SCIENCE ADVANCES | REVIEW

APPLIED SCIENCES AND ENGINEERING

Controlling electrochemical growth of metallic zinc
electrodes: Toward affordable rechargeable energy

storage systems

Jingxu Zheng" and Lynden A. Archer**

Scalable approaches for precisely manipulating the growth of crystals are of broad-based science and technological
interest. New research interests have reemerged in a subgroup of these phenomena—electrochemical growth of
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metals in battery anodes. In this Review, the geometry of the building blocks and their mode of assembly are
defined as key descriptors to categorize deposition morphologies. To control Zn electrodeposit morphology, we
consider fundamental electrokinetic principles and the associated critical issues. It is found that the solid-electrolyte
interphase (SEI) formed on Zn has a similarly strong influence as for alkali metals at low current regimes,
characterized by a moss-like morphology. Another key conclusion is that the unique crystal structure of Zn,
featuring high anisotropy facets resulting from the hexagonal close-packed lattice with a c/a ratio of 1.85, imposes
predominant influences on its growth. In our view, precisely regulating the SEl and the crystallographic
features of the Zn offers exciting opportunities that will drive transformative progress.

AFFORDABLE ELECTROCHEMICAL STORAGE: PROMISES

AND CHALLENGES OF ZINC BATTERIES

The development of affordable energy harvesting and storage tech-
nology has in recent times emerged as a grand challenge in lowering
humanity’s dependence on fossil fuels. Cost-effective storage of
electricity has, at the same time, emerged as a crucial requirement to
lower humanity’s carbon footprint by electrifying transportation
and by enabling scalable use of renewable-sourced power on the
electric grid. After decades of research and commercialization ef-
forts, photovoltaic (PV) technology has, in recent years, advanced
rapidly as a high-efficiency and cost-effective option for harvesting
renewable electricity from the Sun (I). Advances made in lowering
cost and scaling supply of renewable electricity generated from
wind are as impressive (2). Figure 1A illustrates one of the two bar-
riers to broad-based use of solar (and wind) as sources of renewable
energy. First, the supply of energy from the Sun is intermittent and
most concentrated during periods of moderate or low electric pow-
er demand. Second, the supply varies seasonally; meaning that vari-
ability of the power supply can extend over periods ranging from
hours to months. Power interruptions on either of these time scales
are disruptive and cost tens to hundreds of billion U.S. dollars in
2002 and 2015, respectively (3, 4). It is straightforward to see that
complementary, cost-effective energy storage systems (ESS) are a
requirement for “leveling” the supply, shifting the energy from peak
to off-peak production periods.

Energy can, of course, be stored via multiple mechanisms, e.g.,
mechanical, thermal, and electrochemical. Among the various
options, electrochemical energy storage (EES) stands out for its
potential to achieve high efficiency, modularity, relatively low envi-
ronmental footprint, and versatility/low reliance on ancillary infra-
structure (5, 6). Despite these advantages, the relatively high cost of
EES systems limits market penetration, particularly in situations
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where long-term storage is required to address variability in the en-
ergy supply. EES technology based on the intrinsically low-cost element,
zinc (Zn), are among the “oldest” batteries; Alessandro Volta’s letter
(7) in 1800 described a pile of Cu-Zn couples to generate stable elec-
tricity. Primary Zn-MnO, batteries have been available commer-
cially since the early 20th century (8), but despite a very large body of
work, efforts to create rechargeable Zn batteries have been less fruit-
ful. The low cycle life (<100 cycles) (9) typical for these batteries
have been attributed to fundamental issues at both electrodes: The
metal oxide cathodes exhibit large electrochemical irreversibility
above a certain depth of discharge (DOD) (10); the Zn metal an-
ode undergoes a so-called “shape change” process irreversibly
depleting the anode metal (11). In recent decades, the cycle life of
Zn batteries has been extended by approximately one order of mag-
nitude (i.e., ~1000 cycles). In addition, very recently, fundamental
advances in electrolyte, interface, and electrode design suggest that
additional substantial increases in reversibility of the Zn electrode
may be possible.

To more concretely establish the benefits of these advances in
Zn electrode reversibility, we first look at their potential impact on
the system (electric power generation and storage) levelized cost
(LCOEjystem). On this basis, we will establish basic performance re-
quirements for achieving practically relevant storage. The LCOEystem
is computed using the following formula

Cpv + Cgss
Egss + Epv direct

LCOEsystem = (1)
The formula takes into account cost (C) and energy (E) terms
associated with power generation (in this example, from PV) and
storage (12). We may likewise define a levelized cost of storage
(LCOS) as a quantitative metric for more formally comparing EES
and other storage options, as well as for guiding choices among EES
options
n Cess:
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LCOS = (2)
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Fig. 1. Assessment of the requirements for affordable EES technologies that are suitable for integration into clean energy generation systems. (A) Hourly power
profiles for typical power demand and supply from solar-PV. Adapted with permission from (72). (B) Levelized costs of energy (LCOE) production from solar-PV compared
with levelized energy of storage (LCOS) costs of representative battery chemistries. Replotted according to (18). Zn-based batteries show the lowest LCOS of ~$0.3/kWh.
(C) The plating/stripping Coulombic efficiency (CE) requirements for metal anodes to achieve the cycle life targets. Each curve depicts the correlation between N:P ratio and
the Coulombic inefficiency (=1 — CE), assuming 80% capacity retention after a certain number of cycles as specified in the legend. For example, the red curve depicts the rela-
tion between N:P ratio and Coulombic inefficiency to meet the goal of a battery cycle life equal to 1000 cycles. N:P ratio is defined as the ratio between the capacities of
active materials in the negative electrode(anode) ar]|d the positive electrode(cathode), respectively, assuming the materials operate at their theoretical specific capac-

ities. The curves are plotted by solving (1 —x)(T‘yT

= 0.8, where y is N:P ratio, x is Coulombic inefficiency, and T is the cycle life target. (D) Schematic cartoon

showing the two key irreversibilities associated with Zn metal electrodes. Noncompact Zn electrodeposits lose electrochemical activity after they chemically react with the
electrolyte (chemical instability) or physically detach from the current collector (physical orphaning).

Here, I is the one-time installment cost, r is the discount rate
that relates future value to present value (usually 5 to 8%), Cgss s and
Egss ¢ are the maintenance cost and the energy production in year ¢
after installation of the EES system (13). We note that for the EES
systems of interest in this review, the annual maintenance cost Cggs
is minimal, e.g., 1 to 2% of the initial investment, I, (14), which
means that the Cgsgs; term in Eq. 2 is generally small and we may
approximate it as

Iy
n  Ersse
=11+ 0

LCOS = (3)

Figure 1B reports LCOS values for a number of EES technologies
of contemporary interest. These values are evidently 6 to 20 times
larger than those typically reported for pumped-storage hydroelec-
tricity and compressed air energy storage (15), explaining the tradi-
tional dominance of these ESS options. They are also substantially
higher than reported LCOE for renewable electric power generation
using solar PV [$0.05 to $0.07/kilowatt-hour (kWh)] or wind
($0.04 to $0.08/kWh) installations (2, 16). At this level of compari-
somn, even Zn batteries, which have the lowest LCOS ranging from
$0.245 to $0.345/kWh, will introduce nontrivial additional cost
when integrated with solar PV or wind generation technology.
Considering that comparable cost of electric power generation from
fossil fuels range from $0.03 to $0.15/kWh (17, 18), we predict
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that meaningful market penetration of PV-EES integrated system
will require substantial reduction in the cost of EES, at least to levels
comparable with the LCOE of solar-PV technology, i.e., <$0.1/kWh,
preferably <$0.05/kWh. An examination of Eq. 3 suggests two
approaches for achieving LCOS reductions of this scale: (i) sub-
stantially lower Iy and/or (ii) increase Egsg. The former is mainly
dictated by materials chemistry and the latter by the cycle life of the
EES system. That is, a truly complementary EES technology for en-
abling penetration of renewable power generation on the grid must
have at least three traits: inherently low materials cost, scalability for
long-term storage, and long cycle life. Secondary Zn batteries easily
achieve the first two of these requirements but require a cycle life
of 30 to 50 years and one 100% DOD cycle per day, corresponding
to 10,000 to 20,000, 100% DOD cycles to be of practical interest for
addressing intermittency and variability of the power supply from
renewable sources. For example, a Zn-based storage system able to
achieve a cycle life of 10,000 is required to achieve a LCOS = $0.1/kWh,
and one able to achieve a cycle life above 20,000 is required to
achieve a LCOS of <$0.05/kWh. Promising progresses of cathode
development toward this goal have been made in the recent years
through the rational design of the chemistry and morphology of the
active materials, e.g., MnO, and its derivatives. Cycle lives above a
few thousands stable cycles, at practical areal capacities were demon-
strated (19, 20). The performance of Zn anodes is one order of mag-
nitude inferior to what has been achieved at the cathodes. While
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the contemporary Zn electrodes have already demonstrated such
cycle life (tens of thousands cycles) at a low DOD of <1% (21), it
quickly falls to below 1000 cycles as the battery operates at a greater
DOD of 40 to 50% (21, 22).

Multiple big leaps in the design of all components of the electro-
chemical cell are required to achieve Zn systems that achieve cycle
life of 10,000 to 20,000 cycles. Figure 1C, for example, quantitative-
ly assesses the reversibility metrics for the Zn metal anode needed to
meet these goals. It shows that with a reasonable N:P ratio below
5:1, a >99.96% plating/stripping efficiency is necessary. We note
that this value is widely reported to be <90% in cells without proper
control over the plating/stripping reaction, and the reversibility fur-
ther deteriorates as areal capacity increases. We note further that
unlike the liquid-phase reactions that can be treated in a classical
electrochemistry framework with quite good accuracy, the metal
plating/stripping reaction that controls the reversibility of the Zn
battery anode involves the repeated creation and dissolution of a
solid, crystalline phase over cycling. This means that non-negligible,
oftentimes appreciable, morphology evolution of the electrode is
constantly taking place during normal battery operation. This attribute
differentiates metal plating/stripping from classical pure liquid-phase
electrochemical reactions—For liquid-phase reactions, the revers-
ibility is mainly dictated by the chemistry and the energy surface
associated with the kinetics (23); in contrast, the reversibility of a
metal plating/stripping redox couple is dominated by the morphol-
ogy of the electrodeposits through two main mechanisms: chemical
instability and physical orphaning (24, 25). The former describes metals’
propensity for undergoing side reactions with other battery compo-
nents, e.g., an electrolyte; the latter for detaching from the current
collector and thereby losing the electrical connection (Fig. 1D). Both
of the two mechanisms are fundamentally attributable to the po-
rous, heterogeneous morphology of the Zn electrodeposits formed
in battery recharge and ultimately result in permanent materials
loss. As a result, the real plating/stripping efficiency achieved exper-
imentally in electrochemical cells is lower (i.e., oftentimes <90%,
sometimes <50%) than one would expect. The noncompact nature
of the porous electrodeposits also creates volume expansion in the
anode chamber. A perhaps more obvious aftermath of heteroge-
neous Zn growth is—the metallic, electrically conductive Zn depos-
its, which exhibit a high modulus of 108 GPa (versus 5 and 10 GPa,
for Li and Na, respectively), penetrate the separator with ease, and
physically bridge the two electrodes—the battery short (22, 26, 27).

Regulating the morphology evolution of Zn electroplating/
stripping with microscopic or even atomic precision is therefore, in
our view, the key to high-performance Zn metal anodes for applica-
tions in affordable battery systems. With the specific aim of discussing
the underlying scientific challenges in-depth, the review focuses on
electrolyte, interphase, and anode design principles for achieving
highly reversible Zn anodes. A more specific goal is to deconvolute
the fundamental principles that govern the electrochemical deposi-
tion morphology of Zn. On the basis of that framework, we will
assess promising approaches for regulating Zn electrodeposition
morphology for achieving the exceptional levels of reversibility
required to drive practical interest.

THE POLYMORPHISM OF ZINC METAL DEPOSITS
The electrodeposits formed at any metal battery anode upon re-
charge are crystalline in nature. For example, zinc is a hexagonal
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close-packed (HCP) crystal. Although the Zn electrodeposits shown
in Fig. 2 share the same HCP crystal lattice, they exhibit diverse
morphologies as the deposition condition varies. The first challenges
to controlling the reversibility of the process are therefore to catego-
rize and to understand this obvious polymorphism. Here, we use
two main descriptors of morphology: (i) the geometry of the micro-
structural building block and (ii) the assembly mode of the build-
ing blocks. The former describes the symmetry and dimension of
the microstructural building blocks, e.g., one-dimensional (1D)
wires with @ = 1 um and 2D plates with ® = 5 um; whereas the latter
depicts the alignment/orientation of the building blocks with re-
spect to the electrode surface in creating the assemblies that form
the macroscopic electrodeposition layer, e.g., randomly oriented
(Fig. 2, A to C), horizontally oriented (Fig. 2D), and vertically
oriented (Fig. 2E) structures. Notably, the dendritic structure in Fig. 2E
points outward from the electrode surface into the bulk electrolyte as
a manifestation of the chemotaxis-like growth, which will be dis-
cussed later. The significance of this categorization becomes clear
when one examines the plating/stripping reversibility for each of
the morphologies: horizontally aligned plate-like (over 99%) > non-
aligned plate-like (80 to 90%) =~ randomly oriented moss/wire-like
(80% to 90%) > vertically oriented dendrites (<50%) (28-30).

The low reactivity of Zn suggests that, unlike Li where a consid-
erable portion of the Coulombic inefficiency comes from active
material loss via parasitic reactions with electrolyte components, the
inefficiency for Zn is more closely associated with loss of electro-
chemical access to the deposits (24, 25). This can be understood in
a straightforward manner by picturing the microscopic ion conduc-
tion/electron conduction contact interface—For dendritic structures,
the ion-electron contact spans across the surface of the deposit,
meaning that dissolution can take place at the root, breaking the
entire dendrite off the electrode (Fig. 1D); for aligned plate-like
structures, the interface sits between the compact electrodeposition
layer and the liquid electrolyte, and dissolution from the bottom is
therefore prohibited. The randomly oriented structures situate in
between these two extremes.

On this basis, we contend that to achieve Zn electrodes with ex-
ceptional reversibility benchmarked in Fig. 1C, horizontally aligned

Solution

HCP Zn
crystal

Vapor

500 nm

Fig. 2. Representative morphologies of Zn metal deposits obtained in electro-
deposition or chemical reactions. Scanning electron microscopy (SEM) images
of electrodeposited (A) wire-like, (B) moss-like, (C) randomly oriented plate-like,
(D) horizontally aligned plate-like, and (E) dendritic Zn metal. SEM images of
chemically synthesized (F) horizontally aligned plate-like and (G) moss-like Zn metal.
Adapted with permission from (22, 28, 130, 131, 136).

30f19



SCIENCE ADVANCES | REVIEW

compact Zn electrodeposition in the anode is required. Likewise, a
clear understanding of the fundamental origins of transitions from
operating regime where compact deposition gives way to less com-
pact/more open Zn electrodeposit morphologies is an important
first step in the search for interventions that eliminate these insta-
bilities. We note further that while we focus here on Zn electrode-
position, these goals are not limited to electrochemically deposited
Zn: For example, randomly oriented moss-like and horizontally
oriented plate-like Zn crystals (Fig. 2, F and G) are, in fact, observed
in vapor deposition and liquid-state chemical reactions, respective-
ly; the moss-like morphology is also widely seen in Li metal anodes.
We will soon see that this broader perspective provides a promising
path for elucidating the governing principles and for leveraging the
conclusions for meaningful control of Zn crystallization in general.
For this purpose, we, in the next section, discuss a theoretical frame-
work built upon the classical electrochemistry perspective and then,
in the subsequent sections, move on to the critical physicochemical
processes distinctive to Zn, e.g., the solid-electrolyte interphase
(SEI) and the crystal anisotropy.

FLUXES NEAR THE METAL DEPOSITION INTERFACE
Electrochemical deposition of metals requires reduction of metal
ions in an electrolyte at an electronically conductive substrate. The
progress of the deposition can therefore be quantified in terms of
the reaction flux—the amount of metal ions reduced to elemental
metal per unit area of the substrate, per unit time. Multiple trans-
port fluxes control the rate of delivery of metal ions to the interface
and the rate of dispersal of the formed metal atoms: ion transport in
the bulk electrolyte, ion transport near the electrode, and adatom
self-diffusion of the deposited metal on the electrode (Fig. 3A).
Because electroneutrality must be maintained outside of the thin
equilibrium space charge layer, the interplay among these fluxes
and the local electric field can have nontrivial effects on the deposi-
tion morphology; in certain regimes, the underlying crystal anisotropy
of electrodeposits may be preserved, and in others, it may not.

The electrodeposition reaction flux can be quantified in terms of
the faradaic current den31ty J, as described by the Butler-Volmer
equation: J = Jo[e " e~ @ ] Here, Jj is the exchange current
density, a is the transfer coefficient, n is the number of electrons
transferred, f is the inverse of thermal voltage, and 7 is the overpo-
tential (23). J, is related to the intrinsic reaction rate: Jo = nFCK’,
where F is the Faradaic constant, C is the concentration of the reac-
tant, and k° is the standard chemical reaction rate constant. It is
then possible to connect the observed reaction flux J to the applied
overpotential n and the intrinsic chemical kinetics of the reaction
K. In turn, this relation allows one to experimentally interrogate the
reaction kinetics by measuring the J and n. For example, Tafel plot
(n versus log ) is used to obtain J, by extrapolating the measured J
to the equilibrium state (n=> 0) and thereby calculate K. The exper-
imentally measured £° is an apparent parameter that reflects the
overall reaction process, which, in most cases, is multistep in na-
ture. For example, it includes the desolvation (also called dissocia-
tion) of the complex ions in the vicinity of the electrode and the
charge transfer on the electrode surface (31). The measured appar-
ent k” values can be used to infer detailed mechanistic information
about the reaction and in fayorable cases, allowing the details such
as the reaction order, p; = alooggi, , to be determined from knowl-
edge of the activity a; of cationic species i in the electrolyte. Ready
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access to this sort of information is considered a hallmark of the Zn
electrochemical deposition; it has spawned a rich body of literature
on the reaction mechanisms that govern electrodeposition of Zn in
multiple types of electrolyte, e.g., sulfate (32, 33), chloride (34, 35),
and alkaline baths (31, 36).

A general conclusion is that a smaller exchange current density,
i.e., slower electroreduction kinetics, promotes relatively compact
electrodeposition. As we will show later in this section, the benefi-
cial effects of low J; values can be theoretically understood by com-
paring the interfacial reaction kinetics to the other kinetic variables
in the problem through several dimensionless Damkohler numbers:
e.g., based on (i) the cation diffusion rate in the electrolyte bulk (37),
(ii) the self-diffusion rate of the deposited metal (38), and (iii) the
rate at which electrons move in an external circuit. An important
discovery is that electrodeposition of Zn can be tuned by adding
polymers, such as poly(ethylene glycol) (PEG), e.g., PEG-200, at
such low concentrations in liquid electrolytes that the polymer does
not have any obvious effect on the ion or adatom transport fluxes.
Instead, studies such as the work reported by Banik and Akolkar
(39) suggest that the polymer additive directly alters Jy. The authors
showed, for example, that J; decreases systematically (from 2.28,
2.22, and 1.30 to 0.39 mA/cm?) as the concentration of PEG-200
increases from 0, 100, and 1000 to 10,000 parts per million in aque-
ous electrolytes. The authors further observed that the growth of Zn
dendrites is inhibited by PEG addition, which is consistent with
other studies (40, 41). Analogous studies of Cu electrodeposition
show by means of in situ electrochemical quartz crystal microbalance
analysis that dynamic adsorption of the polymer additive may instead
influence the reaction kinetics by introducing a new rate-limiting
step, namely, the ion adsorption kinetics at the electrode (42).

Assuming that the surface concentration of ions at the electrode
does not appreciably differ from the bulk concentration, i.e., C(O, =1,
the Butler-Volmer equation can be linearized for small n, and aplot
of J versus m would be approximately linear and monotonic (see
Fig. 3B). Above a certain 0, the electrode reaction consumes the
metal cations near the electrode surface, C(0, t) will deviate from C*
and, if the ion diffusion rate is small, may even fall to zero. Under
these conditions, the current density-overpotential relation is time

dependent, J = Jo{ G gmenin_ GO0 e“*"’nf“}. As Co(0, 1)
(¢} R

approaches zero, the electroreduction reaction is mass transport
limited—any metal cations that arrives at the electrode surface
is reduced instantaneously. In this so-called “diffusion-limited”
regime, a diffusion layer of thickness 3¢ is developed near the elec-
trode, within which Cp(0, ) substantively deviate from C¥, as illus-
trated by the red curve in Fig. 3A. The maximum diffusion flux, i.e.,
the diffusion-limited current density Jjim, is an intrinsic property of
the electrolyte, which can be estimated to be Ji, = nF DOC (43),
where Do is the diffusivity of the metal cation and §¢ is the drffusron
layer thickness (44, 45).

In pure solution-phase reactions, the diffusion-limited regime is
observed as a plateau in a ] versus n plot, similar to what is observed
in the red region in Fig. 3B. In contrast, the nature of electrodeposi-
tion, in which a solid, conductive phase is created, allows the
morphology of the electrode surface to evolve as the deposition
proceeds. Since the diffusion layer thickness 3¢ is proportional to

t12 (23, 46), the electrodeposits can penetrate this diffusion layer
and maintain contact with sufficient cations if it grows at a rate fast-
er than 3¢. This leads to the observation of an overlimiting regime
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Fig. 3. Classical electrochemistry framework of Zn metal electrodeposition. (A) Schematic diagram showing the four fluxes near the electrochemical interface. The
red curve shows the concentration (conc.) profile of the metal cations. (B) Current density-overpotential relation of Zn deposition in a 0.05 M ZnSO, aqueous electrolyte.
(€) Mass transport limit induced dendritic growth of Zn electrodeposits and corresponding concentration profile. Adapted with permission from (52, 53). (D) Electroconvection
formed near an ion-selective membrane or metal electrodeposits. Adapted with permission from (67, 70). (E) Effects of dimensionless Damkohler numbers on electrodeposition
morphology. (E-1) Exchange current density versus diffusion-limited current density, and (E-2) reaction rate versus self-diffusion rate. Adapted with permission from (37, 38).

in metal deposition reactions (Fig. 3B) that can be quite different
from classical expectations (47). A second consequence of this
chemotaxis-like electrodeposit growth is the increase in deposit poros-
ity and the transition in crystal texturing—Horizontally oriented
Zn plates observed at a underlimiting current density are tilted up
above Jiim, which can be captured by x-ray diffraction (see the sec-
tion discussing crystallography for details) (28). When a rotating disk
electrode (RDE) is applied to artificially limit the diffusion layer thick-
ness 8o to a small value of <10 pum, the reorientation from horizontal
to vertical is completely suppressed, and the strong (002) texturing
of Zn is preserved throughout the deposition.

In relatively dilute electrolytes (Czn2" < 0.5 M), which have
greater diffusion layer thicknesses, a group of “diffusion-limited
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aggregate” (DLA) patterns form, including dendritic, ramified,
densely branched, etc. (Fig. 3C) (48-51). The hexagonal crystal
symmetry of Zn is reflected in the dendritic growth [see the scan-
ning electron microscopy (SEM) image on the right of Fig. 3C-1].
Loépez and Choi (52) interpret this as a result of the interaction
between the hexagonal shape of the deposit and the “concentric”
diffusion gradient (see the scheme on the left of Fig. 3C-1). Growth
therefore preferentially occurs at the protrusions. An early in situ
interferometry study experimentally monitored the concentration
field near the deposition front (Fig. 3C-2) (53). The isocontours ex-
hibit a strong propensity for stacking in the vicinity of the foremost
dendrite tips. The physical significance of this observation can be
discerned through the relationship, Jair = — DV C, where Jg is the
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diffusional flux. The initiation and the growth of DLA type of metal
dendrites can thus be understood to arise inherently unstable solid/
liquid interface, where electronically conductive heterogeneities are
self-reinforcing; analogies can be found across many branches of
physics, e.g., the formation of thermal dendrites in metallurgical
processes (54). There is a far richer body of literature discussing
these DLA patterns owing to their broad implications in physics and
some approaches exist for changing one DLA pattern to another. In
the battery context, their formation is simply because of their large
propensity for detaching from the electrode upon battery discharge
and for penetrating the separator (55). It means that the operation
of Zn batteries should veer off such diffusion-limited regime. The
cycle life of Zn batteries has been shown to be negatively correlated
to the applied current density (56). The instability arising at high current
density is reportedly attributable to the initiation of dendritic growth.

Caution, however, should be made against oversimplifications of
these transport analyses based on the measured current i because the
electrode surface in a metal electrodeposition is not invariant as expected
in classical liquid-phase electrochemistry. The straightforward conse-
quence is that | = —: does not hold as A evolves over time in a nontrivial
manner particularly in a diffusion-limited regime where the electro-
deposits fundamentally alter the electrode landscape; the relation be-
tween experimentally measured nominal current and the scientifically
meaningful real current density is no longer explicit. In addition, be-
cause of the patterning of the electrode surface by metal deposits,
the mass transport field determined by the gradients will, as dis-
cussed, deviate from the unidirectional situation for planar elec-
trode, which needs additional treatment particularly when the length
scale of the morphological heterogeneities (roughness) is compara-
ble to that of the diffusion boundary layer thickness as pointed out
by Bard and Faulkner (23).

Another complication arises from the activation of electrocon-
vective flows in liquid electrolytes at large overpotentials. Such
flows introduce a hydrodynamic component that influences both
the transport and morphology evolution during metal deposition
(Fig. 3D). The general effect is that morphological heterogeneities
present at the metal electrode are exacerbated by hydrodynamic
flow field (Fig. 3D-2), the details are complicated, however, because
the boundary condition on the hydrodynamic flow changes as the
metal deposit front progresses into the electrolyte bulk. We there-
fore consider first the analogous problem of electroconvective flow
at an ion-selective membrane (see Fig. 3D-1). The current-voltage
response at an ion-selective membrane includes three regimes:
underlimiting, limiting, and overlimiting, similar to that of a metal
electrode (Fig. 3B). The overlimiting regime can no longer be inter-
preted as a result of ramifying metal deposits penetrating the diffusion
boundary layer. Initial clues to understanding this overlimiting be-
havior near an ion-selective membrane were provided by Maletzki et al.
(57), who found that the noisy overlimiting regime completely
disappears after the 0.01 M CuSO4(aq) electrolyte is “immobilized”
by agarose gel. This observation suggests that the overlimiting
current involves the contribution from convective mass transport,
which has been corroborated by multiple studies using microparticles
to monitor the hydrodynamic states (58, 59) or using interferome-
try to visualize the concentration field (60, 61). This voltage-driven
convective flow is thought to stem from the electroosmotic slip in a
space charge layer developed near the membrane (62-64). Follow-
ing studies show that the onset of the hydrodynamic instability
occurs at Vo, = 8%, which is ~0(0.1) V (65, 66); this is consistent
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with experimental observations (43). The initiation and develop-
ment of such convective flow has been evaluated using “direct
numerical simulation (DNS) to solve the Poisson-Nernst-Planck and
Navier-Stokes equation in 3D space (Fig. 3D-1) (67). The chaotic
vortices as delineated by the flow streamlines disrupt the extended
space charge layer and induce charge imbalance outside the extend-
ed space charge region, e.g., the ribbon indicated by the rectangle,
which has a steep concentration gradient and a large induced
electric field. However, note that the size of 3D DNS simulations is
constrained to 1/e < 10* (where € is the dimensionless Debye
length) due to the computational cost, while experimental systems
typically have a 1/e > 10* making the matching between experi-
mental and computational parameters challenging (68).

In comparison with an ion-selective membrane, additional mor-
phological heterogeneities and instabilities are at play on a reacting
electrode surface where metal deposition reactions occur. While
there have been a few studies of the electroosmotic flow near react-
ing electrodes (69), a quantitative framework that integrated both
the morphological and hydrodynamic instabilities is not yet avail-
able (68). The qualitative understanding of a convective flow’s effect
on the electrodeposition morphology appears, however, straight-
forward. It can be understood as one considers the Nernst-Planck
equation governing the mass transport in a dilute electrolyte:
Ni(x)= —Diagix) - Zﬁ—?D,- C,-agix) + C;v(x), where the terms describe
the contribution from diffusion, migration, and convection, respec-
tively. As captured by the convection term, the pattern of convec-
tive vortices will strongly influence the mass transport flux, and the
metal deposition morphology in a diffusion-limited regime there-
fore exhibits an obvious correlation with the hydrodynamic states
of the liquid electrolyte—The metal preferentially grows at localities
with normal flow velocities toward the electrode surface (Fig. 3D-2)
(70). 1t is therefore imperative that this type of convective flows,
regardless of the specific origins (e.g., buoyancy, charge imbalance,
etc.), be effectively suppressed in an operating battery anode. One
may naively conclude that this can be fulfilled by adopting battery
cycling protocols that ensure the system stays away from the diffu-
sion limit. In reality, the operation of a macroscopic battery system
creates local states [e.g., around hotspots of metal deposition (71)]
that are far away from the apparent condition. This means that
additional intervention is needed to address the issue. Recent re-
ports show that addition of high-molecular weight polymers
delays the onset of convective flow in metal deposition and sub-
stantially enlarges the diffusion-limited regime (72). The entangle-
ment among the polymer chains above a threshold concentration
introduces elasticity to the liquid electrolyte that attenuates con-
vective flows (73). DNS study further shows that the flow velocity
is reduced mainly due to the polymers’ strong resistance to exten-
sional motion (74).

It should be pointed out that the initial adatom distribution
landscape is not necessarily the ultimate electrodeposition mor-
phology, owing to the contribution from surface mobility of the
metal atoms (75). Self-diffusion of the metal is a flux that could alter
the deposition landscape. The main driving force of self-diffusion is
energy minimization (Fig. 3A). The origin of the energy release is
manifold—(i) The possible binding between the metal deposit and
a “metal-philic” substrate provides a chemical driving force (76),
and (ii) the possible difference between surface tensions acts as
a physical driving force. It has been argued in many studies that Mg
metal does not form dendrites because of its “vanishing small”

60of 19



SCIENCE ADVANCES | REVIEW

surface diffusion barrier Egs that gives rise to a very large surface
diffusivity D, (77). Jackle et al. (78) performed an ab initio density
function theory (DFT) simulation to calculate the diffusion energy
barrier of the metals used as metal anodes. According to the DFT
calculation, the Egi of Zn is comparable with, in some situations
smaller than, that of Mg. The authors, however, attributed the ob-
servations of Zn dendrites in the literature to the precipitation of a
resistive ZnO layer onto the Zn surface. This argument connects
to the role played by the SEI that will be discussed in the next
section. The effect of self-diffusion can be deconvoluted from the
complex electrodeposition process and be critically evaluated us-
ing annealing experiments. At an elevated temperature of 378 K,
a 10-min annealing will fundamentally change the shape and crys-
tallographic texture of the Zn—Horizontally aligned, (002)-textured
Zn crystallites are formed (79). The fast reorientation in anneal-
ing is consistent with the high D suggested by the DFT study by
Jackle et al. (78). We note that Zn also has a relatively low melting
point Ty, is 693 K, meaning that its homologous temperature Ty is
0.5 at 347 K (74°C). As an empirical rule, above 0.5 Ty, self-diffusion
becomes prominent in metals, giving rise to phenomena such as
plastic flow and creep (80). While elevated operation temperatures
are less practical for aqueous Zn batteries, strategies such as local
self-heating induced by high current cycling (81, 82) might be of in-
terest for Zn.

As noted earlier, the Damkohler number is a dimensionless
group that allows the absolute values of fluxes and electroreduction
reaction rates to be compared. Because mass transport fluxes take
many forms at a metal electrode, there are multiple Damkohler
numbers. The second Damkéhler number, Dyp = m = Jo/ Jiims
is among the most useful because it quantifies the relative rates of
the electrode reaction and diffusion . Here, L is the interelectrode
distance, D is the electrolyte diffusivity, and V}, is the molar volume
(37). Phase-field analysis shows that D, 1 plays a key role in deter-
mining the electrodeposition morphology of Zn metal; smooth
deposition is favored at small D, ;j < 1, while obvious dendritic
deposition occurs at D, i 3> 1 (Fig. 3E-1) (37). The physical signif-
icance is that the deposition is kept within a reaction-limited re-
gime owing to the sluggish chemical reaction kinetics, and the
propagation of the dendrite growth front is therefore slowed. Consistent
with this finding, the phase-field modeling study by Enrique et al.
(83) revealed that the current distribution on the surface of a
columnar dendrite is homogenized at a low D, 11 = 0.5, while the
current concentrates on the dendrite tip (roughly one order of mag-
nitude higher than on the side) at a high D, ;; = 50. These simulation
results provide a theoretical explanation of the finding by Banik and
Akolkar (39) that lowering J, by adding low—molecular weight polymer
to a liquid electrolyte stabilizes Zn deposition. The diffusivity D
and conductivity k of a dilute electrolyte are related through the
Nernst-Einstein equation. D, 1 can therefore be written as Jo/x,
which can explain the widely reported effect of high ionic conduc-
tivity electrolyte in stabilizing electrodeposition of metals (84).

Davidson et al. (38) introduced another Damkohler number
D, = o * where k. is the electrochemical reaction rate and kq is the
surface diffusion rate. As shown in Fig. 3E-2, a large k4 value results
in a small D, < 1 and predicts planar, film-like metal deposition. In
contrast, a small kq value leads to D, > 1 and rough/dendritic elec-
trodeposition. Together, it is generally agreed that a moderately
small exchange current (slow reaction kinetics), large diffusion-limited
current density (high electrolyte ion diffusivity), and high adatom
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self-diffusivity are favorable for achieving smooth electrodeposition
morphology. We, however, point out that the real scenario in metal
deposition is more complicated than what have been assumed in
the modeling studies; the main additional degree of complication
stems from the presence of a SEI formed in between the metal de-
posits and the electrolyte. The role played by such SEI layer is treat-
ed in the next section.

CHEMISTRY OF THE ELECTROLYTE AND THE SEI

The electrolyte choice influences the Zn deposition morphology via
a variety of processes—It determines the anisotropy of the energy
landscape of the crystal facets, it influences the interface reaction
kinetics, and it affects the rate and stability of mass transport pro-
cesses. Here, we focus on the interphases formed by electrolytes in
Zn batteries. We classify interphases as solid, by-product layers or
precipitates that form a physical boundary between an electrolyte
and an electrode, e.g., the SEI first proposed by Peled (85) in 1979 to
interpret the behavior of alkaline metal in nonaqueous electrolytes.
The SEI has received enormous attention because of its hypothetical
role in the formation of moss-like Li metal deposition (84, 86, 87).
While it is generally agreed that the SEI between the electrically
conductive metal and the ionically conductive electrolyte notably
complicates the transport phenomena at the interface, why and
how it serves to regulate the morphology of metal electrodeposits
remains controversial. One school of thought is that electrons ac-
cess the arriving metal ions by tunneling through the SEI, another is
that ions access electrons from the underlying metal via transport
through the SEI (88). In either scenario, a SEI that is simultaneously
heterogeneous and insulative (in terms of electron and/or ion transport)
would results in heterogeneous metal deposition by inducing preferential
growth along local high-diffusivity pathways (84). It is therefore im-
portant to reduce, even eliminate, the heterogeneity of the SEI layer
and to promote the formation of a uniform, thin SEI that allows fast
but homogeneous transport. As a point of departure toward this
goal, the formation mechanisms of SEI in the electrolytes need
to be understood.

Figure 4A compares the typical electrolyte systems for Zn
batteries: aqueous, walt-in-salt, molten salt, organic, and polymeric
electrolytes. While all these systems exhibit some favorable features,
itis clear that the aqueous electrolytes (89) appear as the most desir-
able option for its high operation current density (=50 mA/cm?)
and low cost (<$1/kg) when paired with cost-effective cathodes
such as MnO; (20, 90). Compared with electrolytes that generate
multiple inorganic/organic/polymeric products, aqueous Zn elec-
trolytes have a relatively simple chemistry as delineated in Fig. 4B.
The Pourbaix diagram (Fig. 4B-1) and the distribution functions
(Fig. 4B-2) of Zn-H,O0 illustrate the stable species in the electrolyte
under certain conditions, e.g., potential pH. To avoid a pure solid
conversion of Zn)«<>Zn0O that has slow kinetics, a Zn anode op-
erates either in an acidic regime or in an alkaline regime, where the
oxidative Zn*" is soluble in the liquid phase. However, there is a
thermodynamic potential for Zn metal to react with the acidic or
alkaline electrolyte and produce H, gas in these regimes, creating a
local pH deviation toward the neutral regime, which favors ZnO as
a solid precipitate from electrolyte. Such precipitates can adhere to
the surface of Zn metal, creating the interphasial layer.

This type of acid-base reactions constitutes the first of the two
formation mechanisms of the SEI on Zn. The SEI species formed via
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this mechanism usually belongs to the category of oxides or hydrox-
ides. Figure 4C reports a transmission electron microscopy (TEM)
investigation of the Zn nanowires electrodeposited from ~0.2 M ZnCl,
aqueous solution. As can be observed in Fig. 4C-1, the nanowire is
covered with a thin, low-contrast layer (~5 nm), which is confirmed to
be ZnO by high-resolution TEM in Fig. 4C-2 and electron diffraction
pattern in Fig. 4C-3. The observation of ZnO on the surface of Zn
metal anode is supported by other ex situ electron microscopy studies
(91, 92) and in situ characterization techniques, e.g., electrochemical-
acoustic time-of-flight analysis (93).

SEI prevents the direct contact between Zn metal and electro-
lyte. It, on the one hand, suppresses the gassing reactions and, on
the other, introduces heterogeneity into the transport pathways as
discussed. For Li metal, which has a stronger propensity for SEI for-
mation owing to the low electrochemical potential, it is generally
thought that the persisting moss-like deposition morphology in
multiple electrolytes (24) is caused by heterogeneous SEI (84, 87).
We note that the moss-like Li deposition morphology is highly
analogous to the moss-like Zn morphology (Fig. 2B), in terms of
dimension and geometry. The moss-like Zn deposition from alka-
line electrolyte are observed at small overpotential (~20 mV) (94) or
low current densities i/ of <0.4 (95). This indicates that SEI is play-
ing a more dominant role at low current density/overpotential than
it does at large overpotential or high current densities. We hypoth-
esize that this is because of the ratio between SEI-forming reaction
rate and the Zn deposition rate; at a small deposition current, the
parasitic reaction can proceed steadily and form the SEI layer,
which results in the moss-like deposition morphology. Initial ex-
perimental evidence for this hypothesis was provided by a high-
resolution TEM study of the Zn electrodeposits formed in alkaline
electrolytes at a low overpotential (50 mV) and at a moderate over-
potential (150 mV) (92). Existence of ZnO crystallites is consistent-
ly detected under these two conditions but in different geometries
and quantities. At higher overpotentials, the ZnO forms a uniform,
thin layer of a ~O(10 nm) thickness and exhibits an epitaxial growth
relation with the Zn metal; at low overpotential, the ZnO has a sub-
stantially higher content and a heterogeneous spatial distribution.
The Zn metal deposits under these two conditions show morpholo-
gies in stark contrast: (002)-textured single-crystalline Zn plates at
large overpotential and tortuous, polycrystalline nanoaggregates
without specific orientational order. These direct TEM observa-
tions of SEI suggest that the excessive formation of heterogeneous
ZnO crystallites is playing a crucial role in the deposition at low
overpotential/current density. An analogous in-depth TEM study
of the Zn electrodeposits formed in ZnSOy4-based electrolytes will
be of immediate interest in understanding the structure and com-
position of the SEI in mild-pH environment and its influence on Zn
deposition morphology.

This hypothesis is also consistent with the observation of moss-
like Li deposition at current density far below the diffusion limit. It
is also worth pointing out that TEM studies of moss-like Li deposits
reveal that the long dimension is parallel to low-index zone axes,
e.g., [111], which allow the exposure of low-energy facets, e.g., (110)
(96). Similarly, the Zn structure shown in Fig. 4C also extends along
alow-index zone axis, i.e., [120], allowing the exposure of (002) and
(100). The analogy between Li and Zn further suggests that the
moss-like Zn electrodeposits are formed in a SEI-dominated re-
gime. The composition and the structure of SEI on Zn and its effect
on deposition morphology are still under active investigation. For
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example, some claim that ZnsSO4(OH)e-4H,O is also detected on
electrodeposited Zn metal (97-99), as opposed to the ZnO observed
in other studies as mentioned. Advanced characterization techniques,
e.g., high-resolution TEM/scanning TEM, could provide important
insights into the SEI of Zn metal to resolve these remaining questions
about the nature of SEI and the role it plays in electrodeposition,
particularly considering that Zn metal samples are not as sensitive
to atmosphere or to beam damage as Li samples are (100).

The moss-like electrodeposition morphology is obviously unde-
sirable, because of the low plating/stripping efficiency and the
gaseous products generated during the side reactions. To stabilize
the aqueous electrolyte against such side reactions, groups of water-
in-salt electrolytes are designed, where the salt concentration is un-
usually high, e.g., >20 m (101, 102). The water-in salt electrolyte can
comprise a high solubility Zn salt, e.g., ZnCl, (103-106), or a high
solubility Li salt [e.g., Li bis(trifluoromethanesulfonyl)imide (LiTFSI)]
plus a Zn salt of normal concentration of ~1 m (107). In such elec-
trolytes, Zn deposits in a more compact morphology without ZnO
as detected by x-ray diffraction (XRD), featuring a high Coulombic
efficiency of >99% over a moderate cycle life (>200 hours) at 1 mA/cm®
(Fig. 4D), in contrast to the <50% and the <80% Coulombic
efficiencies achieved in alkaline and mildly acidic ZnSOj, electro-
lytes, respectively (107). The stabilizing mechanism of the water-
in-salt electrolytes is illustrated in Fig. 4E—The ratio between the
number of water molecules and the number of cations is below the
conventional solvation numbers as depicted by the solid red line.
When the anions that are also able to solvate the metal cations are
taken into calculation, the W ratio still remains at a low
level, i.e., 3.6 for 1-m Zn(TFSI), + 26-m LiTFSI. The change in sol-
vation sheath structure under such conditions is anticipated to alter
the SEI chemistry on the Zn electrode (108) and the electrokinetics
of the deposition reaction (109). Note also that water-in-salt elec-
trolytes show an enhanced electrochemical stability against ox-
idation, allowing the reversible operation of high-voltage cathodes
in aqueous electrolytes, e.g., Li;Mn,04 (107) and LiFePOy (110).
These stabilizing effects increase the energy throughput per cycle
and guarantee a long cycle life of the full batteries. While the cost of
electrolyte is positively correlated to the salt concentration as shown
by the blue curves in Fig. 4E, this can be overcome using a low-cost
salt or reducing the manufacturing cost of a salt as its production
scales up. Of particular interest is that a subset of recent studies re-
ports on a concept of localized high-concentration electrolytes for
alkali metal anodes (111-113)—A secondary “diluent” solvent, mis-
cible with the primary solvent but does not dissolve the salt, is add-
ed into the electrolyte; the outcome is that the solvation structure is
maintained because the ratio between the numbers of the cations and
the primary solvent molecules remains constant, while the apparent
salt concentration is lowered. Wisdom might be borrowed from this
progress in designing highly concentrated electrolytes for Zn.

Seemingly, a more outright approach for overcoming the issue
of parasitic reactions in aqueous solution is to use aprotic organic
nonaqueous electrolytes. As illustrated in Fig. 4F, computation
work suggests that Zn electrodeposition can proceed via a one-step,
two-electron transfer mechanism in organic electrolyte, e.g., Zn(TFSI),
in acetonitrile (AN), which is comparatively faster than the kinetics
of Mg, another HCP metal (114). Han et al. (115) reported on a
comprehensive experimental study of the electrochemical proper-
ties of nonaqueous Zn electrolytes including the combinations
between one of the salts: Zn(TFSI),, Zn(CF3S03),, Zn(BF,),, Zn(PFs),,
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Fig. 4. Designing electrolytes for highly reversible Zn metal plating/stripping. (A) Spider chart comparing electrolytes for Zn batteries. (B) Distribution of chemical species in
aqueous Zn*" electrolytes. (B-1) Pourbaix diagram. The top and bottom dashed lines represent oxygen evolution and hydrogen evolution reactions (HERs), respectively. (B-2) Frac-
tions of different Zn’*-based species. (C) Transmission electron microscopy (TEM) characterization of Zn electrodeposits. Adapted with permission from (7199). (C-1 and C-2) TEM
images and (C-3) selected area electron diffraction pattern. (D) Water-in-salt electrolyte for Zn metal deposition. Adapted with permission from (707). (D-1) SEM image of Zn after
cycling in water-in-salt electrolyte. (D-2) The plating/stripping voltage profile of Zn in water-in-salt electrolyte. (E) The molality-dependent parameters of high-concentration

electrolytes. (F) Schematic diagram showing reaction kinetics of adsorbed (ads.) solvated Zn?

*in acetonitrile (AN) on electrode surface. Adapted with permission from (714). (G) Cyclic

voltammetry of organic Zn battery electrolytes: (G-1) AN-Zn(TFSI),, (G-2) AN-Zn triflate (OTf), and (G-3) propylene carbonate (PC)-Zn(TFSI),. Adapted with permission from (7175).

and one of the organic solvents: diglyme (G2), AN, propylene
carbonate (PC), and N,N’-dimethylformamide (DMF). Among these
combinations, AN-Zn(TFSI),, AN-Zn(CF3S03),, and PC-Zn(TFSI),
are singled out as promising Zn batterzf electrolytes owing to the
high-voltage stability(>3.3 V versus Zn**/Zn) and the absence (or
negligible observation) of undesirable additional redox reactions, as
well as the reversible Zn plating/stripping behaviors (see cyclic vol-
tammetry scans in Fig. 4G). An additional finding according to the
cyclic voltammetry is that AN-based electrolytes show fastest kinet-
ics as evidenced by the current density. The authors show that
AN-based electrolytes have remarkably high ionic conductivities
[e.g., using Zn(TFSI), salt, the ionic conductivity equals to 11, 6, 2,
and 2 mS/cm for AN, DMF, PC, and G2, respectively], which is
attributable to the low viscosity and weak coordination between the
solvent and the ionic species. This finding is consistent with a few
separate studies that report on Zn full batteries using an AN-based
electrolyte (116-118). It could also be attributable to the one-step,
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two-electron transfer mechanism of Zn as predicted by simulation
(114), which results in a large reaction constant five orders of mag-
nitudes larger than that of Mg electrodeposition from tetrahydrofuran
that includes two steps. Together, the kinetics in the bulk (i.e.,
diffusivity) and at the interface (i.e., reaction constant) single out
AN-based systems as a group of promising electrolytes for Zn
batteries.

It is, however, quite unexpected that moss-like Zn electrodeposi-
tion persists across all the three electrolytes as shown by the SEM
images in the bottom insets of Fig. 4G. Clues to interpreting this
observation could be found in a few studies that report the parasitic
decomposition reactions of the organic solvent and the S-containing
salts (119, 120). DFT calculations show that the coordination with
Zn** cations destabilizes the TFSI™ anion, lifting its reduction
potential to 0.37-V Zn*'/Zn. This means that, at least, a portion of
the TFSI” anions decompose before the occurrence of Zn metal
deposition at 0-V Zn**/Zn (109).
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This exemplifies the second mechanism of SEI formation on
Zn—redox reaction. Spectral studies reveal that the decomposition
product of TFSI™ is complicated—ZnF,, ZnO, sulfide species,
N-rich species, and organic functional groups are detected. Calcula-
tions further show that the ion diffusion activation energy across
these species is comparable to that of typical Li metal SEI formed in Li
hexafluorophosphate ethylene carbonate (EC)/dimethyl carbonate
(DMC) (49.7 kJ/mol versus 51 kJ/mol). This comparison suggests the
possibility that the SEI is imposing a strong regulation on the transport
near the electrode, similar to what is claimed for Li metal deposition.

The SEI-forming nature of organic electrolyte systems explains
the observed formation of mossy growth at certain low-current
regimes. These observations can be compared to a series of recent
reports about phosphate-based Zn battery electrolytes, where plate-
like Zn electrodeposits are consistently observed at comparable
current densities (121-123). This straightforward contrast in Zn
deposition morphology confirms that even in aprotic systems, the
SEI can play a dominant role in shaping the Zn deposition land-
scape and, therefore, may need as precise regulation as for Li metal
deposition. Understanding the SEI in organic systems with spatial
resolution remains a relatively untapped area. Using direct imaging
techniques, e.g., TEM, coupled with spectral measurements to probe
the structure/composition of SEI, the ion transport mechanism
across SEI and its influence on the deposition morphology would
constitute a fruitful course of future studies centering on SEI formed
in Zn metal deposition.

CRYSTALLOGRAPHY OF ZINC METAL ELECTRODEPOSITS

The crystallinity of the metal deposits appears as an oftentimes
overlooked aspect in the conventional discussion, but it turns out to
be central in understanding the deposition morphologies of Zn as
we will see soon in this section. This is, in part, because of the ex-
traordinarily high anisotropy associated with Zn’s crystal structure.
As shown in Fig. 5A, Zn metal adopts a HCP lattice (i.e., space
group: P63/mmc) that is less symmetric than the cubic lattice. This
can be easily understood by considering the fact that there is only
one c axis perpendicular to the (002) close-packed plane in HCP, while
there are by symmetry multiple such axes perpendicular to the {111}
closed-packed planes in a face-centered cubic crystal. Note that the
Zn crystal shows an additional elongation along the ¢ axis because of
the hybridization between s and p valence bands (124). That is, although
the close-packed nature within a basal plane is maintained, the inter-
planar distance along c is greater than expected for an ideal HCP crystal
(as characterized by the ¢/a ratio of Zn =~ 1.85 > 1.63), further elevat-
ing Zn metal’s crystallographic anisotropy. These qualitative state-
ments can be quantitatively validated by evaluating the surface
energy anisotropy factor o, of each crystal as tabulated in Fig. 5B
(125, 126). While the weighted surface energy ¥ of Zn is comparable
to other metals, the anisotropy ay of Zn is, by far, the greatest.
Specifically, it is two times larger than Mg, an ideal HCP crystal, and
approximately four times greater than that of cubic metals.

The consequence of this large anisotropy can be visualized by
plotting the Wulff shape for each crystal (Fig. 5C). Wulff shape pre-
dicts the equilibrium faceted morphology of a crystal by minimizing
the overall surface energy > yhiqAnu (127, 128). While it is appar-
ent that a crystal tends to expose the lowest-energy facet as much as
possible, the crystal symmetry imposes nontrivial constraints—For
example, the lowest-energy (002) basal planes of Zn are parallel to

Zheng and Archer, Sci. Adv. 2021; 7 : eabe0219 6 January 2021

each other, meaning that the crystal needs to be bounded by vertical
(101) facets on the sides. The calculated Wulff construction of Zn is
in good accord with the experimentally observed morphology of
vapor grown (129) and chemically grown (130) Zn nanocrystals.
This also explains the numerous observations of the 2D, plate-like
Zn building blocks reported in Fig. 2 (regardless of the alignment
with respect to the electrode surface); they preferentially expose
the close-packed (002) basal plane owing to an surface energy
optimization.

The interpretation of wire-like Zn growth (131) based on the
Woulft shape of Zn in Fig. 5C appeases as less successful. Note that
these Wulft shapes are built, assuming that the crystal is exposed to
vacuum. In a solution, the interphase that adheres to certain facets
(in the form of either a loose adsorbent layer or a solid by-product
layer) can alter the energy landscape and thereby dominate the
stable shape of crystal grown from that solution (132, 133). For
example, when the deposit surface is cover by a thin (~5 nm) ZnO
interphase, the Zn crystal grows preferentially along the [002] direc-
tion, forming 1D wire-like structures (134). Analogous uniaxial
growth along the [002] direction is also reported in vapor deposi-
tion of Zn under NHj gas, where a Zn3;N, interphase possibly
formed by reaction with the NH; gas can produce a structure-
directing effect (135). This growth mode suggests that the six side
facets are stabilized by the interphase and exhibit lower surface
energy than the (002) basal plane. These observations are consistent
with the argument made in previous section that the interphase
formed on the surface of Zn will impose a strong effect on the depo-
sition process, via the alterations of mass transport pathway and/or
of crystal surface energy. In addition, of particular interest here is
that the moss-like Zn morphology has been observed in vapor
deposition (136). This seemingly contradicts with our conclusion
that the SEI formed in liquid electrolytes engenders moss-like
growth because one may think that such interphase is absent on
vapor-deposited Zn metals; the authors, however, interestingly
report the existence of “a thin ZnO film on the Zn nanowire surface,”
evidenced by the characteristic photoluminescence bands of ZnO.
All these observations point toward the conclusion that these wire-
like Zn deposition morphologies are fundamentally correlated to
the interphasial chemistry.

Briefly, theories based on the equilibrium crystal anisotropy and
surface energy are able to provide a fairly good explanation for the
geometry of the building blocks. They are, however, unable to ex-
plain another critical feature of Zn electrodeposit morphology—the
alignment of the building blocks with respect to the electrode sur-
face as shown in Fig. 2 (C to E)—“texturing.”

The crystallographic texture of metal electrodeposits is deter-
mined by two main factors: the substrate and the overpotential
(87, 92, 137). The influence of substrate can be most fruitfully inter-
rogated using the concept of heteroepitaxy, which describes a group
of crystal growths in which the epilayer forms a semi-/coherent
interface with the substrate and therefore shows locked orientation
relation with the substrate (138). There is a set of well-defined crite-
ria for this heteroepitaxy to occur: (i) the lattice misfit between the
two crystals 8 is smaller than 15%, and (ii) the substrate is textured
with favorable facet(s) being exposed (139). As these criteria are sat-
isfied, the newly nucleated metal spontaneously aligns with the sub-
strate and forms the semi-/coherent interface to minimize surface
energy. This heteroepitaxy provides an effective manipulator for
regulating the electrodeposition morphology of metals. We showed
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Fig. 5. Crystallographic characteristics of zinc. (A) Crystal model of HCP Zn metal. The red lattice denotes the primitive unit cells. The front, light blue layer and the back,
dark blue layer are two close-packed layers that stack periodically (...ABABAB...) along the [002] direction (also called the c axis). (B) Weighted surface energy ¥ and sur-
face energy anisotropy o, of representative anode metals.y = Z(nk)Yhki fﬁ;d, where ypy is the surface energy of (hkl), and fﬁk, is the area fraction of the (hk/) family in the

Waulff shape. a, = M ay can be viewed as a normalized coefficient of variation of surface energy. A greater a, value implies a larger anisotropy in the surface
energies of the crystal facets exposed in its Wulff shape. In an extreme case of a perfectly isotropic crystal, a, = 0. Plotted according to data reported in (725). (C) Wulff
shapes for metals of contemporary interest as battery anode materials. They depict the shape of the crystals at thermodynamic equilibrium. Adapted with permission
using the database reported in (725). (D) XRD analysis of the crystallographic texturing of Zn metal electrodeposits. (D-1) 6—26 XRD line scans of Zn electrodeposits. (D-2) Peak

intensity ratio loo2:/101 of the scans shown in Fig. 5D-1. (D-3) 2D XRD of samples #3 and #4 shown in Fig. 5D-1. Adapted with permission from (28). A.U., arbitrary units.

recently that horizontally aligned graphene layer, which has a
& = 7% with Zn, can effectively promote the formation of horizon-
tally aligned, (002)-textured Zn plate-like electrodeposits that claim
plating/stripping efficiencies of >99.6% over thousands of cycles
(22, 76). In the early exploration of a group of powder-based Zn
electrodes used in alkaline batteries (140), it has been suggested that
the addition of some metal oxides (e.g., PbO or SnO) introduces a
similar epitaxial effect (141). The metal oxides are reduced to their
elemental forms and act as a heterogeneous epitaxial substrate for
the Zn electrodeposition. Analogous concept of substrate-induced
heteroepitaxy has also been reported for Li metal (142). Even
without an epitaxial substrate, metal electrodeposits were found to
exhibit some degree of texturing behaviors depending on over-
potential as reported in early studies (143, 144). This phenomenon
was rationalized in later works by considering work of formation of
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Bhia

a 2D nucleus Wy = ——
(= 1o) —An

, where Ny is the Avogadro

number, {1 — [ is the overpotential, and A and B are constants deter-
mined by the works for separating an atoms from a crystal (145, 146).
It is argued that when the overpotential is large, the Apy term can be
neglected and Bpy dominates Whig; when the overpotential is small,
the Whq will instead depend much on Apy. On the basis of calculation,
for HCP crystal, Wog, < W1 at low overpotential, and Wog, > Wig; at
large overpotential. This predicts that Zn electrodeposits are (002)
textured at small overpotential but (101) textured at large overpotential,
which is consistent with experimental observation (Fig. 5D) (28).
However, note that the texture formed at the nucleation stage is
not necessarily preserved throughout the entire growth of the
crystal, because electrodeposition conditions can deviate from the
thermodynamic equilibrium. This means that additional regulation
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on the kinetic aspects is needed to achieve smooth Zn deposition
morphology as we mentioned in the discussions centering on mass
transport. For example, a critical thickness exists for heteroepitaxy,
beyond which the epicrystal can lose the strong correlation with the
substrate (147). In battery electrodes, this transition can be initiated
by mass depletion developed near the electrode surface as the depo-
sition proceeds. To lift this “correlation length”-type limitation of
regulating nucleation occurring at the bottom interface between the
substrate and the electrodeposit, regulation needs to be enforced at
the front deposition interface between the electrodeposit and the
electrolyte as already detailed in Fig. 3. An artificial convective flow
that constrains the diffusion layer thickness can preserve the (002)
texturing in prolonged deposition (Fig. 5D) (28). This flow-assisted
configuration has been adopted in scaled-up alkaline Zn batteries
(~100 Wh) and demonstrated the capability of enhancing the plating/
stripping efficiency of Zn metal at elevated current densities
(30, 148).

In summary, through the discussions of Figs. 3 to 5, an over-
arching theoretical framework is established to understand the
polymorphism of deposited Zn crystals shown in Fig. 2; this framework
serves this purpose reasonably well—The factor(s) dominating each
of these morphologies is unraveled. Specifically, the SEI and the
crystal anisotropy are the central factors to consider in battery-relevant
scenarios away from the diffusion limit. On this basis, we outline in
next section (Fig. 6) the most active and fruitful lines of future studies
aimed at precisely regulating the Zn deposition morphology in
fulfilling the reversibility benchmarks specified in Fig. 1.

APPROACHES FOR REGULATING MORPHOLOGY OF METAL
ELECTRODEPOSITS

The cartoon at the center of Fig. 6 provides an overarching picture
of the scenarios involved Zn electrodeposition as defined. In the
previous sections, the discussions are aimed at decoupling the
fundamental physicochemical processes that govern the electro-
chemical growth of Zn metals in batteries. On the basis of these
analyses, we now move on to consider the strategies to proactively
intervene such processes and achieve desirable Zn deposition
morphologies in batteries. As summarized in Fig. 6, the regulation
of Zn deposition can be implemented via (1) substrate/architecture
design, (2) artificial interphase design, (3) electrolyte design, and/or
(4) manipulation of the external factors. Each of the blocks in Fig. 6
outlines one major category of the state-of-the-art attempts to con-
trol the Zn deposition morphology.

We first consider the onset of electrodeposition, namely, nucle-
ation. It occurs at the interface between the electrode surface and
the electrolyte. This interface shows dominant effect on the initial
stage of the electrodeposition. The first group of strategies ap-
proaches the problem from redesigning the electrode—its surface
chemistry, geometry, or both (see the red block). The Zn nuclei as
crystals have a strong propensity for forming coherent interface
with a textured, low lattice misfit graphene layer as an epitaxial
substrate (Fig. 6A) (22). The initial heteroepitaxy (i) locks the hor-
izontal alignment and (ii) reduces the nucleation energy barrier,
which promotes a homogeneous nucleation landscape. The latter
can also be fulfilled by covering the electrode surface with a “zinco-
philic” coating layer, which shows a good wettability with Zn.
The metalphilicity also provides a thermodynamic driving force
for smoothening self-diffusion processes as previously discussed.
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Metal-organic framework materials were recently shown to be
capable of facilitating uniform Zn nucleation via similar mechanisms
(Fig. 6B) (149-151). The control over the initial nucleation stage by
these strategies will show a “guiding” effect on the following growth
via homoepitaxy. This suggests that the strategies based on met-
al-substrate interaction would be particularly effective in the Zn
metal anodes compared with Li metal anodes because unfavorable
SEI formed on Li surface reportedly blocks the homoepitaxy pro-
cess (152).

In addition to these approaches that tune the interfacial physio-
chemical properties, another group of strategies focuses on
designing the geometry of the electrode (Fig. 6C). As opposed to the
conventional Zn foil used in most of basic battery research, a group
of powder-based electrodes in alkaline Zn batteries is made of
particulate Zn metal and functional additive salts including fluorides
(e.g., KF and NaF), oxides (e.g., Bi;O3 and PbO), and hydroxides
[e.g., Ca(OH),] as the starting materials (140). These functional
salts serve a broad range of purposes, such as suppressing H, evolu-
tion, reducing shape changes of the electrode, and trapping zincate
species in the anode. The main challenge faced by this group of
powder-based Zn electrodes is the gradual collapse of the porous
network originally established by the particulate materials. Such
electrode shape change over battery cycling reduces the ion and
electron transport inside the electrode and results in capacity
fading. To address the issue of shape change in a powder-based Zn
electrode, Parker et al. (21, 153) proposed to fabricate monolithic
Zn sponge that ensures persistent wiring throughout the nonplanar,
porous architecture (Fig. 6C, left). The most prominent feature of
these 3D sponge Zn electrodes is the high areal capacities of Zn that
are deposited in recharge, i.e., >40 mA-hour/cm?, without incurring
battery failure either by shape change or internal short. This perform-
ance is suggestive of its immediate practical interest as an alterna-
tive to Li-ion systems. The authors attributed the stability of Zn
deposition to the maximized electrified interface that homogenizes
the current distribution and to the confinement of Zn species in the
interior of the architecture that retards the shape change (154). An
alternative approach toward nonplanar metal anode is to use a non-
planar substrate made of conductive materials that remains inactive
throughout battery operation, e.g., Cu skeleton (Fig. 6C, right)
(97, 155-157) or interconnected carbon fibers (24, 158-160). This
offers additional degree of freedom in tuning the deposition by de-
signing the heterointerface between the host and the metal deposits;
for example, Zn and Cu can form solid solution and intermetallic
compounds (e.g., CuZns) (157). As mentioned earlier, it is generally
believed that this type of chemical affinity at the interface can re-
duce the nucleation energy barrier and homogenize the nucleation
landscape, which, in part, determines the subsequent growth pro-
cess; consistent observations are also made in Li electrodepositions
(161-163). We speculate that nonplanar architectures with ratio-
nally designed surface chemistry could serve as a robust path to-
ward highly reversible, high areal capacity battery, while the usage
of an inactive “host” will inevitably introduce additional mass,
volume, and materials cost as evaluated in reference (87). Consid-
erable room of optimization exists in designing and fabricating
nonplanar architectures that are specifically targeted at battery
anode applications. For example, for a Cu skeleton, questions
such as what the optimal pore geometry, pore size, and pore
volume fraction are for Zn metal deposition remain under-
explored (164, 165).
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Fig. 6. Approaches for regulating Zn electrodeposition morphology at the anode. (A to C) Red: Design of electrode substrate/architecture. Adapted with
permission from (21,22, 149, 157). (D to F) Green: Design of artificial SEI (ASEI) . Adapted with permission from (166, 169, 171). (G to I) Blue: Design of electrolyte. Adapted
with permission from (72,84, 103, 179, 185). (J to L) Purple: Design of external factors. Adapted with permission from (176, 187, 196, 200).

As the metal covers the electrode surface, the front interface/
phase between the metal and the electrolyte instead plays a pivotal
role directing the growth mode. The second set of solutions aims at
controllably creating an artificial SEI (ASEI) that exhibits desirable
properties (see the green block). This ASEI can be of a variety of
chemistries—polymers [Fig. 6D; e.g., polyamide (166), polypyrrole
(167), and ionomers (168))], carbons [Fig. 6E; e.g., amorphous
carbon nano shell (169) and graphene oxide (170))], and ceramics
[Fig. 6F; e.g., TiO; (171), CaCOj3 (172), ZrO; (173), aluminosilicate
(174)), etc.]. The common nature of these coatings is that they reg-
ulate the mass transport at the front electrodeposition interface. In
the first place, they block the transport of H,O and prevent the
direct contact between the electrode surface and the aqueous elec-
trolyte, which is the main origin of undesirable parasitic reactions
including hydrogen evolution, salt precipitation, etc. (175). Second,
it is thought that the ASEI interphase, which should be uniform in
terms of composition and thickness, can homogenize the transport
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of Zn** cations toward the electrode surface. In comparison, the
cation transport flux could be dominated by a heterogeneous SEI
formed without proper control before or during the electrodeposi-
tion (84). Last, we also note that implementing this ASEI strategy at
the nanoscale opens up unique opportunities. Wu and coauthors
(169) reported a type of nanostructured Zn electrode composed
of ZnO nanoparticles coated by electrically conductive carbon
nanoshell (Fig. 6E). The main uniqueness is that the active soluble
Zn** species are confined within the carbon nanoshell. Upon elec-
trodeposition, the locally confined Zn** species at the nanoscale are
reduced inside the shell. The process does not involve the long-
range mass transport near the electrode as described in Fig. 3. This
feature therefore substantively differentiates the scenario with the
one described by classical theories. The original mass transport lim-
it in the liquid electrolyte might be lifted since no such long-range
diffusion process is activated in this scenario of nanoconfinement.
These observations suggest that ample opportunities, both to explore
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fundamental science questions and to solve engineering problems,
exist at the nanoscale.

Beyond the interphase is the electrolyte, which influences the
electrodeposition via physical (mass transport, electroconvection,
etc.) and chemical mechanisms (reaction kinetics, SEI formation,
etc.) as already discussed (Fig. 4). Most of the effort devoted to the
modification of aqueous electrolytes fall into three subcategories as
illustrated in the blue block. Electrolyte additive is perhaps the most
extensively explored direction through the recent decades as evi-
denced by the large volume of works published on it. The additives
can work chemically—e.g., trace amount of Pb** additive codepos-
its with Zn, promotes the growth of (002) basal plane, and suppress-
es the dendrite initiation (176-178) —or physically—e.g., 0.5 to
2 weight % (wt %) of PEG additive (molecular weight, 8 x 10° g/mol)
reduces the average flow velocity, eliminates regions of high
local velocity, and thereby extends the overpotential range where
the electrodeposition remains stable (Fig. 6G, top) (72). A general,
physically based framework for understanding the effects of addi-
tive on electrodeposition morphology is established by Haataja et al.
(179, 180). It is shown that small quantities of molecular additive
species will preferentially adsorb onto and accumulate near surface
protrusions and thereby stabilize the electrodeposition in a regime
below a critical flux J* (Fig. 6G, bottom). In reality, the additives can
undergo additional, chemistry-specific interactions with the electro-
deposits. Despite the obvious diversity of the additives, we note that
most of their work mechanism can be understood when one refers
to the previous sections of the present work.

Figure 6H reports the second subcategory, quasi-solid electro-
lytes—mostly gel polymer electrolytes (GPE)—for Zn batteries. The
main advantage of a quasi-solid GPE over an all-solid-state electro-
lyte is that the fast electrode kinetics of Zn in aqueous electrolyte is
preserved, both at the interface(i.e., wetting) and in the bulk (i.e.,
ionic conductivity). In comparison with conventional aqueous elec-
trolyte, the rationale for using GPE is manifold: (i) It stabilizes water
molecules by abundant hydrogen bonds that can form on the poly-
mer matrix; (ii) it expands the temperature window of the electro-
lyte; and (iii) it reportedly suppresses dendritic growth of Zn. A
recent Review provides a comprehensive overview of the existing
literature about the materials designs of the quasi-solid electrolytes
for Zn (181). An aspect that does not receive as much attention is
the mechanoelectrochemical interaction associated with the cre-
ation of the solid metal phase at the interface between the electrode
and the (quasi-)solid-state electrolyte (Fig. 6H, top). This interac-
tion can be captured by a modified Butler-Volmer equation

(Bm = B)Q0nsurt (1-P)Fn —BFn
J = Joexp T [exp T —exp( ) |» where By,
is the mechanical cathodic symmetry factor, oy, syrf is the hydrostat—
ic pressure on the surface, and Q is the partial molar volume
(182, 183). Phase-field modeling result shows that even in a Zn-
SO4(aq) liquid electrolyte, nontrivial compressive stress develops
at the deposition interface and initiates mossy growth of Zn (183).
In viscoelastic liquids and polymers, hydrostatic stresses at the in-
terface stabilize the deposition; a critical shear modulus of the elec-
trolyte exists GS =~ RT[(l - :,’—;) (Ve + Vam) ] , where v, vip, and v,
are the partial molar volumes of the cation, the metal, and the mo-
bile anion in the separator), above which dendritic growth is sup-
pressed (66, 184). Stability analysis shows that unstable transport
can be mechanically stopped when the deposit size is smaller than
a critical value ALk , meaning that the stable regime ex-
pands as G° becomes larger (Fig. 6H, bottom). Recently, a previous-
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ly unexplored regime was assessed in recent studies by Ahmad and
Viswanathan (185, 186); in this regime, v, is smaller than vy, which
is usually the case for inorganic solid electrolyte. Under these con-
ditions, hydrostatic stresses destabilize the interface, and stable
deposmon is achieved at low electrolyte modulus (i.e., G*/G < 0.7,
where GM is the shear modulus of the metal). These modeling and
theoretical analyses provide roadmaps in designing (quasi-)solid-
state electrolytes for Zn that stabilize the electrodeposition process.
The third subcategory of electrolyte innovation centers on the
concept of water-in-salt electrolytes (Fig. 6I), which has been dis-
cussed in detail in previous section. As is shown in Fig. 61, the Zn
deposition undergoes a transition from a moss-like porous mor-
phology to a more compact morphology as the #H,0/#ZnCl, ratio
decreases (103).

We then would like to draw the readers’ attention to a group of
external factors (see the purple block) that can, under some condi-
tions, dominate the electrodeposition morphology but are sometimes
overlooked. Although batteries are usually closed electrochemical
cells, multiple influences can still be exerted in a dynamic manner,
e.g., by imposing a magnetic field (Fig. 6]) or by adopting a pulsed
charging protocol (Fig. 6K). The influence of a magnetic field on
deposition landscape can be decisive; for example, the deposition is
precisely patterned by the magnetic field under mass transport-
limited conditions (Fig. 6]) (187). In the generic context of electro-
deposition, it is believed that a magnetic field augments the mass
transport by a magnetohydrodynamic effect—A convection in the
liquid electrolyte is induced because of the Lorentz force, F, =j x B
(188). This concept has been recently explored in rechargeable Li
metal anodes (189, 190). Of particular interest for Zn is that the
crystallographic orientation can be controlled under a high magnet-
ic field (12 T). Taniguchi and co-workers (191) observed that the Zn
deposits are strongly (002) textured with a magnetic field perpen-
dicular to the substrate. The authors argue that this is a result of the
large anisotropic magnetic susceptibility of HCP Zn. Upon the ap-
plication of an external field, a magnetization energy is generated:

U= - HoX .
2(1+ Ny)

H?, where y is the vacuum permeability, N is the

diamagnetic coefficient,  is the magnetic susceptibility, and H is
the external magnetic field. Magnetic susceptibility ) is a second
rank tensor: M; = x;H;, which has different values along ¢ and the
basal directions as dictated by the HCP lattice symmetry. Specifical-
ly for Zn, along the ¢ axis, y. = —1.33x107, and along the a and b
axes, Ya, b= ~1.81x107°. Aligning the c axis parallel to the magnetic
field therefore minimizes the magnetization energy. We note that
the deposition was performed at current densities close to the diffu-
sion limit, meaning that the magnetohydrodynamic convection
induced by the high magnetic field may also play a role in determin-
ing the texture, as shown in the RDE study as discussed previously
(28). Future studies could focus on further exploring the Zn
plating/stripping efficiency achieved under a high magnetic field
and the possible effect of such magnetic field on the overall operation
of a battery.

Charging protocol offers another opportunity to circumvent the
diffusion limit-induced dendritic growth (Fig. 6K). The mecha-
nism is quite straightforward as illustrated in the top panel of
Fig. 6K: A relaxation period is inserted to allow the reestablishment
of the Zn?* species near the electrode, which prevents ion deple-
tions and the initiation of electroconvective flows. Therefore, the
dendritic growth of Zn is not observed when using a pulsed charging
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protocol (Fig. 6K, bottom). A few studies report on the crystallo-
graphic orientation of Zn deposits obtained with pulsed protocol
(192, 193). The correlation is, however, not straightforward,
unlike what has been shown for Cu deposition—Strong (111),
(100), and (101) textures can be achieved respectively by optimiza-
tion of the pulse parameter (194). In light of the greater crystal
anisotropy of Zn than Cu, we speculate that similar quality
of texturing can be realized in Zn systems, which warrants further
explorations.

To close, we draw the readers’ attention to a phenomenon that
can induce large deposition heterogeneity—gassing (bubbling). Hy-
drogen evolution reaction (HER) generates bubbles at the electrode
surface, creating large volume change in closed electrochemical
cells. The presence of bubbles on the electrode surface notably
influences the deposition morphology; for example, these H,
bubbles template the growth of Zn as visualized by in situ x-ray
phase-contrast imaging (195). This effect of bubble templating is
exacerbated when trace amount of Cu®" ions is present, accelerating
the rate of HER (Fig. 6L, top) (176). A study by Hsu et al. (196),
however, reports different observations, where no such bubble-
templating phenomenon is observed; instead, the dendritic Zn
preferentially grows among the bubbles formed on the electrode
surface (Fig. 6L, bottom). The authors attribute this phenome-
non to the locally concentrated electric and mass transport fields
created by the bubbles. The differences across these reports
could stem from the specific deposition conditions (e.g., Zn**
concentration). Nonetheless, large local heterogeneity is in
either way introduced into the deposition morphology near the
bubbles. It highlights the importance of suppressing the gas-
generating side reactions in achieving smooth, compact deposition
morphology.

CONCLUSIONS AND OUTLOOK

Electrodeposition of metals at battery anodes is, by its very nature, a
complex process involving multiple physical and chemical factors,
which play different roles in different regimes, as shown in Figs. 2 to 6.
Among these factors, we have contended that the SEI and the crystal
anisotropy are the two critical but, oftentimes, overlooked aspects
of Zn electrodeposition under battery-relevant conditions away
from mass transport limit. The transformative progresses may re-
quire out-of-the-box approaches conceptualized taking together
these fundamental traits of Zn and knowledge borrowed from related
fields, e.g., heteroepitaxy or magnetic field-induced alignment of
Zn crystals.

In the course of implementing control over electrochemical
growth of Zn, cautions need to be made against oversimplifications
in the characterization, classification, and interpretation of deposi-
tion morphologies—The observation would hardly be scientifically
meaningful unless the deposition conditions are chosen with refer-
ence to certain intrinsic properties of the system and estimates (at
least qualitative) are thereby made to understand which regime the
deposition system is in. That is, it is meaningless to draw conclu-
sions about a factor’s influence in a regime governed by another
factor. For example, mass transport is a fundamental limit that ex-
ists for any electrolyte, above which the system enters a regime
where ramified, dendritic electrodeposition dominates. In claiming
a system to be “dendrite-free,” it is necessary that one first compares
the current density with the diffusion limit. The abuse of terminology
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may obscure that the fundamental aspects associated the deposition
morphology and generate discrepancy across the literature—e.g.,
there obviously lacks a clear criterion in judging whether a mor-
phology is “dendritic” or “nondendritic” in some contemporary
publications. We therefore suggest that a more quantitative, scien-
tific framework be used in describing the morphology. The discus-
sions following Fig. 2 in our view provide a point of departure; the
geometry of the building blocks (plate, wire, etc.) and the assembly
of the building blocks (horizontally aligned, vertically aligned,
random, etc.) could serve as the key descriptors of metal deposition
morphologies that ensure a fair, scientifically meaningful compari-
son across the literature.

This complex nature of electrodeposition, in turn, creates a plat-
form to study the physiochemical processes and their interplay,
particularly because these processes are sometimes adequately “in-
ternalized” and reflected in the morphology of the deposited, solid
metallic phase. For this reason, in-depth characterizations of elec-
trodeposition morphology offer a path toward tracing the dynamics
of the physiochemical processes. Among the characterization op-
portunities, atomic-scale investigations of the composition/structure
of the SEI layer and how it regulates the growth of the Zn electro-
deposits would generate transformative new insights and be of imme-
diate interest to the broader community of metal anodes including
reactive alkali metals. Considering that Zn metal and Li metal share
highly analogous deposition morphologies in certain regimes, it
could be a quite feasible but as fruitful research direction that one
uses Zn as a model system to understand the generic role the SEI
plays. This allows Li sample’s notorious problem of sensitivity to be
circumvented. Separately, a recent study on Li deposition based on
high-resolution TEM shows that the initial nucleation and growth
stages of metal deposits could involve the formation of glassy
metallic phases (197). It raises a question—“does the deposition of
other non-alkali metals adopt a similar mode?” Briefly, nonsensitive
Zn provides a platform for understanding mechanisms involved
in metal electrodeposition using advanced characterization tech-
niques (92).

Note also that in contrast to the large volume of work focused on
the deposition process, the stripping process of metal deposits re-
ceives much less attention despite its at least equally important role
in determining the ultimate reversibility. As demonstrated by Song et al.
(198), in situ techniques (e.g., x-ray phase-contrast imaging) can be
used to monitor the electrochemical dissolution of the Zn deposits
in various shapes. This could be a research direction that not only is
of practical value in improving the electrode reversibility but also
opens up some new room for fundamental science research—How
these nanostructured metal deposits dissolve upon the anodization.
The conclusion from these studies will complement the existing
body of knowledge on the deposition process.

As a final remark, the low-cost, environmental-friendly nature
of Zn-based batteries, which are the two major advantages over other
alternative battery chemistries, should be preserved in any of the
proposed strategies. High costs are oftentimes incurred when addi-
tional materials in relatively large quantities are used. In these cases,
the gain in prolonging cycle life should at least offset the incurred
additional costs to make sure it is economically meaningful. Adher-
ence to this simple guiding principle will limit the volume of ulti-
mately unfruitful efforts even in basic battery researches and will
help to define the most commercially relevant pathways toward af-
fordable Zn batteries.
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