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ABSTRACT: Electrodepositing metal materials in large capacity, Regular Sn Deposition Texturized Deposition
at low potential, and with high reversibility serves as the foundation

for any aqueous rechargeable battery chemistry to realize the E:;"’g“g?titlz’; EIED .ﬁ; -};3‘2 Uniform film
. . g |
promises of high energy, low cost, and high safety. However, such a s Y9 g5 Sn? - » Suppress HER

Highly Reversible

foundation is not solid because of the natural tendency of metals to
form irregular, nonplanar, and often dendritic morphologies during
acidic environment due to the faster kinetics of the coupled proton @ Irreversible @
and mass-transport processes between hydrated metal ions and free j“ﬂ -
metal atoms. As a typical representative, tin metal (Sn’) has g %" _
»
nonuniform large-particle morphology, obtained from traditional
electrodeposition, leads to dead Sn” formation and deteriorating
onium salts as effective interfacial cocations that, via selective adsorption, steadily texturize Sn® deposition along the (211) plane,
which is intrinsically inert to the HER, thus regulating the film deposition process by favoring the formation of planar Sn’ film. Such
capacities in both anode-half cells (~1500 deposition/dissolution cycles at S mAh cm™) and full cells (350 charge/discharge cycles
at S mAh cm™?). Textured electrodeposition with intrinsic HER-suppression capability provides a universal solution for diverse metal

o <Y
electrochemical crystallization, which is further amplified in an
. . . . . 1. . . - a ‘
potential to achieve high energy in acidic batteries, but its Y s pogr
reversibility, accompanied by the sustained hydrogen evolution reaction (HER) and active Sn° loss. Here, we report quaternary
Sn° film brings exceptional reversibility in acidic electrolytes, which translates into sustained cycling stability at applicable areal
anode materials in rechargeable energy-dense aqueous batteries.

1. INTRODUCTION

The increasing need for reliable and cost-effective battery
technologies calls for the development of systems capable of
supporting large-scale energy storage and broad adoption in
daily residential and industrial applications."”” Aqueous
batteries offer unique advantages in safety and cost in
comparison with other diverse battery chemistries like the
prevailing Li-ion batteries, due to the utilization of cheap and
incombustible water-based electrolytes that are no longer
heavily reliant on an anhydrous, oxygen-free fabrication
environment or strict battery management systems.3’4 Similar
to their nonaqueous counterparts using Li, Na, and Mg anodes,
aqueous batteries also widely leverage the electrodeposition of
metals from electrolytes in order to maximize the output
voltage, capacity, and overall energy density.s’6 Acidic batteries
especially benefit from electrodeposited metals to match
existing cathodes of high energy and high kinetics.””"’
However, the reversibility of metal electrodeposition/dissolu-
tion remains a universal challenge, even in the most well-
established battery systems. Porous, nonplanar, and often
dendritic morphologies of metals generated by repeated
uncontrolled deposition processes lead to severe side reactions,
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resulting in low Coulombic efficiency (CE), incessant
consumption of electrolytes and electrode active materials,
and even short-circuiting of the batteries.'' The scenario
becomes even more challenging in an acidic environment,
where the high proton activity drives severe corrosion of active
metals and promotes the hydrogen evolution reaction (HER).
In addition, the stronger hydrogen bonding network in the
acidic electrolytes reduces the desolvation energy of hydrated
metal ions, leading to faster transformation between metal ions
and metal atoms, as characterized by higher exchange current
densities (j,) and lower overpotential (17)."> The combined
effect of these factors makes the nucleation process more
difficult, with the formation of scattered large particles favored

during the uncontrolled metal electrodeposition.'>"*
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Ideal electrodeposition of metals in a rechargeable battery
should result in a homogeneous and polycrystalline dense film
with high conformity (Figure S1)."> Flat film morphology not
only minimizes the surface area for side reactions such as the
HER but also circumvents mechanical damage to the separator
or membrane that could create a short-circuit. Furthermore,
since only the top side of the film is exposed to the electrolyte,
particle detachment from the current collector can also be
effectively suppressed. In contrast, a nonplanar metal surface
with large particles or even dendrite morphology often
becomes the growth “hotspot”, magnifying the height differ-
ences among various electrodeposition sites, mechanically
damaging the separator, and encouraging side reactions.'’
More often than not, during dissolution, the bottom section of
the deposited particle exposed to the electrolyte would
preferentially oxidize and dissolve due to the shorter pathway
for electron transport, hence triggering the formation of “dead”
metal particles that are electrically detached from the
underlying current collector.'” Therefore, controlling the
growth of electrodeposited metal into a film morphology
constitutes the foundation for practical applications of
rechargeable metal batteries with high reversibility.

Metal electrodeposition consists of multiple-step processes
that include the transport of solvated metal ions to the
electrolyte/electrode interface, their desolvation and reduction
by incoming electrons, adsorption of free metal atoms on
electrodes, and subsequent diffusion along the lattice planes of
either homo- or heteromaterials, ultimately forming a new
layer as governed by the lattice structure to complete particle
growth."® During electrodeposition, the nascent metal atom
may expose not only one, but most likely several lattice planes,
with varying texture and morphology being characteristic of
different metals and codetermined by total energy changes
during deposition—namely, changes in surface, strain, and
thermal energy.'”™>' The surface energy of a specific lattice
plane is the energy required to create a unit area of that
surface. Strain energy is influenced by intrinsic factors, such as
atomic mobility, and extrinsic factors, such as applied stacking
pressure. Moreover, grains exhibiting high thermal conductiv-
ity are preferred because they promote efficient dissipation of
heat during the deposition process. Since thermal anisotropy is
typically negligible in thin films, surface energy (thermody-
namic factor) and self-diffusion barrier (kinetic factor) become
the primary competing influences on grain orientation to
minimize the total energy under conditions without additional
stacking pressure. From a thermodynamic aspect, the Gibbs—
Curie—Wulff theory posits that an equilibrium shape with a
specific combination of lattice planes that minimizes the
surface energy is preferred during ideal crystal growth.””
Meanwhile, a low self-diffusion barrier indicates that the
deposited metal atom has high mobility within a plane,
facilitating interface migration, inducing less strain energy, and
consequently forming smoother surfaces.”” If multiple lattice
planes were exposed during the initial nucleation stage,
different growth rates of these various planes will inevitably
lead to a nonuniform distribution of the electric field across the
electrode surface, which would self-amplify the nonuniformity
of the deposited metal, especially in an acidic environment
with high exchange current densities.”* Furthermore, for
certain exposed lattice planes with sluggish diffusional kinetics,
growth will preferentially occur along the 2D direction, hence
preventing the formation of a uniform metal film and resultin%
in rough morphologies like particulates and dendrites.”

Therefore, the growth of preferred textured lattice planes via
rational selection constitutes key knowledge in making metal
anodes reversible. Besides the geometric advantage of planar
electrodeposition, the intrinsic inertness of these preferred
textured planes to the HER should also be considered an
additional benefit, because metal surfaces in corrosive aqueous
acid environments can hardly form a stable solid—electrolyte
interphase (SEI), hence the suppression of side reactions can
only be achieved through the reduction of proton activity on
the electrodeposited plane.

Here, we report the tailored electrodeposition of a textured
Sn metal film in an acidic aqueous electrolyte and how it
enables a highly reversible aqueous Sn battery. Given the fast
nucleation rate of free Sn atoms in the acidic media, we
effectively controlled the adsorption and diffusion processes of
nascent Sn atoms during the deposition process by selectively
adsorbing cocation species with steric hindrance, thus
inhibiting the growth of competing lattice planes. The textured
lattice plane is selected as preferred based on surface energy,
self-diffusion barrier, and hydrogen evolution activity to ensure
that this plane has the potential to grow as a film and
minimizes the risk of side reactions. Preferential growth of such
planes produces uniform voltage distribution on the electrode
surface during deposition and unifies the growth rate across the
surface, which encourages film formation over particulate or
dendritic morphologies. We found that relatively dense (211)-
oriented Sn film deposition is most inert toward the HER in
the presence of quaternary onium cocations (e.g., tetrapenty-
lammonium), while nonuniform, large particles would instead
form with multiple planes exposed in the absence of the onium
cocations. The as-deposited textured Sn film anode has high
reversibility with a CE of 99.95% during cycling for over 2900
hat S mA cm™2/5 mAh cm™2, and enables stable and high areal
capacity operations in various battery chemistries, i.e., MnO,//
Sn, PbO,//Sn, and Br,//Sn static batteries up to 7000 cycles
and 10 mAh cm™2. The interfacial engineering adopted in this
work provides a universal strategy for regulating the electro-
deposition of metals of interest.

2. RESULTS AND DISCUSSION

2.1. Acidic Metal Deposition and Aging Mechanism.
Acid-tolerant p-block Sn is one of the most promising metal
materials for acidic batteries because of its high energy density,
low cost, and ease of recycling.zs_28 Its intrinsic electronic
structure, defined by a deeply buried d-band that is inactive in
hydrogen bonding and insufficient orbital overlap between the
sp-band and the hydrogen 1s orbital, gives rise to a high
hydrogen adsorption free energy and correspondingly high
HER overpotentials.”” The fast deposition—dissolution process
of Sn metal in acidic media also makes it a promising
alternative to lead anodes, with high rate capability, low
toxicity, and small environmental footprints, making it better
suited for applications such as grid-scale energy storage and
backup electric power storage in suopport of intermittent
sources like solar, wave, and wind.’ Notably, innovation
efforts in cathode materials have produced exceptional
candidates with high energy and fast kinetics for acidic
aqueous electrolytes, but the integration of them into a full cell
and subsequent commercialization have been prevented by the
absence of a stable metal anode.”'® Although the recent
development of electrodeposited Sn metal has revealed new
opportunities, only a few hundred hours of cycling have been
achieved with relatively low areal capacity (0.5 to 1 mAh
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Figure 1. (a) Schematic diagram of Sn deposition from the acidic electrolyte. (b) Tafel curves and (c) polarization of the Sn electrode in near-
neutral (2 M Li,SO, + 0.2 M SnSO,) and acidic (2 M H,SO, + 0.2 M SnSO,) electrolytes. SEM image of the Sn anode after Sn deposition at an
areal capacity of 1 mAh cm™ in the (d) near-neutral electrolyte and (e) acidic electrolyte. (f) Galvanostatic cycling stability of Sn in the acidic
electrolyte at 10 mA cm™ with a fixed capacity of 4 mAh cm™. (g) Optical photograph of the Sn anode in the acidic electrolyte after 31 cycles at

10 mA cm™2.

em™2).">*17%> Making reversible Sn electrodeposition that can
sustain prolonged cycling at practical areal loadings is a critical
step toward commercially viable aqueous acidic batteries.
The challenge of achieving a reversible metal anode in acidic
media can be reflected from its electrodeposition process. The
scheme of conventional Sn metal electrodeposition displays
that the large polyhedral particle morphology, caused by the
intrinsic nature of acid, is the main driving force behind the
irreversibility of the Sn metal anode (Figure la). Extracted
from the Tafel polarization curves (Figure 1b), the calculated
exchange current density for Sn in a conventional acidic
electrolyte (2 M H,SO, + 0.2 M SnSO,) is ~57 times higher
than that in a near-neutral electrolyte (2 M Li,SO, + 02 M
SnSO,). Such high exchange current density in acid stems
from the lower desolvation energy of Sn** and the fast
transformation process of hydrated Sn®* to free Sn atoms
(Sn”), whose electrodeposition is characterized by much lower
polarization, as indicated by an overpotential of 17.9 mV
compared with 132.3 mV in the near-neutral electrolyte
(Figure 1c). Consequently, Sn° electrodeposited from the
near-neutral electrolyte exhibits a morphology rich in small
particulates with sizes less than S ym (Figure 1d), while Sn°
deposited from an acidic electrolyte tends to promote particle
growth rather than particle nucleation, leading to a uniform
morphology with large particulates (Figure le, >20 ym).'>*>**
The repeated electrodeposition/dissolution of Sn’ in a three-
electrode cell configuration is shown in Figure 1f. Increases of

the Sn° nucleation overpotential are observed at the 11th, 19th,
and 25th cycles, indicating that the deposited Sn® particles
were repeatedly dislodged and became deactivated after initial
deposition, thus renucleation was required at the next charge.
Optical and scanning electron microscopy (SEM) images after
cycling further verify that the deposition/dissolution process of
nascent Sn° particles on the existing Sn® surface is irreversible
in acid and consequently forms electrochemically inactive
“dead Sn”” with uneven, large-sized particles (Figure 1g and
S2). Therefore, to achieve the ideal flat film morphology
needed for highly reversible anodes, one must learn how to
regulate and control the electrodeposition process so that the
desired lattice is preferentially encouraged while other
competing phases are suppressed.

2.2. Identification of the Desired Lattice Planes and
Interfacial Engineering of Textured Sn° Deposition.
Electrodeposition morphology heavily relies on voltage
uniformity at the electrode interface. Different lattice planes
may exhibit varying growth rates depending on the surface
energy and self-diffusion barrier, while the high exchange rate
between solvated metal ion M"* and free metal atom M’ in
acid will enlarge such differences. The local differences in the
metal particulates lead to nonuniform voltage distribution and
a self-amplified particle growth pattern. Recent research results
indicated that applying a neutral interfacial adsorbent could
partially decrease the exchange current density, while using
alloy substrates to promote the nucleation process could only
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Figure 2. (a) XRD patterns of deposited Sn on a commercial Sn foil in SE at 5 mA cm™ and 5 mAh cm™ (b) Self-diffusion energy barrier for Sn
on (101) and (211) planes. (c) The H adsorption free energy of the active sites on Sn (101) and Sn (211). (d) The scheme of the selective
adsorption principle of cocations on low-index lattice planes. XRD patterns of deposited Sn at $ mA cm™ and 5 mAh cm™ with different cocation
species including (e) tetrapentylammonium ion, (f) tetrabutylphosphonium ion, and (g) tripentylamine. (h) Adsorption energy simulation of QO*
and Sn* on the Sn (101) and Sn (211) substrates. (i) The contour plot of XRD Sn (211) plane evolution along with the deposition capacity. The
intensity of the (101) plane is normalized to 1. (j) LSV curves of the (211) plane-dominated Sn, (101) plane-dominated Sn, and Sn foil in 2 M

H,SO,.

achieve more uniform Sn particle deposition of smaller size in
acid, instead of the ideal planar film growth,m’32 To
intrinsically alter the electrodeposition pattern of metals in
acidic media, textured growth of a specific lattice plane is
carried out to minimize differences in the growth rate induced
by different planes in the local environment.

The potentially exposed lattice planes of Sn metal are
evaluated based on thermodynamic and kinetic parameters.
The X-ray diffraction (XRD) patterns reveal that the
commercial Sn foil mainly consists of (101) and (211)
dominated f-Sn (JCPDS#04—0673, Figure S3). The Sn°
particles subsequently electrodeposited on commercial Sn foil
adopt the same lattices (Figure 2a) when deposited from an
acidic electrolyte (2 M H,SO, + 0.2 M SnSO,, denoted as SE).
The reported surface energy (Figure S4) and calculated self-
diffusion barrier (Figure 2b and S5) for Sn (101) and Sn (211)
show 7.7% and 10.3% deviations, respectively, but both
parameters for the (101) plane are slightly smaller than
those for the (211) plane, suggesting that both planes have the

potential to be exposed during deposition, while the (101)
plane experiences faster lateral growth and diffusion rates.”
The relatively low self-diffusion barrier (<0.4 eV) could enable
the possibility of textured film deposition on either plane, but
the intrinsic HER overpotential on different lattice planes now
becomes a determining factor because the HER is
thermodynamically favorable during Sn deposition (0 V vs
—0.14 V referred to SHE). Therefore, the low-index (101)
plane is not ideal as the textured lattice plane because of its
higher atom density, i.e., more active sites that induce the HER
(Figure S6). The HER activity of the two lattice planes is also
quantitatively evaluated via density functional theory (DFT)
calculations (Figure 2c). The HER can be divided into two
sequential steps: (1) a proton accepting an electron to form
H*, and (2) H* dimerizing to become H,.** Hence, the Gibbs
free energy of H* (AGys) is generally considered an effective
descriptor to evaluate the HER activity. Compared with the
(211) surface, the AGy« on the (101) surface shows a
significantly lower absolute value (0.25 eV vs 134 eV),
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indicating a strong catalytic activity of (101) to promote the
undesirable HER. Thus, prohibiting Sn® growth along the low-
index (101) lattice plane while encouraging textured (211)
electrodeposition becomes the apparent choice.

To prohibit Sn® deposition on a specific lattice plane, we
introduce species that can create steric hindrance at interfaces
by selectively adsorbing on these planes, hence blocking
sustained metal deposition and suppressing the growth of this
specific plane. A cation adsorbent is chosen due to the higher
electron density of low-index planes. During the electro-
deposition process, the metal anode is negatively polarized,
which could preferentially attract a cation rather than neutral
or anionic species to the low-index (101) planes (Figure 2d).
As the most commonly used cocation species with adjustable
steric hindrance, we select quaternary onium cations (QO"),
that is, a nitrogen- or phosphorus-centered cations substituted
with four alkyl groups, for demonstration because of their low
cost, chemical stability in aqueous media, and wide
availability.>” The steric hindrance of QO* could be easily
adjusted by changing the length of the alkyl chain. For
experimental verification, the crystallography of the electro-
deposited Sn® with some QO" cocations was examined by X-
ray diffraction (XRD). The relative texture coefficients (RTCs)
are applied to illustrate the variation in preferred crystal
orientation (Note S1), and a larger RTC,y value represents a
higher exposure ratio of the corresponding (hkl) facets on the
Sn’ surface.’® Figure 2e,f shows that both tetrapentylammo-
nium (84.5% for RTC,;;) and tetrabutylphosphonium (83.9%
for RTC,;;) cocations texturize the Sn® deposition toward
(211) planes, significantly different from the Sn’ deposited
from the baseline electrolyte in the absence of QO" cocations
(54.0% for RTC,;;). Focused ion beam milling coupled with
electron backscattered diffraction mapping (FIB-EBSD) was
performed and revealed a preferred growth orientation close to
the (211) plane in Sn® deposited from tetrapentylammonium
cocation-added SE (Figure S7). Similar (211)-textured Sn°
deposition is also observed under different deposition current
densities (Figure S8). However, if one alkyl substituent in QO*
is removed, rendering the additive species a neutral triamyl-
amine molecule, no preferential growth is observed in
deposited Sn’, and the RTC,;; value is similar to that of Sn°
deposited from the baseline electrolyte (Figure 2g, 56.5%).
These results confirm that the positive charge brought by
cocation species serves as the critical factor which induces the
(211)-textured Sn° metal deposition. Note that the four alkyl
substituents in QO* do not need to be identical to promote the
preferential Sn° planes, as evidenced by tributylmethylammo-
nium cocations (Figure S9).

2.3. Theoretical and Experimental Verification of
Textured Sn® Deposition. We set quaternary ammonium
with a moderate side-chain length (i.e., tetrapentylammonium)
as our model cocation in the following study, while still
denoting it as QO* unless specifically explained. The cation-
induced textural growth of Sn° (211) is verified by DFT
simulation of adsorption energy on different lattice planes
(Figure 2h and S10). The adsorption of nascent Sn’ on Sn’
(101) is slightly stronger compared to Sn’ (211). However, the
calculated adsorption energy of QO* on Sn’ (101) is
significantly lower than that on the Sn° (211) plane,
confirming our hypothesis that QO" will selectively adsorb
on the Sn’ (101) plane. As a theoretical prediction, the
adsorption of nascent Sn’ on the Sn® (101) plane will be
impeded by QO", which directs Sn** to deposit on the Sn’

(211) plane due to the lower adsorption energy than that of
QO* (—3.58 vs —3.13 eV).

The adsorption behavior of QO™ was further studied using
Raman and Fourier transform infrared (FTIR) spectra, which
indicate that the QO" cocation does not obviously affect the
solvation structure of Sn** (Figure S11). Therefore, it may
mainly alter the interfacial structures on Sn° surfaces, where its
presence regulates the electrodeposition process of Sn’ by
(dis)adsorption.*” Alternating current (AC) voltammetry was
applied to understand the adsorption behavior of QO on the
Sn surface.” The capacitance of the Sn electrode in the
electrolyte containing QO* (denoted as QO*-SE) is slightly
lower than that in the pristine electrolyte (Figure S12), which
is mainly due to the thicker Faradaic double layer created by
the adsorption of QO*, whose size is much larger than Sn**
and H,0."" The capacitance minimum, namely the potential of
zero charge, shifts negatively from 0.424 to 0.324 V (vs SCE)
upon the introduction of large-volume QOY, indicating its
specific adsorption in the inner Helmholtz plane, where it
partially replaces Sn’* cations and reduces surface charge
density.*” This drastic change in the interfacial structure also
leads to a change in open circuit voltage (Figure S13). In
addition, the chemical composition of the Sn° anode surface
after deposition was analyzed by X-ray photoelectron spec-
troscopy (XPS) depth profiling. Both C—N and C—N" species
are present on the surface of the Sn anode in the N 1s spectra
(Figure S14), suggesting that QO* was stably adsorbed on the
Sn surface. However, the N-containing species almost
disappeared when the Ar® sputtering depth reached 7.8 nm,
indicating that QO™ was only adsorbed on the surface and did
not penetrate inside the deposited Sn° layer as an interfacial
component. It is noteworthy that the exchange current density
of Sn in QO"-SE, calculated from Tafel slopes, is only 11.8%
lower than that in the baseline electrolyte (39.69 mA cm™2,
Figure S15), which suggests that the presence of QO does not
obviously slow down the flux of working ions.

The dynamic evolution of different lattice planes of
deposited Sn’ is studied by XRD analysis. In the baseline
electrolyte, the relative intensity ratio of (211)/(101) is 0.99
when Sn® was deposited at an areal capacity of 0.5 mAh cm™2,
which experiences almost no change when the deposition areal
capacity goes up to S mAh cm™2 By comparison, in the QO*-
SE electrolyte, the (211)/(101) intensity ratio was elevated
from 1.57 to 4.49 as the deposition capacity increased from 0.5
mAh cm™ to S mAh cm™ (Figure S16), demonstrating that
the introduction of QO™ promotes the deposition of Sn” along
(211) preferentially. Contour plots are also provided in Figure
2i and S17 to visualize the evolution of the (211)/(101)
intensity ratio in Sn® deposited from the QO*-SE electrolyte,
and a gradual increase of (211) intensity was observed along
with the deposition capacity. TEM reveals that both the (101)
and (211) planes are observed in Sn deposited from the SE
electrolyte, whereas the (211) plane prevails when Sn’ is
electrodeposited from the QO*-SE electrolyte (Figure S18).
The advantage of the (211)-textured Sn metal is further
expressed in HER activity in 2 M H,SO, (Figure 2j), where a
delayed H, evolution potential was clearly detected on the
(211) lattice plane-dominated Sn° deposited from QO*-SE
(710 = —1.16 V), as compared with other Sn electrodes with a
higher (101) lattice plane ratio (17,0 = —0.94 V for (211)/
(101)-dominated Sn and 7,5 = —0.91 V for (101)-dominated
Sn), consistent with prior theoretical calculations (Figure 2c).
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layer thickness and porosity along with Sn deposition capacity.

2.4. Electrodeposition of the Sn® Film. The morphol-
ogies of electrodeposited metals are governed simultaneously
by the initial nucleation and the subsequent growth rate
(Figure 3a). During Sn° electrodeposition from conventional
electrolytes, differences in growth rates for various lattice
planes are amplified by an acidic environment, which is
characterized by high exchange current density, which will
create a local nonuniform distribution of the electric field and
subsequent metal nuclei, forming “hotspots” that eventually
lead to growth of satellite large particles. In contrast, the (211)
plane is more inclined to favor a more uniform electric field
distribution at the interface by minimizing the growth rate
differences. Benefiting from the low self-diffusion energy
barrier of Sn on the (211) plane (0.37 eV), the (211)-
dominated Sn grains will be given the opportunity for
preferential growth along all 3D directions and eventually
merge together into a uniform and planar film. The relevant
differences could be observed from chronoamperometry (CA)
measurements of Sn® electrodes in SE and QO*-SE electro-
lytes.””** The rise in current density during the CA test is
assumed to reflect an increase in the effective surface area. As

shown in Figure 3b, the current density of the Sn® anode in the
baseline electrolyte rapidly increases over 200 s, suggesting a
continuous and rampant 2D nucleation process, in which the
surface area of the Sn anode progressively enlarges due to the
fast, nonuniform deposition of Sn’. The Sn** ions will diffuse
laterally along the surface to find the most favorable charge
transfer sites, meaning that Sn® will aggregate on all surfaces of
the nuclei and then grow into uncontrolled, large particles to
minimize surface energy. This self-amplified deposition process
would aggravate the formation of “dead Sn””. Comparatively,
the current density in the electrolyte with the QO* cocation
displays a very short time (16 s) for the 2D nucleation process,
followed by a constant low current density that represents a
longstanding 3D compact diffusion process. The steadily
decreasing current density in the first step and the constant low
current in the second step indicate an entirely different Sn°
deposition mechanism from what happens in the baseline
electrolyte. This phenomenon of decreasing current emerges as
a result of the reduced surface area, which is only possible
when growth centers overlap and merge, yielding a dense and
smooth deposit layer. The 3D compact diffusion after
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’

and 5 mAh cm™2 (c) Rate performance of symmetric Sn cells with SE and QO*-SE electrolytes at I mAh cm™2. (d) CE of Sn//Cu asymmetric cells
using SE and QO*-SE electrolytes at different current densities/capacities: 3 mA cm™/3 mAh cm™ (up) and 5 mA cm™/5 mAh cm™2 (down). (e)
Voltage profiles of Sn anodes with SE (up) and QO*-SE (down) electrolytes at 3 mA cm™>/3 mAh cm™

nucleation ensures the continuous growth of a dense Sn film
layer with time without obvious surface area changes. In this
unique process, Sn** is absorbed on the Sn” electrode surface
and reduced locally with constrained 2D surface diffusion due
to the additional energy barrier brought by the surface-
adsorbed QO* on the (101) plane, which forces the absorbed
Sn** to move laterally. As a result, Sn deposition in QO*-SE
becomes homogeneous without an observable volume change,
which can be clearly visualized from the SEM and optical
images of the Sn° electrode after the CA test (Figure S19).
Besides, Sn° electrodeposited from QO*-SE consistently
exhibits a shorter 2D nucleation time and lower current
density than those in the pristine electrolyte under different
test potentials from —20 mV to —150 mV (Figure S20),
further demonstrating that the Sn° deposition generated by
QO*-SE is more homogeneous.4

The morphologies of the electrodeposited Sn® metal in the
presence of QO" are further examined by ex-situ SEM
characterization as the capacities increase from 1 to 16 mAh
cm™? (Figure 3c). In the initial deposition step (1 mAh cm™2),
Sn° deposits in QO*-SE display a uniform layer with a
pyramidal shape on the top. Upon further increasing the Sn’
electrodeposition capacity, the Sn° layer gradually merges
together and forms a continuous film. By contrast, Sn
deposited in the absence of QO™ shows large, nonuniform
particles with a diameter even greater than 50 ym starting at 1
mAh cm™, which continuously increase with the deposition
capacity (Figure 3d and S21). These random-sized, large
particles on the surface are more likely to become dead Sn’
during the later cycling process. In-situ optical microscopy
shows that Sn” deposited in the baseline electrolyte has rock-
like protrusions after electrochemical plating for 1.67 mAh
cm™? (Figure 3e), but the Sn® from QO™-SE still presents a flat
surface throughout the plating process upto 10 mAh cm ™, and

no obvious protrusions are observed. The inner morphology
from side-view SEM reveals a relatively dense Sn° film with no
large pores or interparticle voids, with a total thickness growth
from 4.9 to 33.4 um as the capacity increases from 1.5 to 8
mAh cm ™ (Figure 3f and S22). The calculated porosity of the
deposited Sn film is only 8.2% at 1.5 mAh cm™2 which is
relatively dense, but it will gradually increase along with the
capacity (Figure 3g, 27.5% at 8 mAh cm™).

2.5. Electrochemical Reversibility of Sn® Anodes. The
same three-electrode electrochemical test shown in Figure 1f
was applied to QO*-SE (Figure S23). As expected, the Sn’
electrode in QO™-SE exhibited much stable curves during
cycling without the shrinkage caused by renucleation,
indicating that the disconnection of deposited Sn’ particles
or formation of dead Sn° is successfully suppressed. The
optical images of the Sn° electrode after the test also detect no
dead Sn®. The Sn°//Sn° symmetric cells based on baseline and
QO*-SE electrolytes were assembled to validate electro-
deposition reversibility. As expected, the symmetric cell cycled
in the QO'-SE electrolyte can maintain stable voltage
hysteresis for over 4000 h at 3 mA cm™ with a fixed capacity
of 3 mAh cm™? while the symmetric cell cycled in the SE
electrolyte exhibits a fluctuating voltage profile typical of side
reactions and a sudden drop after 18 h, probably caused by a
soft short circuit (Figure 4a). The cells cycled in the QO*-SE
electrolyte show a slightly higher polarization voltage than
those in the SE electrolyte, likely due to the additional energy
required to regulate the deposition of Sn** ions into the (211)
plane by site-blocking onium cocations. Impressively, when
cycled at practical-level capacities of S mAh cm™ and 10 mAh
cm™?, the symmetric cell with the QO* cocation could still
achieve a long lifespan of over 2900 and 300 h, respectively
(Figure 4b and S24). From postcycling XRD patterns of Sn’
anodes, we notice that the Sn° anode in QO*-SE electrolyte
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Figure 5. (a) Discharge curves with an areal capacity of S mAh cm™ under different current densities; (b) rate performance; (c) discharge curves
with different capacities from 1 to 10 mAh cm™ at 20 mA cm ™2 of the MnO,//Sn° battery in QO*-SE electrolytes. The cycling performance of the
MnO,//Sn° battery with the fixed deposition capacities of (d) S mAh cm™ and (e) 1 mAh cm™ (f) The cycling performance of the PbO,//Sn°
battery with the QO*-SE electrolyte with a fixed deposition capacity of 5 mAh cm™>. (g) The charge/discharge curves and cycling performance of a

Br,//Sn” battery with a fixed deposition capacity of 5 mAh cm™.

still maintains the (211) plane-dominated feature after long
cycling, showing that the growth mechanism applied by QO*
sustains while maintaining the desired texture (Figure S25). In
addition, the (101) plane formed on Sn® from the baseline
electrolyte dominates after cycling due to its smaller surface
energy and self-diffusion kinetics. However, Sn® (101) triggers
more severe dead Sn® formation, which rapidly causes the
failure of the cell.***” The Sn° anode deposited from the QO*-
SE electrolyte still maintains a flat, film-like surface after long-
term cycling, in stark contrast to the Sn anode with an uneven
particle surface in SE.

Although introducing QO™ into the electrolyte enables
(211)-textured Sn deposition, it should be noted that the
optimum concentration of QO* is 7.9 mM. Higher QO*
concentrations shorten the lifespan of the Sn” metal anode
(Figure S26), most likely due to the detrimental effects of QO*
on the viscosity and ion transport of the electrolyte. The rate
capabilities of the Sn®//Sn® symmetric cells were also
compared for the baseline electrolyte and QO*-SE electrolytes
at current densities ranging from 1 to 10 mA cm™> and then
back to 1 mA cm™ with a fixed capacity of 1 mAh cm™. As
illustrated in Figure 4c, the symmetric cell using QO*-SE
exhibited stable voltage profiles, while the baseline electrolyte

caused severe voltage fluctuations. Despite the potential
detrimental effects of QO™ on viscosity and ion transport,
QO™-SE still allows the as-deposited textured Sn’ anode to
support high-rate operations at current densities of up to 5 C,
showing impressive fast deposition kinetics (Figure S27).

To demonstrate the universal application of the onium
cocation strategy, reversible Sn’ electrodeposition is also
demonstrated in methanesulfonic acid (MA) with higher
Sn** solubility (2 M MA + 2 M Sn(MA),). In stark contrast to
the failure of Sn//Sn symmetric cells within 120 h when no
QO is present, the cells in QO*-SE displayed exceptional
cycling stability, maintaining a consistent voltage hysteresis for
over 2600 h at 3 mA/3 mAh cm_z, as well as over 600 h at §
mA/S mAh cm™ This highlights the potential of Sn’-based
anodes in achieving a higher volumetric energy density (Figure
$28). Other types of cocations selected from the QO* family,
based on both ammonium or phosphonium cations carrying
symmetric or unsymmetric alkyl substituents of varying
lengths, were verified to have a similar Sn’-stabilization
function as well, which further validates the universal
effectiveness of the strategy for regulating electrodeposition
planes (Figure S$29). The introduction of quaternary
ammonium cocations with increasing side chain length leads
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to greater polarization in Sn//Sn symmetric cells, primarily
due to enhanced steric hindrance within the inner Helmholtz
layer that impedes Sn’ deposition. Interestingly, a volcano-
shaped performance trend was observed as the side chain
length of the applied QO™ cocations increased from C, to Cq.
Short-chain cations, such as tetramethylammonium, offer
limited inhibition of Sn® growth along the (101) plane, while
excessively long chains, as in tetrahexylammonium, disrupt
deposition along all planes. Additionally, longer side chains
increase electrolyte viscosity, reducing ion mobility and overall
performance. As a result, the tetrapentylammonium cocation
provide the most favorable balance between deposition control
and ion transport.

The reversibility and stability of the Sn’ deposition/
dissolution chemistry can be confirmed under more severe
conditions of the “anode-free” Sn’//Cu asymmetrical cells. At
3 mA cm™?/3 mAh cm™?, the Sn°//Cu cell with the QO*
cocation operates stably for 800 h and presents a stable average
CE of 99.96% over 400 cycles, and even remains at 99.95% for
350 stable cycles after increasing the current density/capacity
to 5 mA cm™2/5 mAh cm ™ (Figure 4d). On the contrary, the
anode-free Sn°//Cu cell in the baseline electrolyte fails after
only 3 cycles at 3 mA cm™>/3 mAh cm ™2, with a fluctuating CE
that rapidly drops to O after 8 cycles when the current density/
capacity is increased to S mA cm™?/5 mAh cm > The
corresponding plating/stripping curves are shown in Figure 4e
and S30. Under the most demanding conditions, the QO*-SE
electrolyte supports the operation of an anode-free cell for
hundreds of cycles at both areal capacities with stable voltage
polarization and a flat plateau.

2.6. Acidic Batteries with the Textured Sn Metal
Anode. Finally, to fully validate the practical use of the (211)-
textured Sn film anode enabled by the QO* cocations, we
assembled a series of full batteries constructed with various
cathode materials, including MnO,, PbO,, and Br, Here, the
MnO, cathode utilizes a dissolution/deposition mechanism in
acid with a 2-electron transfer process (Figure S31).'° The
discharge curves of MnO,//Sn’ batteries in QO*-SE at
different current densities with a fixed charge capacity of §
mAh cm™ are depicted in Figure Sa. The as-assembled
MnO,//Sn’ battery exhibits a flat discharge plateau of ~1.52 V
at S mA cm™?, with a maximum areal capacity of 4.94 mAh
cm™% Excellent tolerance against current abuse is observed
during the cycling of the MnO,//Sn° battery upon the increase
of the test current density, and no obvious capacity fading is
detected at different charge capacities (Figure Sb and S$32).
Such excellent rate performance is mainly attributed to the
electrochemical behavior of the electrodes, both of which
experience fast dissolution and deposition of Sn’/Sn** and
MnOZ/Mn2+. The rechargeable capacity of the MnO,/ /Sn°
battery can be pushed from 1 mAh cm™ (98.6%) to a large
areal capacity of 10 mAh cm™ (94.1%), where it still maintains
good CE (Figure 5c) and a maximum energy density of 130.4
Wh kg™' (based on the masses of all electrodes). Impressively,
the MnO,//Sn” battery in the QO'-SE electrolyte can be
stably cycled over 350 cycles under a fixed capacity of S mAh
cm™? at a stable CE of 96.8% (Figure 5d). When the capacity
increases to 10 mAh cm™, 60 cycles of reversible charge/
discharge could still be achieved (Figure S33). If shallow
cycling was conducted at 1 mAh cm ™2, the MnO,//Sn° battery
could even retain 98.2% of its theoretical capacity for over
7000 cycles (Figure Se). No voltage drop was observed during
cycling at different areal capacities (Figure S34).

An acidic aqueous battery consisting of Sn° as the anode and
commercial cathode PbO, was also assembled to demonstrate
the potential of Sn° to replace Pb° in popular lead-acid
batteries (Figure 5f, S35, and $36). The PbO,//Sn° battery
with the QO'-SE electrolyte demonstrates good cycling
performance over 200 cycles at a discharge current density
of $ mA cm™® and a deposition capacity of 5 mAh cm™
without voltage drop, which proves that the Sn° is able to
reversibly deliver competitive energy density while minimizing
the use of toxic Pb. Furthermore, taking advantage of halogen
redox chemistry, we also demonstrate a static Br,//Sn° battery
in HBr and QO*-SE electrolytes (Figure Sg). An air-treated
carbon felt is applied as the cathode current collector, and the
detailed configuration is shown in Figure S37. Air-treated
carbon felt could improve electrode hydrophilicity and
catalytic activity through the introduction of oxygen-containing
functional groups, thus facilitating enhanced electrolyte—
electrode interactions. The voltages of the charge/discharge
plateau are recorded as 1.26 and 1.10 V, with a small
polarization of only 160 mV, showing high energy efficiency.
The static Br,//Sn° battery delivers a discharge capacity of
4.74 mAh cm™ for more than 280 cycles at a fixed charge
capacity of S mAh cm™ To compare the practical viability of
various acidic aqueous batteries, Figure S38 summarizes areal
capacities and discharge voltages from a few recently published
works (Table $1)."****75% 1t is worth noting that, while in
general the cathode, active species, and cell configuration for
this battery chemistry still have large space for optimization,
textured Sn-based acidic aqueous batteries already stand out in
this category and exhibit attractive potential for energy storage
at practical-level areal capacities.

3. CONCLUSIONS

In summary, we report the identification of a desirable Sn°
crystal plane for reversible electrodeposition, and based on this
fundamental understanding, we design an onium-based
cocation adsorption strategy to tailor the interfacial structure,
so that the selective growth of the Sn® (211) plane is preferred,
enabling stable and high-efficiency operation of the Sn° anode
in acidic aqueous batteries constructed with various cathode
materials. Diversified quaternary onium cations with steric
hindrance were demonstrated to be effective in forming such a
textured Sn® deposition in a uniform film. We discovered the
critical issue of particle-dominated metal deposition in acids
and demonstrated how to control the growth process to ensure
that the particles merge into a planar metal film. Both the high
hydrogen evolution overpotential and reduced contact area of
the film electrode with the electrolyte contribute to the high
Coulombic efficiency and reversibility. As a result, the Sn film
anode optimized by the quaternary onium cocation shows a
few thousand deposition/dissolution cycles with high stability
under S mAh cm™ and approaches practical-level areal
capacities when coupled with different cathode materials.
Our findings confirm that the reversible electrodeposited metal
strongly requires the regulation of the metal growth process
due to the fast kinetics of metal-ion/free atom transformation
in acids. The concept of unifying the voltage distribution by
texturizing metal deposition to achieve a film morphology with
high reversibility can be extended to future designs for various
metal anodes.
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