4b, f-Sn
shows very similar surface energy among different lattice planes
by DFT calculations,!*®! and the standard X-ray diffraction pat-
tern shows at least 3 strongest peaks with similar intensities
(Figure 4c). Sn metal exhibits a propensity to form polyhedral
particles during electrodeposition, favoring isotropic growth over
the development of films or dendritic structures. This tendency
has been substantiated by multiple studies, which have demon-
strated that Sn readily forms polyhedral particles under both
acidic (Figure 4d)!*®] and alkaline electrodeposition conditions
(Figure 4e).2%] The crystal growth behavior of Sn during deposi-
tion indeed mitigates the risk of puncturing the separator and
causing short circuits, unlike the dendritic structures typically
formed by Li and Zn."!l However, when the particles become
too large (tens to hundreds of microns), the edges and corners
could still damage the separator for potential short circuiting.
The non-uniform Sn particles can also compromise their con-
tact with the current collector, leading to possible detachment to
form electrochemically inactive Sn. Figure 4f shows the cycling
performance of the Sn metal anode deposited on the graphite cur-
rent collector with the same condition in Figure 4d. The graphite
substrate is used without any specific surface treatment, and the
electrolyte employed is a standard composition commonly used
in the electrodeposition industry, consisting of 2 M H,SO, and
0.1 M SnSO,. Under these conditions, the Sn anode demon-
strates a Coulombic efficiency of less than 80% and fails within
200 cycles. Post-cycling analysis reveals the presence of uncon-
nected Sn particles at the bottom of the cell, identified as electro-
chemically inactive “dead Sn”, analogous to the concept of “dead
Li” observed in Li metal systems.!”?]

One representative degradation mechanism is illustrated in
Figure 4g. Sn tends to grow along multiple crystal faces to form
particles, resulting in uneven electric field distribution on the
electrode surface. The free diffusion of Sn ions leads to their accu-
mulation at protrusions due to the high local charge density, driv-
ing reductive growth and the formation of larger particles. These
larger particles exhibit limited contact with the current collector,
making them prone to detachment and loss of electrical connec-
tivity. More importantly, according to the time scale of electron
transport 7~L2/D, Sn particles preferentially dissolve from the
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Figure 4. a) The crystal structure of f-Sn (JCPDS#04-0673). b) Reported surface energies of different lattice planes in Sn metal.l2%] ¢) Theoretical
standard X-ray diffraction pattern of Sn metal. d) SEM image for Sn deposition on carbon substrate from Sn(ll) salt. Reproduced with permission.['!
Copyright 2023, Elsevier. ) SEM image for Sn deposition on carbon substrate from Sn(1V) salt. Reproduced with permission.[29] Copyright 2021, Wiley-

VCH. f) Coulombic efficiency of Sn on carbon substrate in acidic electrolyte with a fixed charge capacity of 1 mAh cm~2 at 2 mA cm~2. Inside are optical

photographs after the cycling test. g) Schematic illustration of the Sn stripping/plating chemistry on a carbon substrate. Reproduced with permission.

Copyright 2023, Elsevier.

bottom during the stripping process, leading to their fragmenta-
tion and eventual detachment from the electrode, resulting in the
formation of “dead Sn”.[”! Meanwhile, the HER may also be ac-
celerated due to extensive interfacial area between the electrolyte
and Sn particles, further deteriorating the adhesion and electrical
connections between the Sn particles and the substrate. In addi-
tion to the intrinsic stability of Sn metal, side reactions such as
HER can significantly reduce the Coulombic efficiency, consum-
ing the electrolyte, and potentially leading to safety hazards like
explosions. Although HER kinetics on Sn are inherently slug-
gish, this competing side reaction may still occur during long-
term cycling or under conditions of high current density and
high capacity, particularly in acidic environments. The dynamic
degradation of Sn ions in the electrolyte is another critical issue
to consider. Sn can exist in the electrolyte as either divalent or
tetravalent ions, and their interconversion under varying external
conditions can result in undesirable electrolyte degradation and
increased risk of self-discharge.[>6%] Mitigating this transforma-
tion is crucial for preventing electrolyte attenuation and achiev-
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[18]

ing reversible Sn anode. Consequently “dead Sn” issue, HER side
reaction, and self-degradation could be identified as the main crit-
ical issues for the Sn metal anode. Addressing these challenges
is essential for the development of high-performance SnMBs.

5. Strategies for Optimizing Sn Metal Anodes

Although the development of SnMBs is still in the incipient stage,
several strategies have recently been proposed to optimize Sn
metal anodes. The scope includes interfacial engineering of the
Sn metal, electrolyte development, and separator design aimed at
regulating metal deposition and mitigating side reactions. These
approaches aim to suppress hydrogen evolution and mechani-
cal instability, significantly enhancing the cycling performance
and stability of SnMBs. A comprehensive understanding of these
optimization strategies, coupled with an in-depth analysis of the
structure—performance relationship, will be explored in the fol-
lowing sections. Meanwhile, the performance evaluation of Sn
anode optimized by different approaches is selected in Table 1.
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[18,53,55,56b,61,62]

Anode materials Strategy Electrolyte Coulombic Efficiency ~ Cycling performance  Cycling performance (asymmetric cell)  Refs.
[9%/mAh cm~2] (symmetric cell) [%CE/cycles/current density [mA
[hours/current density cm™?]/capacity [mAh cm™?]
[mA cm~2]/capacity
[mAh cm=?]
Sn/Cu Interfacial engineering 2MH,SO, +0.1M 98/1 N/A 91/350/2/1 [18]
Snso,
Sn/Cu Interfacial engineering/ 3MMSA+1M 99.95/1 N/A 99.95/1700/10/1 [62a]
Electrolyte Sn(MSA),
development
Sn/graphite paper Electrolyte development 2 M H,SO, + 0.2 M 99/1 N/A 92/1300/6/1 [62b]
SnSO, + 1% POPE
Sn foil Electrolyte development 1M SnCl, 99.97/1 2780/0.5/0.25 99.97/1532/1/1 [62¢]
Sn plate N/A 3MH,S0,+0.1M N/A 560/0.5/0.25 N/A [61]
SnSO,
Sn powder Electrolyte development 20 M LiTFSI + 1M 95/0.075 330/0.2/0.033 N/A [56b]
Sn(OTf),
Sn/brass mesh Interfacial engineering 6 M KOH +0.2M 99.9/0.5 N/A ~100/2750/10/1 [53b]
Sn(OH);~ (from SnO)
Cu@sn Interfacial engineering 3MKOH +0.1M 87.8/0.5 560/10/0.5 82.3/180/10/0.5 [53a]
Snso,
Sn/graphite felt Separator design 0.86 M KOH + 1.7 M 99/2 N/A N/A [55]
K,Sn(OH)g

This summary aims to offer valuable insights to guide the ad-
vancement of Sn metal anode designs for high-performance en-
ergy storage systems.

5.1. Interfacial Engineering of Sn Metal

The electroplating process of Sn metal at the anode—electrolyte
interface involves several sequential stages, including Sn ion dif-
fusion through the electrolyte, electrochemical reduction of Sn,
nucleation of Sn atoms, and subsequent crystal growth.l”* Each
of these steps is associated with an energy barrier that governs the
efficiency and morphology of the Sn deposition.[**] To promote
uniform deposition and suppress ununiform particle formation,
it is crucial to ensure that the energy barrier for nucleation and
growth is kept low and consistent throughout the electroplating
process.”>] Careful control of these parameters facilitates homo-
geneous Sn crystallization, leading to improved electrochemical
performance and enhanced cycling stability of Sn-based anodes.
The nucleation and growth phases, in particular, are highly sen-
sitive to the electroplating conditions, such as substrate surface
topography, the uniformity of the electric field across the anode—
electrolyte boundary, and the interfacial adhesion between the
substrate and Sn.l’®l In the special case of Sn metal, the parti-
cle morphology in the most common scenario leads to a high
risk of loose electrochemical connection, therefore an interface
or interphase that can provide extra interaction will be benefit for
suppress dead Sn formation.

Sn has a high affinity to most of the metals (e.g., Pb, Cu, Fe,
Bi, Cd) and easily forms binary alloys.””! When these heteroge-
neous metals serve as substrates, they not only enhance the in-
teraction with deposited Sn particles through interfacial alloying
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but also can serve as nucleation seeds, reducing the energy bar-
rier for Sn nucleation since they possess both good Sn affinity
and high electronic conductivity. Besides, choosing appropriate
metal substrates needs to evaluate stability in electrolyte, intrinsic
HER activity to avoid extra side reactions, sustainability, and cost.
Zhang et al. first applied copper foil as a substrate to regulate Sn
metal deposition in an acid environment, improving the Coulom-
bic efficiency from 78% to an optimized 98% compared to the tra-
ditional graphite substrate.['®] The Cu substrate forms an alloy-
ing interphase with a thickness of ~0.5 pm, and the interphase
will not keep growth when the deposition capacity increases
(Figure 5a). Alloying interphase also results in some residual
Sn nuclei after the first few cycles, which makes the following
nucleation process easier and reflected in the reduced overpo-
tential. Besides, the deposited Sn particles on the Cu substrate
were smaller in size and more uniformly distributed compared
to those on the graphite substrate (Figure 5b). Based on theo-
retical calculation results (Figure 5c), the deposition mechanism
is concluded below. On graphite substrates (GS, Figure 5d), Sn
atoms exhibit a preference for aggregating on existing nuclei
rather than initiating new ones. This tendency arises because
Sn has a higher binding energy to itself than to GS, leading to
the formation of larger, uneven particles. Conversely, copper sub-
strates (CuS, Figure 5e) offer a higher binding energy with Sn
ions, which promotes a uniform electric field distribution and
increases nucleation sites. Additionally, CuS presents a higher
diffusion energy barrier (1.32 eV) compared to GS (0.12 eV),
hindering the migration of Sn ions to already-deposited Sn par-
ticles. This characteristic facilitates uniform deposition, result-
ing in smaller and more evenly distributed Sn particles. As a
result, both interphase interaction and deposition behavior op-
timization contribute to better stability of Sn anode. Copper is
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Figure 5. a) Side-view SEM image and corresponding EDS mapping of Sn on Cu substrate at 0.5 mAh cm~2 focusing on the interface of Sn and Cu.
b) SEM images for Sn deposition on carbon and Cu substrates with deposition capacities of 0.5 and 10 mAh cm™2. c) Theoretical calculated binding
energy (bottom) and diffusion energy barriers (upper) of Sn?* on graphite, copper, and tin surface. lllustration of the Sn metal deposition process on
carbon d) and copper e) substrate. The blue area means the interfacial alloying interaction. E; and E, mean the absolute value of binding energy on
Sn seed and substrate. Reproduced with permission.!'8] Copyright 2023, Elsevier. f) The plating mechanism on the Sn foil in alkaline which shows the
hydrogen competing reaction. The arrows indicate the direction of Sn(OH);~ diffusion. Reproduced with permission.[>32] Copyright 2023, Wiley-VCH.
g) SEM images for Sn deposition on Cu substrates in alkaline electrolyte. h) Nucleation and plateau overpotentials on different substrates. Reproduced

with permission.[53®] Copyright 2023, American Chemical Society.

considered the suitable candidate in following acidic SnMB
works up to now due to the instability of other traditional metal
substrates like Ni, Ti, and stainless steel in acid, but more choices
still remain undeveloped.[®%]

In alkaline conditions, the Sn ion represents stannate anions
that hold the same negative charge with the anode during the
plating, with existing strong electrostatic repulsion force between
the charge carriers and the electrode surface. It will be more diffi-
cult for stannate anions to reach the anode for proper deposition
and might initiate severe competitive hydrogen evolution side re-
actions (Figure 5f). To solve this problem, brass substrates were
used by Chao et al. to deliver reversible Sn(OH);~/Sn chemistry
in alkaline conditions, showing superior Coulombic efficiency
and cycling performance compared to other substrates like car-
bon, Ni, Fe, and Ti.l>* Rock-like Sn particles are distributed uni-
formly on the brass substrates at 1 mAh cm™2, and no dendrite
was observed due to the isotropic feature of Sn (Figure 5g). In
this situation, nucleation overpotential is attributed to the ab-
sorption of Sn(OH),~, Sn—0 bond breaking, and Sn nucleation
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on the substrate. With a low nucleation overpotential (<5 mV,
Figure 5h), Cu facilitates efficient Sn nucleation due to strong
chemisorption and Sn—Cu alloy formation. This tinophilic behav-
ior ensures strong adhesion of Sn particles, promoting uniform
deposition and improved battery performance. Lu and his co-
workers also introduced a nondense copper layer on Sn metal foil
via electrodeposition, which is able to facilitate the adsorption be-
haviors of Sn(OH),~ ion, suppress the metal shedding, and alle-
viate the HER competitive reaction.>®] As a result, the efficiency
of the Sn redox reaction in alkaline electrolyte increased fivefold
to ~#100% compared to bare Sn metal foil and can be cycled more
than 560 h at 0.5 mAh cm~2. These works show that efficient in-
terfacial engineering could regulate the stripping/plating process
for Sn metal, thus improving the reversibility. Very recently, Fan
et al. developed a stannophilic Ag-coated vertical graphene sub-
strate for uniform Sn metal deposition. Acid-tolerant Ag sites im-
prove the nucleation kinetics near the interface, enable reversible
Sn stripping/plating, and suppress the formation of dead Sn.
This strategy combining interfacial engineering and 3D substrate
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design inspires the Sn deposition regulation, especially at high
areal capacities.!”®]

5.2. Electrolyte Development

In SnMBs, the electrolyte is a crucial component, not only fa-
cilitating ion transport between the anode and cathode but also
directly influencing the electrochemical stability, efficiency, and
longevity of a battery.””) The composition of the electrolyte gov-
erns key processes such as ion diffusion, surface reactions at the
electrodes, and the suppression of undesirable side reactions.
Additionally, the electrolyte plays a vital role in maintaining the
structural integrity of the Sn anode, which is prone to the “dead
Sn” issue. Proper electrolyte engineering in aqueous SnMBs can
significantly stabilize the anode-electrolyte interface and improve
the Coulombic efficiency of Sn redox reactions. Strategies like
optimizing the ionic composition and introducing additives have
proven effective in regulating ion transport, minimizing parasitic
reactions, and promoting uniform Sn deposition. Tailoring elec-
trolyte properties is essential for ensuring long-term battery per-
formance.

In acidic and alkaline conditions, the Sn ions are surrounded
and complexed by the species from the electrolyte and form sol-
vation sheaths. Different electrolyte compositions can modulate
the solvation sheaths of Sn ions and control the deposition or
side reaction. Yu et al. replaced traditional sulfuric anions with
methylsulfonic anions (MSA) in acidic electrolyte to regulate the
complexing environment of Sn?* because of its decent coordi-
nation interaction with metallic ions (Figure 6a).[°2] Compared
with bisulfate anions, MSA anions have higher energy levels of
the highest occupied molecular orbital (Ej;qyo) and are easier to
donating electrons, thus benefit to interact with Sn?* cations. The
simulation results show that MSA anion can be involved in the
first solvation shell with a coordination number of 2.6 (Figure 6b).
As a result, the increasing complexing interaction between Sn
cation and MSA anion increases the desolvation penalty of the
complex during the deposition, leading to a lower exchange cur-
rent density and improved nucleation behavior. SEM images of
Sn deposited from MSA-based electrolyte in Figure 6¢ exhibit
small and uniform distributed Sn particles, leading to durable
cycling performance of more than 300 h at 1 mAh cm™? and
high Coulombic efficiency (99.95%, Figure 6d). For SnMB elec-
trolyte with 2e~ transfer chemistry, the Sn(Il) in the electrolyte
is easily oxidized to Sn(IV) when contacting the oxygen, lead-
ing to the failure of the system. In this scenario, an MSA-based
electrolyte holds another advantage preventing the oxidation of
Sn2* to Sn** due to its reducing nature over a month (Figure 6e),
which is important for avoiding self-degradation of SnMBs dur-
ing fabrication and daily use. Except for the MSA anion, the
Cl~ anion was also studied in an acidic system to replace sulfu-
ric acid. The SnCl, electrolyte applied by Chang et al. does not
undergo hydrolysis based on its Cl~ complex ligands and pro-
vide a low acidic pH of 1.09.1°%] This low acidic condition weak-
ened the tendency of hydrogen evolution and resulted in good
reversibility.

Electrolyte additive is a general method to lower nucleation
barrier, improve reversibility, mitigate side reactions, regulate de-
position morphology, etc. by forming solid electrolyte interphase
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(SEI) or controlling the species structure near the interface.[®"]
However, SEI is hard to form by the electrolyte additive in the
acid because of the strong corrosion of the proton, but the solva-
tion structure can still be induced at the interface. For instance,
Xu and Zhang et al. applied 4-tert-octylphenol pentaethoxylate
(POPE), a cheap and non-toxic chemical product as an effective
additive to in situ modify the electrode/electrolyte interface based
on interfacial coordination.[??] POPE is rich in polar hydroxyl
(O-H) and ether (C-O-C) functional groups to selectively coordi-
nate with Sn. A POPE adsorbed layer can be in situ formed on
the Sn surface (Figure 6f) to screen from the acid medium and
give more inhibition to the parasitic HER, facilitating an even
electric field distribution and uniform Sn deposition/dissolution
process (Figure 6g). As a result, the Sn foil electrode was able to
maintain more than 91.9% Coulombic efficiency after being cy-
cled 500 times at 3 mAh cm™? with the existing POPE additive,
but the Sn anode in non-additive electrolyte only held a Coulom-
bic efficiency less than 80% at the beginning and dramatically
failed after 200 cycles (Figure 6h). Besides, the gelatin was also
employed as an additive to adsorb on the electrode surface, form-
ing an adsorption layer and slowing down the Sn plating kinetics
for more uniform deposition. Only 1.0 g L=! gelatin could effec-
tively decrease the current density of Sn deposition from 9.16 to
3.55 mA cm~2, leading to a uniform Sn particle distribution.[6%!
Although electrolyte engineering is already widely applied in vari-
ous mature battery systems as one of the most efficient strategies,
the relevant application in aqueous SnMBs is still under develop-
ment, especially for alkaline systems. The appropriate electrolyte
optimization could play an important role in reversibility, power
density, and even energy density for SnMBs.

5.3. Separator Design

Separators in SnMBs play a crucial role in preventing physical
contact between the electrodes while allowing ion transport. An
ideal separator should exhibit excellent ionic conductivity, mod-
erate porosity, and strong wettability with the electrolyte to facil-
itate efficient ion exchange. While commonly used separators,
such as glass fiber, filter paper, and polypropylene, have lim-
ited impact on overall cell performance, applying surface func-
tionalized separator or selective ion exchange membrane sep-
arators offer promising strategies for enhancing electrochemi-
cal stability and achieving improved battery performance./®!) Re-
cently, Mefford and his co-workers verified that the separator se-
lection plays a critical role in achieving reversible four-electron
Sn anode chemistry in Ni(OH),//Sn SnMB system.[**] Using
electrochemical quartz crystal microbalance with the rotating
ring disk electrode, the researchers found that the plating of
Sn from KOH + K,Sn(OH), alkaline electrolyte is a one-step
reaction directly reduced from Sn(OH),2~ to Sn metal. During
the stripping process, Sn is preferentially oxidized to the two-
electron soluble product Sn(OH),~ first instead of Sn(OH).%",
then the diluted Sn(OH);~ may gradually oxidized to higher
valance resulting in a stepwise 2 + 2 e~ process (Figure 7a). This
asymmetric plating/stripping behavior could be attributed to the
sluggish kinetics of the Sn(OH)4%~/Sn(OH),~ couple compared
with Sn(OH);~/Sn. A lean electrolyte cell was applied to restrict
the redox intermediate Sn(OH),~ near the electrode to obtain
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Figure 6. a) The adsorption layer formed by GEL can slow the Sn plating kinetics, leading to uniform deposition. b) Snapshot illustration of the MD
simulation cell and Sn?* solvation structure in MSA-based electrolyte. c) SEM images of the Sn deposition morphology in the MSA-based electrolyte
with a capacity of 1 mAh cm~2. d) Electrochemical Sn plating/stripping behavior in the MSA-based electrolyte at a current density of 10 mA cm~2 with
1 mAh cm~2. ) Photograph of H,SO,-based after quiescence for 1 week and the MSA-based electrolyte after quiescence for 1 month. Reproduced with
permission.[522] Copyright 2024, Elsevier. f) The in situ FT-IR spectroscopy of the Sn plating/stripping process in POPE added acidic electrolyte. g) In
situ optical photographs of Sn deposition in (left) POPE added electrolyte and (right) regular acidic electrolytes after different deposition times at 20 mA
cm2 (scale bar: 50 um). h) Coulombic efficiency of the Sn stripping/plating in sulfuric acid-based electrolytes at 6 mA cm=2 with the capacity of 3 mAh
cm2. Reproduced with permission.[620] Copyright 2024, Wiley-VCH.
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Figure 7. a) Proposed mechanisms of the Sn stripping process for a four-electron stepwise 2 + 2 e stripping resulting from the rate disparities in
successive electron transfers. b) Mechanism illustration of Ni(OH),//Sn battery based on four-electron battery. Where the purple line shows the shuttle
effect of the soluble Sn(OH);~ intermediate induces self-discharge. ¢) A comparison of Coulombic efficiencies for cells utilizing various separators
during extended cycling tests. Reproduced with permission.[>>] Copyright 2024, Elsevier.
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reasonable Coulombic efficiency. However, the soluble Sn(OH),~
intermediate from the four-electron Sn redox reaction may eas-
ily migrate through the traditional separator and can be chem-
ically oxidized by the cathode like NiOOH with more positive
operational potential, which significantly limits the Coulombic
efficiency due to self-discharge (Figure 7b). An ion exchange
membrane was used as a separator to limit the migration of dis-
charge intermediates. A cation exchange membrane (CEM) can
restrict the transport of Sn(OH);~ anions, while an anion ex-
change membrane (AEM) may also hinder Sn(OH),™~ transport
but selectively allows OH™ ions to pass due to size differences.
Replacing the separator with ion-selective membranes signifi-
cantly reduced the permeability of Sn(OH),~ anions, leading to
a substantial increase in Coulombic efficiency—rising from 80%
without a membrane to 92% with an AEM and 99% with a CEM
(Figure 7c). The ion exchange membrane separator is also em-
ployed in other alkaline SnMB systems to prevent the crossover
of intermediates and could potentially be applied to the emerging
four-electron Sn chemistry in acidic environments as well.

6. Progress and Potential of Sn Metal Batteries

Up to now, significant progress has been made in establish-
ing preliminary, cyclable Sn metal anodes (1-3 mAh cm™2, 99%
Coulombic efficiency, hundreds of cycling hours) through the
dedicated efforts of researchers. Based on these advancements,
a variety of Sn metal batteries have gradually been developed. In
this section, we systematically analyze the strengths and weak-
nesses of current typical Sn metal-based full cell systems and ex-
plore the potential of emerging SnMB technologies based on the
pH of the electrolyte (acidic and alkaline system). The goal is to
harness the advantages of Sn anodes to develop efficient, low-
cost, and sustainable energy storage solutions.

6.1. Acidic Sn Metal Batteries

Aqueous acidic batteries society has been dominated by lead-acid
batteries in the past 150 years since Gaston Plante invented the
protype for lead-acid batteries. The total energy scale of lead-
acid batteries has reached terawatt-hour (TWh) level and still
holds 35% batteries market under the sharp development of Li-
ion batteries.[®3] Lead-acid battery can provide an output voltage
of 2V, a theoretical capacity of 120 mAh g=! based on cathode
and anode, and a practical cell-level energy density of 30-50 Wh
kg1 The reasonable energy provided by the lead-acid battery
is benefiting from low redox potential (—0.36 V vs SHE) and rela-
tively high capacity of Pb metal (259 mAh g~!). However, the lead
anode suffered from bad electron conductivity of its discharge
product PbSO, and the sluggish solid-phase transforms kinetics,
so the capacity utilization is usually less than 50% and the cycling
stability is unsatisfactory.!35] Nevertheless, the lack of suitable an-
odes in the corrosive acidic environment with a large number
of protons has forced a considerable part of the current devel-
opment of new acidic batteries to use lead anodes. From a sus-
tainability perspective, continuing to develop lead-based battery
systems is unsuitable due to the high toxicity of lead to the envi-
ronment and human health.
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The appearance of Sn metal holds a unique position due to
its performance and sustainability advantage compared with Pb.
The wide pH operating range and high acid tolerance of Sn allow
it to be compatible with a broad range of cathodes and deliver ex-
citing performance (Figure 8a).3*#%48i] Although the redox po-
tential of Sn?*/Sn is 0.22 V higher than Pb, high specific capacity
and potentially high utilization rate of stripping/plating Sn chem-
istry could well compensate for the negative impact of voltage
decline and provide more competitive energy density. When re-
placing Pb with Sn in lead-acid batteries, a PbO,//Sn battery can
provide 35% higher theoretical energy density compared to tra-
ditional lead-acid batteries at 100% depth of discharge (DOD) for
both anodes (based on cathode and anode, Figure 8b).!°%! In prac-
tical applications, lead anodes typically operate at a maximum of
50% DOD to ensure satisfactory cycle stability, while Sn can still
cycle stably at ~#100% DOD (based on the anode). This increases
the theoretical energy density advantage of PbO,//Sn batteries
to almost twice that of lead-acid batteries. Although the differ-
ence in cell-level energy density may be diminished in practical
manufacturing scenarios, and lead-acid battery designs have long
been optimized for commercialization, this nonetheless under-
scores the promising potential of PbO,//Sn batteries. As shown
in Figure 8c, the lead dioxide-tin batteries demonstrate a flat dis-
charge plateau ~1.8 V and can operate stably at currents of 5-
30 mA cm with a capacity of 10 mAh cm™, achieving ~100%
Coulombic efficiency. Notable, the as-assembled PbO,//Sn bat-
tery could stabilize cycling for over 1000/115 cycles at 1/10 mAh
cm~2, respectively. The future development of PbO, //Sn batteries
will provide a valuable supplement to the lead-acid battery indus-
try, reducing lead usage by 50% and supporting more sustainable
energy storage.

In recent years, the development of proton battery materials
has introduced new possibilities for high-rate energy storage.[3¢!
Hydrated protons have a light mass (19 g mol™) and small
size (~1.0 A), and they do not require desolvation, enabling
faster ion transport and efficient intercalation/deintercalation ki-
netics within electrodes.[*9*82] Additionally, protons can migrate
through the Grotthuss mechanism (Figure 8d), hopping along
water molecule chains, which minimizes volume expansion dur-
ing the intercalation process, thus enhancing both rate capabil-
ity and cycling stability (up to 0.73 million cycles at 4000 C).[**"]
However, the limitations of the potential and kinetics of exist-
ing anodes in acidic electrolytes have hindered the further de-
velopment of proton batteries. The development of Sn metal ad-
dresses this gap, and the relatively low voltage of Sn is well-
suited to existing proton battery cathodes (Figure 8e), enabling
the assembly of metal-proton batteries with reasonable output
voltages. Furthermore, the relatively fast stripping/plating kinet-
ics of Sn allow for excellent rate performance in proton//Sn bat-
teries. For instance, when pairing the organic electrode tetra-
chloro-benzoquinone (TCBQ) cathode with Sn anode, stable volt-
age output was achieved at a 30 C rate with over 4000 cycles
(Figure 8f), demonstrating that the development of proton//Sn
batteries may open new opportunities for high-power battery
applications.[®%] Similar to Zn, Sn could also be able to match
carbon-based materials with either electric double layer capac-
itance or pseudo capacitance to form Sn-ion hybrid superca-
pacitors to provide extra choice for high rate, long-term energy
storage.[¥’]

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEa.D 3|t (dde au) Aq peusenob afe ss[o e VO ‘8sN JO Sa|nJ Joj Afeiq1 8UIUO 48] 1M UO (SUOTPUOO-PUB-SUWLBY WO A8 | 1M AlRIq 1 U1 UO//:SdNY) SUORIPUOD pUe sWiB | 841 88S *[6202/20/ET] Uo AriqiTauluo A ‘Ariqi oBeoiyD JO AisieAun Aq 2522 T202 ewWpe/zo0T 0T/10p/Lioo" A3 1M ALeid 1 |Bul U0 peoueApe//Sdny Lol pepeoiumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
30 90 150210 300 420 (Wh kg™")
a 212 T b e 21
i . Lead-acid (Theoretical) [l Lead-acid battery
3Lea@?»;cﬁ& : V 3 I sn-PbO, battery i e e
18] | PbO,//Sn (Theoretical) 2 = 15
; i 5 2 S l
“‘ “\ (=) E \
MnO,/iSn (Theéoretical) = g 15 !
1.5 Al I o
w14
1.2 —5mAcm™ 20 mA cm™
> —— 10 mA cm? 25 mA cm™2
T 121 | ol 15 mA cm2 30 mA cm2
o ba  aPHCLI/Pb 100% 50% 25% g z z z T 10
8 CuFe-TBA//MoO, DoD Capacity / mA h cm™
o ! ) 3
> 091, ; ) d f 1.4
InHCF//DPPZ : T
‘ . MnO,//PTO
4 AL s 2 A\ ~ L L = A ) ,J /‘A’ Proton/Sn battery
: ror Y Y 12]
A N
0.6 Yo K —
PANU/Sn (Theoretical) | @ S 101
= Eqvo % 11V »| CuFe- g
Sn S 0.8+
Metal |« Eeey ® 0.6V PANI Fy ] ) ——100" cycle
0.3 >| T\f 1 Z o6l ——1000meyae
> T T . ——2000" cycle
0V vs. SHE a ——3000™ cycle
At 0.4 ———4000" cycle
0 50 100 150 200 250 300 350 0 20 40 60 80 100 120
Specific Capacity / mAh g~' Specific capacity (mAh g™')
g h« 12 120
201 10 ma em — 15 5 Q
—— 250" S 1.04 k100 £
6 750" e
= 1200 £ o8] p— lsgo 2
"E 1.2 Plateau — 1300: > MnQO,//Sn battery o
8 ~15V 2400~ ‘S 061 r60 M
<) S =
o ps8d S o_4f=“-/ 40 g‘
O Q
0.4{ MnO,//Sn battery 5 021 = Charge = Discharge F20 =
S —— . 2 ®
00 01 02 03 04 05 o 00 ; ' ' 3
s . 4 ¢ ¥ * 0 600 1200 1800 2400

Areal Capacity / mAh cm™

Cycle Number/ n

Figure 8. a) Cell voltage, specific capacity, and energy density of typical Sn(MBs compared with other aqueous acidic batteries based on cathode and
anode mass loading.324%2d&i] b) The calculated energy densities comparison between PbO,//Sn battery and lead-acid battery at different DoD of
the anodes. c¢) GCD curves of PbO,//Sn battery at different current densities with a charge capacity of 10 mAh cm=2 with POPE electrolyte additive.
Reproduced with permission.[52°] Copyright 2024, Wiley-VCH. d) Grotthuss mechanism in proton transfer. Reproduced with permission.[82] Copyright
2021, Wiley-VCH. e) Voltages of recently reported proton battery cathodes and theoretical voltages of proton//Sn batteries. f) Typical charge/discharge
curves of the TCBQ//Sn batteries at 6 A g~! with proton battery cathode. Reproduced with permission.[622] Copyright 2024, Elsevier. g) Discharge curves
of pump-free MnO,//Sn battery at different cycles with a fixed charged capacity of 0.5 mAh cm~2 at 10 mA cm™. h) Long-term cycling performance at

10 mA cm™2, Reproduced with permission.["®] Copyright 2023, Elsevier.

Sn metal anode has been proved to perform well in acidic
flow batteries, which can match various acidic catholyte includ-
ing VO, * 571 Fe3* 58 Min?+ 3] etc. Pump-free dual-electrode-free
batteries hold even more possibility due to the avoid of elec-
trolyte flow. MnO,/Mn?** chemistry (1.24 V vs SHE) in acid is
a good cathode candidate that will proceed stripping/plating pro-
cess during the battery operation, which allows dual-electrode-
free MnO,//Sn batteries to have good energy densities with an
output voltage of 1.4 V (Figure 8g).%8! In addition, the dual-
electrode-free MnO, //Sn batteries exhibit good cycling stability
due to the stripping/plating mechanism occurring at both elec-
trodes (Figure 8h).'8] However, further development and opti-
mization are still required for full potential realization. To fur-
ther boost the energy density of acidic SnMB systems, the cath-
ode with higher energy density must be applied, such as oxygen
in the air.[®)

Adv. Mater. 2025, 2417757 2417757 (13 of 20)

6.2. Alkaline Sn Metal Batteries

Aqueous alkaline batteries have gained attention due to their
inherent safety, low cost, and environmental friendliness.!]
The alkaline system holds well-developed bi-functional cata-
lysts for oxygen chemistry, which could enable high power
air battery chemistries.®!l In addition, the alkaline environ-
ment is less corrosive to certain electrode materials compared
with acid, allowing a wider range of electrode materials (e.g.,
MnO,,[?] Ni(OH),,1%! Ni,S,,[*! Co,0,,5% AgO,5%! etc.). Al-
kaline MnO, //Zn dry cell is the most commonly used primary
battery in our daily life, and researchers are contributing their
efforts to make it rechargeable.[**! Up to now, various recharge-
able aqueous alkaline batteries are well developed based on dif-
ferent metal anodes such as Fe,['!) Cd,[*>] Sb,[*2] Bj,[*}] and es-
pecially Zn.[5%%1 Although significant breakthroughs have been
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Figure9. a) Charge/discharge profiles of the Ni(OH),//Sn SnMB at different rates. b) Cycling performance of the Air//Sn SnMB at 5 mA cm~2 and 1 mA
h cm=2. Reproduced with permission.[%3%] Copyright 2023, American Chemical Society. c) Schematic illustration of comparison between traditional Zn—|
redox flow batteries and the Sn—I redox flow batteries based on four-electron transfer. d) Areal capacity and Coulombic efficiency retention of Sn—I and
Zn—I static cells at 5 mA cm~2 under 60 °C. Reproduced with permission.[202] Copyright 2021, Wiley-VCH. e) Voltage profiles of Ni(OH),//Sn pouch cells
at 1 mA cm=2 and 2 mA h cm~2 with different separators. f) Coulombic efficiencies and Sn utilization retention based on total Sn in the electrolyte for
40 mAh cm=2 pouch cell. g) Energy cost as a function of utilization of Sn anode with different chemistries. Reproduced with permission.[>] Copyright
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made in recent years, and star systems like Ni(OH),//Zn and
air//Zn batteries have seen substantial development, these metal
anodes are still facing severe critical problems including but not
limited to dendrite formation, hydrogen evolution, passivation,
and corrosion.'®! Sn metal holds significant advantages com-
pared to other metal anode on its characteristic of dendrite-less
and HER inertness, which usually exhibit better cycling stabil-
ity over other metal batteries (e.g., Zn). Two-electron transfer Sn
chemistry with extremely low polarization (<25 mV) has already
proven to be highly reversible in alkaline systems by multiple
published studies.>3] When applying Sn metal as an anode in al-
kaline Ni(OH),-based batteries, it could deliver nearly 100% DOD
(based on the anode) with good capacity retention under different
rate conditions from 1 to 80 A g=! (Figure 9a). Benefiting from
the low redox potential of Sn(OH);~/Sn (—1.0 V vs SHE), the
SnMB with Ni(OH), cathode owns an output voltage of 1.45 V,
leading to a promising energy density of 314 W h kg™ based on
cathode and anode. After cycling, the tin metal anode showed no
noticeable dendrite formation due to its isotropic growth mode,

Adv. Mater. 2025, 2417757 2417757 (14 of 20)

in stark contrast to zinc, which exhibited significant dendrites
after just a few cycles. An alkaline air//Sn battery with an out-
put voltage ~1.0 V could even hold higher energy density while
maintaining advance stability (Figure 9b). With the MnO, /active
carbon air cathode, the air//Sn battery exhibits an energy den-
sity of 420 W h kg™! based on the total weight of anodic Sn and
the cathodic catalyst or 165 W h kg=! when the weight of elec-
trolyte and current collector into consideration. Not surprisingly,
the air//Sn battery remains stable for ~2000 h at high DOD con-
ditions (99.5%, based on the anode), positioning it as a strong
competitor to the zinc-air battery.!>*"]

The redox potential difference of Sn(IV)-Sn(0) and Sn(II)-
Sn(0) in alkaline (47 mV higher for four-electron transfer)
is much smaller than that in acid (290 mV for four-electron
transfer), so it will make much more sense to achieving four-
electron transfer Sn chemistry in alkaline batteries. Correspond-
ing Sn(OH),*~/Sn reaction could exhibit doubled theoretical an-
ode capacity (903.2 mAh g! and 6562.5 Ah L7'). Moreover,
the solubility of Sn(OH)y2~ is higher than Sn(OH),” (2.8 M
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vs 0.3 M at 25 °C), which may result in higher energy den-
sity. Lu and her co-workers identified the potential of this four-
electron transfer Sn chemistry and used it as an anolyte for re-
dox flow batteries (Figure 9c).I2%] Reversible Sn stripping/plating
was activated through a high temperature of 60 °C, then a
promising volumetric capacity of 148.61 Ah L™ anolyte (73.07
mAh cm™2) was achieved at an average discharge voltage of
1.30 V for 350 h. Compared with the Zn anode in traditional
Zn-1 redox flow battery suffering from severe dendrite forma-
tion, Sn prefers to grow as polyhedron particles isotropically in-
stead of forming a dendrite-like structure, contributing to higher
long-term stability (Figure 9d). Recently, room-temperature re-
versible Sn metal anode with four-electron redox chemistry was
demonstrated in Ni(OH),-based SnMB by using lean electrolyte
and ion exchange membrane to avoid dilute and shuttle of
Sn(OH),™ redox intermediate.l>>! Two plateaus at 1.4 and 1.0 V
were observed in the discharging voltage profile, corresponding
to Sn(OH)¢?~/Sn(OH);~ and Sn(OH);~/Sn reaction, respectively
(Figure 9e). In a SnMB pouch cell with an anion exchange mem-
brane, a Coulombic efficiency of up to 97% was achieved with a
high Sn utilization rate (Figure 9f). Furthermore, SnMBs utiliz-
ing a four-electron Sn metal anode demonstrate reasonable en-
ergy costs compared to the two-electron Sn anode (Figure 9g),
with an estimated cost of 168 $ kWh™! for Ni(OH),//Sn batter-
ies (the cost of AEM separator is not included). The potential of
alkaline SnMBs utilizing a four-electron Sn anode may be im-
proved by integrating an air cathode in the future, though this
will require further research efforts.

6.3. Potential of Sn Metal Batteries

The current existing SnMBs can be identified as dual ion bat-
teries, or hybrid batteries because Sn-containing ions so far do
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not participate in the anodic redox chemistries with the presently
available cathode chemistries, although rocking-chair Sn-ion bat-
teries may become possible in the future. Batteries with simi-
lar mechanisms are common, such as Ni(OH),//Zn batteries,
redox flow batteries, proton-metal batteries, etc. When we eval-
uate the performance and applicability of different emerging
SnMB systems, holistic analysis of all the components (cath-
ode, anode, electrolyte, redox chemistry) is needed. Four anodic
reaction options to match the cathodic process of current Sn-
MBs are summarized in Figure 10, including solid-to-solid (S-S)
conversion,!*! solid/liquid-to-liquid (S/L-L) conversion,#! ion
intercalation and air redox.[* For aqueous Sn batteries to opet-
ate under extreme pH conditions, acid or alkali needs to be added
to the electrolyte in addition to the Sn salt (both tin hydroxide and
stannic acid have limited solubility in water). The extra amount
of acid/alkali or Sn salt in the electrolyte will reduce the energy
density at the cell-level, while an insufficient amount may cause
the electrode performance degradation.

For S-S conversion (e.g., Ni(OH),, PbO,) and intercalation
(e.g., Prussian blue analogue, MoO,) cathodes, proton/hydroxide
or non-redox anions participate in the redox processes. Under
such circumstances, the overall energy delivered by the cathode
has only a weak correlation to the electrolyte amount. The lean
electrolyte is preferred to increase the energy density while prov-
ing sufficientio transport, so the electrode/electrolyte ratio needs
to be optimized. Although proton intercalation cathode provides
an excellent prospect for SnMBs due to its fast kinetics governed
by the Grotthuss mechanism, enhancing the specific capacity of
the cathode is essential to position such SnMB for future elec-
tric mobility applications. The energy density of SnMB with S/L-
L conversion cathode (e.g., MnO,, catholyte species in flow bat-
teries) faces more challenges due to active material dissolution
in the electrolyte. Researchers may need to pay attention to the
utilization rate of at least two kinds of redox species during the
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performance optimization, and the energy density is significantly
relevant to the electrolyte amount and redox active species for
both cathode and anode. Fortunately, many S/L-L cathodes have
high specific capacity (> 600 mAh g=') and good solubility, en-
abling a good scalability of SnMBs for grid energy storage. Tak-
ing static acidic MnO, //Sn battery as an example, MnSO, main-
tains a reasonable solubility in water (4.5 M, 241.2 Ah L™y, 1ccc)-
Ideally, if the volume of the electrolyte is limited to 300 uL cm™
with the 2 M concentration of both Mn?* (MnSO,) and Sn?*
(SnMSA,), the theoretical energy density based on active mate-
rials and electrolyte could reach 149 Wh kg!. The energy density
of SnMBs could even be further boosted with an air cathode to
release the mass of cathode active materials.

Metallic Sn anode follows a stripping/plating mechanism dur-
ing the reversible energy storage and the associated energy den-
sity is mainly dependent on Sn salt solubility in the anolyte.
For example, SnSO, in sulfuric acid is a commonly used elec-
trolyte solute in industrial electrodeposition of Sn. This system
has also been employed in early-stage studies on Sn metal an-
ode, offering a volumetric capacity of > 30 Ah L', ;.. New
anolytes with higher energies are still under development, such
as stannous methylsulfonate in methanesulfonic acid (>2.5 M,
135 Ah L', 1..)- In fact, many tin salts including stannous chlo-
ride (>4.4 M, 235.8 Ah L' ...}, stannous sulfate (>1.5 M, 80.4
Ah L', 1), and stannous tetrafluoroborate (>2.2 M, 117.9 Ah
L™, oye) hold higher theoretical solubility in water at room tem.-
perature, leading to the possibility of higher energy density via
electrolyte composition optimization.

7. Conclusion and Perspective

For nearly 15 years research on aqueous Sn metal batteries has
been focused on identifying the potential of this system, stabi-
lizing the Sn metal anode, and matching the appropriate cath-
ode to develop full batteries with good performances. Significant
advancements have been made in the evolution of Sn-based sys-
tems, transitioning from limited cycle life to stable long-term cy-
cling, and from early misunderstandings of its electrochemical
mechanisms to a more comprehensive understanding of its re-
action and deposition behavior with different electron transfer
numbers. These advancements have expanded the potential ap-
plications of tin, a historically well-known metal, in energy stor-
age systems. However, significant challenges remain in the de-
velopment of SnMBs, particularly in regulating the metal growth,
optimizing the electrolyte composition, and refining overall cell
design.

Although the development of aqueous Sn batteries has pro-
gressed rapidly in recent years, they are still in the preliminary
stages of research, and many potential bottleneck issues need
to be noticed and addressed. The unique growth mode of Sn
makes it less prone to forming sharp dendrites, but its polyhe-
dral growth can introduce other challenges that affect battery sta-
bility. First, although the isotropic particles are considered less
dangerous than sharp dendrites formed by Li and Zn, the edges
and corners of large particles can still damage the separator and
introduce the risk of short circuits. Second, the increased surface
area of isolated particles will also bring a larger electrochemical
active surface leading to more serious hydrogen evolution. Addi-
tionally, although not widely reported, Sn is able to, under cer-
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tain conditions, grow rapidly in the [101] direction bounded by
faces (101) and (100) to form pyramid needle chains with the po-
tential for short-circuiting.[’] These issues may be less apparent
at low areal capacities or low current densities, but at higher ca-
pacities, excessive accumulation of dead tin and continuous con-
sumption of active material in the electrolyte can easily lead to
battery failure. A more compact, uniform deposit on either pla-
nar or non-planar substrate with controlled thickness is the ideal
direction for Sn electrodeposition, which is potentially achieved
through metal-substrate bonding, artificial SEI layer, solvation
structure optimization, 3D substrate design, etc. In addition, Sn
metal deposition under ultrahigh current density (>10 C) or large
capacity loading (>10 mAh cm™2) requires more study and refine-
ment to better fit the application scenario of fast charging (e.g.,
proton//Sn battery, Sn-ion hybrid supercapacitors) and grid-scale
energy storage (e.g., MnO,//Sn battery, Sn flow battery, air//Sn
battery). Although Sn, as a sp metal, possesses inherent hydrogen
evolution resistance, further suppression of hydrogen production
is essential to achieve practical-level Coulombic efficiencies ex-
ceeding 99.9%, particularly under extreme operating conditions.

The electrolyte is another critical factor that needs attention
in the development of aqueous SnMBs. Interestingly, the satura-
tion concentration of tin salts in the electrolyte, whether acidic
or alkaline, is significantly influenced by the counter ions. For
example, replacing the sulfate anion in tin salts with methyl-
sulfonate increases the solubility of tin ions by more than four
times under the same acidity conditions. While basic research
on Sn electrodeposition using stannous sulfate is encouraged
due to its status as one of the most established tin electroplating
systems and the familiarity with sulfate ions from researchers,
which allows more focus on Sn ion behavior, the low solubil-
ity of tin sulfate may become a bottleneck for further improving
the energy density of SnMBs. Developing new low-cost, sustain-
able electrolyte systems with high Sn ion solubility, wide electro-
chemical stability windows, and negative effect-free on cathode
materials is a key direction for the future development of Sn-
MBs. Additionally, the ease with which divalent tin ions are oxi-
dized by oxygen in the air makes the oxidation resistance of stan-
nous electrolytes crucial to preventing self-degradation. Inspired
by the tin electroplating industry, adding antioxidants like hy-
droquinone and methylsulfonate to the electrolyte is a potential
direction.[®]

Among the emerging static Sn battery systems, air//Sn batter-
ies, proton//Sn batteries, manganese dioxide//Sn batteries, lead
dioxide//Sn batteries, and nickel hydroxide//Sn batteries are rep-
resentative systems that show significant potential in one or more
battery performance aspects. When modifying the anode, elec-
trolyte, or separator, it is essential to tailor these modifications
to the appropriate full-cell systems and thoroughly investigate
their effects on all battery components. The development of cor-
responding cathodes, such as research into bifunctional oxygen
evolution/oxygen reduction catalysts, the development of high-
capacity proton battery cathodes, and large areal capacity man-
ganese dioxide cathodes, will play a crucial role in advancing Sn
battery technology. In addition, Sn-based flow batteries have the
potential to emerge as strong competitors to traditional metal-
based flow batteries, such as Zn-Br, and Zn-1, systems.[*”] Halo-
gen catholytes are promising to match with Sn anodes in both
acidic and alkaline conditions. The ion exchange membrane can
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be adjusted to meet the pH requirements of the catholyte without
the need for a bipolar membrane.

Aqueous Sn metal battery is a technology full of both chal-
lenges and promises. The unique properties of tin offer signif-
icant potential for long-term, sustainable energy storage for both
grid and daily use. Compared to other widely studied aqueous
metal anodes such as zing, tin exhibits less tendency of dendrite
formation and a higher hydrogen evolution overpotential, posi-
tioning it as a promising candidate for long-lifespan aqueous bat-
tery systems. For researchers, what matters more than the market
price is the actual reserve and the potential price considering the
resources, mining, and processing, and difficulty/easiness in ex-
traction. Although the cost of tin still remains higher than zinc,
this cost disparity may be mitigated as Sn batteries achieve ex-
tended lifetimes, potentially lowering the per-cycle energy stor-
age cost relative to zinc batteries. Furthermore, the recycling ratio
of Sn is less than 35% of total usage, leaving significant room for
improvement. Advancements in recycling technology could fur-
ther optimize the process and reduce recycling costs. Addition-
ally, ifindustries adopt cheaper alternatives such as aluminum or
plastics to replace Sn in applications like packaging and release
the usage of Sn, the energy cost of SnMBs may further decrease.
With a stable global supply chain and relatively low price volatility,
Sn is well-positioned to contribute significantly to the 100 TWh
energy storage systems required for a sustainable future.'! We
hope that continued research into this field will unlock the full
potential of aqueous Sn metal batteries, answering key questions
and paving the way for their future commercial adoption.

Acknowledgements

This work was supported by the Energy Storage Research Alliance “ESRA”
(DE-AC02-06CH11357), an Energy Innovation Hub funded by the U.S. De-
partment of Energy, Office of Science, Basic Energy Sciences. The idea is
conceived during the ESRA preparation period. D.-J.L. and H.Z.Z. acknowl-
edges the funding support from the Joint Task Force Initiative (JTFI) at the
University of Chicago (2-84889-4401). Y.S.M., D.-J.L., and K.X. acknowl-
edges the support from the Energy Transition Network at the University of
Chicago.

Conflict of Interest

The authors declare no conflict of interest.

Keywords
anode, aqueous batteries, electrodeposition, reversibility, Sn metal
Received: November 15, 2024

Revised: February 2, 2025
Published online:

[1] a) B. Dunn, H. Kamath, J.-M. Tarascon, Science 2011, 334, 928; b) C.
Bauer, S. Burkhardt, N. P. Dasgupta, L. A.-W. Ellingsen, L. L. Gaines,
H. Hao, R. Hischier, L. Hu, Y. Huang, ). Janek, Nat. Sustain. 2022, 5,
176; ¢) M. Li, ). Lu, Z. Chen, K. Amine, Adv. Mater. 2018, 30, 180056 1.
[2] a) ). Deng, C. Bae, ). Marcicki, A. Masias, T. Miller, Nat. Energy
2018, 3, 261; b) Y. Liang, Y. Yao, Nat. Rev. Mater. 2023, 8, 109; c) K.

Adv. Mater. 2025, 2417757 2417757 (17 of 20)

[3

[4

5

[6

7]

8

El

(19]
(11
(12]
(13]
(14]
(15]

(€]

(7]

(18]
(19]

(20]

(21]

(22]
(23]

(24]

(25]

www.advmat.de

Turcheniuk, D. Bondarev, V. Singhal, G. Yushin, Nature 2018, 559,
467.

a) Y. Liang, Y. Jing, S. Gheytani, K.-Y. Lee, P. Liu, A. Facchetti, Y. Yao,
Nat. Mater. 2017, 16, 841; b) G. Liang, F. Mo, X. Ji, C. Zhi, Nat. Rev.
Mater. 2021, 6, 109; ) X. Zhang, P. Xing, T. L. Madanu, J. Li, J. Shu,
B.-L. Su, Natl. Sci. Rev. 2023, 10, nwad235.

a) B. Tang, L. Shan, S. Liang, J. Zhou, Energy Environ. Sci. 2019, 12,
3288; b) L. Jiang, S. Han, Y.-C. Hu, Y. Yang, Y. Lu, Y.-C. Lu, ). Zhao,
L. Chen, Y.-S. Hu, Nat. Energy 2024, 9, 839.

a) J. Shin, ). W. Choi, Adv. Energy Mater. 2020, 10, 2001386; b) ).
Song, K. Xu, N. Liu, D. Reed, X. Li, Mater. Today 2021, 45, 197; ¢) Y.
Zhao, O. Pohl, A. I. Bhatt, G. E. Collis, P. J. Mahon, T. Riither, A. F.
Hollenkamp, Sustain. Chem. 2021, 2, 167.

a) H. Zhang, X. Liu, H. Li, I. Hasa, S. Passerini, Angew. Chem., Int.
Ed. 2021, 60, 598; b) D. Chao, W. Zhou, F. Xie, C. Ye, H. Li, M.
Jaroniec, S.-Z. Qiao, Sci. Adv. 2020, 6, eaba4098.

a) D. Chao, S.-Z. Qiao, Joule 1846, 2020, 4. b) Z. Liu, Y. Huang, Y.
Huang, Q. Yang, X. Li, Z. Huang, C. Zhi, Chem. Soc. Rev. 2020, 49,
180.

H. Wang, R. Tan, Z. Yang, Y. Feng, X. Duan, J. Ma, Adv. Energy Mater.
2021, 71, 2000962.

a) J. Zheng, Q. Zhao, T. Tang, J. Yin, C. D. Quilty, G. D. Renderos, X.
Liu, Y. Deng, L. Wang, D. C. Bock, Science 2019, 366, 645; b) L. Cao,
D. Li, T. Pollard, T. Deng, B. Zhang, C. Yang, L. Chen, J. Vatamanu,
E. Hu, M. J. Hourwitz, Nat. Nanotechnol. 2021, 16, 902.

H. Cai, S. Bi, R. Wang, L. Liu, Z. Niu, Angew. Chem., Int. Ed. 2022,
61, 202205472.

X. Wu, A. Markir, Y. Xu, C. Zhang, D. P. Leonard, W. Shin, X. Ji, Adv.
Funct. Mater. 2019, 29, 1900911.

H. Zhang, Q. Liu, D. Zheng, F. Yang, X. Liu, X. Lu, Nat. Commun.
2021, 12, 14.

Q. Yang, X. Qu, H. Cui, X. He, Y. Shao, Y. Zhang, X. Guo, A. Chen,
Z. Chen, R. Zhang, Angew. Chem., Int. Ed. 2022, 61, 20220647 1.

Q. Zhao, M. J. Zachman, W. I. Al Sadat, J. Zheng, L. F. Kourkoutis,
L. Archer, Sci. Adv. 2018, 4, eaau8131.

S. Katiyar, S. Chang, I. Ullah, W. Hou, A. Conde-Delmoral, S. Qiu, G.
Morell, X. Wu, Energy Environ. Sci. 2024, 17, 4770.

a) F. Wang, O. Borodin, T. Gao, X. Fan, W. Sun, F. Han, A. Faraone,
J. A. Dura, K. Xu, C. Wang, Nat. Mater. 2018, 17, 543; b) Y. Liang, H.
Dong, D. Aurbach, Y. Yao, Nat. Energy 2020, 5, 646.

a) Z. Pan, X. Liu, J. Yang, X. Li, Z. Liu, X. J. Loh, |. Wang, Adv. En-
ergy Mater. 2021, 11, 2100608; b) X. Yu, Z. Li, X. Wu, H. Zhang, Q.
Zhao, H. Liang, H. Wang, D. Chao, F. Wang, Y. Qiao, Joule 2023, 7,
1145; ¢) L. Ma, M. A. Schroeder, O. Borodin, T. P. Pollard, M. S.
Ding, C. Wang, K. Xu, Nat. Energy 2020, 5, 743.

H. Zhang, D. Xu, F. Yang, |. Xie, Q. Liu, D.-. Liu, M. Zhang, X. Lu, Y.
S. Meng, Joule 2023, 7, 971.

G. Wang, M. Aubin, A. Mehta, H. Tian, J. Chang, A. Kushima, Y.
Sohn, Y. Yang, Adv. Mater. 2020, 32, 2003684.

a) Y. Yao, Z. Wang, Z. Li, Y. C. Lu, Adv. Mater. 2021, 33, 2008095; b)
R. Tran, Z. Xu, B. Radhakrishnan, D. Winston, W. Sun, K. A. Persson,
S. P. Ong, Sci. Data 2016, 3, 160080.

a) P. Kurzweil, J. Power Sources 2010, 195, 4424; b) E. |. Cairns, En-
cyclopedia Ener. 2004, 1, 117; ¢) H. Kim, J. Hong, K.-Y. Park, H. Kim,
S.-W. Kim, K. Kang, Chem. Rev. 2014, 114, 11788.

Y. Yu, J. Xie, H. Zhang, R. Qin, X. Liu, X. Lu, Small Sci. 2021, T,
2000066.

D. A. ). Rand, L. Holden, G. May, R. Newnham, K. Peters, J. Power
Sources 1996, 59, 191.

a) Z.Yi, G. Chen, F. Hou, L. Wang, |. Liang, Adv. Energy Mater. 2021,
11, 2003065; b) C. Xie, Y. Li, Q. Wang, D. Sun, Y. Tang, H. Wang,
Carbon Energy 2020, 2, 540.

a) N. Eliaz, E. Gileadi, Physical electrochemistry: fundamentals, tech-
niques, and applications, John Wiley & Sons, Hoboken, NJ 2018; b) J.
Zhu, L. Hu, P. Zhao, L. Y. S. Lee, K.-Y. Wong, Chem. Rev. 2019, 120,

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEa.D 3|t (dde au) Aq peusenob afe ss[o e VO ‘8sN JO Sa|nJ Joj Afeiq1 8UIUO 48] 1M UO (SUOTPUOO-PUB-SUWLBY WO A8 | 1M AlRIq 1 U1 UO//:SdNY) SUORIPUOD pUe sWiB | 841 88S *[6202/20/ET] Uo AriqiTauluo A ‘Ariqi oBeoiyD JO AisieAun Aq 2522 T202 ewWpe/zo0T 0T/10p/Lioo" A3 1M ALeid 1 |Bul U0 peoueApe//Sdny Lol pepeoiumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

26]
(27)
(28]
(29]
(30]

(31]

(32]
(33]

(34]

3]
(36]
(37]
(38]
(39]
[40]
(41]
(42]
(43]
(44]
[45]

46]

[47]
(48]

(49]

Adv. Mater. 2025, 2417757

ADVANCED
MATERIALS

8571; c) D. Voiry, H. S. Shin, K. P. Loh, M. Chhowalla, Nat. Rev. Chem.
2018, 2, 0105; d) Z. Zhou, Z. Pei, L. Wei, S. Zhao, X. Jian, Y. Chen,
Energy Environ. Sci. 2020, 13, 3185.

J. Wang, F. Xu, H. Jin, Y. Chen, Y. Wang, Adv. Mater. 2017, 29,
1605838.

P. Sabatier, C. Béranger, La catalyse en chimie organique 1920, 3.

a) V. Berube, G. Radtke, M. Dresselhaus, G. Chen, Int. J. Energy Res.
2007, 31, 637; b) I. Roger, M. A. Shipman, M. D. Symes, Nat. Rev.
Chem. 2017, 1, 0003.

A. R. Zeradjanin, |. P. Grote, G. Polymeros, K. |. Mayrhofer, Electro-
analysis 2016, 28, 2256.

D. Strmcnik, P. P. Lopes, B. Genorio, V. R. Stamenkovic, N. M.
Markovic, Nano Energy 2016, 29, 29.

a) P. Quaino, F. Juarez, E. Santos, W. Schmickler, Beilstein J.
Nanotechnol. 2014, 5, 846; b) |. Tymoczko, F. Calle-Vallejo, W.
Schuhmann, A. S. Bandarenka, Nat. Commun. 2016, 7, 10990; c)
I. T. McCrum, M. T. Koper, Nat. Energy 2020, 5, 891.

H. Valencia, A. Gil, G. Frapper, J. Phys. Chem. C 2015, 119, 5506.

Y. Jiao, Y. Zheng, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2015, 44,
2060.

a) B. Conway, G. Jerkiewicz, Electrochim. Acta 2000, 45, 4075; b) E.
Santos, A. Lundin, K. Pétting, P. Quaino, W. Schmickler, Phys. Rev. B
Condens. Matter. 2009, 79, 235436; c) X. Liu, Y. Guo, F. Ning, Y. Liu,
S. Shi, Q. Li, J. Zhang, S. Lu, ). Yi, Nano-Micro Lett. 2024, 16, 111.
A. Lucas, J. Egypt. Archaeol. 1928, 14, 97.

a) C. Yang, X. Zeng, H. Li, Z. Tian, W. Liu, W. Qin, J. Li, Front. Environ.
Sci. Eng. 2021, 15, 118; b) M. Gielen, Tin chemistry: fundamentals,
frontiers, and applications, John Wiley & Sons, Hoboken, NJ 2008.
Tin Price, https://markets.businessinsider.com/commodities/tin-
price (accessed: December 2024).

W. Robertson, Tin: its production and marketing, Taylor & Francis, UK
2024.

J. Emsley, Nature’s building blocks: an AZ guide to the elements, Ox-
ford University Press, Walton Street, Oxford 2011.

International Tin Association, 2024. https://www.internationaltin.
org/recycling (accessed: November 2024).

C. Evans, in Chemistry of tin, Springer, Berlin, Heidelberg 1998.

P. P. Lopes, V. R. Stamenkovic, Science 2020, 369, 923.

Y. Zeng, Z. Lin, Y. Meng, Y. Wang, M. Yu, X. Lu, Y. Tong, Adv. Mater.
2016, 28, 9188.

M. Garcia-Plaza, D. Serrano-Jiménez, |. E.-G. Carrasco, ]. Alonso-
Martinez, J. Power Sources 2015, 275, 595.

F. Wang, |. Xie, D. Zheng, F. Yang, H. Zhang, X. Lu, Adv. Mater. 2022,
34, 2200085.

a) Q. Liu, H. Zhang, ). Xie, F. Yang, Z. Yang, X. Liu, H. Wu,
Q. Liu, X. Lu, Nano Energy 2023, 113, 108567, b) Y. Chu, S.
Zhang, S. Wu, Z. Hu, G. Cui, . Luo, Energy Environ. Sci. 2021, 14,
3609.

C. House, G. Kelsall, Electrochim. Acta 1984, 29, 1459.

J. W. Arblaster, Selected values of the crystallographic properties of ele-
ments, ASM International, Almere, the Netherlands 2018.

a) Z. Guo, ). Huang, X. Dong, Y. Xia, L. Yan, Z. Wang, Y. Wang, Nat.
Commun. 2020, 11, 959; b) X. Wu, J. J. Hong, W. Shin, L. Ma, T. Liu,
X. Bi, Y. Yuan, Y. Qi, T. W. Surta, W. Huang, Nat. Energy 2019, 4,
123; ¢) L. Tong, Y. Jing, R. G. Gordon, M. . Aziz, ACS Appl. Energy
Mater. 2019, 2, 4016; d) ). Qiao, M. Qin, Y.-M. Shen, ]. Cao, Z. Chen,
). Xu, Chem. Commun. 2021, 57, 4307; ) M. Zhu, L. Zhao, Q. Ran,
Y. Zhang, R. Peng, G. Lu, X. Jia, D. Chao, C. Wang, Adv. Sci. 2022,
9, 2103896; f) X. Wu, S. Qiu, Y. Xu, L. Ma, X. Bi, Y. Yuan, T. Wu, R.
Shahbazian-Yassar, ). Lu, X. Ji, ACS Appl. Mater. Interfaces 2020, 12,
9201; g) F. Yue, Z. Tie, S. Deng, S. Wang, M. Yang, Z. Niu, Angew.
Chem., Int. Ed. 2021, 60, 13882; h) C. Strietzel, M. Sterby, H. Huang,
M. Stremme, R. Emanuelsson, M. Sjédin, Angew. Chem., Int. Ed.
2020, 59, 9631; i) H. Jiang, W. Shin, L. Ma, J. J. Hong, Z. Wei, Y.

2417757 (18 of 20)

(5]

(51]
[52]

(53]

(54]
[55]

[56]

[57]
[58]
[59]

(60]
(61]

(62]

63]

64]
(65]

(66]
(67]

(68]
6]
(70]
(71
[72]

(73]
(74]

[75]

www.advmat.de

Liu, S. Zhang, X. Wu, Y. Xu, Q. Guo, Adv. Energy Mater. 2020, 10,
2000968.

a) L. Yin, J. Scharf, J. Ma, J.-M. Doux, C. Redquest, V. L. Le, Y. Yin,
J. Ortega, X. Wei, J. Wang, Joule 2021, 5, 228; b) R. Kumar, K. M.
Johnson, N. X. Williams, V. Subramanian, Adv. Energy Mater. 2019,
9, 1803645; c) Z. Yuan, X. Liu, W. Xu, Y. Duan, H. Zhang, X. Li, Nat.
Commun. 2018, 9, 3731; d) X. Wang, F. Wang, L. Wang, M. Li, Y.
Wang, B. Chen, Y. Zhu, L. Fu, L. Zha, L. Zhang, Adv. Mater. 2016, 28,
4904; e) ). F. Parker, C. N. Chervin, I. R. Pala, M. Machler, M. F. Burz,
J. W. Long, D. R. Rolison, Science 2017, 356, 415; f) S. S. Shinde, J.
Y. Jung, N. K. Wagh, C. H. Lee, D.-H. Kim, S.-H. Kim, S. U. Lee, J.-H.
Lee, Nat. Energy 2021, 6, 592.

M. Minakshi, Electrochem. Solid-State Lett. 2010, 13, A125.

a) M. Minakshi, P. Singh, D. Appadoo, D. E. Martin, Electrochim.
Acta 2011, 56, 4356; b) M. Minakshi, P. Singh, N. Sharma, M.
Blackford, M. lonescu, Ind. Eng. Chem. Res. 2011, 50, 1899.

a) D. Xu, J. Xie, L. Zhou, F. Yang, Y. Wang, Z. Yang, F. Wang, H. Zhang,
X. Lu, Small 2023, 19, 230193 1; b) W. Zhou, M. Song, P. Liang, X. Li,
X. Liu, H. Li, T. Zhang, B. Wang, R. Zhao, Z. Zhao, J. Am. Chem. Soc.
2023, 745, 10880.

M. Gao, R. Wang, X. Lu, Y. Fan, Z. Guo, Y. Wang, Angew. Chem., Int.
Ed. 2024, 63, 202407856.

J. Wang, S. K. Catalina, Z. Jiang, X. Xu, Q. T. Zhou, W. C. Chueh, . T.
Mefford, Joule 2024, 8, 3386.

a) Q. Guo, Y. n. Yang, L. Wang, N. Chen, L. Qu, Renewables 2023, 1,
474;b) J. Ouyang, Y. Wang, N. Wu, G. Wang, L. Xiao, J. Lu, L. Zhuang,
ACS Appl. Energy Mater. 2020, 3, 503 1.

F. Chen, Q. Sun, W. Gao, |. Liu, C. Yan, Q. Liu, J. Power Sources 2015,
280, 227.

X. Zhou, L. Lin, Y. Lv, X. Zhang, Q. Wu, J. Power Sources 2018, 404,
89.

L. Wei, H. Jiang, Y. Ren, M. Wu, J. Xu, T. Zhao, J. Power Sources 2019,
437,226918.

Y. Zeng, Z. Yang, F. Lu, Y. Xie, Appl. Energy 2019, 255, 113756.

X. Li, Y. Tang, C. Han, Z. Wei, H. Fan, H. Lv, T. Cai, Y. Cui, W. Xing,
Z. Yan, ACS Nano 2023, 17, 5083.

a) Z.Yu, Q. Wang, Y. Li, F. Zhang, X. Ma, X. Zhang, Y. Wang, |. Huang,
Y. Xia, Joule 2024, 8, 1063; b) D. Xu, H. Zhang, . Xie, L. Zhou, F.
Yang, J. Ma, Y. Yu, G. Wang, X. Lu, Adv. Mater. 2024, 36, 2408067; c)
S. Chang, W. Hou, A. Del Valle-Perez, I. Ullah, S. Qiu, J. L. Rodriguez,
L. M. Diaz-Vazquez, L. Cunci, G. Morell, X. Wu, Angew. Chem., Int.
Ed. 2024, 64, 202414346.

a) J. Chang, A.). Bard, J. Am. Chem. Soc. 2014, 136, 311; b) E. Bishop,
P. Hitchcock, Analyst 1973, 98, 635.

A. M. Molodets, S. S. Nabatov, High Temp. 2000, 38, 715.

B. Cornelius, S. Treivish, Y. Rosenthal, M. Pecht, Microelectron. Re-
liab. 2017, 79, 175.

H. Ying, W. Q. Han, Adv. Sci. 2017, 4, 1700298.

M. Asom, A. Kortan, L. Kimerling, R. Farrow, Appl. Phys. Lett. 1989,
55, 1439.

M. Schwartz, Encyclopedia of materials, parts and finishes, CRC press,
Boca Raton, Florida 2002.

S. Grazulis, D. Chateigner, R. T. Downs, A. Yokochi, M. Quirés, L.
Lutterotti, E. Manakova, |. Butkus, P. Moeck, A. L. Bail, J. Appl. Crys-
tallogr. 2009, 42, 726.

L. Vitos, A. V. Ruban, H. L. Skriver, J. Kolldr, Surf. Sci. 1998, 411, 186.
W. Liu, P. Liu, D. Mitlin, Chem. Soc. Rev. 2020, 49, 7284.

C. Fang, J. Li, M. Zhang, Y. Zhang, F. Yang, ]. Z. Lee, M.-H. Lee, .
Alvarado, M. A. Schroeder, Y. Yang, Nature 2019, 572, 511.

C. Zhu, R. E. Usiskin, Y. Yu, J. Maier, Science 2017, 358, eaa02808.
X.Xu, X. Jiao, O. O. Kapitanova, |. Wang, V. S. Volkov, Y. Liu, S. Xiong,
Adv. Energy Mater. 2022, 12, 2200244.

Y. Zou, X. Yang, L. Shen, Y. Su, Z. Chen, X. Gao, . Zhou, J. Sun,
Energy Environ. Sci. 2022, 15, 5017.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEa.D 3|t (dde au) Aq peusenob afe ss[o e VO ‘8sN JO Sa|nJ Joj Afeiq1 8UIUO 48] 1M UO (SUOTPUOO-PUB-SUWLBY WO A8 | 1M AlRIq 1 U1 UO//:SdNY) SUORIPUOD pUe sWiB | 841 88S *[6202/20/ET] Uo AriqiTauluo A ‘Ariqi oBeoiyD JO AisieAun Aq 2522 T202 ewWpe/zo0T 0T/10p/Lioo" A3 1M ALeid 1 |Bul U0 peoueApe//Sdny Lol pepeoiumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de
https://markets.businessinsider.com/commodities/tin-price
https://markets.businessinsider.com/commodities/tin-price
https://www.internationaltin.org/recycling
https://www.internationaltin.org/recycling

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[76]
[77]
(78]
[79]
(8]
(81]
(82]
(83]
(84]
(85]
(86]

(87]
(88]

ADVANCED
MATERIALS

R. Qin, Y. Wang, L. Yao, L. Yang, Q. Zhao, S. Ding, L. Liu, F. Pan,
Nano Energy 2022, 98, 107333.

K. S. Suslick, Sonoluminescence and sonochemistry, 3rd ed. Elsevier
Science Ltd, Massachusetts 2001.

T. Xiao, L. Liu, H. Liu, T. Li, D. Cai, W. S. Lew, Y. Zhang, H. Bao, J.-L.
Yang, H. ). Fan, Joule 2025, 9, 101820.

a) Y. S. Meng, V. Srinivasan, K. Xu, Science 2022, 378, eabq3750; b)
S. Chen, M. Zhang, P. Zou, B. Sun, S. Tao, Energy Environ. Sci. 2022,
15, 1805.

Y. Sui, X. Ji, Angew. Chem., Int. Ed. 2024, 63, 202312585.

Y. Zong, H. He, Y. Wang, M. Wu, X. Ren, Z. Bai, N. Wang, X. Ning,
S. X. Dou, Adv. Energy Mater. 2023, 13, 2300403.

H. Zhang, W. Wu, Q. Liu, F. Yang, X. Shi, X. Liu, M. Yu, X. Lu, Angew.
Chem., Int. Ed. 2021, 60, 896.

C. Pillot, The Rechargeable Battery Market and Main Trends 2018-
2030, avicenne energy, USA 2019.

T. B. Reddy, Linden’s Handbook of Batteries, McGraw-Hill, New York
2011.

L. Lam, N. Haigh, C. Phyland, A. Urban, J. Power Sources 2004, 133,
126.

L. Zhou, L. Liu, Z. Hao, Z. Yan, X.-F. Yu, P. K. Chu, K. Zhang, |. Chen,
Matter 2021, 4, 1252.

Q. Liu, H. Zhang, ). Xie, X. Liu, X. Lu, Carbon Energy 2020, 2, 521.
a) W. Chen, G. Li, A. Pej, Y. Li, L. Liao, H. Wang, ). Wan, Z. Liang,
G. Chen, H. Zhang, Nat. Energy 2018, 3, 428; b) C. Zhong, B. Liu, J.

(89]

(9]

(51

[92]
(93]
[94]
[95]
[96]
[97]
(98]
[99]

[100]

www.advmat.de

Ding, X. Liu, Y. Zhong, Y. Li, C. Sun, X. Han, Y. Deng, N. Zhao, Nat.
Energy 2020, 5, 440.

S. Sumathi, V. Sethuprakash, W. Basirun, I. Zainol, M. Sookhakian,
J. Sol-Gel Sci. Technol. 2014, 69, 480.

a) W. Shang, W. Yu, Y. Liu, R. Li, Y. Dai, C. Cheng, P. Tan, M. Ni,
Energy Storage Mater. 2020, 31, 44; b) M. Huang, M. Li, C. Niu, Q.
Li, L. Mai, Adv. Funct. Mater. 2019, 29, 1807847.

a) Y. Li, H. Dai, Chem. Soc. Rev. 2014, 43, 5257; b) Q.
Wang, S. Kaushik, X. Xiao, Q. Xu, Chem. Soc. Rev. 2023, 52,
6239.

W. Wruck, B. Reichman, K. Bullock, W. H. Kao, J. Electrochem. Soc.
1991, 138, 3560.

X. Xiao, H. Zhang, W. Wu, C. Wang, S. Wu, G. Zhong, K. Xu, |. Zeng,
W. Su, X. Lu, Part. Syst. Charact. 2019, 36, 1900183.

E. Faegh, B. Ng, B. Lenhart, S. Lateef, W. E. Mustain, J. Power Sources
2021, 506, 230167.

W. Sun, F. Wang, B. Zhang, M. Zhang, V. Kiipers, X. Ji, C. Theile, P.
Bieker, K. Xu, C. Wang, Science 2021, 371, 46.

A. ). Tkalych, K. Yu, E. A. Carter, J. Phys. Chem. C 2015, 119, 24315.

G. Wranglén, Electrochim. Acta 1960, 2, 130.

Y. Goh, A. Haseeb, M. F. M. Sabri, Electrochim. Acta 2013, 90, 265.

Y. Yang, Y. Xiang, Y. Yang, X. Xie, F. Mushtag, R. Zhang, W. A. Daoud,
Adv. Funct. Mater. 2025, 35, 2413685.

J. Liu, J. Xiao, ). Yang, W. Wang, Y. Shao, P. Liu, M. S. Whittingham,
Next Energy 2023, 1, 100015.

Adv. Mater. 2025, 2417757

Haozhe Zhang is a PhD candidate in Graduate Research Cooperative program at the Pritzker School of
Molecular Engineering, the University of Chicago, and Argonne National Laboratory. He received his
B.S. in Materials Chemistry and M.S. in Physical Chemistry from Sun Yat-sen University. Haozhe’s re-
search focuses on material design and mechanism investigation for aqueous batteries, metal-air bat-
teries, oxygen redox catalytic chemistries and electrochemical CO, reduction under the co-supervision
of Dr. Y. Shirley Meng and Dr. Di-Jia Liu.

Di-Jia Liu is a Senior Chemist at Argonne National Laboratory and a Senior CASE Scientist at Univer-
sity of Chicago. He was a Senior Principal Scientist at Honeywell Inc. before joining Argonne in 2002.
His current research covers nanomaterials for fuel cells and water-splitting electrocatalysis, CO,-to-
chemical conversion, hydrogen and methane storage, lithium-—air batteries, catalytic reforming for H,
production, advanced X-ray characterization techniques, etc.

2417757 (19 of 20)

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEa.D 3|t (dde au) Aq peusenob afe ss[o e VO ‘8sN JO Sa|nJ Joj Afeiq1 8UIUO 48] 1M UO (SUOTPUOO-PUB-SUWLBY WO A8 | 1M AlRIq 1 U1 UO//:SdNY) SUORIPUOD pUe sWiB | 841 88S *[6202/20/ET] Uo AriqiTauluo A ‘Ariqi oBeoiyD JO AisieAun Aq 2522 T202 ewWpe/zo0T 0T/10p/Lioo" A3 1M ALeid 1 |Bul U0 peoueApe//Sdny Lol pepeoiumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF NS OALTERIALS

www.advancedsciencenews.com www.advmat.de

Kang Xu, MRS Fellow, ECS Fellow, ARL Fellow (emeritus), Chief Technology Officer of SES Al Corpo-
ration, and adjunct professor at University of Maryland College Park. Kang Xu has been researching
energy storage technologies for over 35 years. His research interests encompass materials develop-
ment, fundamental understanding of interphasial mechanisms in electrochemical energy storage
devices, and Al/ML-assisted materials design and discoveries.

Y. Shirley Meng is the Liew Family Professor at the Pritzker School of Molecular Engineering at the Uni-
versity of Chicago. She serves as the Chief Scientist of the Argonne Collaborative Center for Energy
Storage Science (ACCESS), Argonne National Laboratory. Dr. Meng is the director of Energy Storage
Research Alliance (ESRA), an innovation hub funded by US Department of Energy, Office of Science.
Dr. Meng's research focuses primarily on energy storage materials and systems —including recharge-
able batteries for electric vehicles and trucks, power sources for Internet of Things (10Ts), as well as
grid-scale storage for deep renewable energy penetration.

Adv. Mater. 2025, 2417757 2417757 (20 of 20) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEa.D 3|t (dde au) Aq peusenob afe ss[o e VO ‘8sN JO Sa|nJ Joj Afeiq1 8UIUO 48] 1M UO (SUOTPUOO-PUB-SUWLBY WO A8 | 1M AlRIq 1 U1 UO//:SdNY) SUORIPUOD pUe sWiB | 841 88S *[6202/20/ET] Uo AriqiTauluo A ‘Ariqi oBeoiyD JO AisieAun Aq 2522 T202 ewWpe/zo0T 0T/10p/Lioo" A3 1M ALeid 1 |Bul U0 peoueApe//Sdny Lol pepeoiumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

